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POSITRON EMISSION TOMOGRAPHY
OF INFLAMMATION IN ATHEROSCLEROSIS

ELLEN BOSWIJK



JUST AROUND THE RIVER BEND
What I love most about rivers is

You can’t step in the same river twice
The water’s always changing, always flowing

 
But people, I guess, can’t live like that

We all must pay a price
To be safe, we lose our chance of ever knowing

 
What’s around the river bend

Waiting just around the river bend

From Pocahontas (© Disney 1995)

OM DE KROMMING VAN DE STROOM
Het maakt rivieren zo wondermooi

Je stapt nooit in dezelfde rivier
Het water blijft veranderen, blijft stromen

 
De mens zoekt liever de veiligheid

Betaalt de prijs, blijft hier
Maar wat zou een mens nog tegen kunnen komen

 
Om de kromming van de stroom

Kijk eens, om de kromming van de stroom
 

Uit Pocahontas (© Disney 1995)
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1
GENERAL INTRODUCTION

Despite major advances in treatment and prevention, cardiovascular disease (CVD) remains 
the main cause of death worldwide (1). The main cause for CVD is atherosclerosis. While 
everybody will develop atherosclerosis to some extent during his or her lifetime, not 
everybody develops CVD. In a similar way, patients may have atherosclerosis in multiple 
vessels, but not every atherosclerotic plaque will become symptomatic. There is a clear 
need to identify patients and plaques at risk of causing CVD in order to prevent (recurring) 
symptoms. One of the ways individual risk prediction might be improved is through imaging 
of atherosclerosis. In addition, imaging could also serve as a secondary outcome measure 
in interventional studies aimed at reducing atherosclerosis progression. 

In this thesis, we focused on imaging of inflammation in atherosclerosis. In this chapter, 
atherosclerosis development and the role of inflammation therein is explained. Subsequently, 
we explore two ways in which inflammation imaging in atherosclerosis could alter treatment 
strategies and improve patient outcome.

ATHEROSCLEROSIS 
The term atherosclerosis is derived from the Greek ‘athera’ (άθήρα) and ‘sclerosis’ 
(σκλήρωσις), meaning ‘gruel’, and ‘hardening’, respectively. As we age, medium and large-
sized arteries stiffen and develop areas with fatty thickenings, called atherosclerotic plaques. 
Until recently, atherosclerosis was seen as a relatively simple process in which, amongst 
others, lipids and inflammatory cells accumulate in the vascular wall. This would result in a 
steady growth of plaque mass, which encroaches on the vascular lumen and finally, obstructs 
blood flow. However, our current understanding shows a complex disease process including 
multiple different cell types, plaque growth and regression, and a spectrum of morphological 
characteristics differing between patients but also between plaques within the same patient 
(2). 

In addition, our view has changed on how atherosclerosis leads to the development of 
symptoms. Atherosclerosis frequently causes disruption of blood flow, not by its mere 
size, but through the development of a blood clot (thrombus) on its surface. These thrombi 
can be present on the surface of plaques that are ruptured (~60-70%), eroded (~25-40%) 
or on top of a calcified nodule (~5%) (3, 4). In the development towards plaque rupture, 
atherosclerosis seems to progress through different stages, including intimal thickening (IT), 
pathological intimal thickening (PIT), fibrous cap atheroma and finally, ‘vulnerable plaques’ 
(4). The different plaque stages are explained in the following paragraphs and in figure 1.
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Intimal thickening
IT is a pre-atherosclerotic plaque in which the inner layer of the vessel wall, the intima, is 
altered. In health, the intima is made up from a single cell layer of endothelial cells (ECs). In IT, 
the intima consists of vascular smooth muscle cells (VSMCs) and an extracellular matrix (ECM) 
high in proteoglycans (5). In addition, the VSMCs in this neointima have a pro-inflammatory, 
synthetic phenotype, as opposed to the physiological contractile phenotype, and show a 
disrupted lipid metabolism (5). The proteoglycan-rich ECM and the altered phenotype of 
VSMCs cause lipoproteins to accumulate in the arterial wall.

Pathological intima thickening
PIT is considered the result of progression of IT and the first stage of atherosclerosis (4, 
6). Lipoproteins, mainly oxidized low-density lipoprotein (LDL), have been retained in the 
intima and have resulted in extracellular lipid pools (4). At the same time, the number of 
immune cells, mainly macrophages, is steadily increasing within the plaque (7). Initially, these 
macrophages derive from monocytes infiltrating from the blood with the help of activated 
ECs expressing various adhesion molecules (7). As the plaque progresses, the main source 
for new macrophages becomes proliferation of local macrophages (8). Both macrophages 
and pro-inflammatory activated VSMCs internalize the extracellular lipids present in the 
plaque and become the lipid-laden foam cells that characterize atherosclerosis (5).

Fibrous cap or advanced stable atheroma
The fibrous cap atheroma is an advanced atherosclerotic plaque and is characterized by 
a lipid-rich necrotic core (LRNC) separated from the lumen by a fibrous cap (4, 6). This 
LRNC is comprised of extracellular lipid pools and dead foam cells. The latter cause a 
highly thrombogenic environment through the release of high levels of tissue factor (2, 
7). The fibrous cap is made up of proliferating VSMCs and an ECM comprising of mainly 
collagens (5). More advanced atheromas show a less structured LRNC with more cholesterol 
clefts and calcification, and may show intraplaque hemorrhage (IPH). In addition, there is 
increasingly more microvasculature within more advanced plaques. This process is called 
angiogenesis, and the resulting leaking neovasculature acts as a supply tract for more lipids 
and inflammatory cells (4, 9). 

Vulnerable plaques
Although even earlier stages of atherosclerosis can be the scene for thrombus formation 
(mainly through plaque erosion), ruptures of the fibrous cap most often occur in so-called 
‘vulnerable plaques’ (4). Whilst a thick fibrous cap atheroma (TkFCA) is considered relatively 
stable, thinning of the fibrous cap is related to an increased risk of plaque rupture. A fibrous 
cap <65 μm (6) and a large LRNC (>10% of the total plaque area) are considered hallmarks 
of vulnerable plaques, or thin cap atheromas (TnFCA) (4). Another important characteristic 
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1
associated with increased plaque vulnerability is IPH, which is the accumulation of erythrocytes 
and its remnants within a plaque (10). In addition, macrophage numbers are generally higher 
in more advanced atheromas. These macrophages are probably the cause of thinning of 
the fibrous cap through the release of proteases, such as matrix metalloproteases (MMPs), 
which degrade the ECM (7). Hence a large inflammatory burden is another, important trait 
of a vulnerable plaque.

It should be noted that the abovementioned ‘vulnerable plaques’ are prone to rupture, 
but not necessarily to plaque erosion or thrombus formation on top of a calcified nodule. 
Currently no characteristics exist which predict the risk of these types of complications to 
occur in atherosclerosis (4).

ROLE OF INFLAMMATION IN ATHEROSCLEROSIS
In the last three decades, atherosclerosis has become known as a chronic inflammatory 
disease. Inflammation drives plaque progression (8). Pro-inflammatory activation of 
endothelial cells, as a result of exposure to high levels of blood lipids, causes them to 
attract immune cells, which subsequently migrate into the vascular wall. Both cells from the 
innate and adaptive immune system are involved in atherosclerosis. Macrophages, which 
belong to the innate immune system, are frequently the focus of research on atherosclerotic 
inflammation, since they are the most numerous immune cells in atherosclerosis. However, 
other immune cells, like the mast cell (innate immune system), and T- and B-lymphocytes 
(adaptive immune system), might be just as crucial to atherosclerosis development even 
though their numbers are significantly lower (7, 11). 

On the one hand, inflammation affects atherosclerosis systemically. Subjects with increased 
systemic inflammation, as measured with markers like C-reactive protein (CRP) levels (7, 12) 
and patients with the chronic inflammatory diseases like systemic lupus erythematosus (SLE) 
and rheumatoid arthritis show early atherosclerosis development and an increased risk of 
symptomatic CVD (13). Furthermore, systemic anti-inflammatory interventions can reduce 
cardiovascular risk, even when added to aggressive lipid-lowering treatment (12). 

On the other hand, plaques with different grades of inflammation can exist within a single 
patient. Inflammatory burden increases with plaque advancement and is highest in ruptured 
plaques (5). In concurrence, macrophage content is higher in symptomatic plaques in 
comparison to asymptomatic plaques (14). The inflammatory status of a single plaque seems 
therefore to relate to its chance to rupture and cause subsequent thrombus formation.
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◀ Figure 1. Schematic representation of atherosclerotic plaque progression

Plaque progression is depicted from the top downwards. The upper row (A,a) shows a healthy vessel 
wall. From there downwards, the rows represent intimal thickening (B,b), pathological intimal thickening 
(I,C,c), fibrous cap atheroma (II,D,d) and a vulnerable plaque with intraplaque hemorrhage (IPH) (III,E,e). 
The middle column (A-E) shows cross-sectional images of a vessel wall. The area indicated between 
the two dotted lines is magnified in the right column (a-e) and shows the different cellular processes in 
the atherosclerotic plaque. As the plaque advances, lipid and inflammatory cell (macrophage) content 
increases, more and more VSMCs gain a pro-inflammatory phenotype and microvessels grow into 
the plaque. The legend in the upper left corner explains the different cell types involved. In the left 
column (I-III), corresponding histological images are shown of carotid artery plaques. Sample I and II 
are derived from an autopsy series in asymptomatic patients, sample III is a carotid endarterectomy 
specimen procured shortly after the patient had an ipsilateral stroke. In this sample, multiple areas with 
IPH can be found as indicated as the areas within the dotted lines. The largest area, indicated ‘IPH’, 
shows an area with multiple macrophages filled with iron (brown), indicating an older IPH. The smaller 
two areas surrounded by a dotted line show relatively younger IPHs with erythrocytes. In addition, 
this sample has a thin fibrous cap and a large lipid-rich necrotic core (LRNC) with many cholesterol 
clefts. These characteristics are all representative of a vulnerable plaque.

ROLE OF IMAGING IN ATHEROSCLEROSIS TREATMENT DECISIONS
The dichotomy of both systemic and local factors adding to individual risk of (recurrent) 
symptoms, is also found in the treatment of atherosclerosis. Treatment of atherosclerosis is 
aimed at the relief of current symptoms through revascularization and/or reducing the risk 
of subsequent symptoms. This risk reduction can be achieved through systemic treatment, 
but preventive measures can also be aimed at a particularly vulnerable plaque, often one 
that has been previously symptomatic. 

Systemic treatment is further divided in treatments that aim to prevent thrombus formation 
and treatments which reduce cardiovascular risk factors, like hypertension and high 
cholesterol levels. These treatments have been shown to slow plaque progression. Some 
systemic treatments, such as the lipid-lowering statins, can even stabilize plaques and 
can cause plaque regression (15). The aggressive treatment of cardiovascular risk factors 
from the last decades has been an important reason for the decrease in both primary and 
recurrent CVD (16, 17). However, an extensive residual risk remains and drives a search for 
new (additional) systemic treatments (1). Imaging of atherosclerotic plaques may provide a 
non-invasive measurement of treatment effects in clinical trials and help in the search for 
new treatment targets. 

Treatment of a single plaque (or vessel) is generally added to these systemic treatments 
and is invasive, like stent placement, plaque excision (endarterectomy) and bypass surgery. 
Naturally, medical professionals performing these procedures like to know in advance in which 
patient the benefits outweigh the risks. Currently, the choice for these invasive treatments 
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is frequently guided by measurements of luminal stenosis degree on imaging modalities 
and/or the effect of the plaque on the distal blood flow. Although there is a clear correlation 
between stenosis degree and the risk of an atherosclerotic plaque becoming symptomatic, 
this correlation is far from perfect (6). First of all, luminal diameter does not always correlate 
to plaque size because plaque formation can cause an outward expansion of the vessel wall, 
called ‘expansive’ or ‘outward remodeling’. Secondly, some large plaques will remain stable, 
whilst some smaller plaques cause symptoms. Especially, plaque erosion frequently occurs in 
relatively less advanced and smaller atherosclerotic plaques in comparison to those affected 
by plaque rupture (4, 6). This mismatch between plaque size and the risk of clinical escalation 
is also reflected by the limited effect of statin treatment on plaque size relatively to its effect 
on CVD risk (12). Adding details of plaque architecture from non-invasive imaging studies to 
measurements of stenosis degree might therefore improve the accuracy of individual risk 
prediction and help in the allocation of additional invasive treatment (18). 

CURRENT POSITRON EMISSION TOMOGRAPHY IMAGING OF INFLAMMATION IN 
ATHEROSCLEROSIS: 18F-FLUORODEOXYGLUCOSE
As our understanding of atherosclerosis improved, so did our ability to image it. Although 
we could only visualize the lumen initially, current cross-sectional techniques like computed 
tomography (CT) and magnetic resonance imaging (MRI) offer the ability to image plaques 
in more and more detail (18). Especially, MRI techniques are currently used to assess 
characteristics of plaque vulnerability, such as the LRNC, thin fibrous cap and IPH (18). 
Nonetheless, some characteristics cannot be visualized with these anatomical imaging 
techniques. Positron emission tomography (PET) might offer a solution.

PET uses high affinity tracers labeled with radioactive, positron (β+) emitting isotopes. This 
technique is highly sensitive and can detect targets that are in the sub-millimeter range, 
providing that tracer accumulation is high enough. In addition, PET imaging enables us to 
visualize active processes, such as inflammation. 

PET imaging with the tracer 18F-fluorodeoxyglucose (FDG) is the most commonly used non-
invasive technique to image inflammation in atherosclerosis (19). As a glucose analogue, 
18F-FDG is taken-up by cells with a high glucose metabolism, such as macrophages. The 
ability of 18F-FDG to visualize arterial wall inflammation was initially discovered through the 
incidental observation of high 18F-FDG uptake in the vasculature of some oncology patients 
receiving a 18F-FDG PET scan. Since then, studies have confirmed 18F-FDG uptake in the 
arterial wall to be correlated to plaque macrophage content (20, 21). Furthermore, follow-
up showed that patients with a higher arterial wall 18F-FDG uptake had an increased risk of 
developing subsequent cardiovascular events (22, 23). This correlation was both found for 
a more systemic high 18F-FDG uptake, as frequently measured in the aortic wall (23), but 
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1
also for specific vessels (22). High aortic 18F-FDG uptake has been observed in patients with 
systemic inflammatory diseases, such as psoriasis and rheumatoid arthritis, who have a 
higher risk of developing CVD (24), and has been correlated to the presence of vulnerable 
plaques in the coronary arteries (25). Several interventional studies have also shown that 
this arterial 18F-FDG uptake can be lowered by anti-inflammatory treatments, like statins, and 
18F-FDG uptake thus serves as a non-invasive outcome measure in these studies (26, 27). 

Similarly, in part one of this thesis, we used 18F-FDG PET to study the anti-inflammatory effects 
of three interventions on arterial inflammation.

Although treatment of cardiovascular disease has come a long way, exploration of new 
more effective and/or additive treatments continues. This includes the treatment of potential 
risk factors as well. Thyroid hormone, the food-supplement ‘resveratrol’, and vagal nerve 
stimulation (VNS) have all been suggested to affect atherosclerosis development and 
inflammation. Restoring the thyroid hormone balance in patient groups with hyper- or 
hypothyroidism might reduce their risk of CVD, as might correcting a disbalance between 
the sympathetic and parasympathetic nervous system with VNS in specific patients. Food 
supplements, like resveratrol, might offer a safe preventive measure for a more general 
population. However, the effects of thyroid hormone, resveratrol and VNS on arterial 
inflammation have never been studied in humans in vivo before. Currently, 18F-FDG is still 
the best non-invasive method to visualize effects on arterial wall inflammation. Especially in 
asymptomatic or ‘pre-symptomatic’ subjects this remains a valid method. In the first part of 
this thesis, we therefore investigated the effects of thyroid hormone (chapter 2), resveratrol 
(chapter 3), and VNS (chapter 4) on arterial wall inflammation in asymptomatic patients with 
18F-FDG PET.

LIMITATIONS OF 18F-FDG PET IMAGING IN ATHEROSCLEROSIS
Besides in systemic arterial inflammation, 18F-FDG has also been used to assess individual 
vessels and plaques. For instance, symptomatic carotid artery plaques show a higher 
uptake of 18F-FDG in comparison to their asymptomatic counterpart (28), and higher uptake 
correlated to more characteristics of plaque vulnerability within the same plaque (20). In 
addition, arterial 18F-FDG uptake might also help identifying culprit plaques in symptomatic 
patients (29).

Despite the proof for 18F-FDG PET’s ability to visualize inflammation of the arterial wall and 
single atherosclerotic plaques, its added value may be limited by the fact that any cell 
using glucose will take-up 18F-FDG. Tissues with a high glucose metabolism in the vicinity 
of the vessel of interest can easily cause ‘spill-in’ of signal into the target vessel. This is of 
particular concern in coronary artery imaging because of the high physiological uptake of 
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18F-FDG in the adjacent myocardium (30). Although ‘spill-in’ and its counterpart ‘spill-out’ 
are inherent to PET imaging in general, its effects can be reduced by increasing the target-
to-background contrast, by dietary measures in the case of coronary imaging (31), accurate 
co-registration with anatomical imaging, such as CT or MRI (32), and, most efficiently, by the 
use of a radiotracer that is not taken-up by non-target structures. As of yet, no tracer has 
surpassed 18F-FDG’s ability to image inflammation in atherosclerosis, but there is an active 
search for a more specific tracer for inflammation and/or plaque vulnerability to overcome 
these limitations of 18F-FDG.

NEW TARGETS FOR PET IMAGING OF INFLAMMATION IN ATHEROSCLEROSIS 
Part two of this thesis focuses on possible new tracers to study inflammation in the arterial 
wall. Although such a tracer also offers opportunities for non-invasive follow-up after 
systemic treatment in the future, like 18F-FDG in the studies of part one, it might also provide 
information on the risk of a single recently symptomatic plaque becoming symptomatic 
again and help in the decision on adjuvant local treatment. This was our focus in the second 
part of this thesis, in which we studied two possible targets that might have a more specific 
correlation to plaque inflammation than 18F-FDG.

The first target is beta-amyloid (Aβ). Aβ is a peptide mainly known as a pathological hallmark 
of Alzheimer’s disease (AD) and seems to increase inflammation both in the nervous system 
as in the vasculature. Chapter 5 gives an overview on the possibilities of the currently 
available PET tracers for Aβ and their potential in atherosclerosis imaging. Three 18F-labeled 
tracers have been approved for the imaging of amyloid (β), among which is 18F-flutemetamol. 
In chapter 6, we describe a proof-of-concept study, in which we used 18F-flutemetamol 
PET/MRI to quantify amyloid in symptomatic atherosclerotic plaques in the carotid artery. 
Additionally, we discuss the results of an in vitro study on the correlations between the 
presence of Aβ and certain characteristics of plaque vulnerability.

The second potential target is the alpha 7 nicotinic acetylcholine receptor (α7 nAChR), which 
is expressed throughout the body, in amongst other cells, macrophages. In chapter 7, we 
discuss the current literature on the possible role of the α7 nAChR in atherosclerosis and 
give an outlook on the PET tracer development for this target. 

In the general discussion (chapter 8), the findings from the abovementioned research are 
discussed, and directions for future research are given. 
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ABSTRACT 

Purpose: We aimed to investigate the influence of both hypothyroidism and thyroid-stimulating 
hormone (TSH) suppression on arterial inflammation, as assessed with 18F-fluorodeoxyglucose 
(18F-FDG) positron emission tomography (PET)/computed tomography (CT).

Methods: Ten thyroid carcinoma patients underwent an 18F-FDG PET/CT during post-
thyroidectomy hypothyroidism and during thyrotropin (TSH) suppression after 131I (radioiodine) 
ablation therapy. We analyzed the 18F-FDG uptake in the carotids, aortic arch, ascending, 
descending, and abdominal aorta to investigate the effects of thyroid hormone status on 
arterial inflammation. Target-to-background ratios (TBRs) normalized for blood pool activity 
were established for all arterial territories. Results were further compared to euthyroid 
historic control subjects.

Results: In general, there was a trend towards higher arterial TBRs during TSH suppression 
than during hypothyroidism (TBRmax all vessels 1.6 and 1.8, respectively, p=0.058), suggesting 
a higher degree of arterial inflammation. In concurrence with this, we found increased CRP 
levels after levothyroxine treatment (CRP 2.9 mg/l and 4.8 mg/l, p=0.005). An exploratory 
comparison with euthyroid controls showed significant higher TBRs during TSH suppression 
for the carotids, aortic arch, thoracic descending aorta and when all arterial territories were 
combined (TBRmax p=0.013, p=0.016, p=0.030 and p=0.018, respectively).

Conclusions: Arterial inflammation is increased during TSH suppression. This finding sheds 
new light on the underlying mechanism of the suspected increased risk of cardiovascular 
disease in patients with TSH suppression. 
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BACKGROUND

In order to prevent cardiovascular events, it is necessary to identify subjects with a high risk 
of developing advanced atherosclerosis. Several clinical risk factors for atherosclerosis and 
subsequent complications have been identified, such as obesity, hypertension, diabetes 
and smoking (1). A less commonly known risk factor is thyroid hormone imbalance. Although 
findings for both hypo- and particularly hyperthyroidism have been ambiguous, it is suspected 
that both influence atherosclerosis negatively, resulting in a U-shaped correlation between 
thyroid hormone levels and the risk of cardiovascular disease (2). Since inflammation plays 
a major role in cardiovascular disease, it could be expected that thyroid hormone status 
influences atherosclerosis via arterial inflammation. 

A commonly used method to image arterial inflammation is 18F-fluorodeoxyglucose (18F-FDG) 
positron emission tomography (PET). In atherosclerosis, 18F-FDG uptake has been correlated 
to macrophage content of carotid plaques (3) but also to the presence and the development 
of symptoms (4, 5). Additionally, the same technique has proven its value as a non-invasive 
method to measure the metabolic activity of other tissues, such as hematopoietic organs, 
subcutaneous (SAT) and visceral adipose tissue (VAT) (6, 7). Arterial inflammation has been 
correlated to an increased activation in the spleen and the bone marrow (BM) (8, 9) and to 
the metabolic activity of adipose tissue, most strongly of VAT (6, 7).

Patients with differentiated thyroid carcinoma (DTC) are commonly subjected to both ends of 
the thyroid hormone spectrum as a result of their therapy (10, 11). After initial thyroidectomy 
patients are left hypothyroid before adjuvant radioactive iodine (I131) ablation to facilitate 
uptake of radioactive iodine in the remaining thyroid tissue. Whereas thyroid hormone levels 
drop, thyrotropin (thyroid stimulating hormone (TSH)) levels rise during this period. Since 
DTC cells express TSH receptors, high TSH levels will stimulate potential residual malignant 
tissue proliferation but also iodine uptake, increasing the effect of I131 ablation (10, 11). After 
therapy, patients are subscribed long-term levothyroxine treatment to induce a state of 
TSH suppression to prevent further stimulation of possible residual malignant tissue (10-12). 
However, recent guidelines emphasize a personalized approach, weighing individual risk of 
recurrent disease against the risk of adverse effects of TSH suppression (10-13).

We aimed to investigate the influence of thyroid function on arterial inflammation, as 
assessed with 18F-FDG PET/computed tomography (CT). For this purpose, we analyzed data 
from a prospective observational study on the effects of thyroid hormone on cold-induced 
brown adipose tissue (BAT) activation by 18F-FDG PET/CT in ten patients with DTC during 
both iatrogenic hypothyroidism and TSH suppression. 
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METHODS 

DTC patients
Ten patients with a DTC, seven with a papillary and three with a follicular DTC, two males and 
eight females, respectively, were included between June 2012 and July 2014. All patients 
were screened on their ability to comply with the study protocol and all female patients 
had to be either postmenopausal or using a specific oral contraceptive pill to ensure stable 
sex hormone status. Exclusion criteria were insulin-dependent type 2 diabetes or diabetes-
related complications, the use of b-blockers, pregnancy, recent participation in an intensive 
weight-loss program, and alcohol and/or drug abuse. The protocol was approved by the 
local medical ethics committee. All participants underwent two 18F-FDG PET/CT scans to 
study cold induced BAT and thus served as their own control. Participants were treated for 
well-differentiated thyroid carcinoma according to local protocol and the national guideline 
for diagnosis and treatment of DTC (10). This advocates thyroid resection, followed by a 
minimum period of four weeks without thyroid hormone replacement (withdrawal phase) to 
achieve the desired hypothyroidism. The first 18F-FDG PET/CT scan was performed when 
plasma fT4 levels were at a minimum (on average 6.8 ± 3.2 weeks after surgery; fT4 3.4 
± 0.8 pmol/l, TSH 104.9 ± 53.6 mU/l). During the same time, various measurements were 
performed to determine energy expenditure (see Broeders et al. (14) for details) and patients 
were scheduled for radioactive iodine ablation with 131I the same day. The second scan was 
carried out four to six months after radioactive iodine ablation therapy (22.7 ± 7.8 weeks), 
when patients had stable high fT4 and low TSH levels due to levothyroxine supplementation. 
Levothyroxine dosage had remained unchanged for at least a month before the second scan. 
The average dose was 143.8 ± 23.8 µg/day and during this period average fT4 and TSH 
levels were 23.1 ± 3.9 pmol/l and 0.5 ± 0.6 mU/l (range < 0.01 - 1.7), respectively.

Euthyroid subjects
As euthyroid controls, we used data from placebo scans of eight participants of a crossover 
study evaluating the effect of resveratrol supplementation on BAT activation in subjects at 
risk of developing type 2 diabetes (15). Participants had no known history of thyroid disease 
or medication that could interfere with thyroid hormones. These participants were included 
between April 2014 and March 2016. The protocol was approved by the local medical 
ethics committee. Participants were included primarily based on impaired insulin-sensitivity, 
defined as a glucose clearance rate of < 350 ml/kg/min according to the oral glucose insulin 
sensitivity model (OGIS120) based on a standardized 2-hour oral glucose tolerance test (OGTT). 
Furthermore, all participants were obese, had a sedentary lifestyle and had first-degree 
relatives with type 2 diabetes. Similar to the study protocol of the DTC patients, all participants 
underwent two 18F-FDG PET/CT scans to study cold-induced BAT; once at the end of a 34-day 
placebo treatment period and once at the end of a 34-day resveratrol treatment. Data from 
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the placebo period were used for comparison to the DTC patients. Apart from the placebo 
treatment, all interventions, such as the cold acclimatization protocol, were comparable 
between these studies. To confirm euthyroid state, fT4 and TSH levels were determined in 
preserved blood samples. Seven subjects were indeed euthyroid, but one subject had a TSH 
level in the high-normal range (4.23 mU/l) with a normal fT4. As a value of 4.0 mU/l is frequently 
considered as the upper limit of TSH normal range, we decided a priori to exclude this subject 
from further analysis to safely avoid any bias to the results.

Laboratory tests
Fasting blood (EDTA plasma) was drawn on the day of either scan in the case of the DTC 
patients and on day 30 of placebo treatment for the subjects at risk of developing type 2 
diabetes. TSH, fT4, C-reactive protein (CRP), glucose, and cholesterol levels were analyzed. 
TSH was measured using an electrochemiluminescent immunometric assay (Cobas 6000, 
Roche Diagnostics, Mannheim, Germany) with a reference range of 0.4 - 4.3 mU/l. fT4 was 
measured using a competitive immunofluorimetric assay (AutoDelfia, Perkin Elmer, Turku, 
Finland) with a reference range of 8 - 18 pmol/l. CRP was measured using a turbidimetric 
assay (Cobas 8000) with a reference range of <10 mg/l and a detection limit of >1 mg/l. 
Glucose was measured using a hexokinase-based assay (Cobas 6000) with a reference 
range of 3.1 - 7.8 mmol/l. Cholesterol levels were determined using spectrophotometric 
analysis (reference ranges total cholesterol <5.0 mmol/l; LDL <3.0mmol/l). Plasma free fatty 
acids (FFA) and total glycerol were measured using enzymatic assays automated on a Cobas 
Fara/Mira analyzer (Wako Nefa C test kit, Wako Chemicals, Richmond, USA and Enzytec 
glycerol kit, R-biopharm, Darmstadt, Germany, respectively). 

PET protocol
All subjects underwent the same PET scan protocol which included an overnight fast, a 
dedicated and personalized cooling protocol and the injection of a fixed activity of ~75 
MBq 18F-FDG (details can be found in Broeders et al. (14) and de Ligt et al. (15)). Imaging was 
performed using a Gemini™ TF PET/CT system (Philips Healthcare, Best, the Netherlands). 
Patients underwent a low-dose non-contrast enhanced whole-body CT protocol (120 kVp, 
30 mAs) for scatter and attenuation correction and anatomical reference imaging. 

Image analysis
All image analyses were performed on a dedicated commercially available workstation 
(Extended Brilliance Workspace™ V4.5.3.40140, Philips, Best, the Netherlands). Circular 
regions of interest (ROIs) were manually drawn to encompass the entire artery including 
the arterial wall and lumen. The aorta was divided into ascending aorta, aortic arch, thoracic 
descending aorta (until the diaphragm) and abdominal aorta (until the iliac bifurcation or as 
low as sufficiently imaged). 
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For each ROI, the measured activity concentration was corrected for radioactive decay, total 
administered activity and body weight, resulting in the mean and maximum standardized 
uptake value, SUVmean and SUVmax, respectively. To normalize for blood pool activity, a target-
to-background ratio (TBR) was calculated by dividing the arterial SUVs by the mean SUVmean 
of at least three standardized circular ROIs (4 mm) placed in the lumen of adjacent veins. The 
jugular vein (JV) served as a reference for the carotid arteries and the vena cava superior 
(VCS) for the aorta. All measures for SUVmean and SUVmax were normalized, which led to a 
corresponding TBRmean and TBRmax, respectively. The average of each arterial territory was 
used for statistical analysis between the two different scans. For the carotid arteries, only 
the highest value was used for further analysis.

Standardized circular ROIs were also placed in the bone marrow (20 mm ROIs placed in the 
center of each thoracic and, if imaged, lumbar vertebra), spleen (20 mm ROIs encompassing 
all transversal slices), (white) VAT (three 4 mm ROIs in intra-peritoneal fat around the level of 
the navel) and SAT in the neck (three 4 mm ROIs in the nuchal SAT) and chest (three 4mm 
ROIs in SAT at the level of the xiphoid). TBRs were calculated by dividing corresponding 
SUVs by the mean SUVmean of nearest reference vein (VCS in all cases except for nuchal 
SAT, where the JV was used). 

In general, ROIs were excluded from further analysis, when spill-in of activity from adjacent 
structures with high uptake was suspected or motion-artefacts interfered with the drawing 
of representable ROIs. 

Statistical analysis
Statistical analysis was performed with IBM SPSS Statistics for Macintosh, version 23 
(2015). Descriptive data are presented as mean values with the standard deviation (±SD) 
or as absolute numbers. Because of the small group size, non-parametric tests were used. 
Continuous variables were compared between treatment periods using the Wilcoxon 
signed-rank test. The Mann-Whitney-U test was used to compare continuous data between 
hypothyroidism and TSH suppression with an independent sample of participants serving as 
euthyroid controls. The χ2 test was used to compare categorical data between the different 
groups. Correlations between laboratory results and TBRs were tested using Spearman’s 
correlation coefficient. A p-value of <0.05 was considered to be statistically significant. 
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RESULTS

Baseline characteristics and blood analysis
TSH and fT4 blood levels confirmed that all patients were hypothyroid at the time of the 
first scan (mean TSH 104.9 ± 53.6 mU/l; mean fT4 3.4 ± 0.8 pmol/l). During the second scan, 
all patients had had stable levothyroxine treatment (mean dose 143.8 ± 23.8 µg/day) for at 
least one month (mean TSH 0.5 ± 0.6 mU/l; fT4 23.1 ± 3.9 pmol/l). TSH was fully suppressed 
(<0.01mU/l) in 4/10 participants, suppressed (0.1 mU/l) in 2/10 and in the low-normal range 
(0.4-2 mU/l) in 4/10. In all but one patient, fT4 levels were above normal reference values 
(>18 pmol/l) at the time of the second scan. This one patient had an fT4 value in the high-
normal range (14.3 pmol/l) corresponding to a TSH in the low-normal range (0.8 mU/l). Subject 
weight or injected 18F-FDG-activity did not differ significantly between scan times (see table 
1). Interestingly, CRP levels were detectable (>1.0 mg/l) in some of the patients (4/10) during 
hypothyroidism but during TSH suppression, detectable CRP levels were observed in the 
majority of patients (6/10) and the mean serum levels were significantly higher during TSH 
suppression (4.8 mg/l) than during hypothyroidism (2.9 mg/l, p=0.005). In addition, blood 
pressure, glucose and plasma lipid levels (free fatty acids (FFA) and glycerol) decreased after 
levothyroxine treatment (see table 1). 

Blood pool activity was significantly lower after levothyroxine treatment in comparison to 
hypothyroidism in both the jugular vein as well as the vena cava superior (mean SUVmean 
jugular vein 1.4 ± 0.2 vs. 1.3 ± 0.3, p=0.026 and mean SUVmean vena cava superior 1.6 ± 0.3 
vs. 1.3 ± 0.2, p=0.011).

Since the DTC patients were only scanned during hypothyroidism and TSH suppression, and 
thus not in the euthyroid state, the results of this study are insufficient to confirm or dismiss a 
U-shaped correlation between thyroid hormone levels and arterial inflammation. Therefore, 
we additionally screened our institutional data for euthyroid subjects who underwent a similar 
scan protocol. Seven euthyroid subjects were included with a mean TSH 2.0 ± 0.7 mU/l and 
a mean fT4 14.9 ± 1.4 pmol/l). Characteristics of these subjects can be found in table 1. Most 
importantly, euthyroid subjects had more cardiovascular risk factors compared to the DTC 
patients. They were all obese males with impaired insulin sensitivity. They were older than 
the thyroid cancer patients (62.3 ± 8 years vs. 47.6 ± 10 years during the first scan, p=0.005) 
and more of them had hypertension (86% vs. 30%, p=0.024) and/or hypercholesterolemia 
(100% vs. 0%, p<0.001). Blood pool activity in these euthyroid patients was similar to that of 
the DTC patients during hypothyroidism.
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Table 1. Subject characteristics and laboratory results

Hypothyroid
n=10

TSH suppression
n=10

p-value a Euthyroid
n=7

Age (years) 47.6 (10) ** 48.2 (10) ** 0.014 62.3 (8)

Sex (males) 2** NA NA 7

Weight (kg) 82.3 (15.2) 83.5 (17.3) 0.779 89.6 (5.4)

BMI (kg/m2) 29.2 (5.8) 29.6 (6.6) 0.508 28.5 (2.0)

Overweight (BMI >25) 8 8 1.000 7 

Obese (BMI >30) 4 4 1.000 1 

Hypercholesterolemia b 0** 0** 1.000 6 b

MAP (mmHg) 105 (20) 96 (16) 0.025 108 (7)

Hypertension (>140/90mmHg) 3* 3* 1.000 6 

Smoker 1 1 1.000 0 

Injected 18F-FDG activity 72.3 (4.1) 72.8 (4.3) 0.475 75.1 (3.3)

Levothyroxine dose (µg/day) NA 143.8 (23.8) NA NA

TSH (mU/l) 104.9 (53.6) ** 0.5 (0.6) ** 0.005 2.0 (0.7)

fT4 (pmol/l) 3.4 (0.8) ** 23.1 (3.8) ** 0.005 14.9 (1.4)

CRP (mg/l) c 2.9 (4.5) 4.8 (5.9) ** 0.005 2.64 (1.2)

Glucose (mmol/l) 5.0 (0.6) 5.3 (0.4) 0.028 5.6 (0.5)

Free fatty acids (µmol/l) 734 (166) ** 562 (172) * 0.047 372 (152)

Total glycerol (µmol/l) 1554 (291) 967 (486) * 0.007 1615 (525)

Blood pool activity SUVmean JV 1.4 (0.2) 1.3 (0.3) * 0.026 1.4 (0.2)

SUVmean VCS 1.6 (0.3) 1.3 (0.2) * 0.011 1.6 (0.3)

Table 1. When applicable means are given with the standard deviation between brackets, or the 
absolute number of subjects. Bold font indicates a statistically significant difference between 
hypothyroidism and TSH-suppression. Asterisks indicate significant differences compared to euthyroid 
patients. *p<0.05. **p<0.01. a p-values were calculated for differences between hypothyroidism 
and TSH suppression. Statistically significant differences are indicated by p-values in bold print. 
b Hypercholesterolemia was defined as a total cholesterol >5.0 mmol/l, or LDL >3.0 mmol/l. Cholesterol 
values were available for n=6 of the euthyroid group. None of the thyroid cancer patients had a history 
of hypercholesterolemia and none used cholesterol-lowering drugs. However, cholesterol levels 
were only available for n=2. c Seven pairs were available for analysis. Asterisks indicate significant 
differences compared to euthyroid patients. NA: not applicable
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Image quality
In all scans (n=20 DTC and n=7 euthyroid subjects), image quality was sufficient to include 
all aortic regions in the analysis. However, 18F-FDG uptake in both carotid arteries could not 
be analyzed in scans of one DTC and of two euthyroid participants due to motion artefacts 
and/or spill-in. In two other participants (one DTC and one euthyroid), the ROIs of only one 
carotid artery were considered representable. For all other subjects, only the carotid artery 
with the highest TBR was included for analysis. Results for the carotid arteries are therefore 
based on n=9 DTC patients and n=5 euthyroid subjects. In one lean DTC patient VAT could 
not be analyzed. 

Arterial TBRs in DTC patients
The SUVs for 18F-FDG uptake are given in supplementary table 1. The TBRmax per arterial 
territory can be found in table 2. The mean TBRmax for all aortic territories taken together 
increased from 1.6 ± 0.2 to 1.8 ± 0.2 (p=0.058) after levothyroxine treatment. Similar results 
were also found for all individual arterial territories with the exception of the carotid arteries in 
which no difference between 18F-FDG uptake was found between hypothyroid state and TSH 
suppression. In the aortic arch and thoracic descending aorta, the increase in mean TBRmax 
during TSH suppression reached statistical significance (p=0.031 and p=0.021, respectively). 
In one patient, fT4 and TSH-values were both within the normal range at the time of the 
second scan (TSH 0.8 mU/l; fT4 14.2 pmol/l). Exploratory exclusion of this patient increased 
statistical significance for all TBR analyses.

Table 2. TBRmax per arterial territory

Hypothyroidism TSH suppression p-value Euthyroid

Carotid arteries a 1.7 (0.2) * 1.7 (0.3) * 0.943 1.3 (0.2)

Ascending aorta 1.7 (0.2) 1.8 (0.2) 0.340 1.7 (0.2)

Aortic arch 1.7 (0.2) 1.9 (0.2) * 0.031 1.5 (0.3)

Thoracic aorta 1.6 (0.2) 1.9 (0.2) * 0.021 1.7 (0.2)

Abdominal aorta 1.4 (0.2) 1.6 (0.2) 0.105 1.6 (0.2)

All vessels 1.6 (0.2) 1.8 (0.2) * 0.058 1.6 (0.2)

Table 2. Whole vessel (territory) analysis for TBRmax is given, depicted as the mean with the standard 
deviation between brackets. For hypothyroidism these values are based on n=9, for euthyroid n=5 
and for TSH suppression n=10. For all other vessel territories, the mean TBRmax is given based on 
n=7 for euthyroid state and n=10 for hypothyroidism and TSH-suppressed state. Bold font indicates a 
statistically significant difference in TBRmax between hypothyroidism and TSH-suppression. * signifies 
a significant difference with euthyroid patients of p <0.05. a The highest value of both carotid arteries 
was selected for further analysis. 
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Arterial TBRs in euthyroid controls
Notwithstanding the higher number of cardiovascular risk factors in the euthyroid group, 
arterial TBRs were always lower in this group compared to the TBRs measured during TSH 
suppression in the DTC population. This was statistically significant in the carotid arteries, 
aortic arch and descending thoracic aorta (see table 2 and figure 1). In addition, the arterial 
TBRs of the euthyroid subjects were also significantly lower in comparison to the hypothyroid 
state in the carotid arteries and for the TBRmax in the aortic arch but similar in the ascending 
and descending thoracic aorta, and not-significantly higher in the abdominal aorta (see table 
2 and figure 1). When all arterial territories were combined, there was a significant difference 
between the TBRs of euthyroid subjects and those under TSH suppression (p=0.018 for 
TBRmax). 

Figure 1. TBRmax per arterial territory during different thyroid hormone states

Individual TBRmax values are shown. Mean TBRmax values are depicted with their standard deviation 
superimposed on the individual data points for the DTC patients during hypothyroidism and TSH 
suppression, and for euthyroid controls. TBRmax values are based on n=10 for both hypothyroidism and 
TSH suppression for all aortic segments and for the carotid arteries during TSH suppression. TBRmax 
for the carotid arteries during hypothyroidism is based on n=9. Average TBRmax values for euthyroid 
state are based on n=7 for all aortic segments and n=5 for the carotid arteries.
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TBRs in spleen, bone marrow and white adipose tissue
In agreement with the pattern of 18F-FDG uptake in the arteries, BM also showed significantly 
higher TBRs during TSH suppression (mean TBRmax 2.0 ± 0.3 vs. 1.7 ± 0.3, p=0.014). Differences 
in 18F-FDG uptake between the thyroid hormone states were only slight in the spleen, VAT 
as well as SAT at the level of the xiphoid bone and did not reach statistical significance. 
However, 18F-FDG uptake in nuchal SAT showed a trend towards lower TBRs during TSH 
suppression in contrast to the findings in the vasculature. See table 3 for details.

Table 3. TBRmax of the spleen, bone marrow and adipose tissue

Hypothyroidism TSH suppression p-value

Spleen 1. 7 (0.3) 1.7 (0.2) 0.644

Bone marrow 1.7 (0.3) 2.0 (0.3) 0.014

SAT chest 0.4 (0.2) 0.4 (0.2) 0.550

SAT neck 0.4 (0.1) 0.4 (0.1) 0.053

VAT a 0.4 (0.2) 0.5 (0.1) 0.943

Table 3. TBRs are given as mean and standard deviation between brackets. Bold font indicates a 
statistically significant difference between hypothyroidism and TSH-suppression. a n=9.

Correlations between TBRs and CRP
We tested for correlations between different measures of 18F-FDG uptake and CRP blood 
levels. However, only a few of the tested correlations reached statistical significance. 
There were no significant correlations between CRP and the arterial SUVs. CRP was only 
significantly correlated to the TBRmax of the carotid arteries, the ascending aorta the aortic 
arch and when all vessel territories were combined for the hypothyroid period. No significant 
correlation between CRP and any of the 18F-FDG uptake measures could be found during 
TSH suppression or in euthyroid participants. See table 4.



Chapter 2

34

Table 4. Correlations between TBRs and CRP

CRP levels

TBRmax hypothyroidism TSH suppression Euthyroid

Carotid arteries 0.822** 0.374 -0.148

Ascending aorta 0.721* 0.038 0.397

Aortic arch 0.708* 0.316 0.440

Thoracic aorta 0.398 -0.114 0.145

Abdominal aorta 0.299 0.549 0.093

All vessels 0.785** 0.331 0.360

Spleen 0.663 -0.256

Bone marrow 0.138 -0.549

VAT -0.074 -0.151

SAT neck 0.140 -0.134

SAT xyphoid -0.244 -0.327

Table 4. Depicted are the Spearman rho (ρ) coefficients. * signifies statistical significance with a p-value 
<0.05. ** signifies a p-value <0.01.
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DISCUSSION

In this explorative study, we were able to show that arterial TBRs, as a measure for arterial 
inflammation, are higher under TSH-suppressive medication than during hypothyroidism, 
indicating a negative impact of TSH suppression on atherosclerosis. To the best of our 
knowledge, changes in arterial inflammation due to thyroid hormone imbalance have never 
been studied before in humans in vivo. The inclusion of thyroid cancer patients enabled us 
to study the effects of pathological thyroid hormone levels on both ends of the spectrum 
within the same patient. This study design controls for differences in causation of thyroid 
hormone imbalance but also for the variability in the necessary levothyroxine dose for each 
patient to establish adequate TSH suppression, since patients served as their own control. 

We chose to focus on TBRs as an outcome measure, since TBR has been proposed as the 
more relevant measurement for arterial inflammation as it normalizes SUV values for 18F-FDG 
blood pool activity (16). As mentioned in the methods, ROIs were drawn to encompass the 
entire vessel wall including the lumen, as is a common and accepted procedure in analyses 
of vessel wall inflammation. This approach is mainly used to address the limited resolution 
of PET/CT and the chance of spill-in and spill-out. In arteries without a high-degree stenosis, 
such as probably common in our population, blood pool activity is a major contributor to the 
vessel wall SUVs. As such, this will generally result in an underestimation of the activity in the 
arterial wall and fluctuations in blood pool activity can greatly affect results. Correction for the 
blood pool activity is therefore a necessity. This is of particular relevance in the current study, 
since thyroid hormone has a wide range of effects on multiple tissues and amongst others 
increases general glucose uptake, glycolysis, gluconeogenesis and tissue blood flow (17). 
These effects will likely affect 18F-FDG metabolism as well. For instance, through an increased 
general energy expenditure (14) and increased glucose transporters expression in different 
tissues, such as the muscles, liver and brain (18-20), it is likely that competition for 18F-FDG 
is increased. Consequently, the distribution of 18F-FDG uptake is increased throughout the 
body, resulting in a lower blood pool activity and lower absolute uptake in specific tissues. 
In addition, thyroid hormone may also affect renal function and increase blood volume. 
However, although 18F-FDG is cleared by the kidneys, increased diuresis by means of saline 
infusion or diuretics did not affect 18F-FDG blood activity in rats (21). Additionally, 18F-FDG 
distribution was not significantly affected in patients with a disrupted renal function (22). 
Therefore, we assume the lower blood pool activity during TSH suppression to rather be 
an effect of an altered distribution of 18F-FDG throughout the body. TBR is used to correct 
for the distributional spread of 18F-FDG. SUV already corrects for injected dose, patient 
weight and decay. In a way, TBR is not a more accurate representation of the absolute 
uptake than SUV (23) but it is, as its name suggests, a ratio between the uptake in the 
target, the vessel wall (including the lumen) and the blood pool activity (in a nearby vein). 
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Even though the absolute uptake in the vessel walls may have been lower after thyroxine 
supplementation, the relative uptake was higher. Earlier research showed TBR to correlate 
better to clinical risk of cardiovascular events and to the effects of treatment (4, 24), and it 
is therefore recommended in vascular research (16). Concurrently, we found CRP levels to 
correlate to arterial TBRs but not to arterial SUVs during hypothyroidism.

Previous research has mainly focused on the harmful effects of hypothyroidism on 
atherosclerosis (25-27). Strong evidence exists that hypothyroidism raises the risk for the onset 
and progression of atherosclerosis due to an increased incidence of cardiovascular risk factors 
such as hypertension and a disturbed lipid balance (26, 27). In concurrence with those findings, 
we found both blood pressure and plasma lipid levels (FFA and glycerol) to be higher during 
hypothyroidism than during TSH suppression. In addition, (subclinical) hypothyroidism has also 
been associated with increased systemic low-grade inflammation, as measured by elevated 
CRP and interleukin levels, compared to euthyroid patients (28). In agreement with this, 
surgically removed carotid atherosclerotic plaques of these patients had a higher macrophage 
content compared to those of euthyroid patients (28). In line with those results, other studies 
found a possible anti-inflammatory effect of thyroid hormone (25, 29). In vitro, thyroid hormone 
decreased the migration of bone marrow derived monocytes from hematopoietic tissues to 
local inflammatory processes (29). Further suggesting an anti-inflammatory effect of thyroid 
hormones, additional knockout of the thyroid hormone receptor alpha in apoE knockout mice, a 
commonly used atherosclerosis model, increased both atherosclerotic plaque size and plaque 
inflammation (25). Our finding that CRP levels correlate to arterial TBRs during hypothyroidism 
seems to underline an inflammatory effect of hypothyroidism.

In contrast, the results of our study also seem to plead for a pro-inflammatory effect of 
increased thyroid hormone levels and/or TSH suppression. Although we were unable to 
gain histological proof that the increased arterial TBRs were indeed caused by an increased 
number of macrophages in the vascular wall or macrophage activation, the elevated levels 
of CRP during TSH suppression indicate a role for inflammation. During hypothyroidism, CRP 
levels were detectable (>1.0 mg/l) in 40% of the patients and similar to the CRP levels in the 
euthyroid participants but during TSH suppression CRP levels were detectable in 60% of the 
patients, and the mean serum levels were significantly higher during TSH suppression than 
during hypothyroidism. Previous research has shown that increased CRP levels correlate 
with a significantly increased risk of subsequent cardiovascular events (30) and with arterial 
18F-FDG uptake (31, 32).

In our study population, levothyroxine treatment modified cardiovascular risk factors 
classically related to hypothyroidism (26, 27), suggesting an increase of these risk factors 
during hypothyroidism. The observed decrease in blood pressure and plasma lipids after 
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levothyroxine treatment, combined with the increased uptake of 18F-FDG in the arterial wall, 
might suggest that a different mechanism is responsible for the inflammatory changes in the 
arterial wall during TSH suppression as compared to hypothyroidism. Previously published 
preclinical studies have also shown direct effects of thyroid hormone on vascular wall 
cells (33, 34). For instance, rats with induced thyrotoxicosis showed markers for increased 
oxidative stress and lipid peroxidation in addition to increased arterial stiffness, due to 
changes in vascular smooth muscle cell, elastin and collagen content in the vessel wall 
(33, 34). Furthermore, elevated markers of endothelial activation were observed in patients 
with hyperthyroidism due to Graves’ disease (35, 36). The exact mechanism underlying 
the higher arterial uptake of 18F-FDG during TSH suppression remains, therefore, to be 
investigated.

In DTC patients, lower TSH-levels have been related to an increased risk of cardiovascular 
mortality (13) and other clinical studies have shown thyroid hormone levels to be related 
to different measurements for atherosclerotic disease burden (2, 37, 38). For instance, 
high fT4 levels have been related to increased arterial stiffness (2) and low TSH levels 
to increased carotid intima-media thickness (37). In a large population study, Zhang et al. 
found both low-normal fT4 and low-normal TSH levels to be related to higher coronary 
artery calcium (CAC) scores (38). The authors suggest that fT4 and TSH might influence 
atherosclerosis via different, direct and indirect mechanisms, since TSH receptors are 
present along with thyroid hormone receptors in vascular smooth muscle cells. Although 
this study only included participants with hormone levels within the normal range, these 
findings might indicate that extreme hormone levels on both ends of the spectrum play 
a role in the development of atherosclerosis. Thus, the correlation between thyroid 
hormone levels and vascular disease might indeed be U-shaped (2). This suspicion was 
confirmed by the results of our study when we compared arterial TBRs of euthyroid 
patients with those of our DTC population. Arterial TBRs were generally lower in the 
euthyroid group compared to both hypothyroidism and TSH suppression, despite of their 
higher cardiovascular risk profile compared to the DTC study population. This finding 
supports the hypothesis that both hypothyroidism and hyperthyroidism predispose to 
atherosclerosis.

The results of previously published 18F-FDG PET studies indicate that the hematopoietic 
organs are involved in the systemic inflammatory response in atherosclerosis as the 18F-FDG 
uptake in the spleen and the bone marrow showed a significant correlation with arterial 
inflammation (8, 9). In accordance with these results, we also found significantly higher bone 
marrow TBRs during TSH suppression compared to the hypothyroid situation, suggesting 
increased hematopoietic activity, potentially in the context of the observed increased arterial 
inflammation.
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Additionally, it must be pointed out that although fT4 levels were above reference values in 
90% of the patients, perfect TSH suppression was not yet confirmed by TSH values in 40% 
of the patients. In health, TSH responds with a logarithmic increase compared to the fT4 
decrease and vice versa (12). As such, TSH is more sensitive to endogenous thyroid disease 
than fT4 levels. However, its response is not instant to levothyroxine treatment, and it is not 
uncommon to await further TSH decrease while maintaining a stable levothyroxine dose. 
Our findings result in the expectation that with further TSH decrease and longer duration 
of TSH suppression, arterial inflammation would only increase further. TSH suppression in 
DTC patients is a long-term treatment, and previous research points to negative effects on 
cardiac physiology and bone density (12). Thus far, studies on a potential increased risk of 
cardiovascular death in DTC patients with TSH suppression have been inconclusive (12) but 
our findings agree with the recent more critical view on TSH suppressive therapy, pointing 
to a personalized approach (10, 11).

Limitations
This was an exploratory study and as such, it is limited by a small population sample. It is 
possible that some of our analyses did not reach statistical significance because the study 
might have been underpowered. Therefore, our findings need to be confirmed in a larger 
prospective study.

A drawback of our study design is the possibility of a so-called period effect, since TSH 
suppression always followed hypothyroidism, and the duration of each period differed. 
Because a longer time period of TSH suppressive therapy was needed to achieve stable 
thyroid hormone levels, the period between the start of levothyroxine treatment and the 
second scan was longer than the period between thyroidectomy and the first scan. We can 
therefore not completely exclude that the TBRs were higher during TSH suppression because 
the period of TSH suppression was longer. However, our findings seem to be in contrast to 
earlier studies showing a decrease in vascular disease with thyroid hormone replacement 
therapy in (subclinical) hypothyroidism (39, 40). This rather supports a detrimental effect of 
increased thyroid hormones on arterial inflammation. 

Since our scan protocol was primarily aimed at imaging cold-induced BAT activity, it differs 
from arterial imaging guidelines on PET imaging in atherosclerosis (16, 41). However, since 
all patients served as their own control, this should not have biased our results to a relevant 
degree. 

The inclusion of diabetes prone participants as euthyroid controls should be considered 
as merely exploratory. As mentioned before, these subjects cannot be considered as fully 
healthy controls, neither can they be considered as atherosclerotic. 
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CONCLUSIONS

To the best of our knowledge, this is the first study linking disturbed thyroid hormone levels 
to arterial inflammation in vivo. This explorative study shows arterial TBRs, as a measure for 
arterial inflammation, to be higher during TSH suppression than during hypothyroidism and 
arterial TBRs to be higher during both kinds of thyroid hormone imbalance than during the 
euthyroid state. Future prospective and well-powered studies need to confirm our results.



Chapter 2

40

REFERENCES
1. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al. Heart Disease and 

Stroke Statistics-2016 Update: A Report From the American Heart Association. Circulation. 
2016;133(4):e38-360.

2. Delitala AP, Orru M, Filigheddu F, Pilia MG, Delitala G, Ganau A, et al. Serum free thyroxine 
levels are positively associated with arterial stiffness in the SardiNIA study. Clin Endocrinol (Oxf). 
2015;82(4):592-7.

3. Figueroa AL, Subramanian SS, Cury RC, Truong QA, Gardecki JA, Tearney GJ, et al. Distribution 
of inflammation within carotid atherosclerotic plaques with high-risk morphological features: 
a comparison between positron emission tomography activity, plaque morphology, and 
histopathology. Circ Cardiovasc Imaging. 2012;5(1):69-77.

4. Figueroa AL, Abdelbaky A, Truong QA, Corsini E, MacNabb MH, Lavender ZR, et al. Measurement 
of arterial activity on routine FDG PET/CT images improves prediction of risk of future CV events. 
JACC Cardiovasc Imaging. 2013;6(12):1250-9.

5. Davies JR, Rudd JH, Fryer TD, Graves MJ, Clark JC, Kirkpatrick PJ, et al. Identification of culprit 
lesions after transient ischemic attack by combined 18F fluorodeoxyglucose positron-emission 
tomography and high-resolution magnetic resonance imaging. Stroke. 2005;36(12):2642-7.

6. Bucerius J, Mani V, Wong S, Moncrieff C, Izquierdo-Garcia D, Machac J, et al. Arterial and fat tissue 
inflammation are highly correlated: a prospective 18F-FDG PET/CT study. Eur J Nucl Med Mol 
Imaging. 2014;41(5):934-45.

7. Vanfleteren LE, van Meerendonk AM, Franssen FM, Wouters EF, Mottaghy FM, van Kroonenburgh 
MJ, et al. A possible link between increased metabolic activity of fat tissue and aortic wall 
inflammation in subjects with COPD. A retrospective 18F-FDG-PET/CT pilot study. Respir Med. 
2014;108(6):883-90.

8. Emami H, Singh P, MacNabb M, Vucic E, Lavender Z, Rudd JH, et al. Splenic metabolic activity 
predicts risk of future cardiovascular events: demonstration of a cardiosplenic axis in humans. 
JACC Cardiovasc Imaging. 2015;8(2):121-30.

9. Kim EJ, Kim S, Kang DO, Seo HS. Metabolic activity of the spleen and bone marrow in patients with 
acute myocardial infarction evaluated by 18f-fluorodeoxyglucose positron emission tomograpic 
imaging. Circ Cardiovasc Imaging. 2014;7(3):454-60.

10. Werkgroep Richtlijn Schildkliercarcinoom. Richtlijn: Schildkliercarcinoom 2.0, Netherlands 2015 
[Available from: http://www.oncoline.nl/schildkliercarcinoom]

11. Cooper DS, Doherty GM, Haugen BR, Kloos RT, Lee SL, Mandel SJ, et al. Revised American Thyroid 
Association management guidelines for patients with thyroid nodules and differentiated thyroid 
cancer. Thyroid. 2009;19(11):1167-214.

12. Biondi B, Cooper DS. Benefits of thyrotropin suppression versus the risks of adverse effects in 
differentiated thyroid cancer. Thyroid. 2010;20(2):135-46.

13. Klein Hesselink EN, Klein Hesselink MS, de Bock GH, Gansevoort RT, Bakker SJ, Vredeveld EJ, 
et al. Long-term cardiovascular mortality in patients with differentiated thyroid carcinoma: an 
observational study. J Clin Oncol. 2013;31(32):4046-53.

14. Broeders EP, Vijgen GH, Havekes B, Bouvy ND, Mottaghy FM, Kars M, et al. Thyroid Hormone 
Activates Brown Adipose Tissue and Increases Non-Shivering Thermogenesis--A Cohort Study in 
a Group of Thyroid Carcinoma Patients. PLoS One. 2016;11(1):e0145049.



TSH suppression aggravates arterial inflammation

41

2

15. de Ligt M, Bruls YMH, Hansen J, Habets MF, Havekes B, Nascimento EBM, et al. Resveratrol 
improves ex vivo mitochondrial function but does not affect insulin sensitivity or brown adipose 
tissue in first degree relatives of patients with type 2 diabetes. Mol Metab. 2018;12:39-47.

16. Bucerius J, Hyafil F, Verberne HJ, Slart RH, Lindner O, Sciagra R, et al. Position paper of the 
Cardiovascular Committee of the European Association of Nuclear Medicine (EANM) on PET 
imaging of atherosclerosis. Eur J Nucl Med Mol Imaging. 2016;43(4):780-92.

17. Hall J. Guyton and Hall, textbook of medical physiology. Thirteenth edition ed2016.
18. Mooradian AD, Girgis W, Shah GN. Thyroid hormone-induced GLUT-1 expression in rat cerebral 

tissue: effect of age. Brain Research. 1997;747:144-6.
19. Shetty M, Kuruvilla A, Ismail-Beigi F, Loeb J. Stimulation of glucose transport in Clone 9 cells by 

insulin and thyroid hormone: role of GLUT-1 activation. Biochimicaet BiophysicaActa. 1996;1314:140-
6.

20. Weinstein S, O’Boyle E, Haber R. Thyroid Hormone Increases Basal and Insulin-Stimulated Glucose 
Transport in Skeletal Muscle - The Role of GLUT4 Glucose Transporter Expression. Diabetes. 
1994;43:1185-9.

21. Kosuda S, Fisher S, Wahl RL. Animal studies on the reduction and/or dilution of 2-deoxy-2-[18F]
fluoro-D-glucose (FDG) activity in the urinary system. Ann Nucl Med. 1997;11(3):213-8.

22. Akers SR, Werner TJ, Rubello D, Alavi A, Cheng G. 18F-FDG uptake and clearance in patients with 
compromised renal function. Nucl Med Commun. 2016;37(8):825-32.

23. Huet P, Burg S, Le Guludec D, Hyafil F, Buvat I. Variability and uncertainty of 18F-FDG PET imaging 
protocols for assessing inflammation in atherosclerosis: suggestions for improvement. J Nucl Med. 
2015;56(4):552-9.

24. Tawakol A, Fayad ZA, Mogg R, Alon A, Klimas MT, Dansky H, et al. Intensification of statin 
therapy results in a rapid reduction in atherosclerotic inflammation: results of a multicenter 
fluorodeoxyglucose-positron emission tomography/computed tomography feasibility study. J Am 
Coll Cardiol. 2013;62(10):909-17.

25. Billon C, Canaple L, Fleury S, Deloire A, Beylot M, Dombrowicz D, et al. TRalpha protects against 
atherosclerosis in male mice: identification of a novel anti-inflammatory property for TRalpha in 
mice. Endocrinology. 2014;155(7):2735-45.

26. Pasqualetti G, Tognini S, Polini A, Caraccio N, Monzani F. Is subclinical hypothyroidism a 
cardiovascular risk factor in the elderly? J Clin Endocrinol Metab. 2013;98(6):2256-66.

27. Ichiki T. Thyroid Hormone and Vascular Remodeling. J Atheroscler Thromb. 2016;23(3):266-75.
28. Marfella R, Ferraraccio F, Rizzo MR, Portoghese M, Barbieri M, Basilio C, et al. Innate immune 

activity in plaque of patients with untreated and L-thyroxine-treated subclinical hypothyroidism. J 
Clin Endocrinol Metab. 2011;96(4):1015-20.

29. Perrotta C, Buldorini M, Assi E, Cazzato D, De Palma C, Clementi E, et al. The thyroid hormone 
triiodothyronine controls macrophage maturation and functions: protective role during inflammation. 
Am J Pathol. 2014;184(1):230-47.

30. Libby P, Willerson JT, Braunwald E. C-reactive protein and coronary heart disease. N Engl J Med. 
2004;351(3):295-8.

31. Yoo HJ, Kim S, Park MS, Yang SJ, Kim TN, Seo JA, et al. Vascular inflammation stratified by C-reactive 
protein and low-density lipoprotein cholesterol levels: analysis with 18F-FDG PET. J Nucl Med. 
2011;52(1):10-7.

32. Choi HY, Kim S, Yang SJ, Yoo HJ, Seo JA, Kim SG, et al. Association of adiponectin, resistin, and 
vascular inflammation: analysis with 18F-fluorodeoxyglucose positron emission tomography. 
Arterioscler Thromb Vasc Biol. 2011;31(4):944-9.



Chapter 2

42

33. Moulakakis KG, Sokolis DP, Perrea DN, Dosios T, Dontas I, Poulakou MV, et al. The mechanical 
performance and histomorphological structure of the descending aorta in hyperthyroidism. 
Angiology. 2007;58(3):343-52.

34. Moulakakis KG, Poulakou MV, Paraskevas KI, Dontas I, Vlachos IS, Sokolis DP, et al. Hyperthyroidism 
is associated with increased aortic oxidative DNA damage in a rat model. In Vivo. 2007;21(6):1021-6.

35. Burggraaf J, Lalezari S, Emeis JJ, Vischer UM, de Meyer PH, Pijl H, et al. Endothelial function in 
patients with hyperthyroidism before and after treatment with propranolol and thiamazol. Thyroid. 
2001;11(2):153-60.

36. Deng J, Zhao R, Zhang Z, Wang J. Changes in vasoreactivity of rat large- and medium-sized arteries 
induced by hyperthyroidism. Exp Toxicol Pathol. 2010;62(3):317-22.

37. Volzke H, Robinson DM, Schminke U, Ludemann J, Rettig R, Felix SB, et al. Thyroid function and 
carotid wall thickness. J Clin Endocrinol Metab. 2004;89(5):2145-9.

38. Zhang Y, Kim BK, Chang Y, Ryu S, Cho J, Lee WY, et al. Thyroid hormones and coronary artery 
calcification in euthyroid men and women. Arterioscler Thromb Vasc Biol. 2014;34(9):2128-34.

39. Deyneli O, Akpinar IN, Mericliler OS, Gozu H, Yildiz ME, Akalin NS. Effects of levothyroxine treatment 
on insulin sensitivity, endothelial function and risk factors of atherosclerosis in hypothyroid women. 
Ann Endocrinol (Paris). 2014;75(4):220-6.

40. Cakal E, Turgut AT, Demirbas B, Ozkaya M, Cakal B, Serter R, et al. Effects of L-thyroxine replacement 
therapy on carotid intima-media thickness in patients with primary hypothyroidism. Exp Clin 
Endocrinol Diabetes. 2009;117(6):294-300.

41. Gholami S, Salavati A, Houshmand S, Werner TJ, Alavi A. Assessment of atherosclerosis in large 
vessel walls: A comprehensive review of FDG-PET/CT image acquisition protocols and methods 
for uptake quantification. J Nucl Cardiol. 2015;22(3):468-79.







CHAPTER 3
Resveratrol treatment does not 

reduce arterial inflammation in males 
at risk of type 2 diabetes:

a randomized crossover trial

Resveratrol treatment does not reduce arterial inflammation
Ellen Boswijk, Marlies de Ligt, Marie-Fleur J. Habets, Alma M.A. Mingels, Wouter D. van 
Marken Lichtenbelt, Felix M. Mottaghy, Patrick Schrauwen, Joachim E. Wildberger, Jan 
Bucerius

Submitted for publication



Chapter 3

46

ABSTRACT 

Purpose: Resveratrol has shown promising anti-inflammatory effects in in vitro and animal 
studies. We aimed to investigate this effect on arterial inflammation in vivo.

Methods: This was an additional analysis of a double-blind randomized crossover trial 
which included eight male subjects with decreased insulin sensitivity who underwent an 
18F-fluoroxyglucose (18F-FDG) PET/CT after 34 days of placebo and resveratrol treatment 
(150 mg/day). 18F-FDG uptake was analyzed in the carotid arteries and the aorta, in adipose 
tissue regions, spleen, and bone marrow as measures for arterial and systemic inflammation. 
Maximum target-to-background ratios (TBRmax) were compared between resveratrol and 
placebo treatment with the non-parametric Wilcoxon signed-rank test. Median values are 
shown with their interquartile range.

Results: Arterial 18F-FDG uptake was non-significantly higher after resveratrol treatment 
(TBRmax all vessels 1.7 (1.6-1.7)) in comparison to placebo treatment (1.5 (1.4-1.6); p=0.050). 
Only in visceral adipose tissue, the increase in 18F-FDG uptake after resveratrol reached 
statistical significance (p=0.024). Furthermore, CRP-levels were not significantly affected by 
resveratrol treatment (p=0.091).

Conclusions: Resveratrol did not attenuate arterial or systemic inflammation as measured 
with 18F-FDG PET, in subjects at risk of developing type 2 diabetes. However, validation of 
these findings in larger human studies is needed.
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BACKGROUND

Resveratrol (trans-3,4’,5-trihydroxystilbene) is a natural constituent of berry fruits, peanuts, 
grapes and other plants. Resveratrol production is increased when the plant is stressed; 
for instance, during drought or infection (1). It has been suggested that resveratrol acts 
as a xenohormetic compound, meaning that the resveratrol in these plants could affect 
the biology of animals consuming them. In this way, the presence of high levels of 
resveratrol may act as a warning sign for ‘tougher times ahead’. This could explain 
the calorie-restricting and longevity effects of resveratrol in some animals, because a 
period with less food to go around would be unattractive to reproduce and therefore 
ageing is slowed to postpone reproduction (1). In concurrence, resveratrol appears to 
affect aging-related diseases, such as cancer and cardiovascular disease (1-3). Among 
others, resveratrol is believed to influence atherosclerosis via several mechanisms, such 
as decreasing lipid peroxidation, lipid phagocytosis, platelet aggregation, oxidative 
stress, hypertension, insulin resistance, and by influencing endothelial function (1-4). 
Animal models have confirmed these beneficial effects. Resveratrol attenuated plaque 
formation in apolipoprotein-E (apoE) knockout mice, a well-known atherosclerosis model 
(5), as well as in a double knockout model for apoE and low-density lipoprotein receptor 
(LDLR) (6) and in apoE knockout mice with additional angiotensin-II administration (7). In 
rabbits fed a high-cholesterol diet, addition of resveratrol delayed atherosclerotic plaque 
progression independent of lipid levels (8). Moreover, macrophage count in the plaques 
was lower, indicating reduced arterial inflammation (7). 

Despite the promising findings in animal studies, relatively few and mainly small studies on 
the effects of resveratrol in humans have been published so far (9, 10). To our knowledge, 
various studies have investigated the effects of resveratrol on cardiovascular risk factors, 
but none on arterial inflammation. Both systemic inflammation and inflammation of 
atherosclerotic plaques have been related to an increased incidence of cardiovascular 
events like myocardial infarction or stroke (11-13). Also, important markers for systemic 
inflammation, such as C-reactive protein (CRP) have been related to an increased risk of 
cardiovascular events (12). 18F-fluordeoxyglucose (18F-FDG) positron emission tomography 
(PET) is nowadays frequently used to image arterial wall inflammation in vivo (14), and 
validation studies with carotid endarterectomy specimens have confirmed 18F-FDG 
uptake to correlate with the degree of macrophage infiltration (15). Thus far, arterial wall 
18F-FDG PET has been used to investigate inflammation status in patients with a chronic 
inflammatory condition (16), to compare culprit and non-culprit atherosclerotic lesions 
(17), and also as a secondary endpoint in several interventional studies (18-20). 
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As part of the systemic inflammation in atherosclerosis, increased 18F-FDG uptake in the 
spleen and bone marrow has been correlated to higher arterial uptake and to recent 
and future cardiovascular events (21, 22). Furthermore, the metabolic activity of different 
adipose tissues has also gained much interest over the last years. It has been suggested 
that obesity-related adipose tissue inflammation increases cardiovascular risk by secretion 
of pro-atherogenic and pro-inflammatory adipocytokines into the systemic circulation (23). 
Indeed, it has been shown that increased arterial wall 18F-FDG uptake relates to multiple 
measures of white adipose tissue, such as volume (24), and activity (18F-FDG uptake) (24, 25).

Here, we report the results of a randomized double-blind crossover trial evaluating the 
effect of resveratrol on arterial inflammation. We hypothesized that the use of resveratrol 
would reduce arterial inflammation and thus measured 18F-FDG uptake in the arterial wall as 
a primary outcome. Because of the relationship between arterial 18F-FDG uptake and uptake 
in adipose tissue, the spleen and bone marrow, we included these tissues in our assessment 
as well as secondary outcome. 
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METHODS

Study design
This is an additional analysis of the eight male subjects who underwent a 18F-FDG PET/CT 
within the context of a recently published double-blind crossover design study investigating 
the effects of resveratrol in subjects at risk of developing type 2 diabetes (26). The local 
medical ethics committee of the academic hospital and university of Maastricht (aZM/UM) 
approved this project and all participants signed an informed consent form before any study 
procedures were conducted. All study procedures were performed at Maastricht University 
and Medical Center and were in compliance with the Declaration of Helsinki. The trial was 
registered on clinicaltrials.gov (study ID: NCT02129595, date of registration: 02/05/2014).

All subjects received both placebo and trans-resveratrol treatment of 75 mg (99.9% purity), 2 
times daily for 34 days. An enrolment diagram is included as supplemental figure 1. The order 
of treatment was randomized by an independent researcher using www.randomization.
com to result in an equal distribution in treatment order. After the first treatment period, 
subjects switched treatments with a washout period of at least 30 days in between. Both the 
capsules containing resveratrol and placebo were provided by DSM Nutritional Products Ltd. 
Containers were marked sequentially to blind both the subject and the researchers. Only at 
the end of the study, researchers were informed of the treatment order. 

Subjects
Between April 2014 and October 2016, volunteers were screened according to the in- and 
exclusion criteria shown in table 1. Participants were considered to have impaired insulin-
sensitivity when they had a glucose clearance rate of < 350 ml/kg/min according to the Oral 
Glucose Insulin Sensitivity Model (OGIS120) based on a standardized 2-hour oral glucose 
tolerance test (OGTT). A subset of eight subjects underwent a PET/CT twice - once at the 
end of each treatment period at day 34 to study brown adipose tissue (BAT) activation. In 
the current analysis, we used both scans of these subjects, and hence, subjects served as 
their own control. During the study, participants had to abstain from resveratrol containing 
foods to prevent resveratrol from dietary intake influencing the results. No adverse events 
related to the treatment were reported. For details see de Ligt et al. (26).

Blood analyses
Fasting resveratrol (free + conjugated) levels and a metabolite of resveratrol 
(dihydroxyresveratrol (DHR)) were determined on day 7, 14, 21 and 30 to control for adequate 
intake of the resveratrol capsules and adherence to dietary restrictions during the washout 
and placebo period. Routine clinical chemistry including renal function, liver enzymes, glucose, 
HbA1c and insulin was determined on day 0 and 30 of each treatment period. Additionally, 
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CRP-levels were determined on day 30 of both treatment periods. All blood samples were 
analyzed on the Cobas 6000 analyzer (Roche Diagnostics, Mannheim, Germany), except 
for the HbA1c (D100, Bio-Rad Laboratories, Hercules, United States), insulin (Immulite XPi, 
Siemens Healthcare, Erlangen, Germany), and CRP (Cobas 8000, Roche Diagnostics). 

Table 1. In- and exclusion criteria.

Inclusion Exclusion

• Male
• Age 40-70 years
• Has first-degree relative(s) with diabetes type 

2
• Overweight (BMI 27-35 kg/m2)
• Sedentary lifestyle (no physically active job, 

exercises less than 2 hours per week)
• Stable dietary habits (no weight change >5kg 

in the last three months)
• Insulin-resistant (as determined by a glucose 

clearance rate of < 350 ml/kg/min using 
the Oral Glucose Insulin Sensitivity Model 
(OGIS120) based on a 2-hour oral glucose 
tolerance test)

• Willingness to abstain from resveratrol-
containing food products

• Study inclusion is approved by the study 
related medical doctor based on screening 
data.

• Use of anticoagulants
• Uncontrolled hypertension
• Anemia (Hb < 7.8 mmol/L)
• Type 2 diabetes diagnosis
• HbA1c > 6.5%
• Use of medication known to interfere with 

glucose homeostasis/metabolism
• Rest-state ECG-abnormalities may 

be reason for exclusion based on the 
judgment of the study medical doctor.

• Current alcohol consumption > 20 g/day 
(≈ 2.5 unit/day)

Table 1. Abbreviations: BMI: body mass index; ECG: electrocardiogram; Hb: hemoglobin; HbA1c: 
hemoglobin A1c.

PET protocol
18F-FDG PET/CT scans were performed to study BAT activation. Hence, participants were 
scanned after a dedicated cooling protocol, required to activate BAT (26). A standard fixed 
dose of approximately 75 MBq 18F-FDG was injected one hour before scanning. Static PET 
images were acquired (6–7 bed positions, 6 min per bed position) using a Gemini TF PET/
CT (Philips Healthcare, Eindhoven, The Netherlands) after an overnight fast and confirmation 
of appropriate serum glucose levels. Subjects were scanned using a low-dose non-contrast 
whole-body CT protocol (120 kVp, 30 mAs) for attenuation correction and co-localization of 
the PET signal with the anatomy. Radiation dose was calculated to be ~5.85 mSv for each 
participant in total.
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Image analysis
Image analysis was performed on a dedicated commercially available workstation (Extended 
Brilliance Workspace V4.5.3.40140; Philips Healthcare, Eindhoven, The Netherlands). The 
researchers were blinded for treatment at the time of evaluation of the scans and only received 
the de-blinding code after all scans were analyzed. 

Regions of interest (ROIs) were manually drawn to encompass the whole vessel of the common 
carotid arteries and the aorta. The latter was divided accordingly; ascending aorta, aortic arch, 
thoracic descending aorta (till the diaphragm) and abdominal aorta (till the iliac bifurcation or as 
low as sufficiently imaged). The 18F-FDG uptake within each ROI was represented by the mean 
and maximum standardized uptake value (SUVmean and SUVmax), respectively. This measurement 
represents the activity per ROI corrected for decay (dependent on injected dose and time after 
injection) and body weight of the subject. The SUVmean and SUVmax of all ROIs were corrected for 
blood pool activity by calculating target-to-background ratios (TBR). Hereto, arterial SUVs were 
divided by the average SUVmean of at least three standardized ROIs (4 mm) placed in the lumen 
of the jugular vein (TBRs of the carotid arteries) and of the superior cava vein (for all aortic TBRs). 
Correction of the SUVmean and SUVmax, thusly resulted in the corresponding TBRmean and TBRmax. 
For the carotid arteries, only the highest mean TBRmax value of both carotid arteries was used 
for analysis. 

Additional standardized ROIs were placed to quantify activity in bone marrow (20 mm ROIs 
placed in the center of each thoracic and lumbar vertebra), spleen (20 mm ROIs encompassing 
all transversal slices), visceral adipose tissue (VAT; 10 mm ROIs placed in intra-peritoneal fat at the 
level of the umbilicus) and subcutaneous adipose tissue (SAT; 10 mm ROIs placed in the nuchal 
subcutaneous fat). TBRs were calculated by dividing corresponding mean and maximal SUVs 
by the mean SUVmean of the superior cava vein (for spleen, bone marrow and VAT TBRs) or of the 
jugular vein (for TBRs in the nuchal SAT). 

ROIs were excluded from further analysis in case of spill-in of activity from adjacent structures, 
such as active BAT, or when motion-artefacts prevented the drawing of representable ROIs.

Statistical analysis
Continuous data are described using median and interquartile range (IQR), which is depicted 
as the values for the first (25%) to the third (75%) quartile (Q1-Q3). Baseline characteristics, 
laboratory tests and 18F-FDG-uptake were compared between treatment periods, using the 
non-parametric Wilcoxon signed-rank test and the Friedman test was used to study differences 
of resveratrol (metabolite) levels between the time points within the same treatment period. 
Statistical significance was defined at the 95%-confidence level (p<0.05). All statistical analyses 
were performed with SPSS Statistics (version 24.0 for Macintosh, released 2016; IBM Corp, 
Armonk, NY, USA). 
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RESULTS

Subject characteristics and blood analyses
Eight male participants with a median age of 66 (53-68) years, a median BMI of 28.9 (27.8-
29.6) kg/m2 and a median glucose clearance rate of 334 (305-342) mg/dL, as determined 
by OGIS120, were included. No clinically or statistically significant differences in baseline 
characteristics, injected 18F-FDG activity, or plasma lipids and markers of glucose metabolism 
were found between treatments (table 2 and de Ligt et al. for more details (26)).

Table 2 Subject characteristics and laboratory tests after placebo and resveratrol treatment.

Placebo Resveratrol p-value
18F-FDG activity (MBq) a 75 (73-78) 76 (73-79) 0.575

Core temperature (ºC) a, b 36.8 (36.4-37.0) 36.8 (36.7-36.9) 0.917

Weight (kg) 90 (86-95) 91 (87-95) 0.575

MAP (mmHg) 103 (97-108) 105 (99-113) 0.207

Resveratrol (ng/mL) c ND 273 (194-312) NA

DHR (ng/mL) c ND 674 (365-926) NA

Glucose (mmol/L) 5.8 (5.4-6.1) 5.5 (5.3-6.1) 1.000

Insulin (pmol/L) 68 (33-99) 78 (40-89) 0.575

HbA1c (%) 5.8 (5.6-5.8) 5.8 (5.5-5.9) 0.416

Cholesterol (mmol/L) 5.3 (4.6-6.1) 5.5 (5.1-6.0) 0.105

LDL (mmol/L) 3.3 (2.9-4.1) 3.4 (2.7-4.1) 0.673

CRP (mg/L) 2.5 (1.0-3.2) 1.6 (0.6-3.1) 0.091

Mean SUVmean blood pool JV a 1.5 (1.3-1.6) 1.6 (1.4-1.7) 0.553

Mean SUVmean blood pool VCS a 1.7 (1.4-1.9) 1.5 (1.5-1.6) 0.206

Table 2 Median values are given for n=8 with interquartile range depicted as (Q1-Q3) unless stated 
otherwise. a These results are from day 34 as opposed to day 30 for the remaining results. b Core 
temperature during cold stimulation (n=6 pairs). c The average plasma levels of the four weekly 
measurements per patient were used to determine the group median. Abbreviations: MAP: mean 
arterial pressure; ND: not detectable; NA: not applicable; JV: jugular vein, VCS: vena cava superior.

In all subjects, resveratrol and DHR levels were determined weekly to verify adequate 
resveratrol supplement intake, metabolism and adherence to dietary restrictions. During 
the placebo period, these levels were below the detection limit, whereas under resveratrol 
treatment, they were detectable. The levels of resveratrol, DHR and their ratio did not differ 
statistically significant between the four time points within the resveratrol period (p=0.175, 
p=0.226 and p=0.092, for resveratrol, DHR and DHR/resveratrol ratio, respectively). The 
median of the group’s average resveratrol and DHR levels for the entire period are presented 
in table 2.
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CRP-levels decreased in six out of eight participants, stayed unchanged in one participant 
and increased in another. The median CRP after placebo treatment was 2.5 (1.0-3.2) mg/L 
and 1.6 (0.6-3.1) mg/L after resveratrol treatment (p=0.091). 

PET/CT image quality
In all subjects (n=8), image quality of both scans was sufficient to include all aortic regions 
in the analysis. However, due to motion artefacts in the neck region, 18F-FDG uptake in the 
carotid arteries could not be analyzed in three scans belonging to two participants. In one 
participant only the right carotid artery could be used in the analysis due to spill-in in the 
left carotid artery. Of the remaining five participants the carotid artery with the highest TBR 
was included in the analysis. Results for the carotid arteries are therefore based on n=6. 

Effect of resveratrol on arterial inflammatory activity
Differences in SUVmean and SUVmax between the interventions were small and did not 
reach statistical significance in any vascular territory (a table of the SUV values is given 
in supplemental table 1). In accordance, only slight differences in TBRs were observed in 
general (table 3 and figure 1). It is noteworthy that TBRs were not only ‘not lower’ after 
treatment with resveratrol in comparison to placebo treatment, but actually tended to be 
higher after resveratrol. However, this was not statistically significant (TBRmax all vessels 1.5 
(1.4-1.6) vs. 1.7 (1.6-1.7), p=0.050).

Table 3 TBRmax at day 34 of placebo and resveratrol treatment

Placebo Resveratrol p-value

Carotid arteries a, b 1.2 (1.2-1.5) 1.4 (1.3-1.9) 0.058

Ascending aorta 1.7 (1.5-1.8) 1.7 (1.7-1.7) 0.524

Aortic arch 1.5 (1.3-1.8) 1.6 (1.6-1.7) 0.140

Thoracic aorta 1.6 (1.5-1.8) 1.8 (1.6-1.8) 0.202

Abdominal aorta 1.5 (1.5-1.7) 1.6 (1.5-1.7) 0.216

All vessels 1.5 (1.4-1.6) 1.7 (1.6-1.7) 0.050

Spleen 1.5 (1.3-1.6) 1.6 (1.5-1.7) 0.201

Bone marrow 1.6 (1.3-1.9) 1.6 (1.5-1.9) 0.098

SAT 0.5 (0.4-0.5) 0.3 (0.3-0.5) 0.339

VAT 0.3 (0.2-0.5) 0.5 (0.4-0.7) 0.024

Table 3. Median values are given for n=8 with interquartile range depicted as (Q1-Q3) unless stated 
otherwise. a n=6 pairs. b The highest value from both carotid arteries was selected for further analysis.
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◀ Figure 1. Differences in CRP-level and TBRmax between placebo and resveratrol treatment

Individual differences in CRP-level and TBRmax between placebo and resveratrol treatment are shown. 
Results are based on n=8 with the exception of the TBRmax of the carotid arteries (n=6). Although 
CRP-levels decreased in 6 out of 8 subjects, TBRmax increased in 4 to 7 out of 8 subjects in the 
arterial territories (5 out of 6 in the carotid arteries), the spleen, bone marrow and VAT. In SAT, TBRmax 
decreased in 5 out of 8. These graphs were created using GraphPad Prism (GraphPad Software Inc, 
San Diego, CA, USA).

Effect of resveratrol on 18F-FDG uptake in the spleen, the bone marrow and white adipose 
tissues
Similar to the arterial TBRs, TBRs of the spleen, bone marrow and VAT tended to be higher 
after treatment with resveratrol compared to those after placebo (see table 3 and figure 1). 
This difference was only significant for VAT (p=0.024 for TBRmax). Contrary to all previous 
findings, SAT showed a slight decrease in TBRmax. 
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DISCUSSION

Resveratrol did not alter arterial inflammation, as measured with 18F-FDG PET, in subjects 
at risk of developing type 2 diabetes. Although animal studies have been promising in 
this regard (5-8), our findings rather seem to be in line with previously published studies 
questioning the anti-inflammatory effects of resveratrol in humans (10, 27). 

Arterial wall 18F-FDG uptake has been correlated to plaque macrophage content (15), which 
in its turn has been related to the risk of developing subsequent cardiovascular events 
(28, 29). Decreasing both local and systemic arterial inflammation has therefore been an 
important target in cardiovascular research (11, 30). 18F-FDG has been used to establish the 
anti-inflammatory effects of several treatment options, including lipid-lowering therapy (18), 
life style measures (19) and bariatric surgery (20). It would be cause for excitement if similar 
effects could be accomplished with a food supplement, like resveratrol. In apoE knockout 
mice, resveratrol was able to reduce macrophage content in atherosclerotic plaques (7), 
and reduced plaque progression was established in several other animal models as well 
(5, 6, 8). However, resveratrol has shown a myriad of effects in animals, but has only 
recently been used in small human trials. Despite a few studies showing positive effects 
of resveratrol, for instance on insulin-sensitivity (31) and blood lipid levels (32), an evident 
number of studies indicated no effect of resveratrol (27). Other studies only observed 
positive effects in specific subgroups of patients (33-35) or at high doses of resveratrol 
(35, 36). It is likely that the findings of our study are in line with these disappointing results 
in humans.

Remarkably, we were not only unable to observe a decrease in TBRs after resveratrol 
treatment, but even found higher TBR values after resveratrol treatment in comparison 
to the placebo treatment with p-values near statistical significance in the carotid arteries 
and when all vessels were combined. Even though analysis of all other individual vascular 
regions did not reach statistical significance, it must be pointed out that all arterial 18F-FDG 
uptake analyses consequently showed increased TBRs after resveratrol treatment. In 
addition, TBRs were also higher after resveratrol treatment in several different target 
organs (spleen, bone-marrow and VAT) in which 18F-FDG uptake has previously been 
related to the arterial 18F-FDG uptake (20-22, 25). Although the consequent increase in 
TBR after resveratrol could suggest an actual detrimental effect of resveratrol on arterial 
as well as systemic inflammation and VAT activation, we consider this conclusion unlikely, 
since evidence for such an effect is scarce in the literature (1-4, 37). To our knowledge, 
only one study using rabbits fed a high-cholesterol diet found atherosclerotic lesions to 
be increased after resveratrol treatment (37). However, this finding may be affected by 
the control group receiving a daily dose of 95% ethanol of 0.05ml/kg (37). Irrespective of 



Resveratrol treatment does not reduce arterial inflammation

57

3

an unlikely and unexpected negative effect of resveratrol on atherosclerosis, we consider 
the trend towards higher TBRs to strengthen our conclusion that a 34-day treatment with 
resveratrol 150mg/day does not decrease vascular inflammation at all.

A critical point in resveratrol research in humans in general is the low bioavailability of 
dietary resveratrol; surreal amounts of food products naturally containing resveratrol, such 
as red wine, would have to be consumed to achieve an intake equivalent to that used in 
(animal) studies (9, 38). In a cohort study of Italian community-dwelling elderly, resveratrol 
metabolites in urine did not correlate with all-cause mortality, cardiovascular disease or 
cancer incidence, nor did it correlate with markers of inflammation, such as CRP (39). It 
therefore has to be considered that resveratrol, in the amounts derived from a Western 
diet, does not substantially influence health status or life expectancy in humans (39). 
Nonetheless, it is possible that resveratrol in higher than naturally occurring concentrations 
is beneficial, and it could be questioned whether the dosage as applied in the current 
study and / or the duration of treatment was sufficient. This question is underlined by the 
non-significantly lower CRP-levels in our population after resveratrol treatment and the 
findings of our main study (26); despite a lack of effect on insulin sensitivity, intrahepatic 
lipid accumulation or BAT activation, ex vivo muscle mitochondrial function was improved 
in the main study (26). 

The appropriate resveratrol dosage in human trials remains a topic of debate. In human 
trials dosage ranges between 10 mg – 5 g have been used with ambiguous results (2, 
3). The regime chosen in this study, 150 mg/day for >30 days, was based on previous 
experience in our center. Resveratrol significantly reduced resting metabolic rate, 
systolic blood pressure, intrahepatic lipid content, circulating glucose, triglycerides, and 
inflammation markers, in healthy obese subjects (31). Unfortunately, this result was not 
replicated in a subsequent study in type 2 diabetes patients (40). Even in animals, it seems 
that the effects of resveratrol possibly depend on body composition and / or diet (2), and 
we estimated this to explain our discordant findings. Subjects at risk of developing type 2 
diabetes were therefore selected for this follow-up study and the same regime was used 
as comparison (26). Although some would argue that this dosage might be too low, other 
studies have found positive results with dosages as low as 10 mg/day (41). A major point of 
concern in estimating which dosage of resveratrol will be effective, is its low bioavailability. 
Remarkably, we found the plasma levels of total resveratrol to be lowest in the study 
with the most promising results – in the healthy obese subjects (26, 31, 40). First of all, 
this underlines the current view that bioavailability of resveratrol is highly individual and 
affected by many factors (1). Secondly, it is conceivable that not resveratrol, but one of its 
metabolites is the effective compound. 
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In addition to the effective dosage of resveratrol, the adequate duration of treatment has also 
not been established and is still a matter of debate. It is possible that a longer treatment period 
would have led to beneficial effects on the degree of inflammatory changes in the arterial 
wall. In previously published animal studies, atherosclerosis prone rodents were treated with 
resveratrol for at least 6 weeks (5-8). A similar period in humans would translate to ~4,5 years, 
depending on life stage (42). Additionally, most studies using arterial 18F-FDG uptake as an 
outcome measure in interventional trials with other interventions than resveratrol adhered 
to a treatment period of at least 12 weeks before the post-treatment 18F-FDG PET scan (18, 
43-45). However, there has been at least one study, showing significant effects of statin 
therapy on arterial 18F-FDG uptake in humans after just 4 weeks of treatment (46). 

Another uncertainty is the timing of resveratrol treatment. It is possible that resveratrol is 
more effective in a different stage of atherosclerosis. Our study subjects were not selected 
based on their cardiovascular risk profile or known atherosclerosis. Nonetheless, they did 
have a significant number of cardiovascular risk factors; all participants were male, middle-
aged, and obese, and had confirmed decreased insulin-sensitivity. In addition, their baseline 
evaluation revealed hypertension (n=6) and/or dyslipidemia (n=7) in the majority of subjects 
even though none of these diseases had been previously diagnosed. Previous studies have 
used arterial 18F-FDG as a secondary outcome measure in medical and life style intervention 
trials in similar asymptomatic patients (18, 19, 43, 46). However, it is possible that resveratrol 
is only effective in advanced and highly inflamed atherosclerosis. On the other hand, it has 
also been suggested that resveratrol may show the largest beneficial effects even before 
the development of fatty streaks and thus in young adults (5). 

Besides the uncertainty of which population would benefit (most) from resveratrol treatment 
at which time point and from which dosage and duration in human research in general, the 
following limitation must be stated for this study in specific; the current study was designed 
to depict changes in BAT activity. Therefore, timing and dosage of 18F-FDG was not optimized 
for imaging 18F-FDG uptake in the arterial wall. However, PET and cooling protocols did not 
differ between the scans after placebo and resveratrol treatment and therefore should not 
have significantly impacted our findings. 

Another limitation was the small sample size. A larger sample size might confirm (or dismiss) 
the trend towards lower CRP-levels after resveratrol. Notwithstanding, we chose to use the 
data from a recent study on the effect of BAT out of practical and ethical considerations. The 
finding of a trend towards higher instead of lower 18F-FDG uptake after resveratrol treatment 
makes us believe that it is unlikely that a larger sample size would have shown the initially 
hypothesized decrease in 18F-FDG uptake
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CONCLUSIONS

In this exploratory analysis, we did not find a beneficial effect of a 34-day treatment with 
150mg/day resveratrol on arterial inflammation as assessed by 18F-FDG in males at risk of 
developing type 2 diabetes. Neither did we observe a significant reduction of CRP-levels 
or the systemic inflammatory activity of the spleen and bone marrow. Uptake of 18F-FDG 
in the arterial wall, bone marrow and spleen even seemed to be higher after resveratrol 
treatment. In VAT, this increase was even statistically significant. This strengthens us in our 
interpretation that there were no beneficial effects of this resveratrol regime on arterial 
inflammation in our study population. However, there is an ongoing discussion on adequate 
dosage of resveratrol in human trials. It might be worthwhile to validate these findings in 
a study using a higher dosage of, or longer treatment with resveratrol and/or a population 
with advanced atherosclerosis.
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Supplemental table 1. Arterial, bone marrow, spleen, adipose tissue and blood pool SUVs at day 
34 of placebo and resveratrol treatment

Placebo Resveratrol p-value

Carotids a SUVmean 1.6 (1.5-2.1) 2.0 (1.6-2.2) 0.138

SUVmax 2.0 (1.7-2.6) 2.4 (2.0-2.7) 0.225

Ascending aorta SUVmean 1.9 (1.7-2.0) 1.8 (1.7-2.0) 1.000

SUVmax 2.8 (2.4-3.1) 2.6 (2.5-2.7) 0.201

Aortic arch SUVmean 1.7 (1.6-1.9) 1.7 (1.5-1.9) 0.516

SUVmax 2.6 (2.3-2.9) 2.4 (2.4-2.7) 0.673

Thoracic aorta SUVmean 1.9 (1.7-2.0) 1.9 (1.7-1.9) 0.340

SUVmax 2.8 (2.5-2.9) 2.7 (2.4-2.9) 0.666

Abdominal aorta SUVmean 1.7 (1.6-1.8) 1.7 (1.6-1.7) 0.729

SUVmax 2.6 (2.3-2.8) 2.5 (2.4-2.5) 0.673

All vessels SUVmean 1.7 (1.5-1.9) 1.7 (1.7-1.8) 0.484

SUVmax 2.4 (2.2-2.9) 2.5 (2.4-2.6) 0.889

Spleen SUVmean 1.8 (1.6-2.1) 1.8 (1.7-2.0) 0.581

SUVmax 2.4 (2.2-2.7) 2.4 (2.2-2.7) 0.739

Bone marrow SUVmean 1.8 (1.7-2.0) 1.9 (1.7-2.0) 0.527

SUVmax 2.6 (2.3-2.8) 2.6 (2.4-2.8) 0.236

SAT SUVmean 0.4 (0.4-0.5) 0.4 (0.3-0.5) 0.129

SUVmax 0.7 (0.6-0.7) 0.6 (0.5-0.7) 0.222

VAT SUVmean 0.2 (0.2-0.4) 0.4 (0.3-0.5) 0.016

SUVmax 0.4 (0.4-0.8) 0.7 (0.6-1.0) 0.027

Supplemental table 1. Median values are given with interquartile range depicted as (Q1-Q3). Bold font 
signifies statistical significance. a The highest value of both carotids is depicted (n=6).
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ABSTRACT

Purpose: Vagus nerve activation impacts inflammation. Therefore, we hypothesized that 
vagal nerve stimulation (VNS) influenced arterial wall inflammation as measured by 18F-FDG 
uptake. 

Methods: Ten patients with left-sided VNS for refractory epilepsy were studied during 
stimulation (VNS-on) and in the hours after stimulation was switched off (VNS-off). In nine 
patients, 18F-FDG uptake was measured in the right carotid artery, aorta, bone marrow, spleen 
and adipose tissue. Target-to-background ratios (TBRs) were calculated to normalize the 
respective standardized uptake values (SUVs) for venous blood pool activity. Median values 
are shown with interquartile range (Q1-Q3) and compared using the Wilcoxon signed-rank 
test. 

Results: Arterial SUVs tended to be higher during VNS-off than VNS-on (SUVmax all vessels 
1.8 (1.5-2.2) vs. 1.7 (1.2-2.0), p=0.051). However, a larger difference was found for the venous 
blood pool at this time point, reaching statistical significance in the vena cava superior (mean 
SUVmean 1.3 (1.1-1.4) vs. 1.0 (0.8-1.1), p=0.011), resulting in non-significant lower arterial TBRs 
during VNS-off than VNS-on. Differences in the remaining tissues were not significant. Insulin 
levels increased after VNS was switched off (55.0 pmol/l (45.9-96.8) vs. 48.1 pmol/l (36.9-
61.8), p=0.0470). The concurrent increase in glucose levels was not statistically significant 
(4.8 mmol/l (4.7-5.3) vs. 4.6 mmol/l (4.5-5.2), p=0.075). 

Conclusions: Short-term discontinuation of VNS did not show a consistent change in arterial 
wall 18F-FDG uptake. However, VNS did alter insulin and 18F-FDG blood levels, possibly as a 
result of sympathetic activation. 
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BACKGROUND

The vagus nerve (VN) is the longest cranial nerve and stretches from the medulla to the 
visceral organs. The nerve is comprised of multiple different nerve fibers, from afferent fibers 
from visceral organs (60-80% of VN fibers) to cholinergic parasympathetic pre-ganglionic 
efferent fibers using acetylcholine (ACh) as neurotransmitter (1). Additionally, sympathetic 
nerve fibers join the vagus nerve from the cervical level downwards (2). From as early as 
the end of the 19th century, effects of vagal nerve stimulation (VNS) have been studied in 
multiple conditions (3, 4). Currently, VNS is approved as a therapeutic option in refractory 
epilepsy, reducing seizure frequency and severity, and refractory depression (3, 4). The exact 
mechanism of VNS in these diseases is still unknown but its effects are probably the result 
of central neuromodulatory mechanisms (4). 

Current studies focus on new applications of VNS in a broad range of diseases including 
inflammatory conditions (4). This indication is based on the effect of both the afferent 
and efferent VN as part of the so-called inflammatory reflex (5). The afferent VN confers 
signals to the brain from inflammatory processes and activates the sympathetic nervous 
system and hypothalamic–pituitary–adrenal (HPA) axis, which consecutively inhibits chronic 
inflammation (6, 7). The efferent VN is part of the cholinergic anti-inflammatory pathway (CAP) 
(8). This is a complex feedback mechanism responsible for a central inhibition of peripheral 
inflammatory responses (9). The exact mechanism of the CAP remains to be elucidated 
but animal research has revealed the following: 1. Stimulation of central, but not peripheral 
muscarinic acetylcholine receptors (mAChRs), results in an anti-inflammatory reaction (10); 
2. Peripheral stimulation of α7-nicotinic acetylcholine receptors (nAChRs) expressed by 
macrophages inhibits TNF-α production (11); 3. Splenectomy disables the anti-inflammatory 
effect of VNS (12); 4. Surgical sympathetic denervation of the spleen and/or noradrenaline 
depletion prevents CAP function (13), and 5. ACh-producing T-cells are necessary for a 
functioning CAP (14). These mechanisms may also be involved in the inflammatory cascade 
of the atherosclerotic disease process (15). 

In this exploratory subgroup analysis, we aimed to study the anti-inflammatory effect of VNS 
on the arterial wall by comparing arterial wall fluorodeoxyglucose (18F-FDG) uptake with 
positron emission tomography (PET)/computed tomography (CT) during VNS and during a 
period in which VNS was switched off within the same patient. We expected VNS to reduce 
arterial inflammation and thus 18F-FDG uptake, since arterial wall 18F-FDG uptake, as visualized 
and measured with PET/CT, is an established marker for inflammation in atherosclerosis (16). 
However, 18F-FDG is a glucose analogue, and thus behaves as glucose and is affected by 
VNS’ interference with glucose metabolism. 
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METHODS

Study protocol approval and study aim
This is a subgroup analysis of a prospective trial, which included a total of 15 patients and 
studied the effects of VNS on the activation of brown adipose tissue with 18F-FDG PET/
CT. The initial study was approved by the local medical ethics committee of the academic 
hospital and the university of Maastricht (azM/UM) and registered in the clinical trial register 
at ClinicalTrials.gov under NCT01491282 (17). All participants gave written informed consent 
before the onset of the study. Participants were selected from patients with refractory 
epilepsy treated with VNS who visited the outpatient clinic of our tertiary expertise center 
for epilepsy. Details on in- and exclusion criteria and VNS principles can be found in table 
1 and in the original study by Vijgen et al. (17). This subgroup analysis aimed to include the 
ten participants from the initial study population, who underwent 18F-FDG PET/CT once with 
active (VNS-on) and once with deactivated VNS (VNS-off) to study the effect of VNS on 
arterial wall inflammation. For this additional analysis, the local medical ethics committee 
waived additional informed consent. 

Table 1. In- and exclusion criteria

Inclusion Exclusion

18-65 years of age Daily seizures

VNS for refractory epilepsy Pregnancy

Stable VNS and epilepsy medication >1month Ketogenic diet

Mental retardation

Psychological instability

Subject characteristics 
The ten patients were six females and four males with a median age of 45 (33-52) years. 
Stimulation parameters can be found in table 2. Characteristics for all subjects (n=10) can 
be found in table 3. At the time of the first (VNS-on) scan, the median time period since VNS 
implantation had been 56 (46-66) months. 

Study design
Ten participants underwent 18F-FDG PET/CT under thermoneutral and fasted conditions 
twice; once with active VNS and once after deactivation of VNS. The median time period 
between the two scans was 14 (14-49) days. Because the VNS-off scan of one participant 
could not be adequately reconstructed, this patient was excluded from the PET-data analysis, 
resulting in the nine participants included in this analysis. However, all other data from this 
patient were complete and thus used for analyses of the non-PET data.
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Table 2. Stimulation parameters

Subject Output current 
(mA)

Frequency 
(Hz)

Pulse width 
(μs)

ON-period 
(s)

OFF-period 
(s)

01 2,25 30 250 30 300

02 0,75 30 250 30 300

03 a 1,5 30 250 7 20

04 0,75 30 250 30 300

06 1,25 30 500 30 300

10 2 30 250 30 300

11 1 30 250 30 300

12 1,75 30 250 7 18

13 2,25 30 250 30 300

14 2 30 250 30 300

Table 2. In subject 03 (a), the VNS-off scan could not be reconstructed.

Table 3. Subject characteristics (n=10)

Age (years) 45 (33-52)

Sex (number of males) 4

Weight (kg) 67.4 (58.1-75.8)

BMI (kg/m2) 24.4 (22.6-26.2)

Time since implantation of VNS (months) 56 (46-66)

Time between experiments (days) 14 (14-49)

Table 3. Median values are given with the interquartile range (Q1-Q3) between brackets. Abbreviations: 
BMI: body mass index.

During deactivation, VNS was turned off in the morning at 9.30 am and turned back on at the 
end of the test day around 2 pm. All PET/CTs were performed at 1 pm, 3.5h after VNS was 
switched off. On the same day participants also underwent additional tests to study, among 
other things, energy expenditure. This was done by indirect calorimetry using a ventilated 
hood system (Omnical, Maastricht, the Netherlands). Details about the techniques used can 
be found in the original study by Vijgen et al. (17).

E.B. had full access to all data and takes responsibility for data integrity and analysis.

Laboratory tests
On the days of either scan, fasting blood (EDTA plasma and serum) was drawn right before 
the measurements were done. On the day of the VNS-off scan, blood samples were taken 
after VNS was switched off, right before injection of the tracer. Glucose was measured 
using a hexokinase-based assay (Cobas 6000, Roche Diagnostics, Mannheim, Germany) 
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with a reference range of 3.1–7.8 mmol/l. Insulin was measured with Immulite XPi (Siemens 
Healthcare, Erlangen, Germany). Initial results were in mU/l and were converted to SI-units 
with a factor of 6.00 (1 mU/l = 6.00 pmol/l) (18) with a reference range between 12-150 pmol/l. 
C-reactive protein (CRP) was measured using a turbidimetric assay (Cobas 8000) with a 
reference range of <10 mg/l and a detection limit of >1 mg/l. 

PET protocol
A mean standard activity of ~75 MBq 18F-FDG was injected one hour before scanning on 
a Gemini TF PET/CT system (Philips Healthcare, Best, the Netherlands). For attenuation 
correction and anatomical co-localization of the PET signal, a low-dose native whole-body 
CT protocol (120 kVp, 30 mAs) was used. All scans were performed after an overnight fast 
and confirmation of appropriate glucose levels (<7 mmol/l). 

Image analysis
Analyses of the PET data were carried out using a commercially available, dedicated workstation 
(Extended Brilliance Workspace V4.5.3.40140; Philips Healthcare, Best, the Netherlands). Circular 
regions of interest (ROIs) were placed to delineate the outer contour of the vessel wall of the 
common carotid artery and the aorta (ascending aorta, aortic arch, thoracic descending aorta 
(until the diaphragm) and abdominal aorta (until the iliac bifurcation or as low as sufficiently 
imaged)). Since all participants had a VNS implanted close to the left carotid sinus, only the 
right carotid artery was included in the analysis in order to exclude local effects of the device on 
18F-FDG uptake in the left carotid artery. Standard circular ROIs (diameter 20 mm) were placed 
in the center of each thoracic and lumbar vertebra to measure bone marrow (BM) activity. For 
the spleen, standard circular ROIs (diameter 20 mm) were placed centrally in the spleen on each 
transversal plane. Visceral adipose tissue (VAT) was measured with three circular 10 mm ROIs 
placed in intra-peritoneal fat at the level of the umbilicus. ROIs of the same size were placed in 
the nuchal subcutaneous adipose tissue (SAT) and in SAT at the level of the xiphoid. The 18F-FDG 
activity within each ROI was measured as the mean and maximum standardized uptake value 
(SUVmean and SUVmax, respectively). SUV represents activity concentration per ROI normalized 
for the administered activity, corrected for decay (dependent on injected activity and time) and 
body weight of the subject. The SUVmean and SUVmax of all ROIs were normalized for blood pool 
activity by calculating target-to-background ratios (TBRs). To achieve this, arterial SUVs were 
divided by the averaged SUVmean of at least three standard circular ROIs (diameter 4 mm) placed 
in the lumen of a reference vein. In the case of the carotid artery and nuchal SAT TBRs, the jugular 
vein (JV) was used as the reference vein. For all other TBRs, the mean SUVmean of the vena cava 
superior (VCS) was used to calculate the TBR. Blood pool normalization of the SUVmean and 
SUVmax, resulted in the corresponding TBRmean and TBRmax. Average TBRs were calculated per 
arterial territory. ROIs were excluded from further analysis in case spill-in of activity from adjacent 
structures was suspected or artefacts prevented the drawing of accurate ROIs.
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Statistical analysis
Because of the small sample size, continuous data are presented with their median and 
interquartile range (Q1-Q3) and compared using the non-parametric Wilcoxon signed-sank 
test. Correlation was tested using the Spearman correlation coefficient. Statistical significance 
was defined at the 95%-confidence level (p<0.05). All statistical analyses were performed 
with IBM SPSS Statistics for Mac OS X, version 24 (2015). 
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RESULTS

Changes in energy expenditure and laboratory tests
When VNS was switched off, energy expenditure decreased in nine out of ten patients 
(p=0.047). In addition, glucose levels tended to be higher after VNS was switched off (4.8 (4.7-
5.3) vs. 4.6 (4.5-5.2) mmol/l; figure 1A), although this was not statistically significant (p=0.053). 
However, insulin levels increased significantly in the VNS-off state (55.0 (45.9-96.8) vs. 48.1 
(36.9-61.8) pmol/l, p=0.047; figure 1B). CRP levels did not significantly differ between scans 
(1.0 (0.8-2.0) mg/l during VNS-off vs. 1.2 (1.0-2.7) mg/l during VNS-on, p=0.445). Details can 
be found in table 4. Also see supplementary figure 1 for individual CRP levels.

Administered 18F-FDG activity did not differ between scans (see table 4). 18F-FDG blood pool 
activity increased when VNS was turned off (SUVmean 1.2 (0.8-1.3) vs. 0.9 (0.7-1.1), p=0.066 for 
the jugular vein (figure 1C) and 1.3 (1.1-1.4) vs. 1.0 (0.8-1.1), p=0.011 for the VCS; figure 1D and 
table 4). Blood pool activity did not correlate to glucose or insulin levels when data of both 
timepoints were combined. Only the off-scan insulin levels correlated to the corresponding 
mean SUVmean of the VCS (Spearman ρ 0.745, p=0.021). Furthermore, the blood pool activity, 
glucose and insulin levels did not correlate to EE, nor did the difference in blood pool activity 
correlate to the difference in EE. 
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◀ Figure 1. Change in glucose, insulin and venous 18F-FDG levels after VNS discontinuation

The change in glucose levels (A), insulin levels (B) and average SUVmean values for the jugular veins 
(C) and vena cava superior (D) are shown per subject (n=10 for A and B, and n=9 for C and D, 
respectively). Generally, these measurements increased in most patients when VNS was switched 
off (VNS-off) in comparison to functional VNS (VNS-on). The dotted lines represent subject 03 and 12 
in figures A and B, whose stimulation parameters differed from those of the other subjects. Of these 
two subjects, subject 12 shows the steepest increase in glucose and insulin levels. In figures C and 
D, the dotted line represents values of subject 12 because the VNS-off scan of subject 03 could not 
be used for analysis. The dashed line represents subject 14, who was the only subject with multiple 
cardiovascular risk factors.

Table 4. Laboratory tests, energy expenditure, core temperature, 18F-FDG activity and blood pool 
activity

VNS-on VNS-off p-value

CRP (mg/l) n=10 1.2 (1.0-2.7) 1.0 (0.8-2.0) 0.445

Glucose (mmol/l) n=10 4.6 (4.5-5.2) 4.8 (4.7-5.3) 0.053

Insulin (pmol/l) n=10 48.1 (36.9-61.8) 55.0 (45.9-96.8) 0.047

Energy expenditure (J/s) n=10 70.4 (61.1-75.8) 68.4 (59.7-74.3) 0.047
18F-FDG activity (MBq) n=9 76 (74-82) 79 (73-81) 0.766

Blood pool activity Mean SUVmean JV n=9 0.9 (0.7-1.1) 1.2 (0.8-1.3) 0.066

Mean SUVmean VCS n=9 1.0 (0.8-1.1) 1.3 (1.1-1.4) 0.011

Table 4. Median values are given with the interquartile range (Q1-Q3) between brackets. p-values 
in bold indicate statistically significant findings. Abbreviations: CRP: C-reactive protein; SUV: 
standardized uptake value; JV: jugular vein; VCS: vena cava superior.

PET/CT image quality
In one of the VNS-on scans, ROIs could not be placed accurately around the lumen of 
the abdominal aorta as well as in the spleen and xiphoid SAT, due to movement of the 
participant between the PET and CT scan, which resulted in a disturbed attenuation and 
scatter correction. In another VNS-on scan, VAT could not be analyzed due to a truncation 
artifact because of high activity outside the field of view of the accompanying low-dose CT 
reconstruction. In one scan of one participant the right carotid artery could not be properly 
delineated and in another participant, spill-in of intestinal activity was suspected in the 
VAT ROIs. Additionally, in the case of three lean patients the amount of adipose tissue 
was insufficient to ensure adequate ROI placement in one or more of the adipose tissue 
compartments. In total, the analysis was based on the following number of participants; 
carotid artery: n=8; abdominal aorta: n=8; spleen: n=8; nuchal SAT: n=7; xiphoid SAT: n=5; 
VAT: n=6. All other PET/CT analyses were based on nine participants.
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Effect of VNS on 18F-FDG activity in the arterial wall, hematopoietic organs and adipose tissue
Arterial SUVs tended to be higher after VNS was turned off. However, this difference was only 
significant in the aortic arch (p=0.012) and the thoracic aorta (p=0.038). In contrast, arterial 
TBRs tended to be non-significantly lower after VNS was switched off than when VNS was still 
turned on. For average arterial SUV and TBR values per subject, see supplementary figure 2.

In line with the findings in the arterial territories, SUVs tended to be higher in the spleen, 
BM and SAT after VNS was turned off, albeit not statistically significant. Only in VAT, a 
slight though non-significant decrease in SUVs could be observed after VNS was turned 
off. Furthermore, TBRs of the spleen, BM, SAT and VAT tended to increase after VNS was 
turned off compared to the on-mode values. None of these differences reached statistical 
significance. For details see table 5.

Correlations between TBRmax and laboratory tests
There were no statistically significant correlations between TBRmax values of the vessels or 
hematopoietic organs and CRP, glucose or insulin levels. Only the off-scan insulin levels 
correlated to the corresponding TBRmax of xyfoid SAT (ρ -0.829, p=0.042). 
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Table 5. Maximum standardized uptake values (SUVmax) and target-to-background ratios (TBRmax)

VNS-on VNS-off p-value

Right carotid artery a SUVmax 1.3 (0.9-1.6) 1.5 (1.2-1.8) 0.093

TBRmax 1.5 (1.2-1.7) 1.2 (1.2-1.7) 0.484

Ascending aorta SUVmax 1.8 (1.3-2.0) 1.9 (1.7-2.4) 0.066

TBRmax 1.8 (1.6-2.0) 1.6 (1.5-1.7) 0.139

Aortic arch SUVmax 1.7 (1.2-2.1) 1.9 (1.5-2.4) 0.012

TBRmax 1.6 (1.5-2.1) 1.5 (1.4-1.8) 0.086

Thoracic aorta SUVmax 1.7 (1.2-2.1) 1.9 (1.6-2.4) 0.038

TBRmax 1.7 (1.5-2.1) 1.5 (1.4-1.7) 0.139

Abdominal aorta a SUVmax 1.7 (1.1-1.9) 1.7 (1.5-2.0) 0.401

TBRmax 1.6 (1.5-1.9) 1.4 (1.4-1.5) 0.093

All vessels SUVmax 1.7 (1.2-2.0) 1.8 (1.5-2.2) 0.051

TBRmax 1.7 (1.5-1.9) 1.5 (1.4-1.6) 0.086

Spleen a SUVmax 1.6 (1.1-2.0) 1.8 (1.7-2.1) 0.069

TBRmax 1.7 (1.4-2.0) 1.5 (1.4-1.6) 0.327

Bone marrow SUVmax 2.4 (1.4-2.6) 2.3 (2.0-2.6) 0.594

TBRmax 2.1 (1.7-2.5) 1.8 (1.7-1.9) 0.110

Nuchal SAT b SUVmax 0.4 (0.3-0.5) 0.5 (0.5-0.6) 0.310

TBRmax 0.4 (0.4-0.6) 0.4 (0.4-0.5) 0.499

Xiphoid SAT c SUVmax 0.5 (0.4-0.8) 0.6 (0.5-0.9) 0.273

TBRmax 0.6 (0.4-0.8) 0.4 (0.3-0.6) 0.225

VAT d SUVmax 0.7 (0.5-0.8) 0.6 (0.5-0.7) 0.462

TBRmax 0.7 (0.5-0.8) 0.4 (0.3-0.6) 0.173

Table 5. When not stated otherwise, median values for the nine patients are given with the interquartile 
range (Q1-Q3) between brackets. p-values in bold indicate statistically significant findings. 
a n=8, b n=7, c n=5, d n=6.
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DISCUSSION 

In this exploratory analysis, we aimed to investigate a difference in arterial wall 18F-FDG 
uptake as a result of a change in inflammatory status when chronic VNS was discontinued. 
Switching off VNS only changed the SUVmax significantly in some arterial territories. There was 
no significant change in arterial TBRmax. However, even though VNS was only discontinued 
for 3.5 hours, insulin levels and 18F-FDG blood pool activity did increase. The latter resulted 
in an unexpected non-significant decrease in arterial TBRs. It appears that VNS alters 18F-FDG 
(and thus probably also glucose) distribution throughout the body. 

Previous research has shown arterial wall 18F-FDG uptake to correlate to both plaque 
macrophage content and to the risk of future cardiovascular events (19, 20). TBR is an 
accepted and commonly used outcome measure to study arterial wall inflammation (16). The 
relatively small size of the arterial wall in comparison to the spatial resolution of 18F-FDG PET/
CT makes delineating the arterial wall challenging, and in the current method, the lumen 
is therefore included in the ROI. TBR is the accepted method to compensate for this. The 
interpretation of this correction is of particular interest in this study, since SUV and TBR 
outcomes seem to contradict one another. When VNS was switched off, SUVs were higher 
than during VNS-on, suggesting an increase in arterial wall inflammation due to a decrease 
in the anti-inflammatory effect of VNS. This is in line with our hypothesis that VNS decreases 
arterial wall inflammation. However, the effect of VNS on blood pool activity was larger at this 
time point, which resulted in a non-significant decrease in TBRs after VNS was switched off. 
The contradictory findings of the TBRs with respect to the SUVs and to our hypothesis, and 
the relatively limited intervention, led us to explore alternative hypotheses to account for the 
changes in arterial wall 18F-FDG uptake beyond an effect on local inflammation. 

Although 18F-FDG has proven its relevance in atherosclerotic inflammation imaging, it is 
not specific for this disease. As a glucose analogue, 18F-FDG’s uptake is influenced by the 
same factors influencing glucose uptake; demand and supply, and by competition with 
dietary glucose. First of all, glucose demand is increased in active tissues. For instance, 
an increased 18F-FDG uptake can be observed in tumors and inflammatory processes. 
Secondly, glucose supply is dependent on blood flow and distribution. Thirdly, 18F-FDG 
uptake in a specific tissue depends on its competition with dietary glucose and with the 
demand for glucose from other tissues. Because of this competition, patients should be 
fasted and have blood glucose levels lower than 7 mmol/l before an 18F-FDG PET/CT (16). 
While our investigation aimed to image a change in inflammatory activity due to VNS 
treatment, it is possible that VNS also affected 18F-FDG distribution via blood flow and/or 
systemic glucose metabolism.
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Multiple mechanisms can be proposed to explain an altered 18F-FDG distribution due to VNS. 
The VN includes multiple fiber types, both afferent and efferent, projecting to and originating 
from various nuclei in the brain to and from almost every visceral organ (1). Most efferent 
fibers are cholinergic parasympathetic fibers, but the VN also interacts with the sympathetic 
nervous system on multiple levels (2). The VNS electrode is positioned in such a way that 
pulses are primarily directed in the afferent direction. In addition, extrapolation from animal 
studies shows that, most likely, commonly used VNS output currents stimulate mainly somatic 
and visceral afferent A-fibers (1, 4). Concurrently, ‘side-effects’ of VNS are also most likely to 
result from afferent rather than efferent stimulation. 

The afferent VN is suggested to activate the sympathetic nervous system in order to control 
inflammation (7, 21), cardiac output and blood pressure (22). Stimulation of the sympathetic 
nervous system could cause blood flow to be altered due to peripheral, renal and intestinal 
vasoconstriction (23). If this is indeed the case, one might expect an increase in blood 
pressure under VNS stimulation. However, several studies in rats appear to show no increase 
or even a decrease in blood pressure by VNS (24-28). In VNS trials in humans, heart rate 
tends to be the main measure for cardiovascular safety while possible effects on blood 
pressure are less well studied (29). Short-term (120 sec) transcutaneous VNS did not show 
an effect on blood pressure in healthy volunteers (30), nor did VNS in epilepsy patients at 
16 weeks after implantation (31). Studies in epilepsy patients, which had VNS treatment for a 
longer period, did not show a difference in blood pressure between the on- and off-period of 
VNS stimulation (29, 32). In addition, despite an increase in sympathetic responsiveness of 
blood pressure, one study showed long-term VNS to result in a decrease in blood pressure 
compared to baseline (32). We therefore do not suspect altered blood flow to be the main 
cause for the observed effect on 18F-FDG uptake in the arterial wall and blood pool.

An alternative explanation for the observed 18F-FDG distribution due to a sympathetic effect 
of VNS is the increase of insulin-independent glucose uptake in peripheral tissues, mainly 
the skeletal muscles (33-35). This could explain the lower blood pool activity under VNS, 
because of an increased uptake of 18F-FDG in the muscles, which were outside the field of 
view for the most part. 

The VN also influences glucose metabolism through systemic glucose storage and release, and 
through glucagon and insulin levels. In the current study, both glucose and insulin levels tended 
to be higher when VNS was switched off than during VNS. This seems to be in agreement 
with findings of simultaneous afferent and efferent stimulation of the VN in rats. Afferent VNS 
(both with and without concurrent efferent stimulation) for a time period of 120 minutes resulted 
in a strong and sustained increase in glucose levels, probably due to an increased glucose 
release from the liver combined with suppressed insulin secretion (36, 37). Pure efferent VNS 
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mainly resulted in increased insulin levels (36). An exclusive increase in glucose levels could 
explain a lower uptake of 18F-FDG in the target tissues due to an enhanced competition with 
glucose. In theory, however, this would also increase the 18F-FDG blood pool activity. In addition, 
previous research has shown 18F-FDG competition with dietary glucose to only be relevant 
when glucose levels exceed 7 mmol/l (16). A sole increase of insulin would increase general 
glucose and thus 18F-FDG uptake and would result in a decrease of the blood pool activity of 
the tracer. Furthermore, since insulin increases glucose, and thus 18F-FDG, uptake in multiple 
tissues, an increase in insulin levels could also result in lower uptake in a specific tissue due 
to an increased competition with other tissues. Excluding an effect of insulin-independent 
peripheral uptake, a proportional increase of insulin and glucose would cause the net result of 
18F-FDG uptake to remain unchanged. It appears therefore that our results are best explained 
by a combination of afferent and efferent VN stimulation in which increased insulin levels, and 
possibly insulin-independent increased peripheral uptake, probably play a more significant 
role than the increased glucose levels.

It is important to realize that both the anatomy of the VN and VNS settings used in animal 
models differ from the human situation. In the abovementioned studies, animals were treated 
with continuous VNS, whereas in humans, stimulation is non-continuous. Indeed, a recent 
retrospective study showed an effect on blood glucose levels of chronic VNS to depend on 
stimulation parameters (38). A long stimulation on-period and a short stimulation off-period 
were associated with higher glucose levels on follow-up in epilepsy patients treated with 
VNS. The most commonly used stimulation parameters of our subjects (30 sec on, 300 sec 
off) fall between the estimated ‘neutral effect parameters’ of the abovementioned study and 
the stimulation parameters of the two subjects with divergent parameters (subject 03 and 
12) fall within the ‘glucose lowering parameters’ (38). Although, subject 12 shows a relatively 
steep increase in glucose and insulin levels after VNS is switched off, there is no clear trend 
among the other subjects, and a larger study would be necessary to further investigate this 
hypothesis. 

Although, we were unable to show an anti-inflammatory effect of VNS on atherosclerosis, 
probably due to the abovementioned effects on glucose metabolism, it should also be taken 
into account, that our population of refractory epilepsy patients was relatively young and 
only one participant (subject 14) had known classic cardiovascular risk factors. Remarkably, 
this middle-aged male subject, who was overweight and had both hypertension and 
hypercholesterolemia, did show an increase in arterial TBRs after VNS was switched off 
in contrast to most participants (supplementary figure 2). Of course, no conclusions can 
be drawn from this since it concerns a single patient, but it does strengthen our conviction 
that VNS might indeed offer a therapeutic option for atherosclerosis and other chronic 
inflammatory diseases. 
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Strengths and limitations
A major strength of this study is that all patients served as their own control. Since the same 
patients, the same scan protocol, the same timing and the same activity of 18F-FDG were 
used for both the VNS-on and VNS-off scans. 

Important drawbacks of this study are the small sample size and the short duration that 
VNS was turned off. It was considered unethical to turn the VNS off for a longer time period. 
A longer VNS-off period might have resulted in larger differences in measurements in 
comparison to VNS-on, which would possibly have affected the statistical significance of 
our findings. In addition, we expect this to affect the concurring consequences of VNS, 
such as changes in blood glucose levels, to a similar extent. Furthermore, we compared 
long-term stimulation to short-term discontinuation, which is possibly quite different from a 
VNS-naïve situation. 

Another limitation is the lack of basic physical tests, such as blood pressure and heart rate, 
which could have supported our hypothesis of a sympathetic effect of VNS. 

It is also important to note that we did not perform partial volume correction, since the used 
PET/CT system did not feature a resolution recovery reconstruction algorithm. This might 
have resulted in an underestimation of the arterial wall uptake. However, since this is true for 
both the VNS-on and the VNS-off scans, we expect this did not significantly affect our results.

In conclusion, short-term discontinuation of VNS altered SUVmax for 18F-FDG in some arterial 
territories but not TBRmax. However, this intervention affected the venous blood pool activity 
and insulin levels. It seems therefore that VNS might have an effect on glucose metabolism, 
possibly as a result of sympathetic activation.
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SUPPLEMENTAL INFORMATION

 

 













Supplemental figure 1. Change in C-reactive protein levels after VNS-discontinuation

Depicted are the C-reactive protein (CRP) levels for individual subjects (n=10). The dotted lines 
represent subject number 03 and 12, whose stimulation parameters differed from the other subjects. 
Subject 12 had the highest CRP value at the VNS-ON scan. The dashed line represents subject number 
14, who was the only subject with cardiovascular risk factors. In contrast to most other subjects, CRP 
was higher in this subject after VNS was switched off than during the VNS-ON scan.
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Supplemental figure 2. Changes in average SUVmean, SUVmax, TBRmean and TBRmax for all measured 
arterial territories after VNS-discontinuation

Depicted are the average SUVmean, SUVmax, TBRmean and TBRmax for all measured arterial territories 
combined for each individual subject (n=9). These average values are based on those of the right 
carotid artery and of four areas in the aorta in n=7. In one subject the values of both time points are 
based on the four arterial territories excluding the abdominal aorta, because of a disturbed scatter 
and attenuation correction of the VNS-OFF scan. In another subject, the carotid artery is not included 
in the average values, because it could not be sufficiently delineated. The dotted line represents 
subject number 03, whose stimulation parameters differed from the other subjects. The dashed line 
represents subject number 14, who was the only subject with cardiovascular risk factors. In contrast 
to most other subjects, TBRs were higher in this subject after VNS was switched off.
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ABSTRACT

Recent advances have drastically impacted our understanding and the prognosis of 
cardiovascular disease. However, more and smaller constituents of diseases can now be 
identified of which the physiological and/or pathological role remains undetermined. In this 
review we focus on the presence of amyloid in atherosclerosis.

Amyloid is formed from insoluble polymer fibrils with a typical β-sheet formation that can 
derive from a multitude of functional peptides. Different types of amyloid accumulate in 
different organs and are implied in the pathology of various diseases. This includes systemic 
forms of amyloidosis but also diseases seemingly affecting a single organ, like beta-amyloid 
depositions in the brain in Alzheimer’s disease. The role of amyloid in atherosclerosis has 
not been clarified. PET tracers developed to image beta-amyloid in Alzheimer’s disease are 
currently under investigation for their use in cardiac amyloidosis and may offer an opportunity 
to study amyloid in atherosclerosis in vivo.
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INTRODUCTION

Although the outcome of cardiovascular disease (CVD) has significantly improved over 
the last decades, it remains the main cause of mortality worldwide (1). One of the main 
causes of CVD is atherosclerosis. Initially, atherosclerosis was deemed a simple ‘clog in 
the plumbing’ but nowadays, it is considered to be a complex process involving various 
cell and molecule types (2). Several of these processes have been correlated to a higher 
risk of rupture of the atherosclerotic plaque, and thus thrombus formation and subsequent 
disruption of the blood flow. This is called ‘plaque vulnerability’. In search for a more 
personalized risk prediction, researchers have explored potential targets of vulnerability 
which, subsequently, could be evaluated for non-invasive imaging techniques to visualize 
the architecture of these vulnerable plaques in vivo. Plaque characteristics, like ulceration, 
a thin fibrous cap, a large lipid-rich necrotic core and intraplaque hemorrhage (IPH), can 
be visualized using morphological imaging techniques like magnetic resonance imaging 
(MRI) (3, 4). Molecular imaging techniques, like positron emission tomography (PET), enable 
us to study active molecular processes, like inflammation, in addition to anatomy (5, 6). 
These in vivo imaging techniques in addition to preclinical in vitro and ex vivo research 
have helped to broaden our view of atherosclerosis but have also raised more questions. 
Closer characterization of plaques has enabled the identification of new plaque constituents 
of which the role in atherosclerosis still needs to be determined. Clarifying their functions 
might offer opportunities for biomarkers, imaging targets or even therapeutics. One of these 
constituents is beta-amyloid (Aβ), a peptide known for its role in Alzheimer’s disease (AD).

In this review, we explore the possible role of Aβ in atherosclerosis and the current advances 
in amyloid PET imaging, which might enable us to study Aβ in atherosclerosis in vivo. 
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AMYLOID AND AMYLOIDOSIS 
Amyloid peptides are insoluble polymer fibrils formed from peptides with a typical β-sheet 
formation. Amyloidogenic peptides can be derived from multiple (functional) proteins, such 
as immunoglobins (amyloid light chain, AL), apolipoproteins (such as apoA) or acute phase 
proteins (such as serum amyloid A; SAA) (7). The amino acid order, or primary structure, of 
amyloid is therefore very divers. In addition, identical polypeptides may also have different 
conformations, or quaternary structure, called polymorphisms (8). However, all amyloid 
fibrils are composed of peptides with a β-sheet structure perpendicular to the fibril axis 
called cross-β structure. This conformation is recognized by the histological dye Congo red 
(9). Positive staining with Congo red, or congophilia, is considered pathognomonic for the 
presence of amyloid, but does thus not differentiate between different types of amyloid. 

Over 30 types of human peptides that can form amyloid fibrils have been identified so far 
(10). Different types of amyloid can cause different types of disease, called amyloidosis 
(10). The clinical manifestation depends on the origin of the amyloid, its distribution and 
amount. Amyloidosis may be systemic or organ-specific. The heart, kidneys and liver are 
most frequently affected by systemic amyloidosis. Examples of amyloid peptides causing 
systemic amyloidosis are AL, SAA and transthyretin (TTR), whereas for instance, beta-amyloid 
(Aβ) primarily affects the brain.

AL and primary amyloidosis
AL amyloid is derived from monoclonal light chain fragments of immunoglobulins and is 
frequently caused by plasma cell dyscrasia (11). AL amyloidosis, or primary amyloidosis may 
affect multiple organs. Most often the kidney, heart, (peripheral and autonomic) nerves, 
gastrointestinal tract and liver are affected of which involvement of the heart has the worst 
prognosis (11).

AA and secondary amyloidosis
AA amyloid is the amyloid formed from fragments of SAA protein. Since SAA is an acute 
phase protein, AA amyloidosis is associated with chronic inflammatory disease, such as 
rheumatoid arthritis or chronic inflammatory bowel disease. The most commonly affected 
organ is the kidney and the extent of its involvement drives the clinical outcome of AA 
amyloidosis patients (12). 

Transthyretin, cardiac and senile amyloidosis
TTR is an albumin precursor (prealbumin) produced by the liver. More than 100 point mutations 
have been described to cause misfolding and thus amyloid formation (11). Deposition of TTR 
variant amyloid (ATTRv) is often heritable and occurs primarily in the heart and nervous 
system. Additionally, wild-type TTR may also form amyloid depositions (ATTRwt) in the 
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myocardium or at other sites. When these depositions cause cardiomegaly and heart failure 
this is called systemic senile amyloidosis (SSA). Asymptomatic depositions are a common 
autopsy finding. Clinically, cardiac SSA has a better prognosis with a longer survival than 
AL cardiac amyloidosis and often manifests at a later age than hereditary TTR amyloidosis. 
Additionally, their treatments differ and discriminating between different types of (cardiac) 
amyloidosis is therefore paramount (11).

Aβ and Alzheimer’s disease
In the case of Aβ, depositions are primarily found in the brain. Aβ fibrils are considered 
a hallmark feature of Alzheimer’s dementia (AD) pathology and are the result of the 
amyloidogenic processing of the amyloid (β) precursor protein (APP), a transmembrane 
protein of yet uncertain function. Multiple variants of APP are expressed in various tissues, 
of which the most prevalent variants are of 695, 751 and of 770 amino acid (aa) length (13). 
The shortest isomer is the most common variant in the brain and hence the most studied 
(14). APP can be processed by a-secretases, such as a disintegrin and metalloproteinase 
domain-containing protein 10 (ADAM10), to yield soluble APPα (sAPPα) and the C-terminal 
fragment α (CTFα). However, when APP is processed by β-secretase (β-site APP cleaving 
enzyme 1; BACE-1) and γ-secretase, Aβ peptides of 38-43 aa length are produced. See figure 
1 for details on this process. 

In AD, Aβ fibrils (mainly Aβ42) are deposited in the brain parenchyma. Additionally, the majority 
of patients also have Aβ fibril depositions (mainly Aβ40) in the vascular wall of capillaries and 
leptomeningeal arteries (15-17). This type of deposition is called cerebral amyloid angiopathy 
(CAA) and can also manifest without concurrent AD pathology (15, 16). Different types of 
amyloid can also be found in atherosclerosis (see below).
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Figure 1. Products of processing of amyloid precursor protein (APP)

The right side of the figure represents the amyloidogenic processing, where APP is initially cleaved 
by BACE-1 to form soluble APPβ (sAPPβ) and C-terminal fragment β (CTFβ). Further processing by 
γ-secretase results in the formation of Aβ and APP intracellular domain (AICD). The left side of the 
figure represents non-amyloidogenic processing. Processing by α-secretase results in the formation 
of sAPPα and CTFα, which can be further processed to form AICD and p3 peptide.
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AMYLOID IN THE VASCULAR WALL
Amyloid deposits in the vascular wall have been studied since the 70s (18-21). Most early 
studies assessed amyloid deposits with Congo red dye (18-21). These studies found amyloid 
deposits to be located in various regions within the vascular wall. Amyloid deposits in the 
tunica media appeared to be present in 66-100% of the aorta samples middle aged subjects 
and its prevalence increased with age (18, 20, 21). This media amyloid most commonly 
consisted of a fragment of the vascular smooth muscle cell (VSMC) adhesion molecule, 
lactadherin (7), and did not correlate to the presence or severity of atherosclerosis (20, 21). 
On the other hand, intima amyloid deposits were only present in 35% of the aortas of subjects 
aged over 50 years, but did correlate with the presence of atherosclerosis (20).

More recent studies were able to differentiate between various types of amyloid in the 
vascular wall. In a study of 225 carotid endarterectomy (CEA) specimens, about half (54%) 
stained positive with Congo red (22). Further immunohistochemical characterization showed 
most of these specimens (88%) to be apoA-I positive (22). Since atherosclerotic plaques did 
not always contain amyloid, the authors suggest that atherosclerosis precedes or promotes 
amyloid formation and not vice versa (22). Besides ApoA-I, other molecules like acute phase 
proteins and glycated serum proteins, like albumin, have been identified as the basis for 
amyloid-like structures in the vascular wall (7). APP and Aβ have also been demonstrated 
to be present in atherosclerotic vessel wall. An ex vivo study, found Aβ to be present in all 
six included, severely atherosclerotic aortas (23). Upon further characterization, Aβ40 was 
more abundant than Aβ42, and both Aβ residues (<38 aa) and longer (>42 aa) Aβ peptides 
were found (23).

Immunohistochemical analysis of 18 CEA-specimens with advanced atherosclerosis showed 
APP expression by endothelial cells (ECs) of neovessels, but the primary source for Aβ in 
these atherosclerotic lesions were platelets phagocytized by macrophages (24). This study 
found no APP or Aβ in healthy mammary arteries (24). Enzyme-linked immunosorbent assay 
(ELISA) quantification of atherosclerotic aortas showed Aβ40 to be exceedingly more abundant 
than Aβ42, and amyloid content to be more than doubled in complicated atherosclerosis in 
comparison to mere fatty streaks (25). A screening analysis at our institution confirmed Aβ 
deposits to be increased in association with more advanced atherosclerotic plaques in CEA-
specimens (see figure 2) (26).
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Figure 2. Aβ immunoreactivity in different atherosclerotic plaque types

The left column (A, C, E) shows images of hematoxylin & eosin (HE) staining of different stages of 
atherosclerotic lesions. The right column (B, D, F) shows enlarged images of immunohistochemical 
staining for Aβ of the area indicated with the small rectangle in the left images. The upper images 
(A, B) show a case of pathological intima thickening (PIT) with hardly any Aβ immunoreactivity (B). In 
thick fibrous cap atheroma (TkFcA; C, D) staining is increased (D), and in complicated plaque with 
intraplaque hemorrhage (IPH, E, F), Aβ immunoreactivity is even higher (F). Images are derived from 
a pathology series used in the study of Bucerius et al (26).
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AMYLOID (Β) PET IMAGING 
Development and clinical use
Current guidelines for AD diagnostics advise the in vivo establishment of Aβ deposits 
in the brain, either by cerebrospinal fluid analysis or PET imaging (27). For this purpose, 
multiple PET tracers have been developed. The first successful one was 18F-FDDNP 
(2-(1-[6-[(2-[18F]fluoroethyl)(methyl)amino]-2-naphthyl]ethylidene)malononitrile) (28). 
However, the subsequently developed Pittsburgh compound-B (PiB; [N-methyl-11C]-2-(4’-
methylaminophenyl)-6-hydroxylbenzothiazole; [11C]6-OH-BTA-1), a tracer based on the 
histological fluorescent dye thioflavin T, emerged as a real gamechanger (29). However, 
albeit the high affinity of PiB for Aβ deposits, its clinical use is limited by the use of the 
cyclotron product 11Carbon as its isotope. 11Carbon’s short half-life (20 min) renders the 
distribution of 11C-tracers amongst different study centers nearly impossible, and thus, it 
needs to be produced on site. To overcome this disadvantage, 18Fluor labeled tracers (half-
life: 110 min). 18F-Flutemetamol (30, 31), 18F-Florbetapir (32, 33) and 18F-Florbetaben (34) were 
developed and have been approved for clinical use. 18F-Flutemetamol (GE-067; VizamylTM) 
is a Fluor-labeled analogue of PiB (31), whereas the other two tracers are stilbene derivates. 
These three tracers can all differentiate well between AD patients and healthy controls (35, 
36) and are currently used to asses cerebral amyloid deposits for the selection of eligible 
patients for clinical AD trials and as a secondary outcome measure. Furthermore, they may 
assist with the clinical diagnosis in selected cases. Broader application of these tracers in 
different types of amyloidosis calls for a better understanding of how these tracers interact 
with amyloid. 

Way of action
Firstly, it is important to realize that even among amyloid fibrils of a single peptide origin, there 
is a lot of variety in conformations. Although we have known of amyloid, and Aβ in specific, 
for over a century, studies are still ongoing to clarify all possible conformational states and 
differences in functionality and toxicity between polymorphisms (8). Even within a single AD 
patient, multiple polymorphisms can be found (8). In addition, multiple variants of Aβ exist. 
Most importantly, APP can be spliced at different locations resulting in peptides of different 
lengths, like Aβ40 and Aβ42. The difference of just two amino acids results in varying rates 
and ways of polymerization with different types of intermediate oligomers (37). Additionally, 
the primary structure of the APP molecule is altered in APP variants, like those responsible 
for familial AD. These differences in amino acid chains can result in Aβ peptides with other 
morphologies than their wild-type counterparts (38). Variants may therefore display other 
(numbers of) binding sites.
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Furthermore, a single Aβ polymer structure allows for multiple different binding sites. 
Tracers may prefer a specific binding site (39-41). This results in different affinities of tracers 
and differences in stoichiometry (the ratio of binding sites per amount of ligand; in this 
case: amyloid) (40). The atomic detail of the binding sites on Aβ fibrils remains uncertain, 
although various digital models now exist (42). Based on in vitro experiments, at least 
three different binding sites have been identified on synthetic Aβ40 fibrils; binding site 1 
(BS1), BS2 and BS3, respectively (40). BS1 is defined as a Thioflavin T binding site, BS2 
as a styrylbenzene (Congo Red-like) binding site, and BS3 binds PiB analogues (40, 43). 
However, some dyes and tracers can bind to more than one type of binding site and 
some binding sites may be buried between different subunits when larger polymers are 
formed, resulting in the loss of binding sites. In vitro, BS1 appears to occur around 35 Aβ 
monomers, BS2 around 4 monomers and BS3 seems the scarcest, only occurring every 
300 monomers (40). Even though these binding sites are also present on amyloid fibrils 
procured from AD model mice and AD brain homogenates, the stoichiometry differs, and 
it looks like BS3 is more common in AD brain than on synthetic Aβ fibrils or in mice (44). 
This might explain the higher signal intensity of 11C-PiB in vivo than could be expected from 
in vitro and animal experiments (44, 45).

In vivo, PiB has a higher affinity binding with Aβ fibrils than Thioflavin T even though BS3 
binding sites seem scarcer than BS1 (46). Additionally, PiB is able to bind to diffuse plaques 
as well as the AD classical dense-cored plaques (47). 18F-Flutemetamol only differs from 
PiB by its isotope and can therefore also interact with diffuse amyloid plaques in vivo 
similar to PiB (48, 49). Another remarkable finding suggests that PiB only binds a subset 
of Aβ amyloid fibrils. In an ex vivo study; PiB only appeared to bind to Aβ in the outer 
cortex laminae but not in the inner laminae even though immunohistochemistry showed 
the presence of sufficient Aβ in all cortex layers (50). 

18F-Florbetapir and 18F-Florbetaben primarily compete for the same binding sites as 11C-PiB 
and 18F-Flutemetamol on AD subject derived Aβ fibrils; BS3 (51). Concurrently, there seems 
to be no significant difference in sensitivity for AD amongst the three 18F-labeled amyloid 
tracers (35) despite 18F-Florbetapir and 18F-Florbetaben having slightly lower affinity than 
11C-PiB and 18F-Flutemetamol in vitro (52). 

Although not (yet) used in clinical application various other amyloid tracers exist which 
preferably bind to other binding sites. For instance, binding assays showed 18F-FDDNP 
to bind primarily to BS1 and only to BS3 in a lesser extent, displacing just 40% of a PiB-
analogue (51). It therefore binds Aβ fibrils differently from 11C-PiB, 18F-Flutemetamol, 
18F-Florbetapir and 18F-Florbetaben. In addition, 18F-FDDNP also binds significantly to 
neurofibrillary tau tangles (53). Although, this is considered a drawback for the use of 
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18F-FDDNP cerebral amyloid imaging, 18F-FDDNP has now been studied for as a tracer 
for tau pathology. Similarly, other amyloid tracers may not have additive value in the 
differentiation between mild cognitive impairment and AD, but may give other information 
than the currently clinically available amyloid tracers. It is possible that binding preference 
differences between different amyloid tracers relates to clinical differences. For instance, 
the difference between 11C-PiB binding in mice and men may explain the difference in 
clinical symptoms between the species and suggests this is the result of differences in 
amyloid conformations (45). 

Vascular Aβ in the cerebral arteries as part of CAA is also recognized by PiB ex vivo (47) 
and in vivo (54). Although patient numbers are small, it is of notice that the sensitivity 
and specificity of 18F-florbetapir for CAA appears higher than 11C-PiB (54, 55). However, a 
negative amyloid scan with either tracer seems to rule out CAA (56).

Besides differences in affinity for different kinds of Aβ fibrils, current clinically available 
amyloid tracers can also react with other types of amyloid fibrils. Based on fibril models, 
PiB and similar chemical structures seem to interact with fibrils mainly through van der 
Waals forces in the hydrophobic channels formed in the beta-sheet backbone (42, 57). 
This interaction occurs irrespective of amino acid sequence and is hence similar amongst 
amyloid peptides. For instance, not only 18F-FDDNP, but also PiB is able to specifically bind 
tau neurofibrillary tangles, although tau probably contributes in a lesser extent to 11C-PiB’s 
signal than Aβ amyloid fibrils in vivo (47). This promiscuity of amyloid tracers has been 
explored in vitro. In addition to Aβ and tau, PiB can also bind AA, AL and TTR, but this 
binding is of lower affinity (58). In these assays, PiB’s affinity was highest for Aβ, followed 
by ATTR. Its affinity for AL and AA seems much lower but also more variable, probably as a 
result of, amongst others, the variation in primary structure in these amyloid peptides (58). 

Similar to Aβ, the affinity of amyloid tracers for cardiac amyloidosis depends on the type of 
fibril. For instance, in the genetic variant ATTR Val30Met, which is the most common type 
of ATTRv in Europe, type A and type B fibrils can be recognized and correlate to different 
clinical courses. Type A fibrils correspond to late-onset cardiac amyloidosis and is also 
found in ATTRwt, whereas type B fibrils correspond to an earlier but mainly neurological 
symptom progression and less cardiac involvement (59). In a case series of ten subjects 
with this type of ATTRv, 11C-PiB uptake was three times higher in the subjects with type 
B-fibrils (59). This is of particular interest since scintigraphy was negative in these patients 
and amyloid PET may therefore have additive value when clinical suspicion is high but 
scintigraphy is negative. AL fibrils are also often not visible on scintigraphy, but have been 
visualized with 18F-florbetapir and 18F-florbetaben (60-62).
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From a clinical perspective, amyloid PET imaging may offer a non-invasive alternative for 
cardiac biopsy in the evaluation of amyloidosis, since cardiac involvement is closely related 
to amyloidosis prognosis (63, 64). Case reports and preliminary studies are therefore 
sprouting on its use in cardiac and cerebral transthyretin (ATTR) deposition (59, 65-68) and 
systemic deposition of AL (61, 62). 

Since current amyloid tracers can also detect vascular Aβ in CAA (69-71), they are likely to 
have a high affinity for atherosclerotic amyloid as well. Although the most appropriate tracer 
to study cerebral Aβ might differ from the most appropriate tracer to study atherosclerotic 
amyloid, since different pharmacokinetics are relevant.

Current state of PET imaging of amyloid (β) in atherosclerosis
One recent study showed specific accumulation of 18F-Flutemetamol in a CEA-specimen in 
areas with positive Aβ immunohistochemistry and autoradiography revealed a 1.7-fold higher 
uptake in atherosclerotic mouse aortas than in normal vessel wall (72). Although binding of 
the tracer appeared to correlate to positive Aβ immunohistochemistry in the CEA-specimen, 
immunohistochemistry in the mouse aortas was negative for Aβ and 18F-Flutemetamol uptake 
in these mice was probably related to another amyloid type. In addition, no significant 
differences were found between atherosclerotic (IGF-II/LDLR−/−ApoB100/100) and control mice in 
vivo, possibly due to insufficient resolution (72). The authors concluded that further research 
is warranted to elucidate the potential of this tracer in human imaging of atherosclerosis. 
To our knowledge, only one retrospective study analyzed clinical amyloid PET imaging of 
atherosclerosis in humans in vivo (26). In these patients, 18F-Florbetaben PET/MRI showed 
specific uptake of the tracer in the carotid arteries (26). However, due to the retrospective 
nature of this study, this uptake could not be correlated to the histological presence of 
atherosclerosis.
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CONCLUSION

In conclusion, amyloid (β) appears to be present in atherosclerosis and might be related 
to disease progression. In vivo visualization could help clarify the role of amyloid in 
atherosclerosis. Multiple amyloid tracers are currently used in AD clinic and research, and 
various others have been studied in vitro for the visualization of amyloid. However, these 
tracers do not bind to every amyloid conformation and binding preferences may differ 
amongst tracers. On the other hand, because of the similarity in macrostructure between 
various amyloid peptides, these tracers may also provide information on the presence of 
other amyloid peptides. This is, for instance, currently shown in cardiac amyloidosis, but 
might also be considered to study the effects of amyloid in the vasculature.
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ABSTRACT 

Background: Amyloid peptides can be found in atherosclerotic plaques and act pro-
inflammatory. We hypothesized that amyloid burden would therefore relate to plaque 
vulnerability. We assessed the feasibility of 18F-flutemetamol positron emission tomography 
magnetic resonance imaging (PET/MRI) for the detection of amyloid in human, vulnerable 
atherosclerosis.

Methods: Eighteen subjects with a recent TIA or stroke likely due to carotid artery 
atherosclerosis were included to undergo a PET/MRI. Dynamic tracer uptake in the carotid 
arteries was studied in the first five subjects, who were scanned at multiple timepoints. 
Subsequent patients were scanned 60 min post-injection. A dedicated MRI protocol was 
used for anatomical localization and plaque characterization. Target-to-background ratios 
(TBRs) were calculated by dividing the standardized uptake values (SUVs) of the imaged 
area of the carotid artery by that of the average blood pool activity in the jugular veins. 
In four out of eighteen patients, carotid endarterectomy (CEA) was performed, and CEA-
specimens were stained with Congo red and used for immunohistochemistry. Historical 
autopsy samples (n=34) and CEA-specimens (n=8) with various plaque stages were used 
for additional histology and autoradiography.

Results: 18F-flutemetamol uptake was generally low in the carotid arteries, with TBRs 
frequently <1.0. There were no statistically significant differences between the mean TBRmean 
of the symptomatic and the asymptomatic carotid artery plaque (TBRmean 0.79 ± 0.07 vs. 0.82 
± 0.10; p=0.156). Furthermore, TBRmean did not significantly depend on stenosis grade (p=0.118) 
and was significantly lower in the presence of intraplaque hemorrhage (p=0.033). Histology 
showed sparse Congo red and beta-amyloid staining.

Conclusions: 18F-flutemetamol showed no specific uptake in recently symptomatic carotid 
artery atherosclerosis. The amyloid burden in these plaques might be insufficient to image.
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INTRODUCTION

Cardiovascular disease remains the main cause of mortality worldwide (1) and often manifests 
unheralded. Currently, the risk of an atherosclerotic plaque causing cardiovascular symptoms 
is primarily predicted based on luminal stenosis degree. However, research has shown 
luminal stenosis to be an imprecise measurement of plaque size (2). Furthermore, other 
plaque characteristics may be better predictors of future cardiovascular events (2). 

Many of these characteristics of plaque vulnerability can nowadays be imaged with dedicated 
anatomical imaging techniques such as magnetic resonance imaging (MRI), computed 
tomography (CT) or ultrasound (2). Yet, other characteristics remain beyond the resolution 
of such techniques, but may be visualized using molecular imaging techniques like positron 
emission tomography (PET). With the use of sensitive tracers, PET can provide additional 
information on active processes within the plaque, like inflammation. 18F-fluorodeoxyglucose 
(18F-FDG) is the most frequently used PET tracer for this purpose. Uptake of this glucose 
analogue is increased in plaques with a higher macrophage content and seems to be 
correlated to the risk of future cardiovascular events (3). However, the usefulness of 18F-FDG 
is limited because it is incorporated in all cells with a high glucose metabolism, and the 
search continues for more specific PET tracers. Here, we describe a proof-of-concept study 
investigating the value of amyloid PET imaging in atherosclerosis.

Amyloid are peptides of different lengths featuring a beta-sheet conformation and a tendency 
to form insoluble aggregates. One of the best studied amyloid peptides is beta-amyloid (Aβ). 
The deposition of this type of amyloid in the brain is a fundamental pathological criterion for 
the diagnosis of Alzheimer’s disease. Recent studies have identified Aβ in atherosclerotic 
plaques as well (4-6). This atherosclerotic Aβ probably originates from endothelial cells (ECs) 
of neovessels and phagocytized platelets (5, 6). Aβ was not present in non-atherosclerotic 
vasculature (6). Furthermore, Aβ increases pro-inflammatory activation of ECs and vascular 
smooth muscle cells (VSMCs) and has prothrombotic effects (7-10), and might thus act pro-
atherogenic. In addition, several types Aβ in plasma have been related to both risk factors 
for cardiovascular disease and its complications (11-13).

Various PET tracers have been developed to enable the identification of (β) amyloid in 
vivo. So far, one retrospective study has been undertaken to investigate the potential of 
an amyloid-tracer in atherosclerosis in vivo (14). Patients undergoing 18F-florbetaben PET 
imaging for dementia diagnostics showed specific uptake in the carotid arteries, but this 
could not be confirmed by histology due to the retrospective design of the study (14).
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We hypothesized that recently symptomatic plaques, as a surrogate for vulnerable plaques, 
might contain higher amounts of amyloid than asymptomatic plaques. Therefore, we 
performed an in vivo study using 18F-flutemetamol PET/MRI in patients with a recent TIA 
or stroke. In addition, this proof-of-concept study included an immunohistochemistry and 
autoradiography experiment.
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MATERIALS AND METHODS

Clinical study
Patients and ethical approval
The main focus of this paper is a prospective cross-sectional diagnostic study including 18 
patients who presented at, or were referred to, the Maastricht university medical center 
between January 2018 and September 2019 with suspected symptomatic carotid artery 
atherosclerosis and agreed to undergo an additional PET/MRI scan with 18F-flutemetamol. 
Carotid artery atherosclerosis was considered the most likely cause for a recent (<14 days 
at inclusion) TIA, stroke or amaurosis fugax, when a carotid artery plaque was identified 
with at least a diameter of 2 mm in the ipsilateral carotid artery, and there were no known 
other causes for ischemia, such as atrial fibrillation or small vessel disease. As part of clinical 
routine, patients underwent either an ultrasound and/or a CT angiography (CTA) of their 
carotid arteries allowing for the determination of the presence of a plaque, its thickness 
as well as the degree of stenosis as measured with the NASCET criteria (15). Patients were 
excluded from participation when they had severe cognitive impairment, or had contra-
indications for either 18F-flutemetamol, MRI or relative contra-indications for MRI-contrast 
agent. See also supplemental figure 1 for the flowchart of the inclusion process. Generally, 
patients were referred for carotid endarterectomy (CEA) in the case of a recently symptomatic 
carotid artery plaque with a stenosis degree of ≥50%. The final decision for adjuvant surgery 
or medical treatment alone was made by the treating vascular surgeon in consultation with 
the patient and neurologist, independent from this study. 

The study has been approved by the institutional review board of the Maastricht university 
medical center and University of Maastricht (azM/UM; protocol number: 16-2-045), Maastricht, 
the Netherlands, and all participants signed an informed consent form. The study was 
registered in the Dutch and European trial registry, and at ClinicalTrials.gov (trial registry 
number NL56543.068.16, EUDRACT 2016-002911-16 and NCT03291093, respectively). 

Study outline and laboratory tests
All participants underwent a single PET/MRI scan planned as soon as possible after patient 
inclusion. Right before the scan, blood was drawn. A high-sensitive C-reactive protein (hs-
CRP) assay was performed on serum with a BN-ProSpec (Siemens Healthcare Diagnostics 
Products, GmbH, Marburg, Germany). Plasma levels of Aβ1-40 and Aβ1-42 isoforms were 
quantified by enzyme-linked immunosorbent assay (ELISA; EUROIMMUN AG, Lübeck, 
Germany). 
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Imaging
After venous injection of ~185 MBq 18F-flutemetamol (VizamylTM, GE Healthcare, Chicago, IL, 
USA), imaging was performed on an integrated PET/MR system using a 3.0T whole body 
scanner (Biograph mMR; Siemens Healthcare, Erlangen, Germany). The radiation dose was 
calculated to be ~6.8 mSv. For the first five patients, PET image acquisition was started 
simultaneously with tracer injection. Dynamic images were acquired from tracer injection 
onward at 0-30 min, 60-90 min and 110-125 min post-injection. Reconstructions were made 
with incrementing time-intervals (8x15 s, 6x30 s, 5x60 s and 4-5x300 s of the first scan and 
6x300 s for the second scan) to study dynamic tracer uptake. In the subsequent 13 patients, 
PET imaging was started 60 min post-injection. 

A 4-channel special purpose coil (Siemens, Erlangen, Germany) was used for the symptomatic 
carotid artery in combination with the head/neck coil. A gadolinium-based contrast medium 
(Gadovist, Bayer AG, Leverkusen, Germany) with a dose of 0.1 mmol/kg was used for post-contrast 
T1 weighted (T1w) imaging with a delay of 6 min post-injection. Generally, the atherosclerotic 
plaque in the carotid bifurcation was considered symptomatic. The (plaque in the) contralateral 
carotid bifurcation was considered the asymptomatic control. A dedicated multi-sequence 
protocol was therefore generally used for the bifurcation (see supplemental table 1 for details 
on the MRI protocol). In one patient, a soft plaque was identified on the CTA in the ipsilateral 
common carotid artery, while the plaque in the bifurcation was mainly calcified. In addition, the 
contralateral carotid artery was occluded. The soft plaque in the common carotid artery was 
deemed to be the symptomatic plaque, and the calcified plaque in the carotid bifurcation was 
considered asymptomatic. In this patient, the multi-sequence MRI protocol was centered around 
the plaque in the common carotid artery, and an additional sequence with a larger field of view 
was performed to obtain images of the carotid bifurcation as well (T1w 3D-SPACE, repetition 
time (TR): 1000 ms, echo time (TE): 20 ms). In the first patient, we performed no dedicated 
sequences at the second time-interval but only a 3D-MPRAGE sequence with a large field of 
view. The protocol was changed in the subsequent patients, in which we used the T1w TSE 
sequence to draw volumes of interest (VOIs) around the carotid arteries. Image analysis software 
program Pmod (version 3.707, Pmod Technologies, Zurich, Switzerland) was used to measure 
standardized uptake values (SUVs). Standardized cylindrical VOIs with a diameter of 4 mm were 
placed in the lumen of the jugular veins at each axial slide to calculate blood pool activity. Target-
to-background ratios (TBRs) were calculated by dividing the SUVmean and SUVmax of each carotid 
artery VOI by the blood pool activity, resulting in the respective TBRmean and TBRmax. 

Histology of CEA-patients
If subjects underwent CEA, the specimens were collected directly after excision, cut in ~3 mm 
slices, coded, and alternately frozen and stored at -80°C, or processed for immunohistochemical 
analysis. The latter samples were fixated in 4% paraformaldehyde- phosphate buffered 
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saline (PBS) solution for 18-48 h, decalcified using ethylenediaminetetraacetic acid (EDTA) 
for 4 h and then embedded in paraffin with a vacuum infiltration processor. Cross-sectional 
sections of 4 mm were stained using hematoxylin and eosin (HE), Alizarin red and Congo 
red. Immunohistochemistry was performed with primary antibodies against Aβ (monoclonal 
mouse antibody M0872 (clone 6F/3D), Dako, Agilent, Santa Clara, CA, USA), macrophages 
(CD68; monoclonal mouse antibody M0814 (clone KP1), Dako, Agilent, Santa Clara, CA, 
USA) and endothelial cells (CD31; monoclonal mouse antibody M0823 (clone JC70A), Dako, 
Agilent, Santa Clara, CA, USA). Digital pathology analysis software (QuPath v0.2, Queen’s 
University, Belfast, UK (16)) was used to manually create regions of interest (ROIs) including 
the whole specimen (intima, media and adventitia) and solely the intima, defined as the area 
between the internal elastic lamina (IEL) and the lumen. Percentage of positive staining was 
measured using image processing software (Fiji, Image J, v2.0, Madison, WI, USA (17)). Plaque 
stage was defined as the highest plaque stage present within a sample and categorized 
as intimal thickening (IT), pathological intimal thickening (PIT), a thick fibrous cap atheroma 
(TkFcA) or intraplaque hemorrhage (IPH) (18).

Histological series
Specimens and ethical approval
For the additional immunohistochemistry experiment, paraffin embedded sections were 
used from a previously collected, categorized and coded autopsy series (19). For the 
autoradiography with 18F-flutemetamol, we used previously collected and categorized 
flash frozen CEA-specimens. The study protocol was approved by the local medical ethical 
committee (protocol number 2018-0514). All experiments were conducted in agreement 
with the Dutch code for proper secondary use of human tissue (http://www.fmwv.nl) and the 
Declaration of Helsinki.

Immunohistochemistry
Histological staining and immunohistochemistry were performed as stated above for the 
CEA patients’ series with the exception of the Congo red stain, which was not applied in 
the autopsy series.

Autoradiography 
Frozen CEA-specimen sections of 7 mm were thawed and incubated with ~500 kBq/mL 
18F-flutemetamol (VizamylTM, GE Healthcare, Chicago, IL, USA) for 30 min. After incubation, 
sections were rinsed with ice-cold tris-buffered saline (TBS), dried and placed under a 
phosphor imaging plate for 120 min. Images were acquired using a Typhoon FLA 7000 
laser scanner (GE Healthcare, Chicago, IL, USA). Afterwards, sections were left overnight in 
TBS to allow for radioactive decay and were stained with HE the following day. Activity per 
specimen was measured by drawing ROIs around each specimen on the autoradiography 
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image. Areas with artefacts in the corresponding HE-specimen were excluded from the ROIs 
to prevent the inclusion of non-specific uptake. Background activity was measured with a 
standard square ROI placed close to the section in an area visually representative of the 
background activity. The average activity was calculated in digital light units (DLU)/mm2 per 
section and was adjusted for background activity. 

Statistical Analysis
Statistical analysis was performed with IBM SPSS Statistics for Macintosh, version 24 (2016). 
When continuous data showed a normal distribution and were based on n≥10, these are 
presented as the mean with the standard deviation (± SD) and compared with the independent 
or paired T test (only for the comparison of TBRs between symptomatic and asymptomatic 
carotid artery). Not-normally distributed data or data based on n<10 is presented as the 
median with the first and third quartile between brackets (Q1-Q3) and compared with the 
Mann-Whitney U test, or the Kruskal-Wallis test for multiple groups. Discrete variables are 
represented as ‘the number of subjects with this characteristic’/’total number of subjects in 
this group’ and compared using the Fisher’s Exact test. Grubb’s analysis was used to identify 
statistical outliers. A p-value of <0.05 was considered statistically significant. 
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RESULTS

Clinical study
Subject Characteristics 
Eighteen patients were included; fifteen males and three females with a median age of 69 
(64-80) years. Four of these patients underwent CEA; two males and two females. Nine 
patients had suffered a stroke, seven a TIA, one amaurosis fugax and one a retinal infarction 
12 (8-19) days on average before the PET/MRI scan was performed. In one subject, no images 
could be obtained because of premature termination of the scan due to claustrophobia. 

18F-flutemetamol vessel wall dynamics
The characteristics of the first five subjects who underwent dynamic PET data acquisition are 
shown in table 1. The findings for the second time-interval of our first subject were deemed 
statistical outliers and thus excluded. Dynamic tracer uptake was therefore based on n=5 at 
the first and third time-interval but on n=4 at the second time-interval (figure 1). Tracer activity 
showed an initial steep increase in arterial uptake with a peak activity between 30-45 sec 
post-injection, followed by a lower venous peak between 45-60 sec post-injection. Both 
arterial activity and venous blood pool reached a steady state from 10 min onwards. At all 
time-intervals, the highest activity in the arterial VOIs was concentrated in the lumen. SUVmax 
and TBRmax values were therefore considered an inaccurate representation of the activity in 
the vessel wall, and SUVmean and TBRmean are therefore used instead. In concurrence with a 
higher activity in the blood pool than the vessel wall, TBRmean values were <1.0. TBRs were 
slightly higher during the second time-interval (average TBRmean both carotid arteries 0.84 
(0.82-0.87)) in comparison to the first time-interval (0.78 (0.77-0.80)) and did not increase 
further in the third interval. Subsequent patients were therefore scanned 60 min post-
injection. 

TABLE 1. Characteristics of the subjects who underwent dynamic PET/MRI (n=5)

Characteristic Value

Age (in years; median and interquartile range) 69 (68-69)

Sex (number of males/total) 5/5

Cardiovascular risk factors (number of subjects/total)

Current/recent smoker 1/5

Former smoker 2/5

Arterial hypertension 3/5

Hyperlipidemia 4/5

Diabetes mellitus 0/5

Previous cardiovascular disease 1/5
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Figure 1. Time-dependent changes of vascular 18F-flutemeramol SUVs

The time-dependent change is shown for the mean SUVmean of the symptomatic and asymptomatic 
carotid artery and the jugular veins. The timepoints between 60-90min (3600-5400 s) show the mean 
SUVmean of four subjects. At the other time-intervals, scans of five patients are used.

18F-flutemetamol carotid artery wall uptake analyses
Subject characteristics of the 16 patients who had adequate images at 60 min post-injection 
can be found in table 2. Tracer uptake in the vessel wall was lower compared to the activity 
in the lumen as shown by a TBRmean <1.0 in all 32 carotid artery plaques. An example PET/
MRI-image is shown in figure 2 (A&B). There were no statistically significant differences 
between uptake in the symptomatic and asymptomatic carotid artery (TBRmean 0.79 ± 0.07 vs. 
0.82 ± 0.10; p=0.156; figure 3). In one subject, a soft plaque in the common carotid artery was 
considered symptomatic and a calcified plaque in the ipsilateral bifurcation as asymptomatic 
(see methods). Excluding this subject did not alter our findings.

TBRmean did also not differ depending on stenosis degree (p=0.118; figure 3). The presence 
of IPH (n=6) was associated with a significantly lower TBRmean in comparison to the absence 
of IPH (n=26; 0.73 (0.62-0.80) vs. 0.83 (0.77-0.88); p=0.033; figure 3). 
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18F-flutemetamol uptake in the symptomatic carotid artery and blood pool activity were not 
correlated to the time passed since subjects had symptoms (r 0.211; p=0.432 for TBRmean 
symptomatic carotid artery, and r -0.324; p=0.221 for blood pool activity, respectively). Neither 
was 18F-flutemetamol TBRmean correlated to CRP levels (r 0.004; p=0.987). 

TABLE 2. Characteristics of the subjects included in the main PET/MRI analysis (n=16)

Characteristic Value

Age (in years; median and interquartile range) 69 (65-81)

Sex (number of males/total) 13/16

Stenosis degree (number of plaques/total)

Symptomatic carotid artery plaque ≤2 mm 0/16

>2 mm, <50% 10/16

50-69% 3/16

70-99% 3/16

Asymptomatic carotid artery plaque ≤2 mm 2/16

>2 mm, <50% 8/16

50-69% 4/16

70-99% 2/16

Cardiovascular risk factors (number of subjects/total)

Current or recent smoker 5/16

Previous smoker 9/16

Arterial hypertension 11/16

Hyperlipidemia 15/16

Diabetes mellitus 2/16

Previous cardiovascular disease 5/16

Aβ-plasma levels 
Aβ plasma levels were determined in all subjects who underwent imaging (n=17). Both 
Aβ40 and Aβ42 plasma levels did not significantly correlate to age (r=0.012; p=0.746, and 
r=0.056; p=0.832, respectively), the timing of most recent symptoms (r=-0.301; p=0.241, and 
r=-0.229; p=0.376) or event type (retinal, stroke or TIA; p=0.110 and p=0.123). Aβ40 plasma 
levels correlated to the SUVmean of the symptomatic carotid artery (n=16; r 0.512; p=0.043) but 
not to the asymptomatic carotid artery (r 0.402; p=0.123). Aβ42 plasma levels did not show 
a statistically significant correlation with arterial SUV values, but did correlate significantly, 
albeit negatively, to TBRmean (r -0.612; p=0.012 for the symptomatic carotid artery, and r -0.571; 
p=0.021 for the asymptomatic carotid artery), as did Aβ40 (r -0.548; p=0.028, and r -0.633; 
p=0.008, respectively). However, Aβ40 plasma level was also significantly correlated to blood 
pool activity 60 min post-injection (r 0.631; p=0.009), as was the ratio of Aβ42/Aβ40 (r 0.617; 
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p=0.011). This correlation was less strong and thus not statistically significant for Aβ42 (r 0.428; 
p=0.098). The correlation of Aβ plasma levels to the blood pool activity probably explains its 
correlation with arterial SUV values and the negative correlation to TBRs.

Figure 2. Exemplary amyloid PET/MRI images and histology

PET/MRI and histology images of an exemplary CEA-subject with positive Congo red staining are 
shown, taken at the same level of the proximal right carotid artery bifurcation. Image A shows the PET/
MRI-fusion-image. The vertical black beam results from a saturation slab meant to reduce artefacts 
from the esophagus. Image B shows the corresponding PET image. In A and B, the downward 
projecting white arrows indicate the jugular veins, the upward directing black arrow indicates the 
symptomatic carotid artery plaque. Image C shows a bright field image of the Congo red stained 
section. The square represents the magnifications presented in image D and E. D shows the Congo 
red stained section under polarized light and E the Aβ staining. The white arrows represent Congo 
red stained areas, whereas the black arrows show positive Aβ staining.

Congo red and immunohistochemical staining for Aβ 
Of the 16 patients used in the imaging analysis, four underwent a CEA. In two of the four CEA-
patients, some of the Congo red stained sections showed areas of the typical apple-green 
birefringence under polarized light, characteristic of amyloid fibrils. However, these positive 
areas were few and small (figure 2 C&D). Congo red staining was negative in the other two 
subjects. Additional immunohistochemistry specifically for Aβ also showed a weak staining 
and at different locations than the Congo red positive areas (figure 2 E). 
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Figure 3. 18F-flutemetamol uptake in the arterial wall in relation to plaque characteristics

Individual TBR values are shown with the group median and IQR. Image A compares the TBRmean for 
symptomatic and asymptomatic plaques, B the TBRmean for different degrees of stenosis and C for 
the presence of IPH.

Histological series
Specimen characteristics
We additionally included a histological series to investigate the correlation of the amount 
of Aβ in different stages of atherosclerotic plaque progression. The series included 9 
specimens with IT, 9 with PIT, 8 with a TkFcA and 8 with IPH. Patient characteristics can be 
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found in supplementary table 2. Due to artefacts, two IT, one TkFcA and two IPH-samples 
for the Aβ- and two IT-samples for the CD68-staining could not be appropriately quantified. 
One Aβ-stained TkFcA-sample showed the highest percentage of positive staining of all 
samples (4.8%), and was a statistical outlier, but no artefacts were present. This sample was 
therefore included in further analyses and is presented in figure 4 (I-L). Excluding this sample 
did not result in alternative conclusions.

Aβ-burden 
Aβ was present in the intima of the arterial wall of some samples as evidenced by 
immunohistochemistry and autoradiography. Most early-stage samples stained negative 
for Aβ, and only few samples were highly positive, even though a positive control (Alzheimer 
brain) confirmed appropriate staining. Figure 4 shows examples of each plaque stage. The 
weak staining was corroborated by a low percentage of positive staining when digitally 
quantified (0.15% (0.08-0.44) overall; supplemental table 3). Although Aβ burden was 
higher in the more advanced plaque stages, this was not statistically significant (p=0.431; 
supplemental figure 2). Positive Aβ staining generally corresponded to areas with high 
CD68 positivity, and frequently, these regions also showed microvessels as determined 
with CD31 immunohistochemistry (figure 4), but there were no significant correlations 
between relative quantities of Aβ, CD68 and CD31. Exploratory autoradiography of three 
PIT, two TkFcA and three IPH CEA-specimens with 18F-flutemetamol showed a non-significant 
increase in activity in more advanced plaques (p=0.236; supplemental figure 3). Regions of 
highest 18F-flutemetamol uptake could not be correlated to one particular plaque area or 
characteristic (supplemental figure 4). 
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Figure 4. Aβ immunoreactivity in different stages of atherosclerosis and compared to macrophage 
and endothelium staining

Specimens of IT (A-D), PIT (E-H), TkFcA (I-L) and IPH (M-P) are shown. The HE-specimen is shown in 
the left column. The other three columns show a magnification of the immunohistochemistry for Aβ 
(B, F, J, N), CD68 (C, G, K, O) and CD31 (D, H, L, P), respectively. These 12 enlargements are taken from 
the area indicated by the square in the image of the corresponding HE-specimen.
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DISCUSSION

Uptake of 18F-flutemetamol was low in the carotid arteries of patients who had suffered 
a recent TIA or stroke. This was in line with low levels of Congo red staining and Aβ 
immunoreactivity in the corresponding CEA specimens. Activity tended to be higher in the 
(arterial) blood than in the atherosclerotic plaque, as shown by TBRs lower than 1.0. Tracer 
uptake was comparable between recently symptomatic and asymptomatic plaques, and this 
did not depend on plaque size. Furthermore, there was neither a positive correlation with IPH, 
another marker of plaque vulnerability, nor with CRP as a measure of systemic inflammation. 
This was corroborated by similar findings for Aβ immunoreactivity and 18F-flutemetamol 
autoradiography activity in histological experiments.

The low uptake of 18F-flutemetamol within the atherosclerotic plaque could be related to the 
low amount of target in the vascular wall, namely amyloid (β) fibrils. In the histology series, 
we showed Aβ to be present in some but not all specimens of carotid artery atherosclerosis. 
In IT, Aβ seemed to be absent. This is in concurrence with a previous study that showed 
Aβ immunoreactivity to be present in 18/18 CEA-specimens with severe atherosclerosis but 
showed no Aβ in healthy mammary arteries (6). Another study showed that amyloid content 
was more than doubled in 6/6 cases of complicated aortic atherosclerosis in comparison to 
samples from 2 aortas with mere fatty streaks (20). However, both abovementioned studies 
found Aβ to be present in all of the included atherosclerotic specimens. Especially in regard 
to the latter study, this discrepancy with our findings may be explained by the use of different 
techniques and/or a difference in Aβ burden between the aorta and the carotid arteries. 
The prior immunohistochemistry study mainly differs from our ex vivo study because of the 
use of CEA-specimens, which are generally composed of more advanced and symptomatic 
plaques, whereas we used asymptomatic autopsy specimens of different plaque stages. 
Nevertheless, Aβ immunoreactivity was also low in the four CEA-specimens of symptomatic 
patients we obtained after 18F-flutemetamol imaging.

On the one hand, our clinical findings together with those from the histological experiments 
question the use of amyloid (β) as a target in atherosclerosis. On the other hand, a previous 
retrospective study was indeed able to show specific uptake of 18F-florbetaben, another 
available amyloid PET tracer. In this study, an average TBRmean of 1.15 was found in the 
carotid artery wall (14). However, these subjects had no confirmed carotid artery disease 
and the assessment focused on the common carotid artery, while atherosclerosis is most 
often present in the carotid bifurcation (14). Besides these differences, another cause for 
the discrepancy in findings might be the use of different tracers. Although 18F-flutemetamol 
has shown similar results as 18F-florbetaben when distinguishing Alzheimer patients from 
healthy controls, it is possible that their ability to visualize vascular amyloid differs (21). A 
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recent study with atherosclerotic mice (IGF-II/LDLR−/−ApoB100/100) was also unable to image 
18F-flutemetamol uptake in the aorta in vivo, even though this could be measured ex vivo and 
appeared to be associated with atherosclerosis (22). Furthermore, immunohistochemistry 
in these mouse aortas was negative for Aβ and 18F-flutemetamol uptake in these mice was 
probably related to another amyloid type (22). Therefore, we cannot preclude that the use 
of another amyloid tracer might have resulted in different findings.

Interestingly, 18F-flutemetamol blood pool activity seemed to be related to Aβ plasma levels. 
Since we scanned 60 min post-injection, blood activity would have been around ~10-15% 
18F-flutemetamol and ~85-90% metabolites (23). Possibly, one or more metabolites bind to Aβ 
in plasma. The correlation of Aβ plasma levels to the blood pool activity is also the most likely 
explanation for the correlation with arterial SUV values and the negative correlation to TBRs.

One of the strengths of this study is the inclusion of subjects with very recent symptoms. 
Previous research has shown the risk of recurrent symptoms to be especially high during 
the first few weeks after stroke (24). Since we used symptomatic plaques as a surrogate 
for vulnerability, we expect to have included relatively vulnerable plaques even though 
the degree of stenosis might have been relatively low in most subjects. However, it could 
still be argued that the inclusion criterion of >2 mm might have been too lenient and that 
the inclusion of only few patients with a moderate or high stenosis degree is an important 
limitation of this study for several reasons. Firstly, the number of histologically confirmed 
cases in our study is limited. Secondly, a smaller target is more susceptible to spill-in and 
spill-out of radioactivity from nearby structures. This is especially significant when activity 
in the plaque is low and differs little from that of the blood pool. Thirdly, this also results in 
more uncertainty whether the atherosclerotic plaque was indeed the cause of symptoms 
in these patients. 

However, we feel that including more patients with more advanced plaques would not have 
altered our results and the inclusion of more subjects could therefore not be justified.
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CONCLUSION

Our data consistently showed low uptake of 18F-flutemetamol in carotid artery atherosclerosis 
without any positive correlation between uptake and plaque severity. Furthermore, histology 
showed both Congo red staining and Aβ immunohistochemistry to be sparse. Therefore, 
the amount of amyloid (β) present in atherosclerotic plaques seems to be insufficient to be 
imaged with 18F-flutemetamol PET. 
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SUPPLEMENTAL DATA

Supplemental figure 1. Flowchart of patient inclusion

* This includes the subject of whom the second timepoint data could not be used and the claustrophobic 
subject of whom no images were acquired. 

Supplemental table 1. Carotid artery MRI protocol

MRI sequence Vessel wall characteristics Details

3D Magnetization Prepared - 
RApid Gradient Echo (MPRAGE)

Intraplaque hemorrhage TR 10ms; TRshot 800ms; 
inversion time (TI) 500ms; 
TE 6.36ms; flip angle 15°; 
matrix 256x256x88; field of 
vies (FOV) 160x160x88 mm; 
voxel size 0.3x0.3x1.0 mm 
(0.63x0.63x2.0 mm)

2D T1w double inversion 
recovery (DIR) turbo spin echo 
(TSE); pre- and post-contrast

Plaque burden, lipid rich 
necrotic core, fibrous cap 
status

TR 800ms; TE 10ms; flip angle 
180°; matrix 256x256; 14 
slices; FOV 160x160x30.6 mm; 
voxel size 0.3x0.3x2.0 mm 
(0.63x0.63x2.0 mm)

3D Time-of-flight (TOF) Lumen, calcifications TR 20ms; TE 3.6ms; flip angle 
20°; matrix 256x256x48; 
FOV 160x160x48 mm; 
voxel size 0.3x0.3x1.0 mm 
(0.63x0.63x1.88 mm)
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Supplemental table 2. Subject characteristics histology series

IT PIT TkFcA IPH p-value Overall

Age (years) 72 (58-83) 69 (62-78) 81 (68-90) 78 (71-81) 0.329 76 (65-82)

Sex (number of 
males/total)

3/9 8/9 4/8 6/8 0.078 21/34

Supplemental figure 2. Positive immunohistochemistry staining for Aβ in different plaque stages

Percentage of positive immunohistochemistry staining for Aβ Individual values are given with the 
median and interquartile range.
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Supplemental table 3. Percentage of positive immunohistochemical staining within the plaque

IT PIT TkFcA IPH p-value Overall

Beta-amyloid a 0.08 
(0.02-0.11)

0.16 
(0.07-0.55)

0.15 
(0.11-0.84)

0.24 
(0.23-0.72)

0.431 0.15 
(0.08-0.44)

CD68 b 1.04 
(0.05-5.13)

2.07 
(1.20-6.16)

5.00 
(0.99-10.02)

7.14 
(3.31-9.72)

0.099 3.42 
(1.02-7.41)

CD31 c 8.01 
(3.79-13.42)

6.16 
(4.32-10.03)

8.63 
(8.02-11.53)

3.52 
(3.00-10.86)

0.319 7.97 
(3.83-11.09)

Supplemental table 3. Median values and interquartile ranges are given. a n=7/9/8/6; b n=7/9/7/8 c 
n=9/9/8/8

Supplemental figure 3. 18F-flutemetamol activity as measured with autoradiography in ex vivo 
atherosclerosis samples of different stages

Individual values are shown for activity per sample together with the median and range.



Chapter 6

132

Supplemental figure 4. Examplary images of 18F-flutemetamol autoradiography and concurrent 
histological samples

Each row shows images of the same specimen. In the upper row, a PIT-specimen is depicted. The 
middle row is a TkFcA and the bottom one an IPH-specimen. In the left column, autoradiography-
images are shown (A, D, G). The middle column (B, E, H) shows the corresponding hematoxylin-stained 
specimens. The squares in these images indicate the area that is enlarged in the images in the right 
column (C, F, I). 
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ABSTRACT

Atherosclerotic events are usually acute and often strike otherwise asymptomatic patients. 
Although multiple clinical risk factors have been associated with atherosclerosis, as of yet 
no further individual prediction can be made as to who will suffer from its consequences 
based on biomarker analysis or traditional imaging methods like CT, MRI or angiography.

Previously, non-invasive imaging with 18F-fluorodeoxyglucose (18F-FDG) PET was shown 
to potentially fill this niche as it offers high-sensitive detection of metabolic processes 
associated with inflammatory changes in atherosclerotic plaques. However, 18F-FDG PET 
imaging of arterial vessels suffers from non-specificity and has still to be proven to reliably 
identify vulnerable plaques, carrying a high risk of rupture. Therefore, it may be regarded 
only as a secondary marker for monitoring treatment effects and it does not offer alternative 
treatment options or direct insight in treatment mechanisms.

In this review, an overview is given of the current status and the potential of PET imaging 
of inflammation and angiogenesis in atherosclerosis in general and special emphasis is 
given to imaging of α7 nicotinic acetylcholine receptors (α7 nAChRs). Due to the gaps that 
still exist in our understanding of atherogenesis and the limitations of the available PET 
tracers, the search continues for a more specific radioligand, able to differentiate between 
stable atherosclerosis and plaques prone to rupture. The potential role of the α7 nAChR 
as imaging marker for plaque vulnerability is explored. Today, strong evidence exists that 
nAChRs are involved in the atherosclerotic disease process. They are suggested to mediate 
the deleterious effects of the major tobacco component, nicotine, a nAChR agonist.

Mainly based on in vitro data, α7 nAChR stimulation might increase plaque burden via 
increased angiogenesis. However, in animal studies, α7 nAChR manipulation appears 
to reduce plaque size due to its inhibitory effects on inflammatory cells. Thus, reliable 
identification of α7 nAChRs by in vivo imaging is crucial to investigate the exact role of α7 
nAChR in atherosclerosis before any therapeutic approach in the human setting can be 
justified.

In this review, we discuss the first experience with α7 nAChR PET tracers and developmental 
considerations regarding the ‘optimal’ PET tracer to image vascular nAChRs.
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INTRODUCTION

Despite significant advances over the past 20 years in treating cardiovascular disease, the 
incidence of atherosclerosis and related complications remains high (1, 2). Although multiple 
risk factors are associated with atherosclerosis, today, no robust individual prediction can 
be made as to who will suffer from its consequences. 

For instance, in symptomatic stroke patients, a high-grade stenosis (³70%) is chosen as cut-
off value as indication for surgical intervention by carotid endarterectomy (CEA). However, to 
prevent one stroke in a follow-up period of five years, six patients need to undergo surgery 
(3). Furthermore, so far, we are unable to predict which patient has a so-called vulnerable 
plaque that is prone to rupture and which might cause recurrent symptoms. Thus, we cannot 
indicate which patient might benefit most from this procedure.

Atherosclerotic plaque progression consists of multiple steps, and multiple histological 
characteristics have been associated with plaque vulnerability, meaning they have been 
associated with the risk of plaque rupture and its consequences. Aside from the degree of 
luminal constriction, different morphological and molecular characteristics of plaques such as; a 
large lipid-rich necrotic core, a thin fibrous cap, intraplaque hemorrhage, plaque inflammation, 
and neovascularization have emerged as important determinants of ischemic events (4-7).

Some of the characteristics of plaque vulnerability can be visualized using anatomical 
imaging techniques such as computer tomography (CT) and magnetic resonance imaging 
(MRI). Other characteristics of plaque vulnerability are of a cellular or molecular level and 
therefore beyond the resolution of the ‘traditional’ vascular imaging modalities like CT or MRI 
(8-11). Due to the limitations of these imaging techniques, sensitive and reliable detection 
of vulnerable plaques in vivo remains a challenge. Positron emission tomography (PET) 
potentially offers a solution for the diagnostic gap of CT and MRI, since it is able to visualize 
molecular mechanisms with great sensitivity (12, 13). 

PET uses high affinity ligands labeled with radioactive isotopes that emit positrons (β+) 
to image different in vivo targets. Besides the high sensitivity, another advantage of PET 
imaging is the ability to permit absolute quantification of the radioactivity within the body 
or the target tissue, respectively. In vascular imaging, standardized uptake value (SUV) or 
target-to-background ratio (TBR) are used for quantification of PET tracer uptake (14). 

High ligand affinity and target specificity is needed to obtain a high contrast between tissues 
with different target expression. This affinity is among others expressed in binding potential 
(BPND), which is the ratio between specific bound tracer (uptake in a target rich tissue; this 
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uptake may be (partially) displaced by a competing agent) and non-specific bound tracer 
(uptake in target poor tissue; this uptake will not be displaced by agents that compete 
with the tracer for binding places) at equilibrium. Ideally, the amount of specifically bound 
radiotracer at equilibrium is larger than that of non-specifically bound radiotracer causing 
a BPND of ≥1.

Specificity of the retrieved signal, as opposed to specificity of radiotracer binding, is also 
dependent on the biokinetics of the tracer. For instance, a lipophilic profile is needed when 
aiming to image brain receptors, since the radiotracer has to be able to penetrate the blood-
brain-barrier in order to bind to its target. Tracers may also be degraded into radioactive 
metabolites, which might target different ligands. Since it is impossible to differentiate the 
signal arising from the parent compound from that of metabolites, certain metabolites might 
therefore distort the information on the target ligand (15).

Because PET tracer dosages are usually within the nanomolar range, pathways can be 
imaged in vivo without the tracer interfering with the investigated process. PET can thus 
offer the high sensitivity needed to image the sub-millimeter aspects of atherosclerosis.

This review will first shortly discuss the current possibilities to image inflammation and 
angiogenesis in atherosclerosis with PET. Subsequently, the supposed role of the α7 
nicotinic acetylcholine receptor (nAChR) in atherosclerosis is discussed, followed by the 
current developments in α7 nAChR PET imaging.
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CURRENT STATE OF PET IMAGING OF INFLAMMATION IN ATHEROSCLEROSIS
It has readily been demonstrated that plaque inflammation plays an important role in the 
progression and destabilization of atherosclerotic lesions (16). Activated macrophages in the 
plaque produce matrix metalloproteinases (MMPs) causing extracellular matrix degradation 
leading to plaque rupture (17). On histology, symptomatic carotid plaques, i.e. plaques 
associated with stroke and transient ischemic attacks (TIA), are characterized by a high 
degree of macrophage infiltration (18, 19).

18F-fluorodeoxyglucose (18F-FDG) is the most commonly used clinical PET tracer. 18F-FDG 
is a 18F-Fluor marked glucose analogue, which is transported by the glucose transporter 
into metabolically active cells (13, 20). 18F-FDG is therefore able to discern cells with 
especially high metabolic needs and importantly, can identify inflammatory processes 
because of high radiotracer uptake by activated macrophages (21-25). After 18F-FDG 
uptake was, more or less, incidentally observed in the vasculature of oncology patients, 
receiving a 18F-FDG PET scan, prospective studies were designed for its use in non-
invasive imaging of arterial plaques. Here, pathology studies have confirmed 18F-FDG-
uptake signal to be correlated with macrophage invasion in human atherosclerosis (22-
24). High 18F-FDG-uptake has also proven its clinical relevance, since high 18F-FDG-uptake 
has been correlated to recent and subsequent cardiovascular events (26-28).

18F-FDG PET imaging has not only been used to identify local plaque inflammation but 
also to study systemic vascular inflammation in the presence of cardiovascular risk 
factors and/or biomarkers of systemic inflammation (29-32). In addition, arterial 18F-FDG 
uptake has also served as an endpoint measure in several intervention studies (33-35). 
For instance, in different trials, PET showed a decrease in 18F-FDG uptake over time with 
lipid-lowering medication (33, 34) and lifestyle changes (35).

Limitations and developments PET imaging of inflammation in atherosclerosis
A major factor limiting the usefulness of 18F-FDG PET imaging in atherosclerosis is that the 
tracer accumulates in all cells metabolizing glucose. This pitfall is particularly evident in 
coronary artery imaging, because of the adjacent metabolically active myocardium (13), 
making the interpretation of coronary 18F-FDG uptake difficult. However, aspecific 18F-FDG 
uptake might also impact imaging of other arterial territories. Neighboring structures with 
a high uptake can easily cause ‘spill-in’ of signal into the vessel of interest. Although 
‘spill-in’ and its counterpart ‘spill-out’ are inherent to PET imaging in general, its effects 
can be reduced by increasing the target-to-background contrast by dietary measures in 
the case of coronary imaging (36), accurate co-registration with anatomical imaging, e.g. 
CT or MRI (37), and most efficiently by the use of a more specific radiotracer than 18F-FDG.
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Apart from 18F-FDG non-specificity in general, some in vitro as well as animal studies 
have also disputed the relationship of increased vascular wall 18F-FDG uptake and 
inflammatory status. In an ex vivo animal study, highest 18F-FDG uptake correlated 
not to the macrophage infiltrates but to vascular smooth muscle cells (VSMCs) in 
atherosclerotic plaques (38). An in vitro study found macrophage 18F-FDG uptake to be 
unrelated to macrophage (pro- or anti-inflammatory) differentiation (39). In another study, 
hypoxia seemed to be the main driver of 18F-FDG uptake by macrophages and not pro-
inflammatory stimulation (40).

Besides 18F-FDG, multiple other radiotracers have made the switch from (clinical) PET 
imaging in oncology and neurology to imaging of arterial plaque inflammation. The 
most promising so far are 68Ga-[1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetra acetic 
acid]-D-Phe1,Tyr3-octreotate (68Ga-DOTATATE), 11C-PK11195, 18F-Fluoromethylcholine 
(18F-FMCH), 18F-Fluorocholine and 11C-Choline. The first, 68Ga-DOTATATE, is a ligand for 
the somatostatin receptor. Among others, this receptor is overexpressed on tumor cells 
but also on activated macrophages and damaged endothelium. The tracer 11C-PK11195 
acts as a ligand for the translocator protein (TSPO) receptor and was previously used in 
neuroinflammation imaging. 18F-FMCH, 18F-fluorocholine and 11C-choline are based on the 
organic molecule choline, which is needed for cell membrane construction. It is taken 
up by both tumor cells and activated macrophages. 

For more information on these tracers, and other PET tracers for imaging atherosclerotic changes 
in the vascular wall, the reader is referred to multiple recent reviews on the subject (11-13, 41-43). 
However, it should be noted that most of these radiotracers have only been evaluated in pre-
clinical settings and have not to date been investigated (prospectively) in humans.

CURRENT STATE OF PET IMAGING OF ANGIOGENESIS IN ATHEROSCLEROSIS
Besides inflammation, angiogenesis is another interesting target within the pathological 
process of plaque vulnerability. In atherogenesis, the plaque expands through multiple 
mechanisms, such as proliferation and migration of VSMCs and inflammatory cells, and 
accumulation of excess extracellular matrix and lipids. New capillaries, so-called neovessels, 
develop from the vessels surrounding the arterial wall, the vasa vasorum, to provide the 
plaque with the necessary nutrients (44, 45). This creates an expansion of endothelial 
surface and is often combined with increased expression of adhesion molecules. In this 
way, neovessels function as an extra entrance for inflammatory cells as well as lipoproteins 
and bone marrow derived progenitor cells, resulting in additional plaque growth (44, 46). 
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The amount of neovessels has been associated with higher rates of plaque inflammation 
and plaque rupture (46-48). In regression type lesions, a decrease of neovessels is observed 
whereas in normal vasculature neovessels are absent (44). Furthermore, inflammatory cells 
may excrete angiogenic factors, creating a positive feedback loop (6).

Angiogenesis has deserved a lot of attention in other research fields as well. Apart from its 
role in atherosclerosis, it is also involved in tumor growth and the restoration of blood flow 
in ischemic diseases. A number of radiotracers have therefore been developed to visualize 
angiogenesis in vivo. Molecular imaging of angiogenesis has among others been studied 
in cancer (49, 50), restorative angiogenesis after ischemia (51-53) and more recently in 
atherosclerosis (53-55). 

Targets for molecular imaging of angiogenesis are divers and include both direct and indirect 
markers of angiogenesis. For instance, growth factor receptors and adhesion molecules, 
which are upregulated during endothelial cell proliferation, can serve as imaging targets, 
but also integrins involved in cell-cell and cell-extracellular matrix interactions (55-57). The 
most important ligands thus far target either the Vascular Endothelial Growth Factor Receptor 
(VEGFR) (58-60) or αvβ3 integrin (61-69). 

Table 1 provides an overview of angiogenesis tracers used in PET imaging of atherosclerosis. 
These radiotracers were selected for imaging in atherosclerosis on the assumption that their 
uptake is closely related to plaque angiogenesis and angiogenesis with plaque vulnerability. 
Except for one (70), all studies mentioned in table 1 found a relationship of radiotracer uptake 
with atherosclerosis (compared to healthy vasculature) and plaque inflammation (58, 60-69, 
71-75). 

Limitations of PET imaging of angiogenesis in atherosclerosis
A number of studies included in table 1 did not report on the amount of neovascularization 
in the plaques (58, 60, 63, 66, 67, 71, 72, 74). In others, the correlation with angiogenesis 
was only weak (61, 68). Most of the respective radiotracers have been used in different 
disease models before and were shown to be related to angiogenesis. A strong correlation 
with angiogenesis would thus be expected in atherosclerosis studies as well. However, it is 
likely that the use of mice models could explain the lack of correlation, since angiogenesis 
in mouse models of atherosclerosis is limited (59, 75).

To our knowledge, only 18F-Galacto-RGD (61) and 68Ga-NOTA-RGD (67) were prospectively 
used in in vivo studies in human atherosclerosis and yielded promising results with, however, 
moderate TBRs only.
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Table 1. Angiogenesis PET tracers used in atherosclerosis

Animal (model)

VEGFR-tracer:
scVEGF-PEG-DOTA/99mTc (scV/Tc) (58), scVR1-PEG- 
DOTA/99mTc (scVR1/Tc) and scVR2-PEG-DOTA/99mTc 
(scVR2/Tc) (59)

ApoE −/− mice with(out) induced diabetes

VEGF-antibody: 89Zr-bevacizumab (60) Human CEA-specimens

Integrin αvβ3 tracers: 18F-Galacto-RGD (61-63), 
18F-RGD-K5 (64), 64Cu-NOTA-3-4A (65), 68Ga-DOTA-RGD 
(66), 68Ga-NOTA-RGD (67), 18F-Flotegatide (68), 99mTc-
maraciclatide (69) 

Patients scheduled for CEA-procedure, 
CEA-specimens, LDLR−/−ApoB100/100 mice 
and apoE−/− mice

125I-labeld Fibronectin Extracellular Domain-B 
antibodies: F8 (71), L19 (73) 

ApoE−/− mice

125I-labeld C domain of tenascin-C antibody: G11 (72) ApoE−/− mice

VAP-1: 68Ga-DOTA-Siglec-9 (75) LDLR−/−ApoB100/100 mice

PSMA: 68Ga-GCPII (70) Prostate cancer patients
Human CEA-specimens

Table 1. Articles on PET imaging of angiogenesis in atherosclerosis sorted by type of tracer. Used 
abbreviations: VEGFR(1/2): vascular endothelial growth factor receptor (1/2), SPECT: single-photon 
emission computer tomography, 

THE α7 nAChR IN ATHEROSCLEROSIS
nAChRs in general and the α7 subunit in specific
nAChRs are pentameric ligand-gated cation channels, which are known to be expressed on 
neurons in both the central and (peripheral) autonomic nervous system, and at neuromuscular 
junctions. Only recently, it has become evident that nAChRs are also expressed on non-
neuronal cells, such as lung epithelial, endothelial and immune cells (76-80). 

Multiple subtypes of nAChRs exist, differing by the type and arrangement of five subunits 
around an ion channel pore. The subunits include α1-10, β1-4, γ, δ and ε. The composition 
affects receptor pharmacology, cation selectivity and desensitization kinetics. For instance, 
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Imaging technique Results

SPECT Higher specific binding of scV/Tc in diabetic mice (with more advanced 
plaques) correlated with increased VEGFR-expression, plaque size, 
macrophage and endothelial cell staining. 
In the same mouse model, selective tracers for the VEGFR1 (scVR1/
Tc) and VEGFR2 (scVR2/Tc) showed the increase in uptake of the 
unselective tracer in diabetic mice to result from increased VEGFR1 
expression. VEGFR2 expression was similar in mice with and without 
diabetes. 

Micro-PET Activity distribution correlated with VEGF and macrophage staining.

Autoradiography, PET Tracers in general show a good correlation with atherosclerotic 
changes and inflammation. However, the 68Ga-labeled variants showed 
low ratios when comparing healthy and diseased vasculature.

Autoradiography Autoradiograms correlated well to oil-red-O staining of the aorta. 

Autoradiography Autoradiograms correlated well with plaque distribution and 
macrophage content.

PET The tracer uptake was higher in LDLR−/−ApoB100/100 compared 
to wildtype mice and was associated to macrophage content of 
atherosclerotic plaques.

Autoradiography, PET PET/CT scans of 150 patients were retrospectively studied for vascular 
uptake, imaging characteristics of atherosclerosis and cardiovascular 
risk factors. No relevant relationship was found. In agreement, 
autoradiography and immunohistochemistry of CEA-specimens showed 
no correlation either.

CEA: carotid endarterectomy, VEGF: vascular endothelial growth factor, VAP-1: vascular adhesion 
protein 1 is a leukocyte-trafficing protein expressed by neovessel endothelial cells, PSMA: prostate-
specific membrane antigen.

the number of agonist binding sites differs between homo- and heteromeric nAChRs. A 
homomeric α7 nAChR has five ligand-binding sites, whereas an α4β2-receptor has only two 
(81) (See also figure 1). Binding of a ligand to the receptor leads to allosteric transformation, 
resulting in opening or closing of the ion channel. Apart from the open conformation, three 
different conformational states exist: resting and two forms of desensitized (82).

The nAChRs are well preserved throughout evolution, as are the proteins involved in the 
transportation and degradation of its natural ligand acetylcholine (ACh), namely vesicular 
acetylcholine transporter (VAChT) and acetylcholinesterase (AChE) (80, 83). Both VAChT 
and AChE are also found in non-neuronal tissues and immune cells (84). It is suspected 
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that in non-neuronal cells acetylcholine and nAChRs serve a paracrine role via second 
messengers manipulating multiple pathways involved in cell survival, proliferation, migration 
and apoptosis (76, 83, 85). 

Apart from its natural ligand, ACh, a variety of tobacco constituents have been identified 
as agonists for nAChRs, most importantly nicotine and the nicotine derived nitrosamines; 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N′-nitrosonornicotine (NNN). Many 
effects of these exogenous ligands are carried out via nAChRs. For instance, nicotine addiction 
has clearly been related to α4β2 nAChR upregulation (86) and α7 nAChR expressing (lung) 
cancer cell lines show increased survival when stimulated with nicotine (83, 87, 88). 

Figure 1. The α4β2 and α7 nAChR

The α4β2 and α7 nAChR are depicted schematically in the plane parallel to the cell membrane. Their 
binding sites are indicated with the black ovals. α* indicates that at this site multiple subunits are 
possible.

As mentioned above, the α7 nAChR is a homologous nAChR with five ligand-binding sites 
and unique desensitization characteristics, and is expressed on multiple cell types (84). 
Its expression and manipulation have been studied most extensively in the brain and 
inflammatory cells (82, 83, 89-105).

In the human brain, the α7 nAChR is the second most expressed nAChR after the α4β2 
heteromeric receptor, with an average concentration of 2-30 fmol/mg protein (89-91). 
Neuronal α7 nAChRs can be expressed pre-, peri- and postsynaptically and play a role in 
generating synaptic current, neurotransmitter release and neuritogenesis (82, 83). Receptor 
concentrations differ between brain regions, but also between different stages of brain 
development, aging and between health and disease (83, 89, 91-96). Multiple neurological 
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diseases, such as Alzheimer’s disease, Parkinson’s disease and schizophrenia have been 
associated with decreased α7 nAChR expression (91, 93-96). The α7 nAChR is, therefore, 
regarded as an interesting diagnostic and therapeutic target in these diseases.

The α7 nAChR also seems to be the crucial nAChR in macrophages (97). Since most 
macrophages cannot produce ACh themselves, it has been suggested that they are 
stimulated by ACh, which is released by the vagal nerve or by ACh-producing T-lymphocytes 
(98-101). When stimulated with ACh, macrophages produce less pro-inflammatory cytokines, 
such as TNF-α (97, 102, 103). This pathway has been called ‘the cholinergic anti-inflammatory 
pathway’ (CAP) and might play a role both in acute infection and chronic inflammation (102, 
104, 105).

NAChR expression in vascular cells and atherosclerosis (in vitro and ex vivo)
Human vascular cells express heteromeric nAChRs comprised of the α3, α4, α5, β2 and β4 
subunits and/or the homomeric α7 nAChR (76, 77, 79, 106, 107). This was confirmed in an 
ex vivo study of human mammary arteries (107). However, in another human ex vivo study, 
macrophages were the main contributor of positive α7 nAChR staining in atherosclerotic 
plaques instead of vascular cells (108). In table 2 an overview is given of nAChR expression 
on human vascular cells.

Table 2. nAChR subunit expression in human vascular cells

Cell type nAChR subtype Reference 

Endothelial cells α3, α4, α5, α7, α10, β2 and β4 (76, 79, 106, 107, 175)

VSMCs α4, α7 and β2 (107)

Macrophages α3, α4, α7, β2 and β4 (97, 108, 176)

Platelets α7 (144) 

Table 2. This table only includes studies which investigated nAChR expression in human cells. In most 
studies, only a select group of receptor subunits was tested. It should also be noted that in some cases 
only mRNA expression was investigated. More subunits have been investigated in animal studies, 
see for instance reference (83, 110) for more information.

Role of nAChRs, nicotine and α7 nAChR in atherosclerosis (in vitro)
The close link between tobacco (ab)use and cardiovascular disease has inspired extensive 
research on the effects of its different components on various cellular processes involved in 
atherogenesis. Most studies focus on the effect of nicotine, a major constituent of tobacco 
smoke (109, 110).



Chapter 7

146

Cell survival, proliferation, growth factor release and apoptosis
NAChR stimulation by nicotine increases cell survival and proliferation and decreases 
apoptosis in cancer cells (87, 88, 111-113), immune cells (114) but also VSMCs (115) and 
endothelial cells (116-118). Additionally, growth factor release is increased (119-122). 

Endothelial cells
The angiogenic effect of nicotine has been studied extensively in multiple in vitro and in vivo 
disease models (116, 123, 124). Nicotine seems to stimulate angiogenesis in cancer, retinal disease, 
ischemia, wound healing, and inflammation (116, 123, 124). In several studies (79, 125-128), the 
effect of nicotine on angiogenesis in atherosclerotic plaques was dose-dependent and possibly 
also duration-dependent, since a more recent study of the same group (129) showed decreased 
angiogenesis after chronic treatment (16 weeks). The extent of angiogenesis correlated to 
atherosclerotic plaque size (125). Subsequent studies have found the α7 nAChR to be a major 
player in this process. This is discussed in detail in the section ‘α7 nAChRs in angiogenesis’.

It is known that nicotine influences adhesion molecule expression (e.g. vascular cell adhesion 
molecule (VCAM)), endothelial permeability, and increases the production of cytokines by 
endothelial cells, which all increase monocyte attraction and lipid (LDL) uptake (126, 128, 
130-135). 

Immune cells
Apart from endothelial cells, immune cells also express nAChRs. This includes monocytes and 
macrophages, which appear to be the most important immune cells involved in atherogenesis 
(16). The α7 nAChR appears to be the major player in this process (97). The α7 nAChR appears 
to influence macrophage and monocyte survival and activation. For instance, when exposed 
to endoplasmic reticulum stress an α7 nAChR agonist increased M2 (alternatively activated) 
macrophage cell survival (114). M2 macrophages are in general active in repair and are 
considered to have anti-inflammatory effects. However, in atherosclerosis most foam cells 
have an M2 origin (114). Nicotine also induced adhesion molecule expression and cytokine 
release of dendritic cells and monocytes. This effect was abrogated by an α7 nAChR-selective 
antagonist (134, 136). In a recent study with mouse macrophages, varenicline, a full α7 nAChR 
and partial α4β2 agonist, increased the uptake of oxidized LDL by macrophages, indicating 
another pathway in which α7 nAChRs might be involved in aggravating atherosclerosis (137).

On the other hand, the α7 nAChR seems to be a pivotal player in the CAP (97). This is 
reflected by the effects of α7 nAChR-specific ligands and knockout animals in models of 
acute and chronic inflammation combined with vagotomy or vagal nerve stimulation (97, 103, 
138). This effect of the CAP is also seen in animal studies of atherosclerosis. See ‘Effects of 
α7 nAChR manipulation on atherosclerosis in vivo’.
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Vascular smooth muscle cells
Besides stimulating cell proliferation (115), nicotine also appears to influence VSMC 
phenotype. VSMCs will show increased podosome formation, and thus motility, and switch 
from the contractile to the synthetic phenotype after exposure to nicotine (115, 119, 139-142). 
These effects result in intimal thickening by the formation of the so-called ‘neointima’ made 
up of VSMCs instead of a thin lining of endothelial cells.

Nicotine increased the mobility of VSMCs and resulted in a higher rate of matrix-degradation. 
These effects could be partially abrogated by an α7 nAChR-selective antagonist (139). 
Comparable, nicotine induced VSMC migration was counteracted by the same antagonist 
(142). Furthermore, VSMC proliferation was stimulated by nicotine and resulted in increased 
α7 nAChR mRNA expression. However, the effect was only partially blocked by an α7 nAChR-
selective antagonist (140).

Platelets
Controversial findings were obtained in platelets. A selective agonist for the α7 nAChR 
subtype decreased platelet activation in one study (143) but the opposite effect was 
observed in another study (144). However, only the first study confirmed their results in a 
platelet aggregation assay, whereas the second did not.

Effects of α7 nAChR manipulation on atherosclerosis in vivo
As discussed in the previous section, α7 nAChRs appear to be involved in multiple 
atherogenic processes in vitro. It might be concluded from this information, that stimulation 
of the α7 nAChR would increase atherosclerosis in vivo. However, albeit only a small 
number of studies were published on the topic in vivo (98, 108, 143, 145-149), the majority of 
these animal studies seem to plead the opposite. Their results are summarized in table 3.

Three of the studies (108, 143, 148) used an LDL receptor (LDLR) knockout mouse model with 
a bone marrow transplantation from α7 nAChR−/− mice. Plaque size was decreased in one 
(108), unchanged in another (143), and increased in the third study (148). Strikingly, the latter 
used female mice, whilst the others studied male mice, possibly indicating sex-differences. It 
must also be noted that only bone-marrow derived (inflammatory and endothelial progenitor) 
cells are affected in a bone marrow transplantation. Thus, for example, residential endothelial 
cell α7 nAChRs, were not directly influenced in these studies. Neither did these studies 
investigate the effect of nicotine or another α7 nAChR agonist.

One of the most recent studies (149) specifically investigated the effect of nicotine on 
mast cells (MCs). In apoE−/− mice, nicotine increased atherosclerotic plaque burden. When 
MC-deficient apoE−/− animals received MCs of apoE−/− α7 nAChR−/− mice this effect was 
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significantly reduced. This would suggest that MC α7 nAChR stimulation is involved in a 
pro-inflammatory effect of nicotine in atherosclerosis. One study (98) used a knockout 
model of the α7 nAChR but focused on systemic inflammatory status and did not report 
effects on plaque size or characteristics of plaque vulnerability. Only three studies (145-
147) examined the effect of a systemic α7 nAChR-specific intervention but used different 
models and agents and showed conflicting results.

Although it can be postulated that animal models better reflect the complex processes 
involved in health and disease than in vitro studies examining only a single pathological 
step, it must be stated that animal models do not reflect human pathology exactly. For 
instance, wild-type mice do not develop atherosclerosis and thus different models 
have been developed to reflect the human pathology. Both LDLR- and ApoE-knockout 
models are well established models for atherosclerosis but are not an exact copy of the 
human situation. For example, the plaques which develop in these mice rarely rupture 
spontaneously, in contrast to human atherosclerosis (150). Also, results from different 
models might not be interchangeable due to different effects of dietary measures (151). 

Based on the results of the abovementioned studies, there appears to be a focus on the role 
of the α7 nAChR in immune cells. This is in agreement with a human ex vivo study, in which 
macrophages were the main contributor of positive α7 nAChR staining in atherosclerotic 
plaques (108). However, α7 nAChR stimulation appeared to influence multiple steps in 
atherogenesis in vitro. Also, the results in animal studies are ambivalent and no conclusions 
can be drawn from such a small number of studies. It is also possible that α7 nAChRs play a 
different part in atherogenesis at different time points, as they appear to do in angiogenesis 
(125). 

Since most in vitro studies have focused on the role of α7 nAChRs in angiogenesis, a review 
on this topic was conducted separately as well. See below.

α7 nAChRs in angiogenesis
An involvement of nAChRs (mainly after stimulation by nicotine) has been shown in multiple 
disease models of angiogenesis (116, 123, 124). A selection of the literature focusing on the 
α7 nAChR included 15 studies, as shown in table 4 and table 5. 

In both in vitro and animal studies, angiogenesis seems to be increased by stimulation of 
the α7 nAChRs, whether it is in models for malignancy, ischemic disease or degenerative 
retinal disease. This is underlined by the fact that in α7 nAChR knockout mice angiogenesis 
is decreased. However, AChE-inhibitors (152-154) could increase angiogenesis in α7 
nAChR knockout models or in combination with a specific α7 nAChR antagonist. Thus, the 
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angiogenic effect of acetylcholine appears not solely mediated by these receptors. One 
study even showed no effect of α7 nAChR knockout on angiogenesis using an oxygen-
induced ischemic retinopathy mice model (155). The inhibiting effect of mecamylamine (an 
aspecific nAChR antagonist) was attributed to the α9 nAChR in this study. In comparison to 
the aforementioned studies, no stimulation (with nicotine) was used, which might explain 
this deviant finding.

PET IMAGING OF α7 nAChRs
As described above, the α7 nAChR appears to be involved in atherosclerosis but its exact 
role in this disease remains uncertain. PET imaging of this receptor might elucidate this. A 
highly specific radiotracer with a biokinetic profile resulting in a high TBR, could be used 
to image differences in receptor density in different disease stages and thus expand our 
knowledge of α7 nAChR’s contribution to the pathology of this disease.

Previously published reviews have described the arduous development of radiotracers suitable 
for in vivo imaging of α7 nAChRs (156-159). The first radiolabeled ligands used for imaging of the 
α7 nAChRs were 125I-α-bungarotoxin (125I-αBTX) and 3H-methyllycaconitine (3H-MLA). Although 
these ligands have been, and are still extensively used in in vitro binding studies, their large 
molecular size, toxicity and isotope does not allow in vivo imaging (160). In addition, α-BTX also 
shows high affinity for α9 and α10 subunits (83) and MLA for the α6 subunit (161).

Over the last 15 years, several radiotracers for α7 nAChRs have been developed as shown 
in table 6. Although some radiotracers might have shown promising results in in vitro and/
or rodent studies, up to now only 11C-CHIBA1001 (162-164) and, more recently, 18F-ASEM (165) 
were translated to preliminary clinical studies. 

11C-CHIBA’s affinity for α7 nAChRs of 45.8 nM is relatively low when considering the low 
expression of α7 nAChRs, and regional brain uptake differences were accordingly rather 
small (162, 166). The specificity of 11C-CHIBA was tested in an animal model of schizophrenia 
(rats treated with phenylcyclohexylpiperidine (PCP)) (166) and in healthy volunteers before 
and after oral administration of tropisetron or ondansetron (164) (both are primarily 5-HT3 
serotonin receptor inhibitors but tropisetron also has a high affinity for the α7 nAChR) (167). In 
both studies a difference in 11C-CHIBA uptake was noted between the treatment and control 
group, advocating some specificity for the α7 nAChR, albeit small. The low BPND of 11C-CHIBA 
(0.6) concurs with these findings (168).
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Table 3. Animal studies on atherosclerosis and α7-nAChRs

Publication Atherosclerosis model nAChR intervention

Chen et al. 2016 (145) ApoE−/− mice PNU-282987

α7-nAChR−/− mice

Hashimoto et al. 2014 (146) Male apoE−/− mice AR-R17779

Johansson et al. 2014 (108) Male LDLR−/− mice BMT α7 nAChR−/− mice

Koga et al. 2014 (147) Male apoE−/− mice Varenicline (partial α4β2 and 
α7 nAChR agonist) with(out) 
MLA

Kooijman et al. 2015 (143) Male LDLR−/− mice BMT α7 nAChR−/− mice

Lee et al. 2015 (148) Female LDLR−/− mice BMT α7 nAChR−/− mice

Wang et al. 2017 (149) Male apoE−/−KitW-sh/W-sh mice Nicotine p.o. with(out) BMT of 
apoE−/−α7 nAChR−/− mice

Wilund et al. 2009 (98) Male apoE−/− mice Cross bred with α7 nAChR−/−

α7 nAChR−/−

Table 3. Articles on the effects of α7 nAChR manipulation in animal models for atherosclerosis. 
Abbreviations: SAD: sinoaortic denervation, NU-282987 and AR-R17779 are selective α7 nAChR 
agonists, HFD: high fat diet, ang II: angiotensine 2 therapy, 
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Other intervention Results

Sinoaortic 
denervation (SAD)

SAD lead to decreased α7 nAChR (and VAChT) expression, increased 
systemic markers of inflammation, oxidative stress and plaque size. PNU-
282987 could attenuate these effects in the same mice.

Ketanserin α7 nAChR−/− and wild-type mice were divided in groups undergoing SAD 
with(out) ketanserin, which increases baroreflex sensitivity. Ketanserin was 
effective in wildtype α7 nAChR+/+ mice with(out) SAD, but not in α7 nAChR−/− 
mice.

HFD + ang II infusion Plaque area in the aorta and AAA formation was decreased by AR-R17779. 
Macrophage content was unchanged. 

HFD Plaque size was decreased in the transplanted group. Quantity and 
inflammatory cell type ratios were unchanged but more activated Th1-cells 
were observed.

HFD Varenicline treated mice had a larger aortic plaque area. This effect could 
be undone by concurrent treatment with the specific α7 nAChR antagonist 
MLA.

HFD Plaque area of the aorta did not differ between transplanted and control 
mice. Systemic inflammatory status and platelet activation were, however, 
increased in the transplant group.

HFD The total plaque area in the aorta was increased in transplanted animals. 
Higher levels of cytokines and oxidative stress were observed.

HFD Nicotine aggravated atherosclerosis in apoE−/− mice. This effect appeared 
to be partially regulated trough α7 nAChRs on mast cells (MCs), since this 
effect of nicotine was attenuated in apoE−/− mice reconstituted with bone 
marrow derived MCs of apoE−/−α7 nAChR−/− mice.

Normal diet α7 nAChR deficient apoE−/− showed increased inflammatory status and 
cholesterol uptake by macrophages compared to α7 nAChR+/+apoE−/− 
animals. 

Normal diet Macrophages of α7 nAChR−/− mice showed increased cholesterol uptake. 
No change in inflammatory status was observed compared to wildtype 
mice.

AAA: abdominal aortic aneurysm, BMT: bone marrow transplant, MLA: methyllycaconitine, a α7 nAChR 
antagonist, α-BTX: α-bungarotoxin, a α7 nAChR-antagonist, KitW-sh/W-sh is a mouse model deficient in 
mast cells, MC: mast cells.
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Table 4. In vitro studies on angiogenesis and α7-nAChRs

Publication Cell type nAChR intervention

Brown et al. 2012 (174) HuMVECs, lung 
tumor ECs

Specific a- and antagonists of α7 nAChRs 
(PHA-543613 + PNU-282987, and MG-624 
respectively), siRNA α7 nAChR

Dom et al. 2011 (177) human retina 
microvascular ECs

Nicotine, siRNA α7 nAChR, α-BTX, α-CT and 
MLA

Hao et al. 2014 (152) HUVECs AChE-inhibitor (donepezil) with(out) MLA

Heeschen et al. 2002 (79) HUVECs Nicotine, mecamylamine, α-BTX

Kakinuma et al. 2010 (153) HUVECs + HAECs AChE-inhibitor (donepezil), α-BTX

Li et al. 2006 (178) HUVECs Nicotine, choline, mecamylamine, α-BTX

Ng et al. 2007 (179) HMVECs Nicotine, α-BTX

Ni et al. 2010 (180) HUVECs PNU282987, MLA

Wu et al. 2009 (181) Multiple human ECs Nicotine, siRNA α7 and α9 nAChR

Yu et al. 2009 (117) hESC-ECs Nicotine, α-BTX

Yu et al. 2013 (154) CMVECs ACh, Mecamylamine, MLA

Table 4. In vitro studies on the effect of α7 nAChR manipulation on angiogenesis. Used abbreviations: 
HMVEC: human microvascular endothelial cells, EC: endothelial cell, siRNA: small interfering RNA, 
α-CT: α-conotooxin, a competitive nAChR antagonist, HUVEC: human umbilical vein endothelial cell, 
VEGF: vascular endothelial growth factor, VEGFR(2): VEGF (2) receptor, 
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Results

α7 nAChR inhibition by MG-624 decreased endothelial tube formation in multiple angiogenesis 
models. Transfection of α7 nAChR siRNA suppressed the angiogenic effect of nicotine.

Multiple α7 nAChR antagonists ablated nicotine-induced angiogenesis. Transfection of α7 nAChR 
siRNA suppressed the angiogenic effect of nicotine.

VEGF secretion and VEGFR2 expression were decreased by MLA.

Endothelial tube formation was significantly inhibited by α-BTX.

Donepezil increased VEGF, HIF1α and endothelial tube formation. This effect could be inhibited by 
α-BTX but also by atropine a.

Choline increased endothelial cell proliferation, α7 nAChR expression and tube formation. Reverse 
effects were observed when using specific α7 nAChR inhibitors.

α-BTX abrogated nicotine-induced HMVEC migration, but also abolished migration induced by 
bFGF and attenuated migration induced by VEGF.

PNU-282987 significantly increased tube formation of HUVECs. MLA did not modify the number of 
tubes, but did completely inhibit PNU-282987-induced tube formation.

Nicotine- and VEGF-induced endothelial cell migration was blunted by siRNA against α7 nAChR 
genotype, but not by α9 nAChR siRNA.

Nicotine attenuated hypoxia-induced apoptosis in endothelial cell differentiated embryonic stem 
cells. This effect was mediated by increased growth factor (VEGF-A and bFGF) gene expression. 
The latter could be blocked by α-BTX.

VEGFR2 activation was increased in CMVECs by acetylcholine. This effect was attenuated by 
mecamylamine and MLA.

HAEC: human aortic endothelial cell, HIF1α: hypoxia inducible factor 1α, bFGF: basic fibroblast growth 
factor, PNU-282987: a selective α7 nAChR agonist, hESC-EC: human embryonic stem cell derived 
endothelial cell, CMVEC: cardiac microvascular endothelial cell. 
a Atropine is a muscarinic acetylcholine receptor (mAChR) antagonist.
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Table 5. Animal studies on angiogenesis and α7 nAChRs

Publication Animal Model

Brown et al. 2012 (174) Rats (ex vivo), chicks, nude mice Aorta ring, retinal explant, CAM, 
subdermal SCLC

Davis et al. 2012 (182) Mice CNV

Dom et al. 2011 (177) Rats (ex vivo) Retinal explants

Hackett et al. 2017 (155) Mice Oxygen-induced ischemic 
retinopathy

Hao et al. 2014 (152) Rats, α7 nAChR−/− mice HLI with(out) SAD

Heeschen et al. 2002 (79) Mice, α7 nAChR−/− mice Disc, HLI, lung cancer

Kakinuma et al. 2010 (153) Mice, α7 nAChR−/− mice HLI

Li et al. 2006 (178) Rats MI

Yu et al. 2013 (154) α7 nAChR−/− mice, rats MI with(out) SAD

Table 5. Animal studies investigating the effect of α7 nAChR manipulation on angiogenesis. 
Abbreviations: CAM: chick chorioallantoic membrane assay, SCLC: small cell lung cancer, 
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nAChR intervention Results

MG-624 (α7 nAChR 
antagonist)

MG-624 had an anti-angiogenic effect in rat aortic ring and retinal 
explant assays and inhibited angiogenesis of human SCLC tumors in 
a CAM- and nude mice model.

Nicotine p.o. with(out) 
α-BTX i.p. 

α-BTX significantly reduced CNV size irrespective of nicotine 
administration.

Nicotine, α-BTX, α-CT and 
MLA

All three specific α7 nAChR antagonist ablated nicotine-induced 
angiogenesis in retinal explants.

Mecamylamine, α7 and α9 
nAChR-/+ and -/- mice 

Mecamylamine decreased neovascularization in OIR mouse pups. 
Neovascularization was also reduced in α9 nAChR-/- mice but not in 
α7 nAChR-/- mice.

AChE-inhibitor 
(pyridostigmine)

SAD decreased angiogenesis after myocardial ischemia in rats. 
Pyridostigmine increased capillary density in these rats. Reduced 
angiogenesis after myocardial ischemia in α7 nAChR−/− mice (vs. 
wild-type) could be improved by pyridostigmine indicating that both 
α7 nAChR dependent and independent pathways are involved in 
post-ischemia angiogenesis. 

Nicotine, mecamylamine, 
α-BTX

Angiogenesis was increased by nicotine in multiple animal models. 
This effect was inhibited by mecamylamine. In the disc angiogenesis 
model, a similar effect was achieved by α-BTX. In HLI, the α7 nAChR 
was upregulated in ischemic muscle tissue. α7 nAChR−/− mice 
showed a decreased angiogenic response of 40% vs. wild-type in 
the disc angiogenesis model.

Donepezil, α-BTX, 
mecamylamine

Donepezil increased VEGF expression and capillary density and 
decreased ischemic muscle atrophy in hind limb ischemia. The 
effect on VEGF was not affected by co-administration of α-BTX. In α7 
nAChR−/− mice donepezil increased angiogenesis as well.

Nicotine, choline, 
mecamylamine, α-BTX

Choline enhanced the capillary density in ischemic tissues, whereas 
α-BTX inhibited the effect.

AChE-inhibitor 
(pyridostigmine), α7 
nAChR−/− mice

SAD decreased angiogenesis after myocardial ischemia in rats. 
Pyridostigmine increased capillary density in SAD rats. Angiogenesis 
after myocardial ischemia was decreased in α7 nAChR−/− vs. wild-
type mice.

CNV: choroidal neovascularization, p.o: per os, p.i: peritoneal injection, HLI: hind-limb ischemia, OIR: 
oxygen-induced ischemic retinopathy, SAD: sinoaortic denervation, MI: myocardial infarction.
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Table 6. In vivo use of α7 nAChRs tracers

Tracer Affinity α7 Non-specific binding Animal (model) used in 
in vivo imaging

125I-CAIPE and
125I-IPPU (173)

- Uptake of 125I-CAIPE could be 
significantly blocked with an 
α7 nAChR-selective agonist.

Mice

18F-DBT10 (168, 170-172) 0.60 nM 20% in mice Mice, piglets, rhesus 
monkeys, rats

18F-ASEM (165, 168-170, 
172, 183) and 125I-Iodo-
ASEM (184)

0.84 nM 6% in mice, 10-20% in 
baboons

Mice, DISC1-mice, 
baboons, man, rhesus 
monkey

Quinuclidine derivative 
18F-4 (185)

18 nM a High non-specific binding Rats

18F-NS14490 (186-188) 2.5 nM 50% in piglets Mice, piglets

125I-I-TSA (189) 0.54 nM High non-specific binding Mice 

11C-A-752274 and 11C-A-
833834 (190)

0.092 nM 
and 1.53 nM

11C-A-833834 showed low 
specific binding in mice. 
11C-A-752274 showed better 
specific binding.

Mice, baboon

11C-rac-1 (191) 0.5 nM Uptake could be significantly 
blocked with an α7 nAChR-
selective agonist.

Mice 

11C-NS-14492 (192) and 
3H-NS-14492 (193)

2.2 nM a 50% in piglets Piglets

3H-AZ11637326 and 
18F-AZ11637326 (160, 
194, 195)

0.23 nM 30-40% in rodents Rats, mice, α7 nAChR-/- 
mice, baboons, 
cynomolgus monkey

11C-A-582941 and 11C-A-
844606 (196)

10.8 nM and 
11 nM

No specific binding in mice, 
some specific binding in 
monkey

Mice, rhesus monkeys
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Imaging modality Results

γ-counter 125I-IPPU showed a fast uptake, but also a fast clearance from the brain. 
Further studies focused on 125I-CAIPE. Its brain uptake showed expected 
regional differences and could be blocked accordingly. A high binding 
potential (BPND) was calculated for the α7 nAChR rich thalamus, suggesting 
high affinity and selectivity of the tracer.

γ-counter, PET Results are discussed in the text.

γ-counter, PET 18F-ASEM showed a high affinity and selectivity for the α7 nAChR and 
appears to be a feasible PET tracer in man (see text). 
Preliminary results of the radioiodinated compound show promise as a 
SPECT-radioligand.

γ-counter Even though in vitro affinity was high, brain distribution was rather 
homogenous 1hr after tracer injection.

γ-counter, PET Studies in mice showed low (specific) brain uptake. Porcine studies yielded 
better results, including blockade of uptake in brain vasculature.

γ-counter Although uptake in the brain showed regional distribution comparable with 
α7 nAChR distribution, binding could not be significantly displaced by MLA.

γ-counter, PET 11C-A-833834 showed low specific binding in mice in contrast to 11C-A-
752274. This ligand was therefore selected for further study in a baboon. 
However, in this animal, brain uptake of 11C-A-752274 was low. 

γ-counter Uptake distribution and blocking studies suggest α7 nAChR specific 
uptake in the brain.

Autoradiography, PET Both the carbon-labeled ligand for in vivo and the tritiated ligand for 
in vitro imaging showed good affinity for α7 nAChRs and moderate 
specificity.

Autoradiography, 
γ-counter, PET

Despite high affinity and target selectivity in vitro and in rodent studies, 
specific binding could not be demonstrated in non-human primates.

γ-counter In mice 11C-A-582941 and 11C-A-844606 could not be displaced by known 
α7 nAChR ligands. In monkeys, some regional differences in brain uptake 
were apparent and uptake could be blocked by a specific α7 nAChR 
ligand, but also in the cerebellum (a region suspected to have low α7 
nAChR expression).
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Table 6. Continued

Tracer Affinity α7 Non-specific binding Animal (model) used in 
in vivo imaging

11C-MeQAA (197-199) 41 nM a Higher non-specific binding 
in mice than rhesus monkey.

Mice, (aged) rhesus 
monkeys

18F-NS-10743 (200-202) 7.66 nM 15-25% in human SH-SY5Y-
α7-nAChR cell membranes

Mice, pigs

11C-CHIBA-1001a 
(162-164, 166), 
3H-CHIBA-1001 (203, 
204), 131I-CHIBA-1001 
(205), 121I-CHIBA-1006 
(206) and 76Br-
SSR180771 (166)

45.8 nM Tracer uptake was displaced 
by multiple selective α7 
nAChR ligands.

Rhesus monkeys 
(with(out) sub-chronic 
PCP treatment), rats, 
mice, α7 nAChR-/- mice, 
man

11C-labeled GTS21-
metabolites (207) 

211 nM a High non-specific binding Baboons, mice

125I-4 (208) 0.26 nM a Uptake could be significantly 
blocked with cold ligand.

Mice

11C-1 (209) - No specific binding Rats

Table 6. Articles on α7 nAChR radiotracers, sorted per tracer. Abbreviations: PCP: Phencyclidine is 
used as a schizophrenia model. Presented binding affinities are based on human α7 nAChRs unless 
marked by ‘a’. Affinities marked with ‘a’ are based on in vitro binding studies using rat membranes. 
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Imaging modality Results

γ-counter, PET Although relatively high non-specific binding in mice, uptake distribution in 
rhesus monkey brain appeared to be conform α7 nAChR distribution and 
was blocked by SSR180711, but also by ondansetron, a 5HT3-blocker.
The (S)-variant had a higher affinity for 5HT3-receptors than α7 nAChRs 
and showed even lower specific binding.
When comparing aged vs. young monkeys, a significant decrease in 
uptake was seen in the occipital cortex and decreased 11C-MeQAA uptake 
was associated with increased 11C-PiB uptake, a tracer for Amyloid β 
deposits.

γ-counter, PET Biodistribution and blocking studies in mice and pigs showed specific 
uptake in α7 nAChR-rich organs and brain regions. 

Scintillation counter, 
γ-counter, SPECT, PET

Further development of the bromine-labeled compound was abandoned, 
because of better brain uptake of 11Carbon-labeled CHIBA. Its results are 
discussed in the text.
The tritiated compound showed low affinity and specificity for the α7 
nAChR.
The radio-iodinated compound was used for SPECT imaging in rhesus 
monkeys and showed moderate specificity.

PET The pharmacokinetics of different metabolites of the partial α7 nAChR 
agonist GTS21 (DXMB) were studied using PET imaging. Low specificity 
and selectivity render these ligands unsuitable for imaging of α7 nAChRs.

γ-counter The low selectivity of this ligand between α7 nAChRs and the 5HT3 

serotonin receptor did not warrant further investigation.

γ-counter Pre-saturation studies with unlabeled ligand and nicotine yielded no 
specific binding.
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Gao et al. (168) developed five dibenzothiophene derivates as α7 nAChRs ligands. Compound 
7a was chosen for further development based on its high affinity and selectivity and was later 
named 18F-ASEM. Blocking studies in mice (165) and comparison to a schizophrenia model 
(DISC1 mice) showed tracer uptake to be specific for the α7 nAChR (168). Radiotracer uptake 
in non-human primates was also comparable with the known distribution of α7 nAChRs 
(169). This led to initial human studies (165). In 11 healthy volunteers, radiotracer uptake in 
the brain differed regionally as can be expected based on regional differences in α7 nAChR 
expression. Furthermore, binding was reversible and biokinetics were fast. Retest variability 
was estimated at 10-12% (n=6). This is the first α7 nAChR radiotracer showing a reasonable 
BPND (3.9-6.6) (165, 169).

The latest developments in the field include 18F-DBT10 and 125I-CAIPE. 18F-DBT10 is another 
dibenzothiophene derivate developed by Teodoro et al. (170) in parallel to Gao et al. (168). 
This radioligand differs from 18F-ASEM only by the position of its fluorine atom. Preliminary 
in vitro studies showed a lower affinity for the α7 nAChR compared to 18F-ASEM, when using 
rat α7 nAChRs and 125I-αBTX-binding sites (168). However, Teodoro et al. (170) found a higher 
apparent affinity for human α7 nAChRs using 3H-MLA-binding, as a measure of α7 nAChR 
binding sites. Initial studies in piglets showed sufficient specific binding of 18F-DBT10 in the 
brain. Additional PET imaging in rhesus monkeys confirmed high levels of reversible specific 
binding, with an estimated BPND twice as large as 18F-ASEM (11.4-20.4) (171). The most recent 
study in this field (172) showed similar kinetics of 18F-DBT10 to that of 18F-ASEM in monkeys.

As of yet, 125I-CAIPE, has only been studied in mice (173). Uptake and blocking studies 
showed specific binding and additional modeling confirmed a BPND comparable to that of 
18F-ASEM. *I-CAIPE, if labeled with a suitable isotope, such as 124I, seems therefore to be 
another promising radiotracer.

All of the abovementioned tracers have thus far been studied for the use in neuroimaging. 
The ideal features for a PET tracer for imaging of brain receptors differ from those required 
for imaging of receptor expression in the vasculature. For instance, hydrophilic radioactive 
metabolites that do not cross the blood-brain barrier will not disturb a signal in the brain 
but might, however, interfere with a signal in the vessel wall if they remain in the blood. It is 
therefore not yet possible to give a reliable prediction on which tracer will be ideal for use 
in atherosclerosis imaging. 
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CONCLUSION

In the search for a PET tracer that can help identify the patients with the highest risk of 
developing complications of atherosclerosis, α7 nAChR PET tracers will play an interesting 
role. The α7 nAChR appears to be involved in the pathophysiology of atherosclerosis and 
might even be considered a therapeutic target. In various animal studies, specific α7 nAChR 
agonists were able to suppress atherosclerotic plaque formation (146) and inflammation (145). 
On the other hand, an antagonist could decrease angiogenesis in different tumor models 
(174). So, whether α7 nAChR’s role is noxious, aggravating atherosclerosis via angiogenesis, 
or whether it ameliorates atherosclerosis via an anti-inflammatory pathway, remains to 
be elucidated. It is also possible that α7 nAChRs play a different role in atherosclerosis 
development at different stages.

PET imaging might offer the possibility to non-invasively explore the role of α7 nAChRs in 
atherosclerosis and to investigate if upregulation of these receptors is indeed a marker of 
plaque vulnerability in vivo. Among the α7 nAChR PET tracers developed so far, 18F-ASEM and 
18F-DBT10 show the greatest potential for translation to imaging of human atherosclerosis. 
Furthermore, imaging of nAChRs in vivo is a crucial step within the context of the potential 
therapeutic use of these receptors in the future.
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GENERAL DISCUSSION

Atherosclerosis has been recognized as a major cause of cardiovascular disease (CVD) and 
mortality for over centuries. Current treatments are highly effective, but the residual risk of 
CVD is tremendous (1, 2). In addition, we are still unable to accurately predict which patient, 
or plaque, will become symptomatic and might thus benefit from additional preventive 
measures. 

Inflammation is crucial to atherosclerosis development and the progression towards 
symptoms. Furthermore, treatment of arterial wall inflammation has shown to decrease 
cardiovascular risk even when added to current preventive methods (3). Imaging of arterial 
wall inflammation could serve as an outcome measurement in anti-inflammatory treatment 
intervention studies and thus, help in the development of such therapies. In addition, 
knowledge on plaque inflammation might improve individual risk prediction and help health 
professionals in the selection of patients for invasive treatment.

Currently, positron emission tomography (PET) with 18F-fluorodesoxyglucose (18F-FDG) 
is the leading technique to image both systemic arterial wall inflammation and localized 
inflammation in a single atherosclerotic plaque (4). Arterial wall 18F-FDG uptake, as a surrogate 
for inflammation, has indeed been correlated to the risk of cardiovascular events (5-7), and 
is able to image the effects of lifestyle and pharmaceutical interventions (8, 9). 

In the first part of this thesis, we used arterial wall 18F-FDG uptake to study the systematic 
(anti-)inflammatory effects of three different interventions in search for new treatment options 
for atherosclerosis. In the second part, we explored alternative methods to image plaque 
inflammation (surrogates) more accurately. Here, the main findings of these studies are 
discussed, together with their limitations and advise towards future research. 

PART ONE: EFFECTS OF THYROID HORMONE, RESVERATROL AND VAGAL NERVE 
STIMULATION ON ARTERIAL WALL INFLAMMATION AS MEASURED WITH 18F-FDG PET/CT
Main findings
In chapter 2, we measured arterial wall 18F-FDG uptake in thyroid carcinoma patients after 
they had undergone thyroidectomy and became hypothyroid and after they received 
supraphysiological doses of thyroid hormone supplementation (TSH suppression) and were 
(subclinical) hyperthyroid. Additionally, we compared these findings to the results in euthyroid 
controls. We observed arterial 18F-FDG uptake to be highest during TSH suppression and 
lowest in the subjects with normal thyroid function, suggesting an increase in arterial 
inflammation in both hypo- and hyperthyroidism. This finding is corroborated by an increase 
in C-reactive protein (CRP) levels after thyroid hormone supplementation. Previously, it was 
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known that hypothyroidism increases cardiovascular risk factors and thus cardiovascular 
disease in comparison to normal thyroid function (10, 11), but the effects of hyperthyroidism 
on atherosclerosis have been studied less extensively (12). Our findings could imply that 
not only low thyroid hormone levels, but also high thyroid hormone levels (or low TSH) may 
have detrimental effects on cardiovascular health. This new information warrants further 
research and might alter treatment of thyroid hormone imbalance in thyroid carcinoma 
patients specifically, but also in the general population.

Similarly, we investigated the effects of a food supplement, resveratrol, on vascular 
inflammation in subjects at risk of developing type 2 diabetes, of which the results are 
discussed in chapter 3. Animal studies have shown promising results of resveratrol on 
decreasing inflammation in atherosclerosis models (13-15) and an increase in life-expectancy 
in some animals (16). We expected reseveratrol to decrease arterial wall inflammation, 
as measured with 18F-FDG uptake. Subjects received both resveratrol and a placebo in 
a randomized controlled cross-over design and underwent a PET/CT at the end of each 
treatment period of 34 days. Despite the promising findings in preclinical studies, there was 
no significant effect of resveratrol on arterial wall 18F-FDG uptake in our study. This might be 
in line with previous studies, which have shown ambiguous or no effects of resveratrol in 
humans (17). Yet, large prospective human trials are needed to evaluate the effective dose, 
duration and timing of resveratrol treatment.

In chapter 4, the uptake of 18F-FDG was compared in subjects with long-term vagal nerve 
stimulation (VNS) for drug-resistant epilepsy. The vagal nerve is a crucial player in the so-
called inflammatory reflex, which is the mechanism involving the autonomic nervous system 
to control inflammation (18). Subjects underwent two PET/CTs; one while VNS was continued 
(VNS-on) and one after VNS was switched off (VNS-off) for 3.5 hours. We expected VNS 
to decrease arterial wall inflammation. In contrast, switching off VNS did not alter arterial 
18F-FDG uptake but did significantly impact blood-pool activity of 18F-FDG, likely as a result 
of an altered glucose metabolism. This (side-)effect of VNS warrants further investigation.

Specific methodological considerations
All three retrospective studies had a small sample size and a specific study population, which 
might limit the possibility of extrapolation of our findings. Additionally, it is possible that the 
statistical significance of our findings was affected by this sample size, but also by the size 
of the interventions. In particular, there remains a lot of discussion on the effective duration 
and dosage of resveratrol (17, 19) and switching VNS off for several hours may have different 
effects than starting VNS treatment in VNS-naïve patients. These findings should therefore 
be seen as explorative and in the context of previous research on these interventions. 
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Furthermore, the used imaging protocols may have been suboptimal for the visualization of 
vascular 18F-FDG activity or the change therein. We used available PET/CTs from previous 
prospective interventional trials. The original trials all aimed to image brown adipose tissue 
(BAT), and not arterial inflammation. Consequently, subjects were scanned 60 min post-
injection of a dose of ~75 MBq. Guidelines for arterial inflammation visualization recommend 
scanning at later timepoints (>120 min) and using a higher activity dose (>185 MBq or 3-4 
MBq/kg) (20, 21). Moreover, two out of three studies used a cooling protocol to activate BAT 
(chapter 2 and 3). The effects of cooling on arterial 18F-FDG uptake are unknown. One can 
speculate that the increase of steroid hormone levels and sympathetic activation could 
decrease inflammation systemically, but may also alter 18F-FDG distribution. This might render 
the findings of these studies less comparable to those of other 18F-FDG studies. However, 
in all three studies, the primary comparison was made between scans of the same subject 
undergoing the same scan (and cooling) protocol. The use of subjects as their own controls 
should have limited the effects of the cooling protocol and the timing of the scan protocol 
on our main findings.

General methodological considerations of 18F-FDG imaging in atherosclerosis
Besides the abovementioned limitations specific to the studies described in chapter 
2-4, there are also limitations to 18F-FDG imaging as a technique for the visualization of 
inflammation in atherosclerosis in general. 

First of all, different measurements can be used to quantify arterial wall 18F-FDG activity and 
might result in different conclusions. Commonly, so-called target-to-background or target-
to-blood-pool ratios (TBRs) are used to measure 18F-FDG activity in the arterial wall. These 
TBRs are calculated by dividing the standardized uptake values (SUVs) of the target vessel 
by an averaged SUVmean of multiple regions of interest (ROIs) in an established reference 
vein. Firstly, the use of TBR is preferred over SUV because ROIs around a distinct target 
vessel generally also include the vessel lumen in addition to the vessel wall of interest. 
Secondly, TBRs may also create a more robust measurement, because the division of the 
arterial SUV by the venous blood pool SUV cancels out any errors made in the injection 
dose, timing and subject weight (20). Thirdly, the reproducibility of TBRs might be higher 
than that of SUVs, making it a more appropriate measure for the comparison of two scans 
of the same subject under different (treatment) circumstances (20-22). On the other hand, 
when other causes for changes in blood pool activity are not taken into account, calculating 
TBRs may also result in confounding (23) and add variability to the measurement (24, 25). 
This limitation may be of specific interest in the studied interventions as described in chapter 
2-4, since all three interventions could affect glucose metabolism, and therefore also 18F-FDG 
distribution. Indeed, blood pool activity was significantly affected by both thyroid hormone 
and VNS. The exact process behind these changes in blood pool activity and arterial wall 
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uptake in our studies remains inconclusive, since no histological validation was available due 
to methodological limitations. This uncertainty should keep us alert when using 18F-FDG as a 
marker for plaque inflammation. 18F-FDG may not be an appropriate tracer for that purpose 
when systemic changes in glucose metabolism can be expected, and SUVs and blood pool 
activity should be taken into account when interpreting TBRs.

Another well-known limitation of 18F-FDG imaging in atherosclerosis is the ubiquitous uptake 
of glucose, and thus 18F-FDG, by metabolically active tissues. Uptake of 18F-FDG in a structure 
as small as a vessel wall may therefore be overshadowed by 18F-FDG activity in a surrounding 
active tissue, like the myocardium, active lymph nodes or BAT. Even within the vascular 
wall, some studies have questioned if macrophage pro-inflammatory activity is the main 
contributor to 18F-FDG uptake, and not VSMC activity or macrophage hypoxia (26-29). 

These limitations of 18F-FDG have led us to explore new targets and potential PET tracers 
to evaluate inflammation in atherosclerosis. The results of our exploration are discussed in 
the second part of this thesis and in the following section.

PART TWO: EXPLORING NEW TARGETS TO IMAGE PLAQUE INFLAMMATION
Amyloid beta (Aβ)
In chapter 5, we explored the possibilities to image Aβ in atherosclerosis using PET and 
its possible value in identifying vulnerable plaques. It seems that Aβ may primarily have 
pro-inflammatory effects on vascular cells and thus would aggravate atherosclerosis. This 
association with inflammation and the availability of a clinically approved amyloid PET tracer, 
led us to use 18F-flutemetamol PET/MRI to visualize amyloid in atherosclerotic plaques in 
recently symptomatic carotid artery plaques and compared it to uptake in the (contralateral) 
asymptomatic carotid artery (chapter 6). We considered ‘symptomatic’ a surrogate for 
‘vulnerable’ because recently symptomatic plaques are at a higher risk of causing symptoms 
than asymptomatic plaques, especially in the first 14 days (30, 31).

Uptake of 18F-flutemetamol was not significantly different between symptomatic and 
asymptomatic plaques. This could raise the question if amyloid is indeed associated 
with plaque vulnerability. More importantly, TBRs were <1.0. This questions whether 
18F-flutemetamol is able to image the presence of amyloid in a single vessel. 

Histology was performed in four of the thirty-two imaged plaques and showed the presence 
of amyloid (Congo red staining) and Aβ (immunohistochemistry) to be scarce and possibly 
too low to image. Further histological evaluation showed intimal thickening (IT), a pre-
atherosclerotic lesion, to be almost devoid of Aβ staining, whereas some more advanced 
stages did indeed show positive immunohistochemistry. However, Aβ immunoreactivity did 
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not significantly differ between preliminary and more advanced plaques, nor did the uptake 
of 18F-flutemetamol between various plaque types ex vivo. Even in advanced specimens, Aβ 
immunohistochemistry was frequently absent, and Congo red staining was only positive in 
two out of four surgical specimens. This is in concurrence with a previous study, which did not 
find amyloid deposits to be present in all advanced atherosclerotic plaques and questioned 
a causal link between amyloid deposits and atherosclerosis progression (32). The authors 
argued that it is more likely that amyloid formation is a result of atherosclerosis and not vice 
versa (32). Although this observation may indeed question a causal role of amyloid in general 
in atherosclerosis, this has not yet been confirmed in vivo. Regardless, Aβ specifically does 
not appear to be obligatory for atherosclerotic plaque development. Mice with a double 
knockout (-/-) mutation for amyloid (β) precursor protein (APP) and apolipoprotein E (apoE) do 
develop atherosclerotic plaques, albeit smaller than those in apoE-/- mice (33). On the other 
hand, even if Aβ is not essential to the development of atherosclerosis, it is still possible that 
it is involved in the formation or destabilization of some atherosclerotic plaques. Knockout 
of APP decreases the size of plaques and overexpression of transgenic APP in ApoE-/- mice 
results in larger atherosclerotic plaques (33, 34). This does suggest a pro-atherosclerotic role 
for Aβ and Aβ directed therapies might therefore be effective in reducing atherosclerosis 
development. The first step towards such a therapy should be to investigate a (prospective) 
correlation of Aβ and development of cardiovascular symptoms due to plaque vulnerability 
in human atherosclerosis.

In our modest-sized pathology series, vulnerability was determined according to previous 
recommendations (35), but in order to investigate an actual relation to future symptoms, 
clinical follow-up would be the most straightforward way. This requires an accurate technique 
to measure amyloid deposits in vivo. It may therefore be worthwhile further to investigate 
other amyloid PET tracers for their ability to image amyloid deposits and its association with 
arterial wall inflammation.

The alpha 7 nicotinic acetylcholine receptor 
In addition to Aβ, other targets involved in atherosclerosis development may also be 
considered. Chapter 7 describes the literature on the possible role of the alpha 7 nicotinic 
acetylcholine receptor (α7 nAChR) in atherosclerosis. Interestingly, Aβ seems to be able 
to interact with α7 nAChRs, either as an agonist in the case of Aβ oligomers, or as an 
antagonist, in the case of fibrils (36). In vitro, animal and ex vivo studies have shown that α7 
nAChR is present in atherosclerotic plaques and may be involved in plaque inflammation 
and/or neovascularization. In various animal studies, specific α7 nAChR agonists were able 
to suppress inflammation and plaque progression (37, 38). On the other hand, angiogenesis 
may be aggravated by α7 nAChR stimulation (39). Similar to Aβ, in vivo imaging could also 
help elucidate the role of the α7 nAChR in atherosclerosis. Thus far, several PET tracers 
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have been developed to image α7 nAChRs, mainly as a marker of neurological diseases, 
like AD and Parkinson’s disease, but these tracers still need to be approved for clinical use 
to enable further research in humans. 

Based on the existing literature as summarized in chapter 7, a first step in further 
evaluating α7 nAChRs and their role in atherosclerosis could be made by performing 
ex vivo studies to provide further information whether there is sufficient α7 nAChR 
expression in atherosclerotic plaques. Consecutively, a sufficient difference in expression 
between atherosclerotic plaques with a supposedly different cardiovascular risk needs 
to be confirmed before human trials are performed.

FUTURE PERSPECTIVES
PET imaging of inflammation in atherosclerosis has not been integrated in clinical practice 
yet. This could be due to limitations in the current techniques, like inadequate spatial 
resolution or tracer specificity, or due to a limited additional value of the information on 
inflammation from this costly technique to current risk predictions. Future research could 
therefore focus on improving techniques and on re-evaluating the role of inflammation 
in atherosclerosis in comparison to other potential plaque and patient characteristics. 
In the following section, both strategies are explored. 

Improvements in imaging techniques
Initial studies on 18F-FDG uptake in atherosclerosis have been performed using PET/CT. 
However, CT’s soft tissue contrast is inferior to that of MRI and hence can identify less 
plaque characteristics. Combining PET/CT with MRI images offers additional information, 
but co-registration between two individual scans is likely to be suboptimal due to changes 
in patient positioning and involuntary movements. Integrated PET/MRI systems overcome 
this disadvantage, but come with their own limitations. Most importantly, techniques for 
attenuation and motion correction are under constant development (4, 40).

Furthermore, analysis and interpretation of PET signal differs amongst studies. For 
instance, 18F-FDG uptake can be measured as a yes-or-no quality, in a plaque or a whole 
vascular territory TBR (41). In addition, there are also multiple options for quantitative 
measures, such as mean and maximum SUV or TBR, and here, the area of interest 
varies from whole vessels and individual plaques to single slices, like the single hottest 
slice or most-diseased segment (20, 24). Measuring each of these may give rise to bias 
as result of multiple testing. Currently, TBRs are generally preferred (20), but because 
of the previously mentioned limitations, SUV data should be made available for both 
transparency and comparison between studies. Furthermore, argumentation for the use 
of measurements like the single hottest slice or most-diseased segment seems thin from 
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a pathophysiological perspective. What are we measuring when, for instance, 18F-FDG 
activity decreases in the single hottest slice but increases in others? Measuring activity 
in a whole vessel, vascular territory and/or plaque seems therefore more transparent.

As stated previously, another potential improvement might be found in a more specific tracer for 
plaque inflammation. Since macrophages are the most prevalent immune cells in atherosclerotic 
plaques, they are currently the main target for PET imaging of plaque inflammation. Similar to 
18F-FDG, 18F-choline is a marker for high metabolic turnover, and it is taken-up by dividing cells, 
such as macrophages, which incorporate it into their cell membranes (42). Other targets related 
to macrophage activation are somatostatin receptor expression, which can be visualized with 
68Ga-DOTATATE, and the expression of translocator protein (TSPO), which can amongst others 
be imaged by 11C-PK11195 (43).

Thus far, none of these tracers has replaced 18F-FDG in human atherosclerosis research. To 
this purpose, a tracer should indeed be specifically taken up in the atherosclerotic plaque and 
correlate to inflammation, or another marker of plaque vulnerability. Secondly, the tracer should 
enable us to discriminate between plaques with high and low uptake related to a different risk 
of symptomatic disease. Additionally, a good contrast to the background is essential, and the 
effects of spill-in and spill-out should be limited. Furthermore, the establishment of high uptake 
of the tracer needs to be correlated to a difference in risk of clinical symptoms additional to 
known clinical risk factors. Hereto, prospective, well-powered follow-up studies are required. In 
addition to the chance to identify new diagnostic approaches in atherosclerosis, PET imaging 
also offers unique options to investigate new therapeutic targets. Furthermore, a specific 
tracer for macrophages, for instance, may proof valuable in other inflammatory diseases than 
atherosclerosis as well and might thus be a worthwhile investment. 

Inflammation as a marker for plaque vulnerability
Arterial wall and plaque inflammation are both part of a continuous process. A higher 
degree of systemic inflammation, whether measured with 18F-FDG uptake or blood-based 
biomarker levels, and a higher degree of inflammation localized in a single plaque, both 
correspond to a higher risk of atherosclerosis becoming symptomatic (44-46). However, 
inflammation is not a ‘yes-or-no concept’ and inflammatory changes can be found in all 
stages of atherosclerosis. Hence, even the most discriminating cut-off values will therefore 
not result in a 100% positive or negative predictive value. Inflammation in atherosclerosis 
should therefore be considered in the context of other risk factors for CVD (47). Especially, 
the impact of classic, modifiable risk factors should not be underestimated, even in patients 
who have already been symptomatic (2, 48, 49).
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Additionally, medication and lifestyle interventions can reduce arterial wall inflammation. This 
may cause uncertainty about what should be considered ‘a highly inflamed plaque’ in the 
current era of widespread risk factor management in comparison to older studies. Indeed, 
more current carotid endarterectomy specimens (2010-2011) showed less inflammation 
than those procured eight years previously (2002-2003) (50). Similarly, a smaller portion of 
culprit coronary artery plaques are classic vulnerable plaques nowadays, and the share of 
thrombotic events caused by plaque erosion appears to be increasing, while plaque rupture 
is becoming a less frequent cause (51). This change in atherosclerosis type distribution asks 
for a re-evaluation of the significance of previous (quantitative) findings of inflammation in 
the current population. 

In concurrence, it might be prudent to expand our knowledge of the processes behind 
plaque fissuring and erosion, since they have been less well studied than plaque rupture 
but are becoming more prevalent (51, 52). In addition, most of our current knowledge of 
the atherosclerotic process is based on symptomatic plaques, but different pathological 
mechanisms may underlie early and late recurrent thrombo-embolic complications, and 
these may also differ from the processes involved in initial disruption. When studying merely 
symptomatic cases, we might miss the process that underlies primary disruption, and it 
might even cause us to accidentally focus on regenerative processes. For instance, in an ex 
vivo study, inflammation was higher in ruptured plaques than those considered vulnerable 
plaques (45), and sites of plaque healing showed a higher degree of cell proliferation than 
the ones with an acute rupture (53). This might be of special interest when imaging recently 
symptomatic plaques with PET tracers related to cell activity, like 18F-FDG and 18F-choline. 
This could explain why the difference of 18F-FDG uptake between recently symptomatic and 
asymptomatic carotid arteries in a previous study was only significant when subjects were 
scanned <38 days after symptoms but not thereafter (54). 

Furthermore, clinically significant risk prediction entails the correlation to treatment options. 
Treatment of a single (previously symptomatic) plaque has been proven to reduce the risk of 
recurrent cardiovascular events (55). Still, these results need to be reproduced in patients treated 
according to current clinical practice in order to reconfirm the added value of these localized 
treatments to current systemic measures alone. Studies like the European carotid surgery trial 
2 (ECST-2), investigating the current value of carotid endarterectomy in stroke patients with a 
moderate carotid artery stenosis (50-69%), are therefore of major interest (56). Besides evaluating 
adjuvant surgical intervention versus medical treatment alone, this study will also compare clinical 
outcome depending on plaque characteristics as established with MRI, most importantly IPH. This 
is a major step in the prospect of using detailed plaque imaging in clinical practice, and if proven 
valuable in symptomatic carotid plaques, these techniques might have potential for application 
in other vascular beds and in asymptomatic patients as well. 
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CONCLUSION

In this thesis, we have used 18F-FDG to study the effects of thyroid hormone, resveratrol and 
VNS on arterial inflammation. These studies have brought attention to yet underexplored 
effects of an excess of thyroid hormone, and VNS, and may facilitate further research on the 
effective dosage and duration of resveratrol treatment in atherosclerosis.

18F-FDG has proven its value, most importantly in imaging of systemic arterial inflammation. 
However, there are also several limitations which may hamper its reliability when studying 
localized uptake or the effects of a systemic treatment which could interfere with glucose 
metabolism. Because of these limitations, we explored the usefulness of two targets 
that might be surrogate markers for plaque vulnerability; Aβ and α7 nAChRs. Regarding 
the first, we set-up a clinical study using the clinically approved tracer, 18F-flutemetamol. 
Although tracer uptake was insufficient, we cannot exclude a correlation of amyloid, or 
Aβ specifically, to plaque vulnerability and this may still be an interesting target from a 
pathophysiological perspective with potential treatment options. Regarding the second, a 
literature search revealed that α7 nAChRs may affect plaque inflammation and angiogenesis 
in atherosclerosis, which could make these receptors a promising target for PET imaging. In 
order to study the distribution of α7 nAChRs in atherosclerosis in vivo in humans, the safety 
of the current tracers needs to be established first.

Furthermore, it might also be worth re-evaluating the significance of inflammation in the 
current era of widespread risk factor management and ubiquitous use of statins. Any amount 
of, or reduction in, plaque inflammation may be smaller in current trials than that observed 
in studies conducted in the previous decades. This does not detract from the fact that both 
systemic and local inflammation increase the risk of symptomatic cardiovascular disease. 
However, it is possible that only a select subset of patients with a considerable amount 
of local or systemic inflammation may benefit from additional anti-inflammatory treatment. 
Imaging may have a role in identifying this subset of patients but its reliability and cost-
effectiveness should be compared to cheaper and widely available biomarkers like CRP 
which are currently used to this purpose (57). 

In addition, our current understanding of plaque vulnerability is mainly the result of studies on 
symptomatic ruptured plaques, but its significance seems to be decreasing, and we should 
consider shifting our focus away from plaque rupture towards plaque erosion.
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NEDERLANDSE SAMENVATTING

Aderverkalking is een langzaam progressieve aandoening waarin vetten en ontstekingscellen 
zich opstapelen in de vaatwand van de slagaders. Dit proces vindt bij iedereen plaats 
naarmate we ouder worden en gebeurt door ons hele vaatstelsel heen. Deze opstapelingen 
in de vaatwand worden plaques genoemd. De mate waarin iemand plaques ontwikkelt, 
verschilt van persoon tot persoon en verschilt zelfs tussen verschillende slagaders in dezelfde 
persoon. Sommige van deze plaques zullen beschadigd raken of scheuren, waardoor de 
vetten en ontstekingscellen uit de plaque in aanraking komen met het bloed. Hierdoor kan 
er een bloedprop ontstaan. Als deze bloedprop het bloedvat afsluit, krijgt het achterliggende 
weefsel geen bloed en zuurstof meer waardoor het in het slechtste geval afsterft. Wanneer 
dit in het hart gebeurt, leidt dit tot een hartinfarct en wanneer dit in de hersenen gebeurt, 
leidt dit tot een herseninfarct. Aderverkalking is daarom een belangrijke oorzaak voor hart- 
en vaatziekten en daarmee van lichamelijke beperkingen en sterfte. 

Plaques met een hoger risico om te scheuren en daarmee klachten te veroorzaken als een 
hart- of herseninfarct, worden ‘kwetsbare plaques’ genoemd. Uit eerder onderzoek blijkt dat 
het aandeel ontstekingscellen in een plaque bijdraagt aan een hoger risico op klachten. Ook 
wanneer er geen lokale opstapeling van ontstekingscellen is in een enkele plaque, maar 
een meer diffuse ontsteking in de vaten, verhoogt dit de kans op het ontstaan van klachten. 
De mate van ontsteking in een plaque, maar ook van het vaatstelsel in zijn geheel zijn dus 
beiden geassocieerd met de kans op het krijgen van hart- en vaatziekten. Als we weten wie 
er diffuse ontsteking van de vaatwand heeft of waar een enkele fors ontstoken plaque zich 
bevindt, zouden we mogelijk in de toekomst deze ontsteking kunnen behandelen voordat 
iemand een hart- of herseninfarct krijgt.

Voor dit doeleinde zijn er verschillende methodes ontwikkeld om ontsteking in de vaatwand 
af te beelden. Tot op heden wordt dit het meest gedaan met een radioactief gelabelde stof – 
een tracer – die op de suiker ‘glucose’ lijkt. Deze tracer heet 18F-fluoroxydeglucose (18F-FDG). 
Met een positron emissie tomografie (PET) scan kan gemeten worden waar de radioactieve 
suiker is opgenomen. Actieve cellen nemen doorgaans meer suiker op dan cellen in rust. 
Een vaatwand met actieve ontstekingscellen neemt daarom meer suiker op – en dus ook 
meer 18F-FDG – dan een vaatwand zonder ontsteking. 

In deel 1 van dit proefschrift hebben we met behulp van 18F-FDG PET onderzoek gedaan 
naar diffuse ontsteking van de vaatwand en de effecten van een disbalans in het 
schildklierhormoon (hoofdstuk 2), het voedingssupplement ‘resveratrol’ (hoofdstuk 3) en 
van het aan- en uitzetten van nervus vagusstimulatie (VNS; hoofdstuk 4). Het verband tussen 
deze drie interventies en suikeropname zal ik hieronder toelichten.
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Het is bekend dat een verlaagd schildklierhormoon de risicofactoren voor hart- en 
vaatziekten verergert, zoals een hoge bloeddruk en een verhoogd cholesterol. De studie in 
hoofdstuk 2 laat zien dat er ten tijde van een verlaagd schildklierhormoon ook meer opname 
van 18F-FDG is in de vaatwand ten opzichte van mensen met een normale hoeveelheid 
schildklierhormoon. Er bleek echter sprake van een nog hogere opname van 18F-FDG in 
de vaatwand als het schildklierhormoon verhoogd was. Dit zou betekenen dat er zelfs 
nog meer ontstekingsactiviteit is wanneer het schildklierhormoon te hoog is dan wanneer 
het te laag is. Dit werd bevestigd doordat het C-reactive protein (CRP), een bloedwaarde 
voor diffuse ontsteking, eveneens hoger was wanneer het schildklierhormoon verhoogd 
was. Dat ook een verhoogd schildklierhormoon leidt tot meer ontsteking in de vaatwand 
was eerder niet bekend en heeft consequenties voor de behandeling van verscheidene 
schildklieraandoeningen.

Hoofdstuk 3 omschrijft een studie waarin we de mate van ontsteking in de vaten van 
proefpersonen hebben vergeleken na het gebruik van resveratrol en na het gebruik van een 
placebo. Resveratrol komt van nature voor in voedingsproducten als pinda’s, druiven en rode 
wijn. In dierstudies leidt het gebruik van resveratrol tot een afname van ontstekingscellen in 
plaques. In tegenstelling tot deze dierstudies vonden we echter geen effect van resveratrol 
op de opname van 18F-FDG in de vaatwand. Dit zou kunnen betekenen dat resveratrol niet 
hetzelfde effect heeft bij mensen. Eerdere studies in mensen lieten ook minder of geen effect 
zien op andere eindpunten, zoals hoge bloeddruk of CRP. Een belangrijk discussiepunt blijft 
echter of dit betekent dat resveratrol helemaal geen positieve effecten heeft in mensen of 
dat we de juiste dosis en timing nog niet hebben gevonden. Hiervoor is meer onderzoek 
nodig.

Een andere behandeling die mogelijk ontsteking zou remmen is vaguszenuwstimulatie 
(VNS). Hierbij wordt er een apparaatje bij patiënten ingebracht dat de vaguszenuw stimuleert 
met behulp van elektriciteit. Deze zenuw staat enerzijds in contact met de hersenen en 
anderzijds met de organen. Door de verbinding met de hersenen kan VNS de klachten van 
depressie of het voorkomen van epilepsieaanvallen verminderden. In hoofdstuk 4 hebben 
we onderzocht of het aan- en uitzetten van de VNS in epilepsiepatiënten effect heeft op de 
mate van ontsteking in de vaatwand gemeten met 18F-FDG PET. Er werd geen significant 
effect gezien op de opname van 18F-FDG in de vaatwand. Mogelijk dat de interventie – 
het uitzetten van de VNS voor 3,5 uur – hier te kort voor is geweest. De hoeveelheid 
18F-FDG in het bloed was echter wel significant veranderd. Dit bleek samen te hangen met 
een verandering in de insulinespiegel in het bloed. Insuline is verantwoordelijk voor de 
opname van glucose en betrokken bij suikerziekte. Dit effect op de insulinespiegel is daarom 
interessant om verder te onderzoeken in het kader van suikerziekte, en kan mogelijk een 
potentieel gevaarlijke bijwerking zijn van VNS. 
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In de bovengenoemde hoofdstukken hebben we gekeken naar diffuse ontsteking van 
de vaatwand met behulp van 18F-FDG PET. Zoals ook op te maken is uit de bevindingen 
van hoofdstuk 4, heeft 18F-FDG echter één groot nadeel; het is niet heel specifiek voor 
ontsteking, maar het geeft de opname van suiker weer. Dit is met name een nadeel, wanneer 
je naar ontsteking in een vaatwand wilt kijken, die vlakbij een actief weefsel ligt dat veel 
suiker gebruikt, zoals bijvoorbeeld de hartspier. Idealiter zou je daarom een tracer gebruiken, 
die alleen specifiek opgenomen wordt in ontstoken of anderszins kwetsbare plaques. Deel 2 
van dit proefschrift is daarom gewijd aan het vinden van een dergelijke tracer.

We hebben hiervoor gekeken naar twee structuren die aanwezig lijken in aderverkalking 
en die mogelijk geassocieerd zijn met kwetsbare plaques; bèta-amyloïd (Aβ) en de alfa 
7 nicotinerge acetylcholine receptor (α7 nAChR). Beide zijn betrokken bij hersenziekten, 
zoals Alzheimer dementie. Om deze reden is er al veel onderzoek gedaan naar tracers voor 
deze twee structuren. Deze tracers zouden ook gebruikt kunnen worden om amyloïd en 
de α7 nAChR in de vaatwand aan te tonen. Wanneer er een duidelijke relatie is tussen de 
aanwezigheid en/of hoeveelheid van deze structuren met het risico op hart- en vaatziekten, 
zou een dergelijke scan kunnen helpen om het risico van een bepaalde patiënt of plaque 
te voorspellen.

Amyloïd is een verzamelnaam voor eiwitfragmenten, die de neiging hebben zich zo te 
vouwen dat ze niet langer oplosbaar zijn en daardoor neerslaan in verschillende organen. 
Aβ slaat bijvoorbeeld neer in de hersenen van patiënten met Alzheimer dementie. Vanwege 
het belang van Aβ in deze ziekte zijn er meerdere PET tracers ontwikkeld om amyloïd in het 
algemeen, en Aβ in het bijzonder, af te beelden. Hoofdstuk 5 omschrijft een literatuurstudie 
naar de aanwezigheid van amyloïd in het algemeen, en Aβ in het bijzonder, in aderverkalking 
en de mogelijkheid dit af te beelden met PET-tracers. 

Eén van de eerder ontwikkelde amyloïd-tracers is 18F-flutemetamol. Deze tracer hebben 
we in de studie van hoofdstuk 6 gebruikt om amyloïd aan te tonen in aderverkalking in de 
halsslagader die waarschijnlijk de oorzaak was van een recente transient ischemic attack 
(TIA) of beroerte. Dit bleek helaas niet mogelijk. Een aantal van deze plaques konden we 
onder de microscoop bekijken, omdat een deel van de patiënten een dusdanig grote plaque 
had dat ze in aanmerking kwamen voor een operatie hieraan. Bij onderzoek van plaques 
onder de microscoop bleek er maar weinig (β-)amyloïd aanwezig te zijn, wat vermoedelijk 
te weinig was om af te beelden met 18F-flutemetamol PET. Daarnaast is het nog onduidelijk 
wat de precieze rol is van (β-)amyloïd in aderverkalking. Verder onderzoek in menselijke 
plaques of dieren zal hier meer duidelijkheid in kunnen geven.
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In hoofdstuk 7 hebben we onderzocht wat er al bekend is over de rol van de α7 nAChR in 
aderverkalking. Er zijn enerzijds studies die wijzen naar een rol in ontstekingscellen, maar 
ook studies die aanknopingspunten vinden voor een rol in het aanmaken van microvaatjes. 
Beiden zijn kenmerken van kwetsbare aderverkalking. Beeldvorming van de α7 nAChR kan 
helpen te begrijpen hoe deze receptor bijdraagt aan de ontwikkeling van plaques. Er zijn 
verschillende tracers ontwikkeld om deze receptor te kunnen afbeelden in de hersenen. 
In de afgelopen jaren zijn de eerste studies in mensen verricht. Wij verwachten dat dit zal 
leiden tot een geschikte tracer voor het gebruik in aderverkalking in mensen.

Samenvattend hebben we in dit proefschrift gekeken naar het afbeelden van ontsteking in 
de vaatwand met behulp van PET op twee verschillende manieren en met twee verschillende 
doelen. Enerzijds hebben we met 18F-FDG PET gekeken naar diffuse ontsteking in de vaten 
om de effecten van verschillende interventies hierop te onderzoeken (deel 1). Aan de 
andere kant zijn we op zoek gegaan naar nieuwe targets om specifieker naar ontsteking 
en kwetsbare plaques te kijken dan middels de op glucose lijkende tracer 18F-FDG PET die 
op dit moment gebruikt wordt (deel 2). Een dergelijke tracer zou kunnen helpen bij het 
identificeren van kwetsbare plaques en het voorkomen van ernstige gevolgen door tijdige 
behandeling.
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IMPACT PARAGRAPH

Inflammation plays an important role in the origin and progression of atherosclerosis. 
Systemic inflammation and inflammation localized in a single plaque are both associated with 
an increased risk of rupture of an atherosclerotic plaque. Subsequent blood clot formation 
at the rupture site can result in a myocardial infarction or an ischemic stroke. As such, 
arterial inflammation is a major contributor to cardiovascular disease, which still remains 
the main cause of death worldwide. Dedicated imaging of inflammation may facilitate 
detection of patients before the onset of clinical symptoms, which might give opportunity 
for preventive intervention. In addition, imaging could serve as non-invasive follow-up as 
well and can provide deeper insight into the pathophysiology which might open doors for 
the development of new treatment options. 

The aim of this thesis was twofold. In the first part, we used the current method, 
18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET), to image inflammation 
to study the effects of three different interventions (chapter 2-4). In the second part, we 
shifted our focus towards improving the current imaging techniques by exploring new 
molecular imaging targets and their tracers (chapter 5-7).

The findings of this thesis are of interest to each and every one since all of us will develop 
atherosclerosis at some point in our lives. However, not everyone will suffer from clinical 
symptoms of cardiovascular disease. Trying to reduce a risk in subjects that have not 
developed any symptoms yet, is called primary prevention. In addition to general lifestyle 
changes, such as dietary interventions and exercise, additional risk reduction can be 
accomplished with medication or invasive treatment. However, such medical and surgical 
treatments may not be ideal since subjects have no complaints (yet) and might only 
experience side-effects or complications of the treatment itself. A food supplement like 
‘resveratrol’ may therefore be a more appealing approach. Although we were not able to 
demonstrate a reduction in vascular inflammation in male subjects at risk of diabetes in our 
explorative trial, it is still possible that another patient group, dosage or timing will have a 
positive effect. 

In addition, our findings also apply to specific patient groups. For instance, hyperthyroidism, 
the presence of high thyroid hormone levels, increases arterial inflammation. This finding 
is relevant for the numerous patients with thyroid disease and their doctors. Treating 
physicians should take the negative effects of thyroid hormone on cardiovascular disease 
into account when treating these patients and aim to restore the thyroid hormone balance 
when possible. Furthermore, our findings endorse the current trend towards a more lenient 
thyroid stimulating hormone (TSH) suppression strategy in thyroid carcinoma patients. 



Chapter 10

206

Another specific subgroup possibly affected by our findings consists of patients treated with 
vagal nerve stimulation (VNS). Although we were unable to find an effect of VNS on vascular 
inflammation, we did find insulin levels to be affected. This is a previously unknown (side-)
effect of this treatment and hence, deserves further attention. Moreover, this effect might 
be relevant in the treatment of other diseases, like diabetes, and more extensive research 
is therefore indicated.

The findings from the second part of this thesis are relevant to researchers interested in 
the mechanisms that drive atherosclerosis. The studies offer insights into the specific role 
of (beta-)amyloid (Aβ) and the function of the alpha 7 nicotinic acetylcholine receptor (α7 
nAChR) in atherosclerosis. The overview of our current understanding of this role might 
inspire others to investigate the exact function of this peptide and this receptor outside the 
brain. Previous studies have identified multiple specific ligands for these receptors, which 
provide both possible imaging and treatment options. Our research did not result in a clear-
cut imaging technique ready for clinical routine in cardiovascular disease management. 
Nevertheless, our experience with in vivo multimodality imaging with a new tracer might 
serve as a stepping stone for others to bring imaging of inflammation in atherosclerosis to the 
next level. In order to reach as many interested colleagues as possible, all research chapters 
in this thesis have been submitted as scientific articles to peer-reviewed medical journals. 
In addition, the major findings have been presented at local and international conferences.
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de leescommissie bedanken voor het kritisch lezen en beoordelen van mijn proefschrift.
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van de PET/MRI, het FAB en RNL gekund. Tot slot wil ik het secretariaat van de afdeling 
beeldvorming en CARIM bedanken voor hun onmisbare ondersteuning!

The result of a career choice test I took in 2019 confirmed that my motives for work are 
“team”, “dialogue” and “fun”. Loosely translated: “I like to chat at the coffee machine with 
people with diverse backgrounds”. And luckily, I found those at UNS 50. So, “thank you” 
to all my colleagues for all the good times, but also for your insight and sympathetic ear 
when I needed it. 
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JUST AROUND THE RIVER BEND
What I love most about rivers is

You can’t step in the same river twice
The water’s always changing, always flowing

 
But people, I guess, can’t live like that

We all must pay a price
To be safe, we lose our chance of ever knowing

 
What’s around the river bend

Waiting just around the river bend

From Pocahontas (© Disney 1995)

OM DE KROMMING VAN DE STROOM
Het maakt rivieren zo wondermooi

Je stapt nooit in dezelfde rivier
Het water blijft veranderen, blijft stromen

 
De mens zoekt liever de veiligheid

Betaalt de prijs, blijft hier
Maar wat zou een mens nog tegen kunnen komen

 
Om de kromming van de stroom

Kijk eens, om de kromming van de stroom
 

Uit Pocahontas (© Disney 1995)
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