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GENERAL INTRODUCTION

Diabetes a health-care burden worldwide
Diabetes has become a worldwide public health problem that affects more than 400 

million people.  Overall, the global prevalence of diabetes in the adult population has 

nearly doubled, from 4.7% in 1980 to 8.5% in 2014, and this rate continues to increase.1 

This is a result of increasing obesity and physical inactivity, aging, population growth, and 

urbanization. As the prevalence of diabetes is increasing worldwide, it is no longer a disease 

of the wealthy. Consequently, the United Nations have decided that diabetes is one of the 

four priority non-communicable diseases (NCDs) to be targeted for action.2 Diabetes and 

the other priority NCDs (cancer, chronic lung diseases and cardiovascular disease (CVD)) are 

responsible for almost 70% of all deaths worldwide. The goal is to decrease the mortality 

rates of these four priority NCDs by 25% by 2025.

  In the Netherlands the number of people currently diagnosed with diabetes is estimated 

to be 1.1 million.3 Taking into account the number of people living with undiagnosed 

diabetes, the number of people living with diabetes is 1.2 million. This represents 1 in 14 

people having diabetes in the Netherlands. Moreover, it was recently calculated that, in 

the Netherlands, for a non-diabetic individual aged 45 years and older the lifetime risk of 

developing diabetes is one in three.4 

Diabetes clinical presentation and risk factors
Diabetes mellitus is a chronic metabolic disease marked by high levels of glucose in the blood 

(hyperglycemia). Hyperglycemia occurs when the pancreas does not secrete enough insulin, 

or when the body is resistant to insulin activity. Insulin is the major regulator of glucose 

metabolism, by stimulating the uptake of glucose by muscles and organs and maintaining 

glucose production from the liver. When a patient becomes insulin resistant, the insulin 

binding to its receptor on the surface of a cell is normal but the insulin signaling within 

the cell is abnormal.5 Insulin resistance is often seen in cells in the liver, skeletal muscle, 

adipose tissue and endothelium. To overcome insulin resistance, the secretion of insulin is 

increased; this is known as compensatory hyperinsulinemia. Diabetes develops when the 

compensatory hyperinsulinemia is unable to maintain normal glucose levels.6 The chronic 

hyperglycemic state leads, over time, to late complications including tissue damage, organ 

dysfunction and ultimately organ failure. The eyes, kidneys, nerves, heart and blood vessels 

are particularly affected by the hyperglycemic state. As a result of the organ complications 

the risk of premature mortality increases.1,6

  Diabetes is usually classified into two types, based on etiologic differences.6 Type 1 

diabetes (5-10% of those with diabetes) is the result of an autoimmune destruction of the 

β-cells of the pancreas, leading to absolute insulin deficiency. Clinical presentation often 

includes symptoms of polyuria, polydipsia, and unexplained weight loss.6 
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Type 2 diabetes (90-95% of those with diabetes) is the result of a relative lack of insulin 

(β-cell dysfunction), insulin resistance, or both. The risk factors for the development of type 

2 diabetes are multifactorial. Ethnicity, family history of diabetes, increasing age, overweight 

and obesity, abdominal obesity, diet and physical inactivity are all contributing factors.1,6-8 

For example, the risk of type 2 diabetes occurs at a lower BMI in Asian populations than in 

Europeans.9 The clinical presentation of type 2 diabetes may be similar to that of type 1 

diabetes, but is often asymptomatic.6 Because hyperglycemia develops progressively, the 

early stage is often not severe enough to lead to overt symptoms. Consequently, type 2 

diabetes is often undiagnosed for several years.10,11

  According to the American Diabetes Association, the criteria for the diagnosis of 

diabetes criteria are fasting plasma glucose ≥7.0 mmol/l (≥126 mg/dL), and/or a random 

plasma glucose ≥11.1 mmol/l (200 mg/dL), and/or a glycated haemoglobin (HbA1c) ≥6.5% 

(≥48 mmol/l).12 A fasting plasma glucose of 5.6 to 7.0 mmol/l (100 to 125 mg/dL), and/or a 

random plasma glucose of 7.8 to 11.0 mmol/l (140 to 199 mg/dL), and/or a HbA1c of 5.7% 

(≥48mmol/l ) to 6.4% (≥48mmol/l ) are defined as prediabetes. People with prediabetes 

should be tested yearly for diabetes.12

Cardiovascular risk factors in diabetes 
Compared with non-diabetic people, people with type 2 diabetes are disproportionately 

affected by CVD, such as myocardial infarction and stroke.13 Hence, the presence of diabetes 

is a major risk factor for CVD and premature mortality. Moreover, people with prediabetes 

are already at an increased risk of CVD.14-16 However, the pathogenesis of CVD in type 2 

diabetes is complex. 

  One risk factor, often mentioned as a possible explanation for the increased cardio-

vascular (CV) risk in diabetes, is the chronic hyperglycemic state. As hyperglycemia is mostly 

asymptomatic, it can remain undiagnosed and consequently untreated for several years. 

During hyperglycemia, proteins or lipids become glycated after exposure to sugars, and 

advanced glycation end products (AGEs) are formed. Also monocyte adhesion to arterial 

endothelial cells is enhanced.11,17 Both processes promote the development of atherosclerosis 

and ultimately CVD.17,18 However, in type 2 diabetes, compared with type 1 diabetes, 

hyperglycemia itself is not a very strong risk factor for CVD. For instance, an increment of 1 

unit (%) of HbA1c increased CV mortality by 52.5% in people with type 1 diabetes, and only 

by 7.5% in people with type 2 diabetes, although the overall mortality rate was similar.19 

Furthermore, CV benefits of intensive glucose-lowering therapy in type 2 diabetes have not 

been unequivocally demonstrated in clinical trials.20-22 In addition, it has been suggested 

that not hyperglycemia but the related insulin resistance is a more important risk factor 

for CVD.10,11 Insulin resistance and the accompanying hyperinsulinemia are both linked to 

an increased CV risk.8,23,24 In addition, insulin resistance is associated with prothrombotic, 

proinflammatory and atherogenic abnormalities such as impaired endothelial function, 
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subclinical inflammation, changes in adipokines, dyslipidemia, increased levels of free fatty 

acids, and changes in mediators of thrombosis and fibrinolysis.8,23,25 For example, people with 

insulin resistance already display endothelial dysfunction and inelastic arteries, indicating 

vascular dysfunction.26 Type 2 diabetes further enhances this vascular dysfunction, resulting 

in a more stiffened artery and a higher risk of CVD.27

 Furthermore, insulin resistance increases due to other CV risk factors, including obesity, 

abdominal obesity, elevated blood pressure, elevated total triglycerides, and low HDL 

cholesterol. For example, abdominal obesity itself causes some degree of insulin resistance 

by changing the secretion of adipokines (cytokines secreted by adipose tissue) like leptin 

and adiponectin.28 Moreover, insulin resistance is triggered by an excess accumulation of 

intracellular triglycerides. Hence, it is not clear whether insulin resistance is a causal factor 

or simply a marker for the increased CV risk. 

  The well-known classic risk factors for CVD, such as hypertension, dyslipidemia and 

cigarette smoking, are significant risk factors of CV mortality in people, both with or without 

diabetes. However, the absolute risk of CV mortality related to every kind or risk factor is at 

least twice as great in people with diabetes as in people without diabetes.29 Therefore, the 

increased CV risk in diabetes cannot be attributed mainly to these classic risk factors.10,11 

Other well-known CVD risk factors include obesity, abdominal obesity and physical 

inactivity, although not every obese person is at high risk of CVD and diabetes.30,31 However, 

abdominal obesity, in particular an excess of intra-abdominal cq visceral adipose tissue, is 

undoubtedly associated with CVD risk.32,33 Nowadays, visceral adipose tissue is recognized 

not only as a storage of lipids but also as an endocrine organ with adipocytes secreting 

bioactive factors and pro-inflammatory cytokines commonly known as adipokines. 

Adipokines promote endothelial dysfunction, insulin resistance, hypercoagulability, and 

ultimately atherosclerosis.33-35 

  Overall, type 2 diabetes is considered to be a low-grade chronic inflammatory disease.36-38 

Moreover, insulin resistance, which is common in type 2 diabetes, is also linked to chronic 

inflammation.39 Atherosclerosis is, like diabetes and insulin resistance, recognized as a 

chronic inflammatory disease.40,41 Therefore, inflammation may be an antecedent of both 

type 2 diabetes and premature atherosclerosis.

DPP-4 a new link between type 2 diabetes and cardiovascular risk?
Although inflammation may precede both type 2 diabetes and premature atherosclerosis, 

the exact interplay between the immune system, the pathophysiology of type 2 diabetes, 

and CVD is not yet fully understood. Recent data suggest a pathophysiological link between 

the enzyme dipeptidyl peptidase 4 (DPP-4), endothelial dysfunction and low-grade chronic 

inflammation, all of which are directly linked to the pathogenesis and clinical manifestations 

of type 2 diabetes and atherosclerosis. 
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 DPP-4 (also known as CD26) is an enzyme which can be in soluble form in plasma or 

incorporated into the plasma membrane of many cell types,42 including endothelial cells.43 

In addition, the main endogenous source of DPP-4 is probably the endothelial cell.44 The 

release of DPP-4 from the membrane can be enhanced by stimuli like insulin resistance and 

chronic low-grade inflammation.45-47 DPP-4 activity is increased during hyperglycemia.48 In 

people with drug-naïve type 2 diabetes, compared with healthy controls, DPP-4 activity is 

significantly increased, and it decreases after active glucose control.45 Furthermore, it was 

found that DPP-4 activity independently predicted the risk of developing prediabetes and 

type 2 diabetes in normoglycemic people after 4 years of follow-up.49 DPP-4 rapidly degrades 

incretins such as glucagon-like peptide 1 (GLP-1), which controls glucose dependent insulin 

secretion. GLP-1 has several additional extra-glycemic effects, which have been associated 

with favorable CV effects. However, DPP-4 has several additional effects beyond GLP-1 

degradation.50 

  DPP-4 is widely distributed in tissues such as the kidney, intestines, adipose tissue, 

endothelial cells and bone marrow derived cells.51,52 DPP-4 has been shown to cleave 

multiple substrates, many of which influence the CV system.51,52 One example substrate is the 

chemokine stromal cell-derived factor- 1α (SDF-1α), which is responsible for the recruitment 

of endothelial progenitor cells (EPCs).52 EPCs are known to play a role in vascular repair.53,54 

Moreover, DPP-4 is expressed on blood T cells, when activated cytokines like IL-2, Il-10, IL-12 

and IFN-y are released.45,46,51,55 Therefore, DPP-4 appears to regulate several physiological 

pathways, and not only affecting insulin secretion but also inflammation, immunity, and 

vascular function.46 Considering the higher DPP-4 activity level in people with diabetes as 

compared to non-diabetics, it can therefore be assumed that DPP-4 constitutes a new link 

between type 2 diabetes and CV risk.

  In order to reduce glycemic levels by prolonging the half-life of incretins, DPP-4 

inhibitors (commonly referred to as gliptins) have been developed for the treatment of type 

2 diabetes. Moreover, DPP-4 inhibition has several other effects on physiological pathways, 

which may reduce the CV risk, as shown in Figure 1.

Treatment of diabetes 
The treatment modalities for type 2 diabetes are numerous. Not all risk factors for type 

2 diabetes are modifiable, such as ethnicity and age; however, others like obesity are. 

Therefore, the keys to treatment and prevention of type 2 diabetes are diet and lifestyle 

changes.1,6,10,11 For instance, insulin resistance may improve with weight reduction and 

increased physical activity. However, if hyperglycemia is not satisfactorily controlled by 

diet and lifestyle changes, drugs may be needed. To monitor the treatment of diabetes the 

measurement of HbA1c is the method of choice. HbA1c reflects average glycemia over several 

months and is related to the risk of diabetes complications.56 The glycemic target for adults 

with diabetes is a HbA1c of <7.0% (53 mmol/mol).
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Although this target can be individualized based on the effect and safety of the treatment, 

in which case the target may be more or less stringent.12 For example, severe hypoglycemia, 

which can be a complication of aggressive glycemic control, is a serious side effect that 

should be prevented, particularly in the frail elderly. Therefore, setting higher HbA1c 

control targets is sometimes necessary. This is in contrast to cases of newly diagnosed 

young adults without important comorbidities, for whom more stringent HbA1c control 

targets are determined as optimal.57 Moreover, the United Kingdom Prospective Diabetes 

Study (UKPDS), that included about 5000 recently diagnosed people with type 2 diabetes, 

compared intensive glycemic treatment with conventional treatment. The UKPDS showed a 

long-lasting CV benefit of intensive glycemic control, even after intensive glycemic control 

had relented.58 This benefit, long after treatment given in an early phase of a disease, is 

described as the “legacy effect”. Therefore, achieving glycemic control as soon as possible, 

particularly early in the disease, may account for long-term beneficial CV effects. 

  Currently there are several types of drugs that work in different ways to lower blood 

glucose levels. Ideally, since people with type 2 diabetes suffer from an increased risk of 

CVD, drugs to treat diabetes should, beyond their glycemic effects, also offer CV protection. 

Metformin is recommended in the guidelines as the first line drug of choice because it has 

beneficial effects on insulin resistance. Furthermore, metformin monotherapy has a low risk 

on hypoglycemia, neutral effect on weight, and low costs. If the HbA1c target is not achieved 

after the start of metformin, the start of another antihyperglycemic drug along with 

metformin is recommended. Other treatment options commonly used with metformin are: 

a sulfonylurea, thiazolidinedione, DPP-4 inhibitor, SGLT2 inhibitor, GLP-1 receptor agonist 

and insulin.57 Compared with the effects of other active-comparator drugs, metformin’s 

beneficial effects on CV events are not unconditional.59 Although metformin is associated 

with a reduction of CV events when compared with placebo or no treatment, the residual 

CV risk is still high.10,11,59 Therefore, other anti-diabetic drugs than metformin should be 

investigated for their greater ability to reduce CV risk. For instance, DPP-4 inhibitors, which 

are a relatively new class of oral anti-diabetic drugs, may have favorable CV effects, as shown 

in Figure 2.51,60 Experimental studies have shown that DPP-4 inhibitors reduce atherosclerotic 

plaque area and macrophage accumulation.51 This is in line with the suggestion that DPP-

4 forms a link between diabetes and CVD. Furthermore, DPP-4 inhibitors are effective in 

reducing HbA1c without inducing hypoglycemia.51 The CV safety (non-inferiority) of DPP-4 

inhibitors (i.e. alogliptin, saxagliptin, sitagliptin) has been demonstrated in three published 

CV outcome trials (EXAMINE61, SAVOR62, TECOS63), although these trials were unable to 

demonstrate a clear CV benefit. However, these trials were designed to demonstrate CV 

safety, and DPP-4 inhibitors were added to usual care in people with established CVD. 

Nevertheless, randomized controlled trials that investigate the effect of DPP-4 inhibitors on 

favorable CV effects, like reducing atherosclerotic plaque areas, are lacking. 
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Finally, it may be clear that the increased CV risk in diabetes is the result of the interaction 

of various risk factors, of which hyperglycemia is only one. Therefore, glycemic control is 

not the only treatment target for type 2 diabetes. Treatment of other CV risk factors like 

hypertension and dyslipidemia, lifestyle advice to stop cigarette smoking and to increase 

physical activity and achieve a healthy weight, are treatment targets at least as important 

as hyperglycemia. 

Figure 2 | Effects of DPP-4 inhibitors on cardiovascular risk factors in people with type 2 diabetes. 

Adapted with permission from Scheen AJ. Cardiovascular effects of gliptins. Nat Rev Cardiol. 2013;10:73-84.51

Imaging of cardiovascular risk 
The most common underlying process behind CVD is atherosclerosis. Atherosclerosis is 

a process that develops when plaques appear in the arterial wall, narrowing the arteries. 

Rupture of a plaque can cause a myocardial infarction or stroke.64 A plaque prone to rupture 

is defined as high-risk, or also described as a vulnerable plaque.65 Several pathological 

processes such as endothelial dysfunction, inflammation, lipid accumulation, angiogenesis, 

thrombosis, and calcification are involved in the vulnerable plaque, and may also serve as 

markers to predict CVD.66 With conventional morphologic imaging such as B-mode duplex 

ultrasound and computed tomography (CT) angiography, it is possible to identify stenotic 

atherosclerotic lesions, but this imaging does not provide any information about underlying 

vulnerable plaque processes, like arterial inflammation. Nowadays the identification of 

the vulnerable plaque, with novel imaging modality options, is a hot topic. For example, 

positron emission tomography (PET) using 18F-fluorodeoxyglucose (18F-FDG) is a widely 

used modality for tumor imaging, but is also being used to assess atherosclerosis, and in 

particular inflammation. In addition, high carotid 18F-FDG uptake, as a surrogate of arterial 
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inflammation, predicts CVD independent of traditional risk factors in asymptomatic 

people.67 Furthermore, 18F-sodium fluoride (18F-NaF), commonly known as a bone tracer, is a 

promising marker to assess active, early phase microcalcification. 18F-NaF binds to areas of 

microcalcification within an (even non-visibly calcified) atherosclerotic plaque.68 In addition, 

a clinical study showed that ruptured high-risk coronary plaques have significantly higher 
18F-NaF uptake than do low-risk coronary plaques.69

  Another possibility for imaging of CV risk is quantitative assessment of abdominal 

adipose tissue by means of Magnetic Resonance Imaging and CT.70 Visceral abdominal 

adipose tissue (VAT) is a major contributor to CV risk.34,71 It is likely that not only the VAT 

mass but also the metabolic state of VAT, i.e. overproduction of adipokines, is related to CV 

risk.72,73 Consequently, there is a need for a simple but accurate reproducible tool to analyze 

abdominal adipose tissue using a 18F-FDG-PET/CT scan. 

  Finally, other innovative techniques besides imaging modalities may be useful for 

assessing the CV risk in people with diabetes. An example is applanation tonometry, which 

can be non-invasively used to assess aortic pulse wave velocity (PWV). PWV is a marker of 

arterial stiffness and a powerful predictor of CV outcomes in the general population and 

also in patients with diabetes.27,74,75 

AIMS AND OUTLINE OF THE THESIS 

People with type 2 diabetes are at increased risk of CVD because of the interaction of various 

risk factors. Clearly, hyperglycemia is only one part of the picture for increased CV risk. 

Moreover, glycemic control is not the only treatment target of type 2 diabetes; managing 

the CV risk is also an essential target. Obviously, drugs to treat diabetes should, beyond their 

glycemic effects, also offer CV protection. To evaluate treatment effects beyond only the 

glycemic effects, there is a considerable need for CV risk markers that may serve as a readout 

for therapeutic approaches. For the detection of atherosclerosis the well-known CVD risk 

factors provide less specific information than do novel imaging modalities and innovative 

techniques. Therefore, assessment of atherosclerosis and CV risk by using imaging modalities 

and innovative techniques may reveal CV risk markers and provide a readout for therapeutic 

approaches. Moreover, imaging may uncover the mechanisms whereby diabetes increases 

CV risk. 

 The aim of the work presented in this thesis is twofold. Part I focuses on different aspects 

of CV risk imaging. Chapter 2, as part of the introduction, gives an overview of imaging 

modalities and different imaging agents to identify pathophysiological processes occurring 

within the high-risk plaque. Chapter 3 provides more insight into 18F-NaF as a marker of 

microcalcifications in the atherosclerotic plaque. Chapter 4 presents an evaluation of 
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the reproducibility and repeatability of a semi-automated method for assessment of the 

metabolic activity represented as 18F-FDG uptake of, especially, VAT on 18F-FDG PET/CT scans. 

 Part II of the thesis deals with the relationship between different CV markers assessed 

by means of imaging modalities and innovative techniques, markers representing different 

stages of atherosclerosis in people with early type 2 diabetes. Chapter 5 discusses the 

relationship between PWV as a measure of arterial stiffness and arterial  18F-FDG uptake 

as a measure of arterial inflammation in people with early type 2 diabetes. Furthermore, 

part II shows the results of a randomized controlled trial with the DPP-4 inhibitor linagliptin 

in early type 2 diabetes, investigating treatment effects beyond their glycemic effects. 

Chapter 6 describes the treatment effects of linagliptin on PWV as a surrogate marker 

of arterial stiffness and early atherosclerosis. Chapter 7 presents the treatment effects of 

linagliptin on arterial 18F-FDG uptake as a measure of arterial inflammation. The final chapter, 

Chapter 8, summarizes the results of this thesis and discusses future perspectives. 
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SUMMARY 

 • Various imaging modalities such as nuclear molecular imaging, including PET and SPECT, 

and Bio-optical imaging can be used to identify the high-risk carotid plaque but need to 

be further validated and developed.

 • Of all imaging agents, 18F-FDG is currently the most validated and clinical potential 

imaging agent to identify the high-risk plaque. In addition to 18F-FDG, 18F-NaF is also a 

promising imaging agent.

 • Imaging agents to visualise and quantify proteolytic enzymes especially matrix metallo-

proteinases-9, can be of great potential to identify the high-risk plaque but validation of 

imaging agents in humans is complicated and needs to be further developed. 

 • There is a clear need for large population-based studies for more accurate plaque 

assessment as a good selection policy for intervention is important.
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INTRODUCTION

The development of an atherosclerotic plaque is a complex and dynamic process 

involving various pathological events such as endothelial cell dysfunction, inflammation, 

proteolysis, apoptosis, lipid accumulation, angiogenesis, thrombosis, and calcification.1 A 

high-risk  plaque is usually characterised by a thin vulnerable fibrous cap. If the fibrous cap 

degenerates, the plaque ruptures and dispels its thrombogenic lipid core into the vessel 

lumen, potentially leading to an acute vascular event. Several endothelial, inflammatory, and 

smooth muscle cells have the ability to excrete proteases such as matrix-metalloproteinases 

(MMPs) and cathepsin cysteine proteases (CCPs). These proteases degenerate extracellular 

matrix and collagen inside the fibrous cap resulting in a lesion more prone to rupture.2,3 

  The identification of plaques in patients who are at high-risk for an acute vascular event 

potentially allows early preventative interventions. It has become clear that the pathological 

property of an atherosclerotic plaque, rather than its size or the degree of stenosis, is 

important to identify a high-risk plaque.1 Conventional anatomic imaging modalities, such 

as duplex ultrasound imaging, identify stenotic plaques and allow assessment of the degree 

of stenosis, but they do not provide any information on its pathological state. To allow better 

clinical risk stratification and to identify a high-risk plaque, there is a clear need for advanced 

imaging techniques. With targeted, specialised imaging, molecular pathophysiological 

processes can be visualised and as a consequence, the number of irreversible ischemic 

events may be reduced (Figure 1).4,5 

Figure 1 | Scheme of inflammation and related pathogenic processes occurring of the high-risk 

plaque and targeted in vivo imaging. Adapted from Chen et al.5
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Nuclear imaging: PET and SPECT
Positron emission tomography (PET) and single-photon emission computed tomography 

(SPECT) imaging allow assessment of several in vivo pathological processes within 

the atherosclerotic plaque. These nuclear medicine techniques are based on the use 

of radioactive imaging agents. PET has the advantage over SPECT by allowing a more 

precise quantification of signals as well as localisation of the plaque activity due to a 

two-to-three times better spatial resolution. Since PET and SPECT imaging are limited in 

spatial resolution, co-registration with computed tomography (CT) scanning or magnetic 

resonance imaging (MRI) is necessary for accurate anatomic localisation of the radioactive 

signal. CT imaging is very effective for detailed vascular imaging because of its high spatial 

resolution, accompanied by a short acquisition time. Combining cameras such as hybrid 

PET/CT is a reliable method to visualise and quantify atherosclerosis and inflammation. 

However, co-registration with MRI has some additional advantages. MRI is superior to CT in 

that it provides better soft tissue contrast and a precise analysis of the arterial wall without 

exposure to radiation. 

Bio-optical imaging
Bio-optical imaging is a technique based on visible, ultraviolet, and infrared light to obtain 

molecular imaging without the need of radiation. An additional advantage of bio-optical 

imaging is visualising and measuring different properties of tissue at the same time due 

to use of various wavelengths of light. In the field of bio-optical imaging, bioluminescence 

and fluorescence are the most commonly used techniques. Use of bio-optical imaging is 

hampered by limitations such as the short penetration depth of the fluorescent signal, 

high costs, and the complexity of the tracers and camera equipment. However, despite all 

disadvantages, intra-operative use of these techniques is currently under development in 

oncology,6 and we expect clinical cardiovascular application of optical imaging agents to 

follow in the near future. 

Bioluminescence
Bioluminescence imaging is based on the capacity of several organisms to produce light 

by an enzyme-catalysed reaction. The pigment luciferin is administered and oxidised by an 

enzyme called luciferase, resulting in the emission of light without the use of an external 

light source. This process can be used to non-invasively visualise biological processes. 

However, until now, bioluminescence imaging was restricted to experimental approaches, 

as cells or whole organisms always need to be transfected with the luciferase gene before 

luciferase can be expressed. 
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Fluorescence imaging
In fluorescence imaging, an external light of a certain wavelength is used to excite a 

fluorescent molecule. The excited molecule will almost immediately release a longer 

wavelength, lower-energy light to enable imaging. Fluorescence, especially the use of light 

in the near-infrared fluorescence (NIRF) spectrum, contributes to a highly versatile platform 

for in vivo molecular imaging. The sensitivity for detection of certain processes with NIRF 

imaging exceeds that which can be detected with other molecular imaging modalities. 

Pathological processes that can be measured include endothelial cell dysfunction, 

inflammation, proteolysis, apoptosis, and thrombosis. For direct fluorescence imaging of 

these processes probes targeting a specific receptor or an enzyme are necessary. The use 

of fluorescent imaging probes to identify the high-risk plaque is a promising modality, but 

clinical proof-of-concept studies are necessary.

Figure 2 | Imaging results from intact plaques made with MSOT. The colour images were taken 

in a cryo slicer system. The fluorescent images were taken from 50 micron cryo section. MSOT 

morphologic reconstruction and the reconstruction from the MMPSense 680 signal. Obtained from 

experiments performed at our department. 
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Multispectral optoacoustic tomography
The problem with NIRF is that penetration of light is limited by tissue scattering. This 

scattering degrades the spatial resolution and overall accuracy, especially at increased 

penetration depths. Besides, the previous Bio-optical imaging techniques result in two-

dimensional images. Using multispectral optoacoustic tomography (MSOT),7 it is possible 

to generate a three-dimensional image (Figure 2). Optoacoustic imaging is based on the 

generation of the optoacoustic effect, in which pulses of laser-light that are absorbed in 

tissue giving rise to hyperthermia followed by broadband ultrasound waves, which can be 

easily non-invasively detected. 

Imaging agents for the high-risk plaque 
In molecular imaging, imaging agents are labelled with radioactivity or fluorescence (or 

other suitable dyes) to visualise different pathological processes. 

Figure 3 | Examples of in vivo imaging of a symptomatic carotid plaque. Clinical PET/CT image with 

coronal plane slice of a patient showing 18F-FDG uptake in the affected right carotid artery (A). 

Obtained from previously published research.8 Clinical SPECT/CT image with coronal plane slice 

of a patient showing IL-2 uptake at the location of the near-occlusion symptomatic plaque in the 

affected right carotid artery (B). 
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Inflammation
Inflammation of the arterial wall plays a key role in the development of a high-risk 

atherosclerotic plaque. The most commonly used imaging agent is the radioactively labelled 

glucose molecule 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) (Figure 3). 18F-FDG is especially 

consumed by cells with a high metabolic rate. The 18F-FDG signal has been shown to be 

significantly associated with macrophage infiltration and levels of inflammatory activity 

in carotid plaques in ex vivo studies.8 Previous in vivo studies have demonstrated that the 

vascular 18F-FDG signal was associated with inflammatory biomarkers,9 early recurrent 

stroke,10 and even predicted cardiovascular events independent of traditional risk factors in 

asymptomatic adults.4 In clinical trials, 18F-FDG uptake has also been used successfully as a 

monitoring tool for evaluating anti-atherosclerotic therapies.

 Another PET tracer that has been studied in humans for evaluating atherosclerotic 

plaques and inflammation is 68Ga-DOTATATE. This tracer binds to somatostatin receptor 

2 which is expressed on activated macrophages. Previous studies have shown that the 

vascular 68Ga-DOTATATE uptake correlated with cardiovascular risk factors.11 

  In addition to macrophages, lymphocytes play a significant role in development of a 

high-risk plaque. If lymphocytes are activated, they stimulate macrophages to produce 

MMPs. IL-2 is a pro-inflammatory cytokine, which is produced by T lymphocytes and 

associated with an increased carotid artery intima media thickness (a predictor of stroke).12 

The IL-2 receptor is over expressed on activated T lymphocytes during inflammation. IL-2 

can be radiolabelled as its regular drug derivative, aldesleukin. However, the labelling 

procedure is complex and long, mainly due to aldesleukin instability during the labelling 

procedure.13 Several groups have demonstrated that 99mTc-IL-2 accumulated in symptomatic 

carotid plaques and correlated with the amount of IL-2R+ cells, and T lymphocytes within 

the plaque.14,15

Proteolysis
An important process in plaque progression is the metabolic activation of the fibrous cap. 

Metabolic activation will be triggered from the release of proteolytic enzymes such as MMPs 

and CCPs.3 For example, 99mTc-labeled MMP inhibitors showed a higher uptake in carotid 

artery stenosis compared with normal arteries in mice.16 Furthermore, in another ex vivo 

study in which MMP-9 was visualised with NIRF imaging, MMP-9 was also shown to have an 

important role in the pathogenesis of plaque rupture.2 Nevertheless, the relation between 

MMP expression and stroke needs to be further established and imaging agents should be 

validated in humans instead of animals. 
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Apoptosis
Carotid plaques with an increased necrotic core due to extensive apoptosis of macrophages 

appear to be closely associated with higher likelihood of plaque rupture.17 Apoptotic 

cells start to express phosphatidylserine on the outside of the membrane. Annexin-A5 

has a high affinity for phosphatidylserine and can be labelled with either 99mTc or 18F to 

serve as an imaging agent. In a proof of concept study of four patients with a history of a 

transient ischaemic attack as a result of carotid artery stenosis, in vivo Annexin-A5 uptake 

corresponded with histopathological analysis of the high-risk plaque.18 Unstable plaques 

showed higher uptake of Annexin-A5. There are also other imaging agents that bind to 

phosphatidylserine to detect apoptosis. Synaptotagmin C2A is a peptide, which has been 

conjugated to magnetic nanoparticles for MRI as well as 99mTc for nuclear imaging.19 However, 

more research is needed to validate this peptide in humans.

Lipid accumulation
The extent of the lipid core is critical to the stability of the high-risk plaque. High-risk plaques 

were shown to have a much larger central lipid pool.20 There are several imaging agents 

available to image lipid accumulation such as 99mTc-LDL, 99mTc-oxLDL, and 99mTc-LOX-1, but 

most of those agents are evaluated in dated studies. However, high lipid accumulation can 

also be measured by MRI.21

Angiogenesis
Intraplaque angiogenesis is associated with plaque destabilisation. Neoangiogenesis causes 

plaque growth and is a source of intraplaque haemorrhage.22 The intraplaque release of 

several angiogenic cytokines, such as vascular endothelium growth factor (VEGF), and the 

local hypoxic environment stimulates angiogenesis. As such, VEGF is a target for imaging. 

For example, 89Zr-bevacizumab PET for targeting of VEGF-A has been shown to correlate 

with immunohistochemistry scores related to plaque instability in human carotid plaque 

in an ex vivo study.23 Although it has been suggested that VEGF may have a protective role 

in atherosclerosis due to regeneration of endothelium, the overall evidence underlines a 

substantial role in plaque rupture, due to the formation of immature capillary vessels. To 

explain this discrepancy, further evaluation is needed. However, the use of radioactive 89Zr-

bevacizumab in a clinical setting has a high radiation burden. The latter can be drastically 

reduced by using 18F-labelled, labelled to smaller VEGF proteins, such as fab-fragments.23

Calcification
Microcalcification is another feature of high-risk plaques that develops in response to 

inflammation. While macrocalcification is considered a characteristic of plaque stability, 

microcalcifications may be related to plaque rupture. Microcalcifications are associated with 

plaque inflammation and necrosis.24 Detection of microcalcification is not possible with a 
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CT scan since it only identifies macrocalcification (Figure 4). The feasibility of 18F-sodium 

fluoride (18F-NaF) PET to visualize microcalcification in the atherosclerotic plaque was 

recently demonstrated.25 Currently, 18F-NaF is the only available clinical imaging agent that 

can non-invasively detect microcalcification in vascular plaque activity. Additional clinical 

trials are required to evaluate the value of 18F-NaF PET-for the prediction of cardiovascular 

events. 

Figure 4 | Transverse view of a heavily calcified CEA specimen. Photograph of cut segment after 

scanning procedure (A). цPET image of CEA specimen incubated with 18F-NaF; blue corresponds 

with low uptake and red is correlated with high uptake (B). CT-image of the same CEA specimen 

(C). Fused цPET and CT image (D). Obtained from previously unpublished experiments performed 

at our department. 

CONCLUSION

Specialised molecular imaging techniques to identify a high-risk plaque are available but 

further evaluation is required to validate imaging agents. Clinical studies are needed to 

establish the predictive value of these imaging agents and to evaluate their applicability 

as a surrogate endpoint in clinical trials. Until now, only 18F-FDG is more or less clinically 

established to be used as a radiopharmaceutical for imaging of inflammation in athero-

sclerosis.

  Hybrid imaging systems such as PET/CT and PET/MRI can play a pivotal role in this, 

including the use of whole body vascular imaging. Most promising tracers are 18F-FDG and 
18F-NaF for hybrid imaging in the near future. Bio-optical imaging without using potentially 

harmful radiation is a technique with clinical potential but needs to be further developed 

and validated in humans.
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ABSTRACT

Background: 18F-sodium fluoride (18F-NaF) positron emission tomography (PET) has been 

shown to target microcalcifications. We compared ex vivo microPET assessed 18F-NaF 

uptake between symptomatic and asymptomatic human carotid plaques. Furthermore, we 

compared 18F-NaF uptake with calcification visualized on high-resolution microcomputed 

tomography (CT). 

Methods: Carotid plaques from patients undergoing carotid endarterectomy were collected 

and incubated in 49.4±7.2 Mbq 18F-NaF and scanned using a microPET and a microCT scan. 

The average PET assessed 18F-NaF uptake was quantified and expressed as percentage of 

the incubation dose per gram (%Inc/g). 18F-NaF PET volumes of interest ([VOI], ≥50% of the 

maximum 18F-NaF uptake) on were compared with CT calcification VOI (Hounsfield Unit 

≥1000). 

Results: 23 carotid plaques (17 symptomatic, 6 asymptomatic) from 23 patients (median 

age 72 years, interquartile range [IQR] 61-75, 85% male) were included. The average 18F-NaF 

uptake in symptomatic carotid plaques was comparable with the uptake in asymptomatic 

carotid plaques (median 2.32%Inc/g [IQR 1.98-2.81] vs. median 2.35%Inc/g [IQR 1.77-3.00], 

P=0.916). Only a median of 10 % (IQR 4-25) of the CT calcification VOI showed increased 
18F-NAF uptake, while merely a median of 35% (IQR 6-42) of 18F-NaF PET VOI was assigned as 

calcification on a CT scan. 

Conclusion: 18F-NaF PET may represent a different stage in the calcification process than 

CT. We observed a similar PET assessed 18F-NaF uptake and pattern in symptomatic and 

asymptomatic plaques of high risk patients, indicating that this method may be of more 

value in earlier stages of carotid artery stenosis development.
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INTRODUCTION

Surgical removal of atherosclerotic plaques from the carotid artery highly reduces the risk of 

future stroke in symptomatic patients with ≥70% stenosis.1 However, most of these patients 

will not have a new event when treated with best medical therapy.2 Furthermore, the role 

of surgery in moderate symptomatic stenosis (50-69%) and asymptomatic stenosis is under 

debate.3-5 Therefore, taking into account the potential risk for surgical complications, the 

selection of patients who will benefit most from surgery is challenging. 

 In order to improve risk stratification, research has been focused on the identification of 

plaque at risk for rupture, so-called vulnerable plaques.6,7 Currently, plaque thickness and 

intraplaque processes, such as inflammation and microcalcification, are seen as important 

contributors to vulnerability. These processes have become targets of various molecular 

imaging techniques, as they potentially allow non-invasive risk stratification of individual 

patients with carotid artery stenosis.8,9 

 Recently, several studies have shown the feasibility of 18F-sodium fluoride (18F-NaF) 

positron emission tomography (PET) for imaging of atherosclerotic plaques.10-12 18F-NaF 

predominantly binds to areas of microcalcification within the plaque.13 Appearance of 

microcalcifications indicates the active formation of calcification and is associated with 

plaque vulnerability.14,15 In contrast, established calcifications are seen as atherosclerotic 

end stage products and are associated with plaque stability.16-19 

 It has been suggested that 18F-NaF may additionally be a useful marker for plaque 

vulnerability.20 Indeed, a clinical study by Joshi et al. showed that ruptured and high-

risk coronary plaques have a significantly higher 18F-NaF uptake than low-risk coronary 

plaques.21 However, data on 18F-NaF uptake in carotid plaques is limited and its usefulness for 

the prediction of future stroke is unclear.22-24 Additionally, limited data has been published 

on the relation between active microcalcifications and established calcifications in human 

carotid plaques.25,26 

  The primary objective of this study is to compare ex vivo microPET assessed 18F-NaF 

uptake between symptomatic and asymptomatic carotid plaques, using non-macrocalcified 

renal arteries from healthy kidney donors as controls. The secondary objective is to compare 

the distribution of 18F-NaF uptake on microPET with calcification visualized on a high-

resolution microcomputed tomography (microCT) in carotid plaques.
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MATERIALS AND METHODS 

Study subjects
Carotid plaques were collected from patients who underwent carotid endarterectomy 

(CEA) at the Department of Surgery (Division of Vascular Surgery) of the University Medical 

Center Groningen (UMCG), between July 2015 and March 2016. Indication for CEA was 

decided by a surgeon expert panel and was based on the presence of symptomatic stenosis 

(≥50%) or asymptomatic stenosis (≥70%) of the internal carotid artery, according to internal 

guidelines.27,28 One patient with <50% stenosis was selected for CEA because of an irregular 

aspect of the plaque surface.

 In order to increase the reliability of our measurements, we used renal artery specimens 

from healthy kidney donors as negative controls. The specimens were obtained during 

living donor nephrectomy. 

 Clinical and demographic data from the included patients were collected from medical 

records. In the symptomatic group, medication use and history of cardiovascular diseases 

prior to the recent event were registered. The study was reviewed by the ethics committee 

of the UMCG (METc 2015/258). All patients gave written informed consent.

Study procedure
Immediately after excision, carotid plaques and renal artery specimens were placed 

into phosphate buffered saline (PBS) and kept on ice. Both were incubated for one hour 

in 49.4±7.2 MBq 18F-NaF in 20 mL. After incubation, the plaques and renal arteries were 

carefully rinsed 5 times with 10 mL PBS. Then, tissue samples were weighed and microPET 

and microCT scans were performed. After the imaging procedure, the carotid plaques were 

cut transversely into segments of 3-4 millimeters. The renal arteries had a maximum size of 

5 millimeters and therefore no cross-sections were made. The segments were embedded in 

paraffin for histological analysis. 

Production of 18F-NaF 
18F-NaF was produced by passing a solution of 18F-fluoride in water over a quaternary methyl 

ammonium (QMA) light anion exchange cartridge (Waters Chromatography B.V., Etten-Leur, 

The Netherlands). After washing the QMA with water, 18F-fluoride was eluted with saline and 

passed over a sterile Millex GS 0.22 µm filter (Millipore B.V., Amsterdam, The Netherlands). 

The radiochemical purity for all runs was >95%.

PET and CT acquisition
Carotid plaques and renal arteries were positioned into a microPET scanner (MicroPET 

Focus 220, Siemens Medical Solutions USA, Knoxville, TN, USA), and an emission scan of 

30 minutes was performed. After the PET scan was finished, the bed of the PET scanner was 



43

18F-NaF uptake in symptomatic and asymptomatic human carotid plaques

3

transferred to a microCT scanner (Inveon CT, Siemens Medical Solutions USA, Knoxville, TN, 

USA) without moving or touching the tissue samples. The CT exposure settings were 50 keV 

and 500 µAs, and a 100-ms exposure time for 360 projections during one 360° rotation. 

 The PET scans were reconstructed into a single frame of 30 minutes, using OSEM2D 

(4 iterations and 16 subsets), after being normalized and corrected for attenuation and 

decay of radioactivity. The CT images were reconstructed with the Feldkamp algorithm.29

Histological staining
To validate our data, von Kossa and alizarin red staining for calcification were performed on 

five paraffin-embedded segments of five different carotid plaques. These segments were 

selected based on a high accumulation of 18F-NaF on the corresponding PET images. The 

two renal arties with the highest 18F-NaF uptake were selected for staining as well. For a 

detailed description of the staining procedure, see Supplemental 1.

Data analysis
The PET and CT images were automatically registered using PMOD 3.7 (PMOD Technologies 

LLC, Zürich, Switzerland). The registration was visually inspected and manually corrected 

when necessary. For quantification of the average 18F-NaF uptake, three-dimensional 

volumes of interest (VOIs) were drawn around the whole tissue samples. The uptake (in 

kBq/cc) was corrected for weight of the specimen and the incubation dose, and expressed 

as percentage uptake of total incubation dose per gram of tissue (%Inc/g). It was assumed 

that 1 cubic centimeter equals 1 gram of tissue.

   VOIs were also automatically drawn around 18F-NaF PET areas with a threshold of ≥50% 

of the maximum 18F-NaF uptake and assigned as 18F-NaF PET VOI. VOIs were automatically 

drawn around CT areas with a Hounsfield Unit (HU) ≥1000 and assigned as CT calcification 

VOI. The threshold of 50% of the maximum uptake value was chosen in order to select the 

volume with the highest 18F-NaF uptake, and thereby minimize the bias of a partial volume 

effect.26 The HU of 1000 was based on the CT scan of a phantom with various known calcium 

hydroxyapatite densities, whereby a lower threshold was chosen in order to not miss any 

calcification. To determine the overlap between the 18F-NaF PET VOIs and CT calcification 

VOIs, an intersection VOI was automatically drawn. Then, the CT calcification area (HU≥1000) 

within the 18F-NaF PET VOI was measured and expressed as a percentage of the 18F-NaF PET 

VOI; and the other way around; 18F-NaF PET uptake area (≥50% of maximum 18F-NaF uptake) 

within the CT calcification VOI was measured and expressed as a percentage of the CT 

calcification VOI. 
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Statistical analysis
Descriptive data are presented as frequencies (percentage), median (interquartile range) or 

mean ± SD. Based on the distribution of data (tested by normal probability plots), differences 

between data were analyzed with non-parametric tests. For continuous data the Mann-

Whitney U test (two groups) or the Kruskal-Wallis test (≥two groups) was used. Categorical 

data were analyzed with the Chi Square test. A Spearman Correlation was used to test the 

association between continuous data. A two-sided P<0.05 was considered statistically 

significant. Statistical analyses were performed using SPSS for Windows (version 23.0).

RESULTS 

Patient characteristics 
We included 23 carotid plaques (17 symptomatic and 6 asymptomatic) from 23 patients 

(median age 72 years, interquartile range [IQR] 61-75, 85% male) who had undergone CEA, 

and 15 renal artery specimen from healthy kidney donors. The demographic and clinical 

characteristics were comparable between patients with symptomatic and asymptomatic 

plaques (Table 1). Only BMI was higher in the asymptomatic group (P=0.020). The mean 

time between the cerebrovascular event (stroke, TIA or amaurosis fugax) and CEA in the 

symptomatic group was 21±14 days. All patients with asymptomatic plaques had a history 

of stroke related to the contralateral carotid artery. The healthy donors (renal arteries) were 

younger than CEA patients (P=0.001) and had no history of cardiovascular disease.

Visual assessment of PET and CT images
PET images of all 23 plaques, showed a heterogeneous 18F-NaF uptake distribution and clear 

hotspots (Figure 1). The registered PET and CT images (n=16) showed a discordant pattern 

between CT assessed calcification and 18F-NaF PET assessed calcification. In all plaques, 
18F-NaF uptake was seen in regions without calcifications visualized on CT scan. The 18F-NaF 

uptake in the renal arteries was only visible when a low 18F-NaF uptake threshold was chosen 

compared with the carotid plaques, and no calcification was visible on the CT (n=8).

18F-NaF uptake in symptomatic and asymptomatic plaques 
The average 18F-NaF uptake was similar in symptomatic and asymptomatic carotid plaques 

(median 2.32 %Inc/g [IQR1.98-2.81] vs. median 2.35 %Inc/g [IQR 1.77-3.00], P=0.916), while 

the uptake in carotid plaques was significantly higher than in renal arteries (median 2.32 

%Inc/g [IQR1.86-2.80] vs. median 0.44 %Inc/g [IQR 0.18-0.68], P<0.001) (Figure 2).
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Table 1 | Clinical characteristics.

Symptomatic 
plaques (n=17)

Asymptomatic
plaques (n=6)

Renal 
arteries (n=15)

Age (years) 72 (64-76) 71 (55-72) 55 (41-63)

Male gender 14 (82) 5 (83) 5 (33)

Stenosis degree (%)

70-99 14 (82) 6 (100) –

50-69 2 (12) – –

<50 1 (6) – –

Presenting symptoms  

Stroke 9 (53) – –

TIA 7 (41) – –

Amaurosis fugax 1 (6) – –

Cardiovascular history 8 (47) 6 (100) 0

Coronary artery disease 3 (18) 3 (50) –

Cerebrovascular diseasea
 4 (24) 6 (100) –

 Peripheral artery disease 4 (24) 2 (33) –

Diabetes mellitus 1 (6) 3 (50) 0

Current smoker 6 (34) 2 (33) 6 (40)

BMI (kg/m2) 25 (23-30) 31 (29-31) 26 (24-28)

SBP (mm Hg) 139 (132-150) 144 (127-173) 134 (127-148)

DBP (mm Hg) 76 (60-83) 73 (68-78) 76 (70-83)

Total cholesterol (mmol/L) 4.4 (3.5-6.1) 4.2 (3.4-10) 5.5 (4.8-6.2)

LDL cholesterol (mmol/L) 3 (2.2-3.8) 2.5 (2.0-8.2) 3.1 (2.7-4.1)

Medicationb

Antihypertensives 9 (53) 3 (50) 3 (20)

Statins 7 (41) 6 (100) 1 (6)

Antiplatelet therapy 5 (29) 6 (100) 0

Anticoagulation 3 (18) 0 0

Data are expressed as number (%) or median (interquartile range)
a in symptomatic plaques: other than current event 
b in symptomatic plaques: medication use prior to the recent cerebrovascular event

TIA=transient ischemic attack; BMI=body mass index; SBP=systolic blood pressure; DBP=diastolic blood pressure; 

LDL=low-density lipoprotein.

Comparison of 18F-NaF PET VOIs with CT calcification VOIs 
The median 18F-NaF PET VOI of the carotid plaques was 41 mm3 (IQR 20-74), consisting 

of median 6% (IQR 3-10) of the total plaque volume (Table 2). CT calcification areas were 

measured in median 35% (IQR 6-42) of the 18F-NaF PET VOI. 
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The median CT calcification VOI was 149 mm3 (IQR 16-290), consisting of median 16% (IQR 

3-27) of the total plaque volume. 18F-NaF uptake areas were measured in 10% (IQR 4-25) of 

the CT calcification VOI.

 The median averaged HU of CT calcification VOI was median 3258 HU (IQR 2465-3616). 

In renal arteries no CT calcification VOI could be detected; median HU of total renal artery 

volume was -470 HU (IQR -530 − -390). 

Figure 1 | Human carotid plaque after carotid endarterectomy (A). Sagittal view of ex vivo positron 

emission image (PET) showing a heterogeneous distribution of 18F-sodium Fluoride (18F-NaF) 

uptake with a clear hotspot (red) (B). Sagittal view of corresponding computed tomography (CT) 

images (C). Fused images showing different distributions of microcalcification (18F-NaF PET) and 

established calcification on high resolution CT (D). 

Symptomatic Asymptomatic Controls

4

3

2

1

0

P<0.001

P=0.916
P<0.001

18
F-

N
aF

 u
pt

ak
e 

(%
In

c/
g)

Figure 2 | 18F-NaF uptake, as measure of microcalcification, in symptomatic and asymptomatic 

human carotid plaques. Renal arteries of healthy kidney donors are used as negative controls. Data 

is expressed as percentage 18F-NaF uptake of the total incubation dose per gram of tissue (%Inc/g). 

Horizontal line represents the median.
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No significant association was found between 18F-NaF uptake of the plaque (%Inc/g) and the 

CT calcification VOI (R=.382, P=.144), although 18F-NaF uptake seems to increase when CT 

calcification VOI increases in most plaques (Figure 3). When the two plaques with minimal 

CT calcification VOI and a high 18F-NaF uptake (>3.0 %Inc/g), the outliers, were excluded the 

association became significant (R=.680, P=.008). 
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Figure 3 | Relation between PET assessed average 18F-NaF uptake and CT calcification VOI (mm3) in 

human carotid plaques. Data is expressed as percentage 18F-NaF uptake of the total incubation dose 

per gram of tissue (%Inc/g).

Histological staining
The von Kossa and alizarin red staining showed calcification deposits in all selected segments 

of the carotid plaques. No calcifications were identified in the segments of the renal arteries 

(Supplemental Figure 1). 

DISCUSSION

The present study investigated ex vivo 18F-NaF uptake, in symptomatic and asymptomatic 

human carotid plaques. We hypothesized that 18F-NaF uptake in symptomatic plaques 

was higher than in asymptomatic carotid plaques, based on previous results in coronary 

plaques, and the concept of microcalcification and plaque rupture.14,21 Our results, however, 

demonstrate comparable 18F-NaF uptake in symptomatic and asymptomatic carotid plaques. 

Interestingly, we found that 18F-NaF uptake was present in regions without evidence of 
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calcification visualized on a CT scan. Furthermore, most of the CT calcification VOI had low 

overlap with 18F-NaF uptake, indicating that both techniques represent a different stage of 

calcification.

  Recently, Vesey et al. showed that in-vivo 18F-NaF uptake was higher in symptomatic 

carotid artery stenosis than in the contralateral asymptomatic stenosis in 18 patients with 

recent CVA (log10 standardized uptake value, mean 0.29±0.10 versus 0.23±0.11 respectively, 

P<0.001).22 These findings are consistent with the results of a clinical study of Quirce et al., 

in nine patients, where 18F-NaF uptake reported as mean target-to-background ratio was 

higher in symptomatic plaques (2.12±0.44) than in in contralateral asymptomatic plaques 

(1.85±0.46, P=0.220).23 Age and sex distribution were comparable between these two 

studies and our study. Only Vesey et al. provided information about the cardiovascular 

history and other cardiovascular risk factors of the included patients. The prevalence of 

smoking and diabetes mellitus was similar. Furthermore, more than 50% of the patients had 

other manifestations of atherosclerosis, as in our study. Since the included patients in both 

studies were comparable, how can these contradictive results can be explained?

 First, although Vesey et al. did find a significant difference between 18F-NaF uptake in 

symptomatic and contralateral asymptomatic plaques, the differences were small and a 

substantial overlap between the uptake values in both groups was present, as was in the 

study of Quirce et al. Furthermore, the 18F-NaF uptake between symptomatic patients and 

control patients differed to a larger extent (delta 0.17 SUVmean) than the difference between 

symptomatic and asymptomatic uptake (delta 0.07 SUVmean).22  Therefore, no absolute cut off 

value for the diagnosis of symptomatic plaques based on 18F-NaF uptake can be determined, 

only when compared with control patients there is a relevant difference. This is in line with 

the results of our study because 18F-NaF uptake between symptomatic and asymptomatic 

carotid plaques was comparable while the uptake in plaques was significantly higher than 

in control renal arteries. 

 Second, there may be differences in the degree of stenosis of the carotid arteries 

between patients in the aforementioned studies and our patients. Vesey et al. found that 
18F-NaF uptake was related to the degree of stenosis on CT, but they did not report the 

stenosis degree in the separate groups, neither did Quirce et al. In our study, the stenosis 

degree in both, asymptomatic and the symptomatic plaques, was high. This could explain 

the similar 18F-NaF uptake. 

 18F-NaF activity was increased in areas without calcification on CT and most of 

the CT calcification VOI showed minimal 18F-NaF uptake. This supports the idea that 

microcalcification, as visualized with 18F-NaF PET, and established calcification visualized on 

CT may reflect different stages of the calcification processes in atherosclerotic plaques.22,26,30 

Established calcification is a well-known marker of total plaque burden and is strongly 

associated with the risk for cardiovascular events.31 However, the amount of established 

calcification, as detected by CT, only provides information about the processes in the past 



50

Chapter 3

and not about the actual biological activity of the plaque.32 Moreover, larger and denser 

areas of calcification may even stabilize the plaque.33 This has, for example, been suggested 

by Shalaan et al., who found a higher CT assessed calcification volume in asymptomatic 

than in symptomatic carotid plaques.34 The average percentage of plaque volume that 

was calcified was comparable with our study. Unfortunately, in our study CT assessed 

calcification volume could not be compared between symptomatic and asymptomatic 

plaques, due to limited availability of CT images in the asymptomatic group (n=1) because 

of image reconstruction failures.

 Increased 18F-NaF uptake was related to the calcium volume on CT in the majority 

of the carotid plaques. This is probably caused by binding of 18F-NaF at the surface of 

the calcifications.13 However, a few plaques with low calcium volume had a high 18F-NaF 

uptake and vice versa. This suggests 18F-NaF accumulation in areas without any evidence 

of calcification, or at least no calcification with a size above the detection limit of the 

microCT scan.13 These observations indicate that 18F-NaF imaging can detect biologically 

active plaques, before they can be visualized on CT. This implies that 18F-NaF imaging may 

be useful in evaluating disease progression, as was further shown in patients with aortic 

stenosis, where baseline 18F-NaF uptake correlated well with the calcium progression after 

one year.35 Especially, 18F-NaF uptake in areas without established calcification on CT was the 

best predictor of calcium progression. 

 Furthermore, Derlin et al.36 found a positive correlation was between 18F-NaF uptake 

in the carotid arteries and, age and various cardiovascular risk factors in 269 patients 

with no history of stroke.36 Derlin et al. included a heterogeneous population, consisting 

of patients with low or minimal cardiovascular risk as well. In contrast, we included only 

patients with already a history of cardiovascular disease and, therefore, at an high-risk for a 

cardiovascular event. These findings further highlight the possibility of 18F-NaF imaging to 

identify patients at high-risk for cardiovascular disease in a low-risk population. In addition, 

the finding that 18F-NaF uptake in carotid plaques exceeded that of controls (renal arteries) 

and no calcification was visible in renal arteries on microCT and with histological staining, 

add evidence to the hypothesis that the presence of microcalcification identified by 18F-NaF 

are a feature of atherosclerosis. 

  Strengths of our study are the inclusion of a control group, and the scanning of calcium 

phantoms in order to accurately determine the calcium threshold. Furthermore, as far as we 

know, this is one of the first studies that compared calcification identified by 18F-NaF PET 

imaging with calcification visualized on microCT to gain more insight in development of 

atherosclerosis and imaging possibilities. 

 Our study has some limitations. First, the tracer uptake could be underestimated due to 

partial volume effects, as with every imaging study. Second, the number of asymptomatic 

plaques was small, although more samples would probably not have led to different 

conclusions, given the similar distribution of 18F-NaF uptake in both groups. Third, CT images 
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of 16 plaques (one asymptomatic) out of 23 were available for analysis due to practical and 

technical issues. 

 In conclusion, this study showed that the calcification patterns on 18F-NaF PET images and 

CT images are different. Clearly, 18F-NaF PET visualizes a different stage of the calcification 

process than CT. 18F-NaF uptake in carotid plaques exceeded the uptake in non-calcified 

renal arteries, but was comparable between symptomatic and asymptomatic carotid 

plaques, potentially due to the advanced nature of atherosclerotic disease in our patients. 

Therefore, we conclude that 18F-NaF has the potential to identify carotid plaques with 

active calcification. Further prospective studies on 18F-NaF uptake and symptomatology are 

required to assess the predictive and diagnostic value of 18F-NaF imaging in patients with 

early stage atherosclerosis. 
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SUPPLEMENTAL DATA

Supplemental File 1 
Staining procedure 
Carotid plaque and renal artery segments were cut in sections of 5 µm, deparaffinised with 

xylene, and rehydrated with ethanol and demineralized water. Calcifications were then 

identified with Alizarin Red staining and von Kossa staining. In brief, sections were incubated 

in 2% Alizarin Red for five minutes at room temperature. After incubation, sections were 

dipped 20 times in 1:1 acetone:xylene, followed by 100% xylene. Then, the sections were 

rinsed with ethanol and dried. 

 For the Von Kossa staining, the sections were incubated in 1% silver nitrate solution and 

exposed to sunlight for 30 minutes. Then, sections were rinsed with demineralized water, 

and 3% thiosulfate was added for five minutes. After the sections were rinsed again, Nuclear 

Fast Red counterstain was added for three minutes, after which the sections were washed 

with ethanol and dried. 

 Digital images of the stained sections were made using the NanoZoomer Digital 

Pathology Scanner (Hamamatsu Photonics K.K., Japan). 

Supplemental Figure 1 | PET images and calcification staining of carotid plaques. 

(A) Sagittal and (B) transversal 18F-NaF PET images of a human carotid plaque, showing a hotspot 

(red). (C) Alazarin Red staining (red spots) and (D) Von Kossa staining (brown spots) of corresponding 

transversal slices, both showing calcifications (Originally x 7). 
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3Supplemental Figure 2 | PET images and calcification staining of renal arteries (controls).

(A) Transversal 18F-NaF PET image of a human renal artery, used as negative control. 18F-NaF PET 

assessed uptake was very low and no clear hotspots could be identified. (B) Alazarin Red staining 

and (C) Von Kossa staining of corresponding transversal slices, both showing no calcification 

(Originally x 7). 
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ABSTRACT 

Purpose: Severity of abdominal obesity and possibly levels of metabolic activity of abdominal 

visceral adipose tissue (VAT) are associated with an increased risk for cardiovascular disease 

(CVD). In this context, the purpose of the current study was to evaluate the reproducibility 

and repeatability of a semi-automated method for assessment of the metabolic activity of 

VAT using 18F-fluorodeoxyglucose (18F-FDG) PET/CT.

Methods: Ten patients with lung cancer who underwent two baseline whole body 18F-FDG 

PET/LDCT scans within one week were included. Abdominal VAT was automatically 

segmented using CT between levels L1-L5. The initial CT based segmentation was further 

optimized using PET data with a SUV threshold approach (range 1.0-2.5) and a morphological 

erosion (range 0-5 pixels). The 18F-FDG uptake in SUV, that was measured by the automated 

method was compared with manual analysis. The reproducibility and repeatability were 

quantified using intraclass correlation coefficients (ICCs). 

Results: The metabolic assessment of VAT on 18F-FDG PET/LDCT scans expressed as SUVmean, 

using an automated method showed high inter and intra observer (all ICCs>0.99) and 

overall repeatability (ICC=0.98). The manual method showed reproducible inter observer 

(all ICCs>0.92), but less intra observer (ICC=0.57) and less overall repeatability (ICC=0.78) 

compared with the automated method. 

Conclusion: Our proposed semi-automated method provided reproducible and repeatable 

quantitative analysis of 18F-FDG uptake in VAT. We expect this method to aid future research 

regarding the role of VAT in development of CVD.
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INTRODUCTION

Worldwide, the prevalence of overweight and obesity is on the rise, with more than 

1.9 billion adults affected today.1 Abdominal obesity is a major risk factor for cardiovascular 

disease (CVD) development and premature mortality.2,3 However, not all obese individuals 

are at high risk of CVD.4,5 Abdominal adipose tissue can be divided in visceral adipose tissue 

(VAT) and subcutaneous adipose tissue (SAT).6 Interestingly, VAT is related to an increased 

CVD risk, while SAT is not.2,3,6,7 VAT does not only provide storage of lipids but also functions 

as an endocrine organ with adipocytes secreting bioactive factors and pro-atherogenic 

cytokines (adipokines).2,8 Consequently, measurement of VAT volume improves accuracy of 

CVD risk profiling.3,9 However, the link between abdominal obesity and CVD may also be 

influenced by metabolic activity of VAT in the individual patient, with inflammation caused 

by overproduction of adipokines.10-14 Therefore it is likely that not only VAT volume but also 

the metabolic activity of VAT is linked to CVD risk.15 

  Imaging modalities such as Magnetic Resonance Imaging (MRI) and Computed 

Tomography (CT) are both reliable methods for the assessment of abdominal adipose tissue 

volume16 although both modalities are limited for the assessment of metabolic activity. 

Previous studies have assessed the metabolic activity of abdominal adipose tissue with 
18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET).17-28 Overall, there is 

a growing interest in quantifying VAT as a CV risk marker and as a readout for therapeutic 

approaches.22,29,30 The most common method to measure metabolic VAT activity is by 

manually drawing regions of interest (ROIs). However, the SUVmean in VAT measured by ROIs 

in different studies ranges from 0.22 to 0.8818,25 indicating a great variability with this manual 

method. Consequently, there is a considerable need for a robust (semi)automated method 

with good accuracy an repeatability for assessment of VAT 18F-FDG uptake on 18F-FDG-PET/

CT scans. The objective of this study is to evaluate the reproducibility and repeatability of 

a semi-automated method for assessment VAT 18F-FDG uptake using a 18F-FDG-PET/CT scan 

and compare its performance with commonly applied manual methods.

PATIENTS AND METHODS 

To assess the reproducibility and repeatability of the automated method, test-retest scans 

obtained from an existing study in patients with non-small cell lung cancer were used.31 

This study was approved by the institutional review board and was registered in the Dutch 

trial register (trialregister.nl, NTR3508). All procedures performed in this study were in 

accordance with the Ethical Standards of the institutional research committee and carried 

out according to the principles of the Declaration of Helsinki. Written informed consent for 

all subjects was obtained before study enrolment. 
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Patients
Per patient, two whole body 18F-FDG PET/low dose (LD) CT scans at 60 minutes uptake 

time were performed within one week. There were no significant differences in patient 

preparation and PET acquisition between the test and retest scan. In the current study, only 

scans obtained 60 minutes after 18F-FDG injection were included as is recommended by 

the European Association of Nuclear Medicine (EANM). In addition, the reproducibility and 

repeatability of VAT 18F-FDG uptake measurements was analysed in 10 patients (60% men, 

median weight 75 kilogram (IQR, 67-77), median BMI 24.6 (IQR 23.1-26.9)). 

 

PET imaging
All PET scans were performed on a Gemini TF PET/CT scanner (Philips Healthcare, Best, 

Netherlands). The PET acquisition procedures and reconstruction were conform the EANM 

recommendations.32 Patients underwent a low dose (LD)CT during tidal breathing for 

attenuation correction purposes, followed by a whole-body 18F-FDG PET/CT scan (skull 

vertex to mid-thigh) 60 minutes after 18F-FDG injection, using 2 min per bed position. Weight, 

height, plasma glucose levels, total injected activity, time of injection, residual activity, and 

scan start times were recorded.

Data analysis
All measurements were performed using MATLAB software (version R2015b, The MathWorks, 

Inc, Natick, MA, USA). PET and LDCT data were loaded into MATLAB and PET data were 

realigned to match the LDCT. The quality of the image fusion was visually verified and 

approved for all data sets prior to the fat segmentation and analysis. In order to analyze 

the entire abdomen, all slices from vertebral levels L1 to L5 were manually selected. Two 

observers (SdB and MR) independently analyzed all PET/LDCT scans twice at different time 

points in order to test both inter and intra observer variability. 

  Adipose tissue was initially segmented by thresholding the CT images between -174 

and -24 Hounsfields Units (HU).33-37 The abdominal muscular layer was used as a boundary to 

separate VAT and SAT. Because the abdominal muscular layer did not always totally separate 

the VAT and SAT on the LDCT, for instance at the linea alba, a line was manually drawn as a 

reference in all slices in order to separate VAT and SAT. 

  The metabolic activity was expressed as SUV of 18F-FDG.38 High SUV inside VAT and SAT 

can be due to overspill of metabolic active organs such as kidneys and intestines. Therefore, 

the initial CT based segmentation was further adapted using an SUV threshold and a 

morphological erosion in order to exclude spillover of signal from 18F-FDG avid structures. 

Because in previously studies, SUVmean in VAT ranged from 0.22 to 0.8925,27 and SUVmax from 

0.53 to 1.21,17,26 the effect of using SUV thresholds ranging from 1.0 to 2.5 on VAT and SAT 

uptake assessments were analyzed. In addition, the effects of different erosions ranging 

from 0 to 5 pixels (pixel size of 1.17x1.17 mm2) on VAT and SAT uptake assessments were 
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analyzed. The mean and median SUV generated with the automated method are referred 

to as ASUVmean and ASUVmedian. The ASUVmean in VAT and SAT were compared with SUVmean 

assessed with a manual ROI selection. ROIs were manually placed on 4 slices. On each of 

these slices, 3 circular ROIs (diameter 10.5 mm) were positioned in the VAT and 3 ROIs were 

positioned in the SAT. ROIs were carefully placed in regions to prevent spillover of 18F-FDG 

signal from surrounding organs. SUVmean across these slices were averaged and referred to 

as MSUVmean. Furthermore, the percentage of VAT volume depicted with CT that remained 

after thresholding and erosion was calculated. A schematic overview of the semi-automated 

method is shown in Figure 1.

Figure 1 | Schematic overview of the most important steps of adipose tissue segmentation on CT 

and SUV analysis on 18F-FDG PET/LDCT scan.

SAT=subcutaneous adipose tissue; SUV=standardized uptake values; VAT=visceral adipose tissue

Criteria optimal settings for automated metabolic assessment of VAT
The optimal threshold and erosion settings for the automated metabolic assessment of VAT 

had to fulfill the following criteria: (1) highly reproducible and repeatable (ICC>0.80), (2) 

the VAT volume that remains for analysis should be as large as possible (at least 50% of 

the CT based segmented VAT) while ruling out spillover effects by visual inspection, (3) The 

change in ASUVmedian / ASUVmean VAT should be smaller than 0.01 which was not considered as 

a relevant difference. 

Statistical analysis
All analyses were performed using SPSS (Released 2013. IBM SPSS Statistics for Windows, 

Version 22.0. Armonk, NY: IBM Corp). For reproducibility analysis only the measurements of 

the first (test) 18F-FDG-PET/LDCT scan performed were used as the second (retest) scan is 

related with the first scan and can therefore not been used as an independent measurement. 

For the repeatability analysis (test-retest) measurements of the same observer were used to 

exclude the intra-observer variability. 
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The influence of threshold and erosion on ASUVmean VAT was evaluated using a generalized 

estimating equations approach with an unstructured covariance matrix. ASUVmean VAT was 

used as the dependent variable in the model, erosion and threshold were used as factors. 

An interaction between erosion and threshold was also added in the model. Effects were 

evaluated and compared with appropiate correction for pairwise comparisons. Effect of 

threshold and erosion on ASUVmedian VAT were analysed similarly as ASUVmean VAT.

  The automated measurement of metabolic activity (with the most optimal threshold and 

erosion settings) were compared to manually placed ROIs with a Wilcoxon signed-rank test. 

To explore whether the automated and manually measurement were correlated a Spearman 

correlation coefficient (r) was calculated.

  The reproducibility inter and intra observers and the repeatability were quantified using 

intraclass correlation coefficients (ICCs; based on absolute agreement). Bland-Altman plots39 

were used to evaluate the reproducibility and repeatability. The measurement error for the 

reproducibility and repeatability were calculated according to the formula of Bland and 

Altman.40 The variation coefficients (%) were calculated as the measurement error divided 

by the mean of the measurements.

RESULTS

Semi-automated metabolic assessment of VAT threshold and erosion
For every combination of threshold and erosion the reproducibility (inter and intra observers) 

and repeatability for the ASUVmean VAT and ASUVmedian VAT are calculated. As a result of 16 

thresholds and 6 sizes of erosion, each 3D plot represents 96 ICCs (Supplemental Figure 1). 

Since the ICCs for ASUVmean VAT and ASUVmedian VAT were highly reproducible and repeatable 

for all combinations of threshold and erosion, both parameters could be used to report 
18F-FDG uptake (see also Supplemental Figure 2). 

  The influence of the threshold and erosion on ASUVmean VAT, ASUVmedian VAT and percentage 

VAT volume remaining after threshold and erosion are shown in Figure 2. ASUVmean VAT 

and ASUVmedian VAT decreased significantly for every increase in erosion (all P<0.001) and 

increased significantly for every 0.1 SUV increase in threshold (all P<0.001). According to the 

earlier described criteria in this article (patients and methods), a SUV threshold of 1.9 and an 

erosion of 1 turned out to be the optimal setting for automated assessment of ASUVmean VAT 

and as such was used for further analysis. For ASUVmedian VAT a SUV threshold of ≥1.5 with an 

erosion of 1 turned out to be optimal. 
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Figure 2 | The influence of threshold and erosion on ASUVmean VAT (A), ASUVmedian VAT (B) and the 

percentage of VAT volume for metabolic analysis (C). 

Reproducibility and repeatability PET/CT data
The characteristics of the PET/CT data for observer 1 and 2 are shown in Table 1. The 

reproducibility inter and intra observers ICCs and the repeatability ICCs are shown in Table 

2. The automated assessment of SUVmean in VAT and SAT were significantly higher compared 

to manual ROIs (both P<0.01). The ASUVmean VAT was correlated with MSUVmean VAT (R=0.71, 

P=0.02). The ASUVmean SAT was correlated with MSUVmean SAT (R=0.79, P<0.01). 

 Figure 3 shows the intra observers reproducibility for MSUVmean VAT and ASUVmean VAT and 

corresponding Bland-Altman plots. In addition, the intra observers mean MSUVmean VAT was 

0.48, with a measurement error of 0.091 SUV and variation coefficient of 19.2%. The mean 
ASUVmean VAT was 0.73 with a measurement error of 0.004 SUV and variation coefficient of 

0.6%.

  Figure 4 shows the repeatability, test-retest data, for MSUVmean VAT and ASUVmean VAT and 

corresponding Bland-Altman plots. The mean MSUVmean VAT was 0.55 with a measurement 

error of 0.069 SUV and variation coefficient of 12.6%. The mean ASUVmean VAT was 0.73 with a 

measurement error of 0.019 SUV and variation coefficient of 2.5%.
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Table 1 | PET/CT data characteristics for both observers.

PET/CT data characteristics Observer 1 Observer 2

Distance L1-L5 (cm) 15.8 (15.0-16.1) 15.5 (15.0-16.5)

VAT volume (cm3) 2406 (1711-3869) 2344 (1646-3921)

SAT volume (cm3) 1986 (1700-3049) 2056 (1724-3135)
MSUVmean VAT 0.49 (0.44-0.59) 0.44 (0.38-0.49)
ASUVmean VAT 0.73 ( 0.67-0.81) 0.73 (0.67-0.82)
MSUVmean SAT 0.32 (0.29-0.34) 0.30 (0.27-0.36)
ASUVmean SAT 0.37 (0.35-0.40) 0.37 (0.35-0.39)

Data presented as median and interquartile distance.

L=lumbar vertebral body; SAT=subcutaneous adipose tissue; SUV=standardized uptake values; VAT=visceral 

adipose tissue; 
ASUVmean=automated generated with the method with setting SUV threshold 1.9, erosion;
MSUVmean=manually generated by drawing regions of interest

Figure 3 | Reproducibility; MSUVmean VAT of observer 1 plotted against those of observer 2 (A) and 

corresponding Bland-Altman plot (C). ASUVmean VAT of observer 1 plotted against those of observer 

2 (B) and corresponding Bland-Altman plot (C).

SD=Standard deviation; SUV=standardized uptake values; VAT=visceral adipose tissue
ASUVmean =automated generated with the method with setting SUV threshold 1.9, erosion;
MSUVmean =manually generated by drawing regions of interest
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Figure 4 | Repeatability; MSUVmean VAT of scan 1 (test) plotted against those of scan 2 (restest) (A) and 

corresponding Bland-Altman plot (C). ASUVmean VAT of scan 1 (test) plotted against those of scan 2 

(restest) (B) and corresponding Bland-Altman plot (D).

SD=Standard deviation; SUV=standardized uptake values; VAT=visceral adipose tissue;
ASUVmean = automated generated with the method with setting SUV threshold 1.9, erosion;
MSUVmean = manually generated by drawing regions of interest.

Table 2 | Intraclass correlation coefficients of PET-LDCT data reproducibility and repeatability.

Inter
Observer 1

Inter
Observer 2

Intra
Observers

Repeatability

Distance L1-L5 (cm) 1.00 0.99 [0.97-0.99]* 0.97 [0.92-0.96]* 0.97 [0.89-0.99]*

VAT Volume (cm3) 1.00 [0.99-1.00]* 1.00 [1.00-1.00]* 1.00 [0.99-1.00]* 1.00 [0.99-1.00]*

SAT Volume (cm3) 1.00 [1.00-1.00]* 1.00 [1.00-1.00]* 1.00 [0.97-1.00]* 1.00 [0.98-1.00]*
MSUVmean VAT 0.92 [0.68-0.98]* 0.97 [0.89-0.99]* 0.57 [-0.29-0.82]‡ 0.78 [0.20-0.94] ‡

ASUVmean VAT 1.00 [1.00-1.00]* 1.00 [1.00-1.00]* 1.00 [0.94 -1.00]* 0.98 [0.94-1.00]*
MSUVmean SAT 0.95 [0.80-0.90]* 0.91 [0.66-0.98]* 0.91 [0.64-0.98]* 0.79 [-0.01-0.95]‡

ASUVmean SAT 0.97 [0.88-0.99]* 1.00 [1.00-1.00]* 0.99 [0.96-1.00]* 0.33 [-0.23-0.77]

Data presented as Intraclass correlation coefficients and 95% Confidence Interval. 

L=lumbar vertebral body; SAT=subcutaneous adipose tissue; SUV=standardized uptake values; VAT=visceral 

adipose tissue
ASUVmean=automated generated with the method with setting SUV threshold 1.9, erosion;
MSUVmean=manually generated by drawing regions of interest

* indicates significance P value <0.001; ‡ indicates significance P value <0.05
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DISCUSSION 

The present study assessed the reproducibility and repeatability for the metabolic assessment 

of VAT and SAT using 18F-FDG-PET/CT imaging using both manual and semi-automated 

segmentation. The automated metabolic assessment of VAT was highly reproducible and 

repeatable. Moreover, the ICCs concerning the automated metabolic assessment of VAT, 

were superior to the manual method. The ICCs for automated and manually metabolic 

assessment of SAT were also highly reproducible. However, the repeatability of the 

automated metabolic assessment of SAT was lower than the manual method.

 The present study investigated the repeatability of 18F-FDG uptake in VAT and SAT with 

a semi-automated segmentation which included a SUV threshold and erosion approach, 

with settings optimized for analysis of VAT. As expected, the SUVmean in VAT increased with 

higher SUV thresholds and decreased with larger erosions. However, the increase in SUVmean 

decreased with every 0.1 SUV increase in threshold. As a difference of <0.01 SUV was 

not considered relevant, this was used as a criteria to assess the most optimal threshold. 

In addition, since SUV in VAT are almost normally distributed (Supplemental Figure 2), 

the ASUVmean as well as ASUVmedian are reliable parameters. As both parameters were highly 

reproducible and repeatable, we preferred to report ASUVmean as this is the most common 

parameter used to report 18F-FDG uptake in VAT.18,20,23-25,27,30

 Another criteria for the optimal threshold and erosion was that at least 50% of the CT 

based segmented VAT should remain for SUV analysis. This was based on the assumption 

that not more than 50% of the CT based segmented VAT would be influenced by spillover 

effects. Based on the results of this study, we suggest that for automated assessment of 

the metabolic activity of VAT, a SUV threshold should optimally be 1.9 for ASUVmean or 1.5 for 
ASUVmedian and an erosion should be 1 pixel and maximal 2 pixels. 

  The method was not fully automated since two manually actions were needed; selection 

of the slices corresponding to vertebral levels L1 to L5 and drawing a line to close the 

abdominal muscular layer to separate VAT and SAT. However, these manual actions barely 

affect the outcomes as VAT and SAT volume measurements were highly reproducible and 

repeatable (all ICC>0.97).

 In order to improve CVD risk management associated with obesity, VAT is recognized 

as an important contributor. Clearly, VAT volume and metabolic activity are both linked 

to the CVD risk and have become targets of imaging modalities.4,9,15,41 Two other studies 

used an automated method, in which a VOI generated on CT was transferred to PET, to 

report 18F-FDG uptake in VAT.23,27 Interestingly, one of this studies showed that VAT 18F-FDG 

uptake was associated with the degree of intestinal uptake on PET/CT but not on PET-MRI.27 

Those findings confirm the need for a threshold and erosion for the automated metabolic 

assessment of VAT to overcome overspill effects from surrounding organs.
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The ASUVmean VAT was higher compared with MSUVmean VAT. This result may be explained by 

the fact that manual ROIs were placed in the low 18F-FDG uptake areas, in an attempt to 

avoid spillover, and therefore potentially suffer from selection bias. The uptake of 18F-FDG 

in VAT is not uniform. Therefore, the uptake in an ROI may be not representative for the 

effective mean uptake of 18F-FDG in the whole VAT region. Furthermore, the current study 

showed that automated measurements of VAT were more accurate than manually drawn 

ROIs, as the reproducibly, especially intra observers, and the repeatability ICCs were much 

higher. Moreover, the automated measurement variation coefficient of the reproducibility 

between observers (0.6%) and the repeatability (2.5%) was far less compared with manual 

ROIs (19.2% and 12.6%, respectively).  

  Our study also has some limitations. First, this study included predominantly patients 

with a healthy (BMI <25) and no obese patients (BMI> 30). Therefore, it is uncertain if 

the automated method is also equally accurate in obese subjects. Secondly, the 18F-FDG 

uptake in VAT was not compared with levels of adipokines. Therefore, the hypothesis that 

the inflammatory state measured by 18F-FDG uptake in VAT is positively associated with 

adipokine levels could not be investigated. Further studies, which take levels of adipokines 

and other metabolic parameters into account, will need to be performed.  

CONCLUSION

In summary, we conclude that a (semi-)automated method is feasible and should be the 

preferred approach for metabolic assessment of VAT in PET/CT 18F-FDG data.
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SUPPLEMENTAL FIGURES

Supplemental Figure 1 | Each 3D plot represent 96 ICCs calculated for the different SUV thresholds 

(x-as) and erosions (y-as). The ICCs for interobserver reproducibility for ASUVmedian VAT (a) and for 
ASUVmean VAT (d). The ICCs for intraobserver reproducibility for ASUVmedian VAT (b) and for ASUVmean VAT 

(e). The repeatability ICCs for ASUVmedian VAT (c) and for ASUVmean VAT (f).
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Supplemental Figure 2 | Distribution of SUV in VAT and SAT. Histogram with SUV values in VAT with 

different SUV thresholds and no erosion (A) and for different erosions and a SUV threshold of 2.0 (B). 

Histogram with SUV values in SAT with different SUV thresholds and no erosion (C) and for different 

erosions and a SUV threshold of 2.0 (D).
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ABSTRACT

Objective: Type 2 diabetes is accompanied by premature atherosclerosis and arterial stiffness. 

The underlying association remains incompletely understood. The possible relationship 

between subclinical arterial inflammation assessed by 18F-fluorodeoxyglucose (18F-FDG) 

positron emission tomography/computed tomography (PET/CT) and arterial stiffness was 

investigated in patients with early type 2 diabetes.

Research Design and Methods: Patients with type 2 diabetes (n=44), without cardiovascular 

disease and any type of antidiabetic medication, were studied (median age 63 years [inter-

quartile rang 54-66], men:women 27:17). Arterial inflammation was quantified as the 
18F-FDG uptake maximal standardized uptake value (SUVmax). SUVmax was corrected for the 

prescan glucose level. A target-to-background ratio (TBR) was calculated by dividing the 

SUVmax of the arteries by the SUVmean of the caval veins (blood pool). TBRs were calculated 

for four individual segments (carotid arteries, ascending aorta and aortic arch, descending 

and abdominal aorta, and iliac and femoral arteries) and averaged for the total aortic tree 

(meanTBR). Arterial stiffness was assessed as central systolic blood pressure (cSBP), carotid-

femoral pulse wave velocity (PWV), and augmentation index (AIx). 

Results: The meanTBR was significantly associated with PWV (R=0.47, P=0.001) and cSBP 

(R=0.45, P=0.003) but not with AIx. TBR of each separate segment was also significantly 

associated with PWV and cSBP. In a multiple linear regression model including age, sex, 

BMI, hemoglobin A1c (HbA1c), hs-CRP, cholesterol, cSBP, and PWV, PWV was the strongest 

determinant of meanTBR.

Conclusion: In patients with type 2 diabetes, 18F-FDG-PET/CT-imaged subclinical arterial 

inflammation is positively associated with determinants of arterial stiffness. 
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INTRODUCTION

Type 2 diabetes is accompanied by arterial stiffness and an increased risk of developing 

premature atherosclerosis. Patients with only small glycemic disturbances already display 

endothelial dysfunction and inelastic arteries, indicating early vascular dysfunction.1,2 The 

mechanisms underlying the association between type 2 diabetes and vascular dysfunction 

leading to atherosclerosis are incompletely understood. Inflammation of the arterial wall, 

which is often present in patients with diabetes, is likely to have a central position in the 

pathogenesis and outcome of atherosclerosis.3,4 Therefore, it is desirable to study the 

relationship between arterial inflammation and vascular function in early type 2 diabetes 

patients.

  With nuclear imaging modalities, such as positron emission tomography (PET), 

it is possible to visualize and quantify metabolic activity. The metabolic marker 
18F-fluorodeoxyglucose (18F-FDG) is associated with macrophage infiltration and levels of 

inflammatory activity in carotid plaques in ex vivo studies.4,5 Previous in vivo studies have 

also shown that the intensity of vascular 18F-FDG uptake is significantly associated with 

inflammatory biomarkers6 and the metabolic syndrome7 and predicts cardiovascular events 

independent of traditional risk factors in asymptomatic adults.8 The few clinical studies 

conducted to date in patients with type 2 diabetes documented higher carotid wall 18F-FDG 

uptake suggesting increased inflammatory activity.9,10

  Arterial stiffness can be noninvasively assessed as aortic pulse wave velocity (PWV) 

and by pulse wave analysis as central systolic blood pressure (cSBP) and augmentation 

index (AIx). PWV is a powerful independent predictor of cardiovascular outcomes in the 

general population and in patients with diabetes, hypertension, and kidney disease. In the 

Framingham Heart Study, for example, a higher PWV was associated with increased risk for 

a first cardiovascular event after adjustment for other cardiovascular risk factors.11 

  However, the relationship between premature arterial stiffness and arterial inflammation 

in patients with early type 2 diabetes without a history of cardiovascular disease has not 

been studied. We therefore investigated the relationship between 18F-FDG-PET-assessed 

subclinical arterial inflammation and arterial stiffness as early markers of atherosclerosis in 

patients with treatment-naïve type 2 diabetes. 

RESEARCH DESIGN AND METHODS 

This cross-sectional study of participants from the RELEASE study (clinical trial registration 

number NCT02015299) was conducted between February 2014 and July 2015, in compliance 

with the principles of the Declaration of Helsinki. The protocol was reviewed and approved 
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by the Medical Ethical Institutional Review Board of the University Medical Center Groningen 

(UMCG, number 2013-080). All participants gave written informed consent.

Study population
Potentially eligible individuals were selected from the outpatient vascular department 

of the UMCG or recruited by advertisement in a local newspaper or from several general 

practitioner practices. Subjects were males and females aged 30-70 years, with an early 

type 2 diabetes, defined as fasting plasma glucose ≥7.0 mmol/l (≥126 mg/dL) and/or a 

random plasma glucose ≥11.1 mmol/l (200 mg/dL) and/or a haemoglobin A1c (HbA1c) ≥6.5% 

(≥48 mmol/l), no later than 6 months before inclusion. All patients had to have an assessable 

PWV measurement at screening and to be on a stable dose of blood pressure and/or 

lipid-lowering medication for >4 weeks. Exclusion criteria were current use of glucose-

lowering drugs, uncontrolled hypertension (SBP>160 mmHg or a diastolic blood pressure 

[DBP]>100 mmHg), a diagnosis of cardiovascular disease defined as stable coronary artery 

disease or acute coronary syndrome, stroke or transient ischemic attack, or peripheral artery 

disease. 

Clinical and laboratory assessments
After providing written informed consent, all eligible subjects underwent a screening visit. 

At the screening visit, a detailed medical history, drug use, smoking habits, and family history 

of diabetes were evaluated. Additionally, a quick assessment of PWV was performed in order 

to ensure that this measurement could be performed in the subject without errors. All study 

assessments, including an 18F-FDG-PET/low-dose computed tomography (CT) scan, were 

performed within 8 weeks after the screening visit, with a maximum of 1 week between the 
18F-FDG-PET/CT scan and a visit for all the other assessments. 

  Height, weight, and waist and hip circumference were measured. All blood samples were 

obtained in the morning after at least 8 h of overnight fasting for the measurements of 

plasma glucose, HbA1c, lipid profile, hs-CRP, and creatinine.

Arterial stiffness 
All vascular investigations were performed at our experienced vascular laboratory in a warm 

room (22±1°C). After an overnight fast (including no smoking and not drinking beverages 

containing caffeine or alcohol) of at least 8 h, carotid-femoral PWV and central pulse wave 

analysis were measured. During the measurements, patients were not allowed to speak or 

sleep. 

  After a 10-min rest at a supine position, the brachial SBP and DBP were measured 

using an oscillometric device (Stabil-o-graph; I.E.M. GmbH, Stolberg, Germany). For further 

analysis, the average of the last two readings was used.
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PWV and pulse wave analysis
Arterial tonometry with simultaneous electrocardiogram registration was obtained with the 

use of the Sphygmocor device (Sphygmocor EM-3, software version 8.2; AtCor Medical, West 

Ryde, Australia). Pressure waves were recorded sequentially for the carotid artery (proximal) 

and femoral artery (distal) on the left side of the body. The transit time between the two 

arterial sites was determined in relation to the R wave of the ectrocardiogram.12 The traveled 

distance was measured as the surface distance between the two recording sites and the 

sternal notch. 

  PWV was measured with the foot-to-foot velocity method from various waveforms. The 

PWV was calculated by dividing traveled distance by transit time (PWV=distance [meters]/ 

transit time [seconds]). The reproducibility of this method was previously tested at our 

laboratory, showing an intraclass correlation coefficient (ICC) of 0.91 (95% CI 0.83-0.96) 

between the two vascular technicians. 

  Pulse wave analysis was performed with the same system. Arterial pressure waveform 

was recorded on the left radial artery. Aortic pressure waveform was estimated from the 

radial artery using the transfer function.13 The cSBP and AIx were the obtained parameters. 

The AIx is defined as the second peak minus the first peak of the central arterial waveform, 

expressed as a percentage of the pulse pressure and standardized to a heartbeat of 75 bpm. 

18F-FDG-PET/CT imaging 
18F-FDG-PET/CT imaging was performed on a Siemens Biograph 64-slice PET/CT scanner 

(Siemens Medical Systems, Knoxville, TN) according to the European Association of Nuclear 

Medicine (EANM) procedure guidelines for 18F-FDG imaging.14 After an overnight fast of at 

least 6 h, the patients received an intravenous administration of 3 MBq 18F-FDG per kilogram 

of body weight. Patients were encouraged to drink 1.5 L of water in the 2 h prior to injection 

to ensure an adequate prehydration. Prior to the 18F-FDG injection, the glucose level was 

measured and the procedure was continued when the level was <11 mmol/l (~200 mg/dL). 

The patients rested in a comfortable sitting position in a heated room and were not allowed 

to speak or sleep after the 18F-FDG injection. After an uptake period of 60 min after the 

administration, PET emission data were acquired from the skull to knee, 3-min per bed 

position. A low-dose CT was performed prior to the PET emission for attenuation correction 

and anatomic localization. 

Image analysis
All PET/CT scans were analyzed on a dedicated commercially available Siemens Symbia 

workstation (Siemens Medical Systems). The scans were first visually analyzed (R.H.J.A.S/

A.W.J.M.G) for incidental findings such as malignancies. Patients with malignancies, 

vasculitis, and/or with another inflammatory focus close to an artery were excluded (n=2). 
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18F-FDG uptake was quantified by calculating the maximal standardized uptake value 

(SUVmax) in the arteries and the SUVmean in the veins in all patients. The three-dimensional 

volume of interests (VOIs) used in SUV analysis were drawn manually and were based on 

the max value within the 50% isocontour boundaries at the selected point with the highest 

SUVmax uptake. 

  The SUVmax was assessed for the following arterial regions: left and right carotid artery, 

ascending aorta, aortic arch, descending aorta, abdominal aorta, left and right iliac artery, 

and left and right femoral artery. Each VOI arterial region was measured twice at different 

time points to evaluate interobserver variability. By averaging the SUVmax of the two different 

measurements, the mean SUVmax was calculated for four individual segments: carotid arteries 

(segment 1), ascending aorta and aortic arch (segment 2), descending and abdominal aorta 

(segment 3), and iliac and femoral arteries (segment 4) (Figure 1). To calculate the SUVmax for 

the whole aortic tree (meanSUVmax), the SUVmax of the four individual segments were averaged. 

Vessel quantification regarding SUV measurements was performed by a trained reader 

(S.A.d.B) and for reproducibility 10 scans were also independently analyzed by a second 

trained reader (M.C.H.-d.B.). 

Figure 1 | To asses subclinical arterial inflammation a whole body 18F-FDG-PET/CT scan was 

performed. Arterial inflammation was quantified as the 18F-FDG SUVmax. SUVmax was corrected for 

the prescan glucose level. TBR was calculated by dividing the SUVmax of the arteries by the SUVmean of 

the caval veins (blood pool). SUVmax was measured from the carotid arteries until the femoral arties 

and averaged for the total aortic tree (meanTBR). 

As background blood pool uptake, SUVmean measurements were performed by positioning 

VOIs in the midlumen of the superior and the inferior caval veins. The average SUVmean of 

two VOIs in both caval veins were used as the final SUVmean of the blood pool. Target-to-

background ratio (TBR) was calculated by dividing the SUVmax by the SUVmean derived from 

the superior caval vein (for segment 1-2) or inferior caval vein (for segment 3-4). 
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Arterial calcification
Arterial calcification was quantified to a visual score according to the method of Rominger 

et al.15 for each measured artery. The calcified plaque (CP) was scored 0 (no visual 

calcification), 1 (CP involving <10% of vessel circumference), 2 (CP involving 10-25% of vessel 

circumference), 3 (CP involving 25-50% of vessel circumference) and 4 (CP involving >50% 

of vessel circumference). To calculate a total CP sum, the scores of arteries were added up.

Outcome measures 
All SUVmax values were normalized for the patient fasting prescan glucose level to an overall 

average prescan glucose level of 5.0 mmol/L (90 mg/dL) using the following calculation: 

SUVmax×prescan glucose level (mmol/L) / 5.0 mmol/L14 as advocated in a recent EANM 

position paper on atherosclerosis imaging with PET.16 The main study parameter was the 

glucose- and background- corrected meanSUVmax for the four individual segments and referred 

to as meanTBR. 

Statistical analysis
Discrete variables are presented as numbers and percentages. Quantitative variables with a 

normal distribution are presented as ± SD and otherwise as median and interquartile range 

(IQR). Statistical analyses were performed using the Statistical Package for Social Sciences 

version 20 (SPSS Inc., Chicago, IL). Data from all included patients were used in the analysis 

and missing values were not imputed. Agreement between paired intra- and interobserved 

PET measurements was assessed with a generalized linear model (variance components, 

ANOVA, type 2 error, and patients random) to calculate an ICC and a weighted Cohen ĸ for 

categorical data (CP score).

  A sample size of 44 patients provided 80% power (1–β) to detect a correlation coefficient 

of at least 0.4 using a two-sided hypothesis test and a significance level of α=0.05.

  To compare the different segments, a one-way ANOVA was used. To investigate a possible 

relationship between 18F-FDG uptake, arterial stiffness, and cardiovascular risk factors, first a 

Pearson or Spearmans ρ correlation coefficient (R) was calculated. Thereafter, multiple linear 

regression was used to examine factors associated with the 18F-FDG uptake. The dependent 

value was the 18F-FDG uptake (meanTBR), and the independent covariates were chosen a priori 

based on an assumption to be related to 18F-FDG uptake and cardiovascular risk factors, 

including PWV, cSBP, age, sex, BMI, HbA1c, total cholesterol, LDL, and hs-CRP (log transformed 

to achieve a normal distribution of the residuals in regression analysis).

 We used five linear regression models to sequentially evaluate the addition of several 

known cardiovascular risk factors on the association of PWV with vascular inflammation. For 

every model, a block in a single step was entered. In the first block, PWV entered the model. In 

the second block, cSBP was added, followed by the addition of age and sex in the third block 

and subsequently BMI, HbA1c, and hs-CRP in the fourth. In the fifth block, total cholesterol 
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and HDL entered the model. Since only seven patients (16%) were current smokers, smoking 

was not included in the model. P<0.05 was considered statistically significant. 

RESULTS

Patient characteristics
A total of 50 potentially eligible subjects were screened between February 2014 and July 

2015 at the UMCG. Six subjects were excluded; four subjects had no reliably assessable PWV 

measurements due to arrhythmia and two subjects had to withdraw after an incidental 

finding on the 18F-FDG-PET/CT needing additional medical attention. Therefore, the final 

study population comprised 44 patients, 27 male and 17 female, with a median age of 

63 years (IQR, 54-66). The median known diabetes duration was 1 year. Most of the patients 

were included on the basis of fasting plasma glucose ≥7.0 mmol/L (36 patients, 82%) and a 

few patients on the basis of HbA1c ≥6.5% (8 patients, 18%). The clinical characteristics of the 

study population are presented in Table 1.

18F-FDG-PET/CT imaging
The mean received 18F-FDG dose was 3.16±0.7 MBq/kg, and the prescan fasting glucose 

level was 6.9±0.9 mmol/L. The imaging results (mean [95%CI]) of the different segments 

are shown in Figure 2. TBR of the individual segments differed significantly (P<0.001). The 

highest TBR (3.07 [2.94-3.20]) was measured in segment 3 (descending aorta and abdominal 

aorta) and the lowest TBR (2.39 [2.30-2.47]) in segment 1 (carotid arteries)). A total of seven 

patients (15.9%) had no visual arterial calcification at all, whereas plaques that were heavily 

calcified (scoring 4) were only present in seven patients (15.9%). These were only detected in 

the abdominal aorta and iliac artery (Supplemental Table 1). The intrareader reproducibility 

(ICC) was 0.99, and the interobserver reproducibility was 0.94 for the SUVmax measurements. 

The interobserver reproducibility for the total CP sum was 0.82 Cohen ĸ. There was an 

agreement of 100% for the score 0, and the maximum difference between the scores was 1 

point.

  The meanTBR was significantly associated with determinants of arterial stiffness (Figure 3), 

with PWV (R=0.47, P=0.001) and cSBP (R=0.45, P=0.003). The TBR of all segments separately 

was also significantly associated with PWV and cSBP as determinants of arterial stiffness; 

segment 1 with PWV (R=0.39, P=0.008) and cSBP (R=0.43, P=0.005), segment 2 with PWV 

(R=0.44, P=0.003) and cSBP (R=0.33, P=0.031), segment 3 with PWV (R=0.43, P=0.003) and 

cSBP (R=0.43, P=0.005), and segment 4 with PWV (R=0.41, P=0.006) and cSBP (R=0.38, 

P=0.014). None of the segments correlated with AIx (%). No correlation was observed 

between PWV and cSBP (R=0.22, P=0.166), or PWV and CP sum (R=0.14, P=0.378).
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Table 1 | Clinical characteristics of the study population.

Characteristics (n=44)

Male (n) 27 (61%)

Age (years) 63 (54-66)

Caucasian (n) 40 (91%)

Current Smokers (n) 7 (16%)

Diabetes duration (years) 1.0 (0.0-3.5)

BMI (kg/m2) 30.4 (27.5-35.8)

Weight (kg) 96.6±15.4

Waist circumference (cm) 101.7±11

Fasting plasma glucose (mmol/L) 7.4±1.0

HbA1c (%) 6.3±0.4 

HbA1c (mmol/L) 45±4.6 

Total cholesterol (mmol/L) 4.8±1.0

HDL (mmol/L) 1.4±0.3

LDL (mmol/L) 3.1±1.0

Triglycerides (mmol/l) 1.59±0.83

hs-CRP (mg/l) 1.15 (0.70-3.08)

eGFR (ml/min/1.73m2) 83 (78-94)

Arterial stiffness

cSBP (mmHg) 134±14

cDBP (mmHg) 87±10.0

AIx (%) 20.6±8.7

PWV (m/s) 8.6±1.4

Arterial calcification

No visual arterial calcification (n) 7 (15.9%)

 CP sum 1-5 (n) 13 (29.5%)

CP sum 6-10 (n) 10 (22.7%)

 CP sum 11-15 (n) 10 (22.7%)

 CP sum >15 (n) 4 (9.1%)

Medication

 Statin (n) 24 (54.5%)

 Antihypertensive (n) 22 (50%)

Angiotensin converting enzyme inhibitor (n) 10 (22.7%)

Angiontensin II blockers (n) 7 (15.9%)

Calcium-channel blocker (n) 3 (6.8%)

Beta-blockers (n) 7 (15.9%)

Diuretics (n) 12 (27.3%)

Values are n (percentage of the group), mean ± SD or median and IQR.
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(P<0.001). Segment 1, carotid arteries; segment 2, ascending aorta and aortic arch; segment 3, 
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Figure 3 | The relationship of subclinical arterial inflammation (meanTBR) and arterial stiffness assessed 

as PWV (R=0.47, P<0.001) in 44 patients with early type 2 diabetes. 
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Five different linear regression models were used to evaluate the association between 

meanTBR, arterial stiffness, and covariates as explained in RESEARCH DESIGN AND METHODS 

(Table 2). All models showed that PWV was significantly associated with meanTBR. Even in 

the fully adjusted model (R2=0.58, P<0.001), PWV remained significantly and independently 

associated with meanTBR after adjustment for cSBP, age, sex, BMI, HbA1c, hs-CRP, total 

cholesterol, and HDL. In none of the multivariate linear regression models were age, sex, 

BMI, hs-CRP, total cholesterol, and HDL significant determinants of meanTBR. Replacing HDL 

with LDL cholesterol and total cholesterol with triglycerides did not change the results. 

Further adjustment for statin use or antihypertensive medication also did not alter the 

results (Supplemental Table 2). 

CONCLUSIONS

We found a significant association (R=0.45-0.47) between 18F-FDG-PET-assessed subclinical 

arterial inflammation and arterial stiffness independent of age, sex, BMI, HbA1c, hs-CRP, and 

cholesterol, suggesting that inflammation is involved in premature arterial stiffness in early 

type 2 diabetes. 

  This cross-sectional observational study is unable to determine whether arterial stiffness 

is a cause or consequence of arterial inflammation. Various studies support an association 

between inflammatory biomarkers and arterial stiffness but could not assess a direct causal-

effect relationship.17,18 Type 2 diabetes has been considered an inflammatory disease.19 

It is known from patients with primary inflammatory diseases that arterial stiffness is 

increased independent of other cardiovascular risk factors.20 It is possible that a common 

denominator is involved that causes both arterial stiffness and arterial inflammation such 

as endothelial dysfunction.17,18 Endothelial dysfunction is a crucial step in the early stages of 

the development of an atherosclerotic lesion and may result in a proinflammatory state.21 

Endothelial dysfunction is often observed in early stages of diabetes and may thus be a 

precursor of vascular dysfunction and inflammation.18

  To our knowledge, this is the first study that assessed vascular inflammation in a 

population with early type 2 diabetes without a diagnosis of cardiovascular disease. It is 

known from prior imaging studies in oncologic patients that 18F-FDG uptake competes 

with glucose uptake and is therefore decreased during hyperglycemia. This competition 

could theoretically bias results in patients with diabetes. One study to optimize PET 

imaging analysis reported a negative association between prescan glucose levels and 

vascular 18F-FDG uptake.22 On these grounds, it is recommended that the upper fasting 

plasma glucose level for atherosclerosis imaging with PET should not exceed 7.0 mmol/L 

(126 mg/dL).16 Nevertheless, another study aiming to assess the impact of type 2 diabetes 
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on carotid wall uptake demonstrated the feasibility of the glucose-corrected 18F-FDG uptake 

in patients with type 2 diabetes.9 Accordingly, a recent EANM recommendation for PET 

imaging on atherosclerosis in patients with glucose level >7.0 mmol/L stated that correction 

for preglucose levels on the vascular 18F-FDG uptake should be considered.16 In line with 

these recommendations, we also adjusted our imaging analysis for the preglucose levels. 

  Although previous studies have demonstrated a relationship between blood pressure 

and arterial stiffness, no correlation was found between PWV and cSBP in our study. This 

may be explained by the relatively low blood pressure and small range in blood pressure in 

our study, as PWV is especially influenced by blood pressures that are in the extremes.2 Since 

AIx is determined by the degree of peripheral wave reflection, it is considered an indirect 

surrogate measure of arterial stiffness.12 Also, since the variation in AIx is much greater and 

its reproducibility is lower than PWV, it is possible that the study was underpowered to 

detect a statistically significant association with meanTBR.12

  As expected,10 markers of diabetes severity also correlated significantly with 18F-FDG 

uptake (models 4 and 5). Nevertheless, in our multivariable model, PWV was the strongest 

independent determinant of 18F-FDG uptake even after adjustment for HbA1c. The 

association that we found between 18F-FDG uptake and PWV and cSBP has also been 

observed predominately in patients without.23 This study of 26 patients demonstrated 

that SUVmax was significantly associated with central aortic PWV (R2=0.16, P=0.004). By 

contrast, no correlation was found between PWV and CP sum. Previous studies showed that 

aortic calcification is associated with arterial stiffness, but the underlying mechanisms are 

incompletely understood. Since only a few patients had heavily calcified arteries, our study 

probably was underpowered to detect a statistically significant association. 

  We used the metabolic marker 18F-FDG for imaging inflammation. The 18F-FDG uptake 

is significantly associated with macrophage infiltration.5,24 Since macrophages are most 

prominent in the early phases of the development of an atherosclerotic lesion, the 18F-FDG 

uptake reflects an early phase of atherosclerosis.25 Kim et al. 10 also measured carotid intima-

media thickness as a determinant of atherosclerosis but did not find a higher carotid intima-

media thickness in patients with impaired glucose tolerance or type 2 diabetes compared 

with control subjects, although they found a higher 18F-FDG uptake. These results further 

support the idea that 18F-FDG-PET might visualize earlier processes of atherosclerosis than 

can be detected by ultrasonography.

  Overall, the current study has several strengths, such as the prospective recruitment 

of patients with early type 2 diabetes not yet using glucose-lowering drugs and without 

a history of cardiovascular disease, which makes this population rather homogeneous. 

Another strength of this study is that the whole arterial tree was scanned instead of only 

the carotid artery as in most of the other studies, which allowed comparison with arterial 

stiffness of the arterial tree. 
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Our study also has some limitations. First, this study was cross-sectional and therefore could 

not assess the question of whether arterial stiffness was a cause or consequence of arterial 

inflammation. In addition, it was not possible to investigate if the association is also a causal 

relation. Second, almost 55% of the patients already used a statin. Statins are known to have 

an effect on arterial inflammation.26 However, patients were only included in the study if 

they had been on a stable dose of statins and adjustment for statins did not alter the results. 

Furthermore, our main associations might be an underestimation of the true effect, at least in 

statin users. Third, the number of included patients is relatively small for the current analysis, 

since we aimed to keep a low sample size to minimize radiation dose. Nevertheless, the 

sample size provided >80% power to detect a correlation coefficient of at least 0.4 at α=0.05. 

Fourth, we did not include a group without diabetes. Therefore, we cannot conclude that 

the relationship between 18F-FDG uptake and aortic stiffness occurs exclusively in diabetes, 

and it may also be found in other populations (without diabetes) with an increased risk of 

developing atherosclerosis.23 Fifth, the optimal acquisition circulation time for 18F-FDG-PET/

CT imaging to assess vascular inflammation is not well known. We performed an 18F-FDG-

PET/CT 1 h after the injection. In literature, imaging is performed between 60 and 180 min 

after intravenous injection of 18F-FDG. Blomberg et al.27 showed that delayed imaging of 180 

min over imaging at 90 min improved 18F-FDG-PET imaging. The superior result of 180 min 

was explained by a decline in blood pool activity; the SUVmax did not change with time. Also, 

Bucerius et al.9 did not find an impact of 18F-FDG circulation time in patients with diabetes. 

Since the clearance of 18F-FDG tracer in the circulation is beyond 1 h after injection, we do 

not think the circulation time negatively influenced our results.7 Nevertheless, a circulation 

time of 90 or 180 min could improve the associations of 18F-FDG uptake, arterial stiffness, 

and cardiovascular risk factor.16 This is an important issue for future research.
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SUPPLEMENTAL TABLES

Supplemental Table 1.

Calcified plaque score (circumference)

0 1 (<10%) 2 (10-25%) 3 (25-50%) 4 (>50%)

Segment 1

Left carotid artery (n) 36 (81.8%) 7 (15.9%) 1 (2.3%) 0 0

Right carotid artery (n) 33 (75%) 10 (22.7%) 1 (2.3%) 0 0

Segment 2

Ascending aorta (n) 41 (93.2%) 1 (2.3%) 2 (4.6%) 0 0

Aortic arch (n) 24 (54.5%) 13 (29.5%) 7 (15.9%) 0 0

Segment 3

Descending aorta (n) 28 (63.6%) 9 (20.5%) 6 (13.6%) 1 (2.3%) 0

Abdominal aorta (n) 13 (29.5%) 4 (9.1%) 8 (18.2%) 12 (27.3%) 7 (15.9%)

Segment 4

Left iliac artery (n) 17 (38.6%) 10 (22.7%) 9 (20.5%) 6 (13.6%) 2 (4.5%)

Right iliac artery (n) 16 (36.4%) 7 (15.9%) 7 (15.9%) 13 (29.5%) 1 (2.3%)

Left femoral artery (n) 24 (54.5%) 14 (31.8%) 6 (13.6%) 0 0

Right femoral artery (n) 28 (63.6%) 10 (27.7%) 5 (11.4%) 1 (2.3%) 0

Values are n (percentage of arteries). The numbers do not add up to the total study population but to the total 

assessed arterial sites (n=440).
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Supplemental Table 2.

Dependent:

meanTBR
Model 5

(R2=0.57. P<0.001) 
Model 6

(R2=0.59. P=0.002) 

Β SE St. β P Value Β SE St. β P Value

PWV 0.064 0.027 0.328 0.024 0.059 0.028 0.301 0.046

cSBP 0.005 0.002 0.258 0.050 0.005 0.002 0.263 0.051

Age 0.003 0.005 0.105 0.482 0.004 0.005 0.128 0.437

Gender 0.014 0.072 0.025 0.853 -0.005 0.075 -0.009 0.951

BMI 0.009 0.008 0.186 0.246 0.013 0.009 0.251 0.181

HbA1c 0.180 0.092 0.267 0.059 0.175 0.096 0.260 0.080

hs-CRP* -0.049 0.040 -0.183 0.235 -0.057 0.042 -0.217 0.178

Triglycerides 0.062 0.053 0.180 0.253 0.060 0.056 0.177 0.287

HDL cholesterol -0.061 0.117 -0.074 0.603 -0.048 0.122 -0.057 0.700

Statin use 0.077 0.073 0.144 0.304

Antihypertensive use -0.009 0.075 -0.017 0.902

Multiple linear regression analyses with the stepwise addition of several covariates to evaluate the association of 

pulse wave velocity and subclinical vascular inflammation (meanTBR). 

Β=Coefficient β; SE=Standard Error. st; β=Standardized Coefficient β.*logarithmic transformation
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ABSTRACT

Aims: To evaluate the effects of the dipeptidyl peptidase-4 (DPP-4) inhibitor linagliptin 

on aortic pulse wave velocity (PWV) as a surrogate marker of arterial stiffness and early 

atherosclerosis in people with early type 2 diabetes. 

Methods: A total of 45 people with type 2 diabetes (median [interquartile range] age 63 

[54-66] years, 61% men, mean ± standard deviation glycated haemoglobin [HbA1c] 6.3±0.4% 

[45±4.6 mmol/mol]), without cardiovascular disease and naïve to antidiabetic treatment, 

were randomized (1:1) to treatment with linagliptin 5 mg once daily or placebo for 26 weeks 

in a double-blind fashion. PWV was assessed at baseline, 4 and 26 weeks of treatment, and 

again at 30, 4 weeks after treatment. The primary endpoint was between-group difference in 

PWV (corrected for systolic blood pressure [SBP]) at week 26. Secondary endpoints included 

differences in central SBP and augmentation index (AIx). 

Results: Compared with placebo, 26 weeks of linagliptin decreased PWV by an average of 

0.91 m/s (95% confidence interval -1.76 to -0.06; P=.035]. PWV returned to baseline after 4 

weeks washout. Differences in central SBP and AIx were not different between linagliptin and 

placebo. Linagliptin decreased HbA1c (-0.4%; P<.001), fasting plasma glucose (-0.7 mmol/L; 

P=0.002) and triglycerides (-0.49 mmol/L; P=.019) as compared with placebo. The changes 

in body weight, cholesterol and high-sensitivty C-reactive protein did not differ between 

groups. 

Conclusions: Linagliptin decreased aortic PWV in people with early-stage type 2 diabetes as 

compared with placebo after 26 weeks of treatment. These results suggest that linagliptin 

has a favourable effect on arterial stiffness. 
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INTRODUCTION

People with type 2 diabetes and prediabetes are at increased risk of developing cardio-

vascular (CV) disease.1,2 Although modern medicine has provided effective therapy to lower 

blood glucose levels, people with type 2 diabetes still have a severely increased risk of CV 

disease.3 New drugs to treat diabetes should not only lower blood glucose, but also offer CV 

protection. 

  Dipeptidyl peptidase (DPP)-4 inhibitors constitute a relatively new class of oral 

antidiabetic agents. DPP-4 inhibitors inhibit the DPP-4 enzyme, which cleaves incretins, 

such as glucagon-like peptide 1 (GLP-1), which in turn controls glucose-dependent insulin 

secretion. DPP-4 inhibitors have been shown to be effective in reducing glycated haemo-

globin (HbA1c) without inducing hypoglycaemia and have a neutral effect on weight.4 

The CV safety (non-inferiority compared with placebo) of DPP-4 inhibitors (ie, alogliptin, 

saxagliptin, sitagliptin) has been demonstrated in three published CV outcomes trials 

(EXAMINE,5 SAVOR,6 TECOS7) which predominantly included patients with established CV 

disease.  

  Furthermore, DPP-4 has several additional effects beyond GLP-1 degradation. DPP-4 is 

widely distributed in tissues including kidney, intestines, adipose tissue, endothelial cells 

and bone marrow-derived cells.4,8 DPP-4 has been shown to cleave multiple substrates, 

many of which influence the CV system.4,8 One example substrate is the chemokine stromal 

cell-derived factor-1α (SDF-1α), which is responsible for the recruitment of endothelial 

progenitor cells.8 Moreover, DPP-4 is expressed on blood T cells and is associated with the 

immune system.4,9 Consequently, DPP-4 enzyme inhibition might result in favourable CV 

effects beyond glucose-lowering. Indeed, animal studies, as well as some clinical studies, 

have shown favourable CV effects, such as reduction of silent inflammation and oxidative 

stress, lower cholesterol levels and improvement of endothelial function.4,10-12 Nevertheless, 

DPP-4 enzyme inhibition might also result in unfavourable CV effects; an increased rate of 

hospitalization for heart failure was observed in one CV outcome trial.6

  Arterial stiffness can be non-invasively assessed as aortic pulse wave velocity (PWV) and 

by pulse wave analysis as central systolic blood pressure (SBP) and augmentation index (AIx). 

PWV is an integrated index of arterial function and structure and hence a marker of early 

atherosclerosis.13 A higher PWV is associated with a more stiffened artery and an increased 

risk of CV events.14 Overall, PWV is a strong independent predictor of future CV events and 

all-cause mortality in the general population. Furthermore, PWV is also a relevant predictor 

in populations with high CV risk such as those with type 2 diabetes, hypertension and kidney 

disease.13-15 Whether DPP-4 inhibitors such as linagliptin attenuate arterial stiffness has not, 

however, been studied previously in a double-blind randomized placebo-controlled clinical 

trial.
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We hypothesized that treatment with linagliptin, when started early in the course of type 2 

diabetes, would result in favourable vascular effects. The primary objective of the present 

study, therefore, was to evaluate the effects of 26 weeks of linagliptin treatment on PWV, 

and secondly, on central SBP and AIx in people with early-stage type 2 diabetes.

METHODS

The RELEASE study was a single centre, randomized, prospective, double-blind, placebo-

controlled, parallel-group phase III study. The study started in February 2014 and was 

clinically completed in March 2016. The protocol was reviewed and approved by the Medical 

Ethical Institutional Review Board of the University Medical Center Groningen (UMCG). The 

study was carried out according to the principles of the Declaration of Helsinki and according 

to Good Clinical Practice guidelines. All participants gave written informed consent before 

entering the study. The trial was registered with clinicatrails.gov (NCT02015299). 

Study design and population
Potentially eligible participants were selected from the outpatient clinic of the Vascular 

Medicine Department of the UMCG, and were recruited by advertisement in a local 

newspaper and from several general practices. Eligibility criteria are described in detail in 

Supplementale File 1. Briefly, participants were men and women aged ≥30 and ≤70 years, 

diagnosed with type 2 diabetes according to American Diabetes Association criteria,16 and 

were required to have an assessable PWV at screening and to be on a stable dose of blood 

pressure- and/or lipid-lowering medication. Exclusion criteria were: current use of glucose-

lowering drugs, diagnosis of CV disease (defined as stable coronary artery disease or history 

of an acute coronary syndrome, stroke or transient ischaemic attack, or peripheral artery 

disease); and uncontrolled hypertension (SBP>160 mm Hg or diastolic blood pressure 

>100 mm Hg). 

  All eligible participants underwent a screening visit, during which the feasibility of PWV 

assessment was performed. The inclusion visit took place within 8 weeks after the screening 

visit. Follow-up visits were scheduled at weeks 4, 8, 16 and 26 (the completion visit), and 

there was a 4-week post-treatment (washout) follow-up at week 30. PWV, central SBP and 

AIx were assessed at baseline, 4 and 26 weeks of treatment, and at 30 weeks. The visit at 

week 8 consisted of a telephone consultation, and at week 16 an interim visit was planned. 

During every visit, participants were asked to report adverse events. 
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Intervention
Participants were randomized in a 1:1 ratio to receive either linagliptin 5 mg once daily or 

matching placebo for 26 weeks. To minimize adverse events of active glucose-lowering 

drugs, especially the risk of hypoglycaemic events, placebo was chosen for the control 

group. Randomization was performed using minimization software (MinimPy, downloaded 

at http://minimpy.sourceforge.net).17 Allocation was stratified by age (30-49 vs 50-70 years), 

concomitant use of drugs that intervene in the renin-anigotensin-aldosterone system 

(angiotensin receptor blockers and angiotensin-converting enzyme inhibitors) and smoking 

status (current smoking vs non-smoking). Medication bottles were number-coded to blind 

both participants and investigators. Participants were requested to return the medication 

bottles at every visit to calculate drug compliance. All participants in the trial received 

lifestyle advice in accordance with the Dutch General Practitioner standards

  Rescue therapy was initiated if any of the following criteria were met: the participant 

had a fasting plasma glucose level >15 mmol/L or HbA1c >8.0% (64 mmol/mol). Preferably, 

a sulphonylurea derivate was started because these agents have not demonstrated an 

influence on PWV.18

Clinical and laboratory assessments
Height, weight and waist circumference were measured, and body mass index (kg/m2) was 

calculated. All blood samples were obtained in the morning after at least 8 hours of overnight 

fasting for measuring plasma glucose, HbA1c, full blood cell count, lipid profile, high-

sensitivity C-reactive protein (hsCRP), liver enzymes and serum creatinine. Measurements 

were not performed after fasting in the interim visit at week 16. All measurements were 

performed in the national accredited clinical laboratory unit of the UMCG, according to 

standard procedures. 

Arterial stiffness
All vascular measurements were performed at our vascular laboratory and are described 

elsewhere in detail.19 Briefly, pressure waves were recorded sequentially in the left carotid 

and femoral arteries with the use of the Sphygmocor EM-3 device (AtCor Medical, West 

Ryde, Australia, software version 8.2). The PWV was calculated by dividing travelled distance 

by transit time (PWV=distance [meters]/ transit time [seconds]).20 Pulse wave analysis was 

performed with the same system to estimate the aortic pressure. Aortic pressure waveform 

was estimated from the radial artery using the transfer function21 and central SBP and AIx 

were obtained. The AIx is defined as the second peak minus the first peak of the central 

arterial waveform, expressed as a percentage of the pulse pressure, and standardized to a 

heart rate of 75 beats per minute.
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Endpoints
The primary endpoint was between group difference in PWV (corrected for SBP) at week 26. 

In addition to the primary endpoint, the difference in PWV at week 4 and week 30 (washout) 

was also assessed. Secondary endpoints were the difference in central SBP and AIx over 

time. Other outcome endpoints were differences from baseline in clinical and laboratory 

assessments.

  Safety endpoints included the incidence and intensity of adverse events (AEs), including 

AEs of special interest, and changes in vital signs and laboratory tests if they were clinically 

relevant. AEs of special interest were: hepatic events; hypersensitivity reactions; pancreatitis; 

renal events; and skin lesions.

Sample size determination 
A sample size of 36 participants completing the 26 weeks treatment provided 80% power 

at a 2-sided α of 5% to detect a 1.0 m/s reduction in PWV, assuming a standard deviation 

of 1.04 based on previous studies.22-24 In order to have at least 36 participants completing 

the primary endpoint, we aimed to include 20 participants in each treatment group. When 

participants discontinued after the randomization, those participants could be substituted 

according to protocol.

Statistical methods 
Data from all included participants were used in the analysis and missing values were not 

imputed. Data collected after rescue medication were not used for efficacy analysis. Means 

from normally distributed variables were compared using an independent-sample Student 

t-test or Mann–Whitney U-test when appropriate. Discrete variables were compared using 

the chi-squared or Fisher’s exact test, as appropriate.

  The primary endpoint (PWV between-group difference at week 26) was evaluated using 

the generalized estimating equations (GEE) approach with an unstructured covariance 

matrix on an intention-to-treat basis, resulting in all participants with at least 1 measurement 

being included. PWV was entered as the dependent variable in the model. Treatment group 

and visit were added in the model as factors, and SBP as a covariate. An interaction between 

visit number and treatment group was also added into the model in a second step. From 

baseline to week 26 the model included the PWV measurements obtained at baseline, 4 

and 26 weeks. From baseline to week 30 the GEE included PWV measurements obtained at 

baseline and 30 weeks. The estimated marginal means for week 4, 26 and 30 within a group 

compared with their baseline measurements and the difference between groups at each 

visit were evaluated and compared with appropiate correction for pairwise comparisons. 

Treatment effects on central SBP and AIx were analysed similarly to PWV, but without SBP as 

a covariate in the model. Between-group differences from baseline to 26 weeks for clinical 

outcomes were analysed using the calculated deltas (Δ).
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To explore whether associations between change in PWV, central SBP, AIx and HbA1c 

were correlated, a Pearson or Spearman correlation coefficient (r) was calculated when 

appropriate on the calculated Δ from baseline to 26 weeks.

  All analyses were performed using SPSS (released 2013; IBM SPSS Statistics for Windows, 

Version 22.0, IBM Corp, Armonk, New York). P values <.05 were taken to indicate statistical 

significance.

RESULTS

Study population
Of the 50 participants screened, 45 were randomized and 44 started medication. Six 

participants were not eligible: in 4 participants PWV measurement was unreliable as a result 

of arrhythmia and 2 participants had to be withdrawn because of current health concerns 

(Figure 1); therefore, 44 participants (27 men and 17 women) were randomly assigned to 

treatment with linagliptin or placebo. Participants had a median (interquartile range [IQR]) 

age of 63 (54-66) years and the median diabetes (IQR) duration was 1 (0-3.5) year. Baseline 

characteristics were well balanced between the groups (Table 1). 

Screened (n=50) 

 Randomized (n=45) 

Placebo  (n=22) 

Not eligible (n=5)
• No reliably assessable PWV (4)
• Health concern (1) 

Excluded (n=1)
• Health concern (1) 

Protocol violation (n=2)
• Start antihyperglycemic rescue therapy
  (SU derivate) and metformin (1) 
• Start statin (1)
Discontinued  (n=1)
• Withdrew consent (1) 

Full analysis primary outcome (n=19)
Full analysis secondary outcomes (n=19)

Linagliptin 5 mg (n=22)

Discontinued  (n=1)
• Non-compliance  (1)

Full analysis primary outcome (n=19)
Full analysis secondary outcomes (n=21)

Figure 1 | Disposition of study participants.
SU=sulphonylurea
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Table 1 | Demographic and baseline disease characteristics of enrolled participants.

Linagliptin (n=22) Placebo (n=22)  Total (n=44)

Men, n (%) 13 (59) 14 (64) 27 (61)

Median (IQR) age, years 63 (52-66) 62 (56-69) 63 (54-66)

White ethnicity, n (%) 18 (82) 22 (100) 40 (91)

Current smoker, n (%) 5 (23) 2 (9) 7 (16)

Median (IQR) diabetes duration, years 1.5 (0-5) 1.0 (0-3.3) 1.0 (0.0-3.5)

Median (IQR) body mass index, kg/m2 32.3(27.8-38.2) 29.0 (27.4-34.2)* 30.4 (27.5-35.8)

Weight, kg 97.9±17.6 95.3±13.2 96.6±15.4

Fasting plasma glucose, mmol/L 7.5±0.9 7.4±1.0* 7.4 ±1.0

HbA1c, % 6.3±0.4 6.2±0.5 6.3 ±0.4 

HbA1c, mmol/mol) 45±4.2 45±5.0 45±4.6 

Total cholesterol, mmol/L 4.8±1.1 4.7±0.7 4.77±0.95

HDL cholesterol, mmol/L 1.4±0.3 1.4±0.4 1.37±0.32

LDL cholesterol, mmol/L 3.2±1.2 2.9±0.9 3.09 ±1.02

Triglycerides, mmol/L 1.48±0.6 1.69±1.0 1.59±0.83

Median (IQR) hsCRP, mg/L 1.7 (0.8-3.0) 1.1 (0.6-3.5) 1.15 (0.70-3.08)

eGFR, mL/min/1.73m2 88±12 81±16 85±14 (78-94)

SBP, mm Hg 139±14 139±13 139±14

DBP, mmHg 88±10 88±9 88±10

Medication, n (%)

 Statin 11 (50%) 13 (59%) 24 (54.5%)

Antihypertensive 10 (46%) 12 (55%) 22 (50%)

Arterial stiffness

Central SBP, mm Hg 134±15 134±14 134±14

Median (IQR) AIx, % 21 (17-25) 20 (15-28) 21 (16-26)

PWV, m/s 8.7±1.6 8.8±1.2 8.7±1.4

Data are mean ± standard deviation, unless otherwise indicated. *n=21

Abbreviations: AIx=augmentation index; DBP=diastolic bloods pressure; eGFR=estimated glomerular filtration 

rate; PWV=pulse pave velocity; SBP,=systolic blood pressure

After start of the medication, 2 participants discontinued treatment, 1 through non-

compliance [<80%] and 1 participant withdrew consent. Additionally, 2 participants were 

withdrawn, 1 as a consequence of starting statin therapy, and 1 started a sulphonylurea 

derivate (rescue therapy, between visits 2 and 3) and metformin (between visits 3 and 4) to 

control hyperglycaemia (Figure 1). Overall study medication compliance was 99%. A total 

of 21 participants were available for analysis in the linagliptin group and 19 in the placebo 

group. Because PWV measurements of 2 participants at week 26 were not successfully 

obtained, the primary endpoint analysis considered 19 participants in the linagliptin and 19 

in the placebo group.
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Primary endpoint 
After 26 weeks of therapy, PWV was significantly lower in the linagliptin group than the 

placebo group, with a between-group difference of 0.91 m/s (95% confidence interval 

[CI] 0.06-1.76; P=.035), as shown in Figure 2. In addition, PWV changed from 8.7 m/s 

(95% CI 8.0-9.3) at baseline, to 8.3 m/s (95% CI 7.7-8.8) at 4 weeks, to 8.3 m/s (95% CI 7.8-8.9) 

at 26 weeks in the linagliptin group and from 8.8 m/s (95% CI 8.3-9.3), to 8.8 m/s (95% CI 

8.1-9.4), to 9.2 m/s (95% CI 8.6-9.8) in the placebo group. After 4 weeks washout at 30 weeks, 

PWV in both groups returned to baseline (linagliptin 8.8 m/s [95% CI 8.0-9.7], placebo 8.9 m/s 

[95% CI 8.2-9.6]; Supplemental Table 1).

Secondary endpoints
As shown in Table 2, central SBP and AIx did not differ significantly from baseline between 

the linagliptin and placebo groups throughout the treament (at 26 weeks: ΔSBP=−2.8 

[95% CI -15.8 to 10.2], P=.674 and ΔAIx=-0.7 [95% CI -4.0 to 3.5], P=.738), as well as at week 

30 (after washout).

Table 2 | Changes in secondary endpoints induced by linagliptin or placebo at different time points.

Linagliptin group Placebo group

Variable Time n Mean (95% CI) n Mean (95% CI)

Central SBP, mm Hg Baseline 21 134 (128-140) 21 134 (128-139)

4 weeks 20 131 (124-138) 20 134 (128-139)

26 weeks 19 134 (127-141) 17 137 (126-148)

Washout 20 132 (126-139) 17 136 (129-143)

AIx, % Baseline 21 19.7 (16.1-23.3) 21 21.5 (18.2-25.6)

4 weeks 20 19.8 (16.6-23.1) 20 20.9 (17.2-24.7)

26 weeks 19 20.6 (17.6-23.5) 17 21.3 (18.3-24.3)

Washout 20 20.6 (17.4-23.8) 17 22.7 (19.5-25.9)

Data presented as estimated marginal means and 95% CI.

Abbreviations: AIx=augmentation index; SBP=systolic blood pressure

In the linagliptin group, a positive correlation was observed between the decrease in PWV 

from baseline to week 26 and central SBP (R=0.53, P=.024). Conversely, no correlation was 

found between the before-mentioned decrease in PWV and the AIx (R=-0.15,  P=.565). 

Interestingly, PWV change from baseline to week 26 tended to correlate with change in 

HbA1c (R=0.42,  P=.071) but not with change in glucose (R=-0.104,  P=.672) or triglycerides 

(R=-0.113, P=.644). In the placebo group, no significant correlations were observed between 

change in PWV and central SBP, AIx, HbA1c, glucose or triglycerides.
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Complementary clinical and laboratory endpoints
At 26 weeks of therapy, linagliptin decreased HbA1c (-0.4%; P<.001), fasting plasma glucose 

(-0.7 mmol/L;  P=0.002) and triglyceride levels (-0.49 mmol/L;  P=0.019) as compared with 

placebo. Changes in body weight, cholesterol and hsCRP did not differ between groups 

throughout the study. The details of the changes in clinical and laboratory variables induced 

by treatment with linagliptin or placebo at different study time points are shown in Table 3. 

Table 3 | Changes in clinical and laboratory parameters indcued by linagliptin or placebo at different 

time points.

Linagliptin group Placebo group

Variable Time n Mean (SD) or 
Median

n Mean (SD) or 
Median

HbA1c, % Baseline 22 6.3±0.4 22 6.2±0.5

4 weeks 21 6.1±0.4 20 6.3±0.5

26 weeks 21 6.1±0.3 19 6.3±0.5

Washout 21 6.0±0.3 19 6.3±0.5

HbA1c, mmol/mol Baseline 21 6.0±0.3 19 6.3±0.5

4 weeks 22 45±4.2 22 45±5.1

26 weeks 21 43±4.3 20 45±5.0

Washout 21 43±3.4 19 45±5.0

Fasting plasma glucose, mmol/L Baseline 21 42±3.3 19 45±5.3

4 weeks 21 42±3.8 19 45±5.0

26 weeks 22 7.5±0.9 21 7.4±1.0

Washout 21 7.1±0.8 21 7.5±1.2

Weight, kg Baseline 21 7.1±0.6 19 7.5±1.3

4 weeks 21 7.5±0.7 18 7.5±1.1

26 weeks 22 97.9±17.6 22 95.3±13.2

Washout 21 97.8±17.7 21 94.5±14.4

HDL cholesterol, mmol/L Baseline 21 97.9±17.9 19 94.4±14.0

26 weeks 21 97.8±18.0 19 94.4±13.8

LDL cholesterol, mmol/L Baseline 22 1.3±0.3 22 1.4±0.4

26 weeks 21 1.4±0.3 19 1.4±0.5

Triglycerides, mmol/L Baseline 22 3.2±1.2 22 3.0±0.9

26 weeks 21 3.1±1.1 19 3.0±0.8

hsCRP, mg/L Baseline 22 1.5±0.6 22 1.7±1.0

4 weeks 21 1.3±0.5 19 1.9±1.3

26 weeks 22 1.7 22 1.1

Washout 21 1.6 21 1.5

Abbreviation: SD=standard deviation
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Safety
Two serious AEs were reported, both with an unlikely causal relationship between the event 

and the study medication: 1 participant required hospitalization for a kidney contusion after 

trauma (linagliptin group) and 1 participant required hospitalization for an unprovoked 

pulmonary embolism (placebo group). One AE of special interest occurred in the linagliptin 

group: alanine aminotransferase increased to 165 U/L after 6 weeks of study medication, 

decreased to 18 U/L after 10 weeks, and remained normal during follow-up.
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Figure 2 | Effect of linagliptin treatment on PWV, visit-to-visit change. Data presented as estimated 
marginal means and 95% CI. 

DISCUSSION

In this randomized placebo-controlled trial we showed that 26 weeks of treatment with the 

DPP-4 inhibitor linagliptin decreased PWV, a marker of arterial stiffness, in participants with 

type 2 diabetes naïve to antidiabetic treatment. These results support earlier observations 

from (pre)clinical studies which have suggested that DPP-4 inhibitors may exert favourable 

vascular effects beyond glucose-lowering.4 

 Compared with placebo, linagliptin decreased PWV significantly after 26 weeks 

of treatment by 0.91 m/s indicating CV risk reduction.14 An increase of 1.0 m/s has been 

associated with an age-, sex- and risk factor-adjusted risk increase of ~15% in CV events, CV 

mortality and all-cause mortality.14,15,25 A literature search also revealed other studies that 

have assessed the effect of DPP-4 inhibitors on PWV. One study included 51 well-regulated 

participants with type 2 diabetes and found a change in PWV of -0.4 m/s after 12 weeks of 

treatment with vildagliptin or sitagliptin.26 Another study in 32 drug-naïve participants with 

type 2 diabetes found a change of -0.3 m/s after 26 weeks’ treatment with metformin and 
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vildagliptin.27 A cross-over study with saxagliptin and placebo in 42 participants showed 

a change of -0.21 m/s after treatment with saxagliptin compared with placebo.28 Although 

in these previous studies a trend in PWV reduction was reported, the change in PWV did 

not reach statistical significance. In contrast to the present study, 2 of the previous studies 

did not include a placebo arm.26,27 Furthermore, none of the other studies were primarily 

powered to determine an effect on PWV, which makes the results subject to bias. 

  We observed that the PWV results already decreased after 4 weeks of linagliptin and 

returned to baseline 4 weeks after stopping treatment. This indicates that the decrease in 

PWV is a fast-acting and reversible dynamic effect. Despite the effect on PWV, linagliptin 

did not change central SBP or AIx over time. The lack of effect on central SBP is consistent 

with other studies.29,30 AIx is determined by the degree of peripheral wave reflection and is 

considered an indirect surrogate measure of arterial stiffness.20 Compared with PWV, AIx is 

influenced by heart rate and blood pressure to a greater extent than PWV and is a less reliable 

marker of arterial stiffness.20,25 Hence, the lack of effect on AIx should not be interpreted 

as if linagliptin does not ameliorate arterial stiffness. Currently, PWV is the most robust 

and validated marker of arterial stiffness and is considered the “gold standard” for arterial 

stiffness, because it is accurate, reproducible and has been shown to predict CV events.14,15,20 

Although, PWV is considered the gold standard, in clinical practice, the measurements are 

sometimes difficult to obtain. To this end, we screened participants on having an assessable 

PWV at screening. Yet, despite these precautionary measurements, PWV measurements 

failed in 2 participants at week 26.

  A correlation between change from baseline to week 26 in PWV and central SBP was 

observed. This was expected, because PWV is influenced by blood pressure; therefore, blood 

pressure was added in the GEE as a covariate to correct for SBP. Interestingly, PWV is associated 

with microvascular dysfunction in both the brain (cerebral small vessel lesions)31 and kidney 

(microalbuminuria).32 As linagliptin decreased PWV but had no effect on central SBP, it may 

be the case that linagliptin has more peripheral (cq micro) vascular effects independently 

of systemic blood pressure. Indeed, recent studies have shown that linagliptin improves 

microvascular function by increasing axon reflex-dependent vasodilation,33 improving 

microvascular retinal blood flow,34 cerebrovascular function and remodeling35 and possibly 

albuminuria.30 Moreover, PWV can be decreased by peripheral vasodilatation, which does 

not affect central aortic pressure.36

  The underlying mechanism of the decrease in arterial stiffness of linagliptin is not 

completely clear. DPP-4 inhibitors inhibit the enzyme DPP-4, which cleaves multiple 

peptides (also known as catalytic function). Many of those peptides influence the CV system, 

as reviewed elsewhere.4,37 As DPP-4 enzyme cleaves the incretin hormone GLP-1, which 

controls glucose-dependent insulin secretion, improved glycaemic control could be an 

underlying mechanism. Improved glycaemic control with metformin has also been shown 

to decrease PWV in a previous study.24 Other oral antidiabetes drugs, such as pioglitazone18 
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and empagliflozin,38 also decrease PWV, whereas glibenclamide and voglibose have been 

shown not to affect PWV.18 Another clinical study in participants with uncomplicated type 2 

diabetes recently showed that exenatide (a GLP-1 agonist) compared with placebo decreased 

PWV.39 As GLP-1 has also non-metabolic effects that may lead to beneficial effects on the CV 

system, the underlying mechanism of decreased PWV is incompletely understood.8 Another 

mechanism of decreased PWV by DPP-4 inhibitors could be attributable to an increase in 

other peptides cleaved by DPP-4, such as SDF-1α or Substance P.4 SDF-1α upregulation 

is associated with increased circulating endothelial progenitor cells,10 which have been 

associated with lower arterial stiffness in participants with type 2 diabetes;4 however, DPP-4 

itself also has a non-catalytic function which might influence the CV system. 

  Recently published, long-term, large prospective, randomized, double-blind trials with 

DPP-4 inhibitors have demonstrated no clear CV benefit of adding a DPP-4 inhibitor to usual 

care5-7; however, these trials were designed to demonstrate CV safety and their external 

validity is low, considering the study population in the present study. The results of two 

large trials on CV safety of linagliptin [CAROLINA41, CARMELINA42] are pending. In these 

trials, DPP-4 inhibitors are studied on top of usual care in patients at substantial CV risk. 

These trials will provide more definitive evidence on the long-term CV effects of linagliptin 

and whether potential CV protective effects are dependent on glycaemic control.

  The present study has some limitations. First, the duration of treatment was 6 months, 

so whether long-term changes would be sustained is unknown. Second, this was a 

relatively small study with a limited number of participants involving surrogate endpoints, 

and therefore, no conclusion regarding CV outcomes can be drawn from these results. 

Nevertheless, the study provides more insight into the effect of DPP-4 inhibitors on vascular 

function. Third, the results were obtained in relatively healthy people with diabetes so the 

findings might not be extrapolated to people with type 2 diabetes with a longer diabetes 

duration or with advanced atherosclerotic disease. Fourth, the trial lacked an active control 

group so that the glucose-independent effects of linagliptin on PWV could not be excluded 

definitively.

 In conclusion, compared with placebo, linagliptin decreases aortic PWV as a measure of 

arterial stiffness and predictor of CV events, in participants with early-stage type 2 diabetes 

after 26 weeks of treatment. Further studies are needed to assess whether a reduction in 

aortic PWV is sustained in the long term and translates into an improvement in CV outcome.
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Supplemental File 1 | IN AND EXCLUSION CRITERIA

Study Population
Population (base)
We anticipate to include a total of 40 persons with diabetes, with 20 subjects per treatment 

arm

Inclusion criteria
 • Men and women, age 30 to 70years, AND

 • Treatment naïve type 2 diabetes, as defined as documentation of one of the following 

(American Diabetes Association definition): 

 • Fasting plasma glucose ≥7.0 mmol/l, OR 

 • Random plasma glucose ≥11.1 mmol/l, OR 

 • HbA1c≥6,5%

 • Written informed consent

 • Assessable Pulse Wave Velocity measurement at screening

 • Be on a stable dose of blood pressure and/or lipid lowering medication for more than 4 

weeks. 

Exclusion criteria
 • Current or previous use of glycemic control medications, defined as used for a minimal 

period of 30 consecutive days and within one year prior to inclusion 

 • Type 1 diabetes

 • Gestational diabetes mellitus

 • Other specific types of diabetes due to other causes, e.g., genetic defects in β-cell 

function, genetic defects in insulin action, diseases of the exocrine pancreas (such as 

cystic fibrosis), and drug- or chemical-induced (such as in the treatment of HIV/AIDS or 

after organ transplantation)

 • Uncontrolled hypertension, defined as persisting systolic blood pressure >160 or a 

diastolic blood pressure >100 mmHg without evidence of white coat hypertension. 

 • Severe dyslipidemia indicating primary dyslipidemia, defined as total cholesterol 

>8 mmol/l, tryglicerides >10 mmol/l of high density lipoprotein cholesterol <0.6 mmol/l

 • Current use of weight loss medication or previous weight loss surgery 

 • History of severe gastrointestinal disease

 • Clinical contraindications to DPP4-inhibitors

 • Previous cardiovascular disease, defined as stable coronary artery disease or acute 

coronary syndrome, stroke or transient ischemic attack, peripheral artery disease 

 • Symptomatic heart failure, New York Heart Association (NYHA) class II-IV
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 • Women who are currently pregnant, planning to become pregnant, breastfeeding 

women, or women with child bearing potential not using appropriate contraceptive 

measures

 • Clinically significant liver disease or hepatic function greater than 3 times upper limit of 

normal

 • Known impaired renal function or eGFR <30 ml/min/1.73m2

 • Patients who are mentally incompetent and cannot sign a Patient Informed Consent

 • Current active malignancy or in the previous 6 months

 • Documented HIV infection

 • Use of rifampicin

 • Known or suspected allergy to 18F-FDG or its component
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LETTER TO THE EDITOR

Dipeptidyl peptidase (DPP)-4 inhibitors are a class of oral antidiabetic agents of which 

favorable cardiovascular effects are suggested. For example, experimental studies 

have shown that DPP4-inhibitors reduce atherosclerotic plaque area and macrophage 

accumulation.1 However, there are no randomized controlled trials investigating these 

effects in humans. Arterial 18F-fluorodeoxyglucose (18F-FDG) uptake on positron emission 

tomography (PET) is associated with macrophage infiltration and levels of inflammatory 

activity.2 Consequently, arterial 18F-FDG uptake represents a surrogate marker of arterial 

inflammation and is a potential target for therapy. 

  In this randomized controlled trial we assessed the effect of 26 week’ treatment with 

the DPP-4 inhibitor lingaliptin on arterial 18F-FDG uptake in early type 2 diabetes subjects, 

without cardiovascular disease and naïve to antidiabetic treatment. A total of 45 type 2 

diabetes subjects (median age 63 [interquartile range (IQR): 54 to 66] years, 61% men, mean 

glycosylated hemoglobin 6.3±0.4%, median body mass index 30.4 [IQR: 27.5 to 35.8) kg/m2, 

median high-sensitivity C-reactive protein 1.15 [IQR: 0.70 to 3.08] mg/L, use of a statin [55%]) 

were randomized (1:1) to once daily linagliptin 5 mg or placebo in a double-blind fashion 

(RELEASE study [Off taRget Effects of Linagliptin monothErapy on Arterial Stiffness in Early 

Diabetes]; baseline data previously published3; 40 subjects completed the study. At baseline 

and at 26 weeks a whole body 18F-FDG-PET/low-dose computed tomography scan (Siemens 

Biograph 64 slice, Siemens Medical Systems, Knoxville, Tennessee) was performed. Image 

analyses are described in detail elsewhere.3 In brief, arterial 18F-FDG uptake was quantified 

as the prescan glucose-corrected maximal standardized uptake value as previously 

described3,4 and corrected for background activity (target-to-background ratio, [TBR]). TBRs 

were calculated for the carotid arteries, ascending aorta and aortic arch, descending and 

abdominal aorta, and iliac and femoral arteries, and then averaged for the total aortic tree 

(meanTBR). Between-group differences were analyzed using a Student independent t test on 

the calculated deltas. 

  As expected, linagliptin decreased glycosylated hemoglobin (-0.4%; P<0.001), fasting 

plasma glucose (-0.7 mmol/L; P=0.002), and triglycerides (-0.49 mmol/L; P=0.019) as 

compared to placebo. The changes in body mass index, cholesterol, and high-sensitivity 

C-reactive protein did not differ significantly between groups. At 26 weeks, the decrease 

in meanTBR under linagliptin exceeded that under placebo with 0.18 units (95% CI: 0.04 to 

0.32; P=0.015) (Figure 1). No significant differences were found for the glucose-uncorrected 

meanTBR (0.01 [95% CI: -0.08 to 0.09]; P=0.821). 

  This is the first randomized placebo-controlled trial that demonstrates that 26 weeks 

of treatment with linagliptin decreases arterial 18F-FDG uptake in subjects with early type 

2 diabetes. Recently, 18F-FDG-PET/ computed tomography has been introduced as an 

imaging technique for assessment of atherosclerosis. Arterial 18F-FDG uptake is a marker of 
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inflammation and associated with future cardiovascular events.5 Therefore, arterial 18F-FDG 

uptake may potentially be used as a surrogate marker to evaluate protective cardiovascular 

effects. Our results add evidence to the hypothesis that linagliptin may have potentially 

favorable vascular effects, supporting observations from preclinical studies.1 

 Despite the randomized controlled design, our study also has some limitations. First, 

we selected early stage diabetes subjects without cardiovascular disease and therefore 

our findings may not be extrapolated to subjects with longer diabetes duration or 

advanced atherosclerotic disease. Second, although background statin therapy was equally 

distributed among treatment groups and doses were stable throughout the study, it could 

have attenuated arterial 18F-FDG uptake, limiting the observed treatment effect. Third, our 

results could be influenced by the glucose-lowering effect, as glycaemic control is associated 

with arterial 18F-FDG uptake.4 However, because we adjusted for prescan glucose levels, the 

competitive effect of glucose and 18F-FDG is thought to be minimized. 

  In summary, 26 weeks of linagliptin decreases arterial 18F-FDG uptake in treatment-naive 

type 2 diabetes subjects, supporting earlier observations from (pre)clinical studies that 

DPP4-inhibitors may have favorable effects on atherosclerosis.

2.3

2.2

2.1

2.0

1.9

0

0 26
Weeks

Placebo (n=19)

Linagliptin (n=21)

∆ 0.18 [95% CI, 0.04-0.32]

(P=0.015)m
ea

nTB
R

Figure 1 | Effect of Linagliptin on Arterial 18F-Fluorodeoxyglucose Uptake. In the linagliptin group, 

mean target-to-background ratio (meanTBR) changed from 2.12 (95% confidence interval [CI]: 1.99 to 

2.26) to 2.00 (95% CI: 1.90 to 2.11) at 26 weeks and in the placebo group changed from 2.09 (95% 

CI: 1.96 to 2.21) to 2.15 (95% CI: 2.01 to 2.28), resulting in a placebo-corrected change of 0.18 units 

(95% CI: 0.04 to 0.32; P=0.015).
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SUMMARY

Worldwide, the prevalence of diabetes is on the rise, with more than 400 million people 

affected today1 and this number expected to exceed 550 million by 2030.2 People with type 

2 diabetes are at an increased risk of cardiovascular disease (CVD) and premature mortality. 

There is therefore a considerable need to reduce the CV risk of those living with diabetes. 

This increased CV risk is the result of the interaction of various risk factors, only one of which 

is hyperglycemia. Given the heterogeneity of the disease there are no simple solutions 

to reduce the impact of diabetes and the associated CV risk. However, for assessing CV 

risk and CV mechanisms in people with type 2 diabetes novel imaging modalities and 

innovative techniques may be useful. Vascular imaging brings to light surrogate markers 

for atherosclerosis, which is the underlying process of CVD. Vascular imaging can reveal 

arterial 18F-fluorodeoxyglucose (18F-FDG) uptake as a marker of CV risk, thereby enhancing 

our insight into the development of CVD. Vascular imaging can also be used to monitor 

treatment effects. Besides vascular imaging, other imaging modalities can help to reveal CV 

risk markers like the extent of abdominal visceral adipose tissue. Furthermore, innovative 

techniques such as pulse wave velocity (PWV) may be also useful. Part I of this thesis 

presents an overview of different aspects of CV risk imaging. Part II of the thesis focuses on 

the clinical application of vascular imaging and discusses other CV risk markers in people 

with early type 2 diabetes. Part II also discusses the treatment effects of linagliptin (DPP-4 

inhibitor) on arterial 18F-FDG uptake and PWV. Chapter 1 provides the general introduction 

to the thesis and outlines its aims. 

PART I

Chapter 2 reviews imaging modalities, including different imaging agents used to identify 

pathophysiological processes occurring within the high-risk atherosclerotic plaque. Various 

imaging modalities such as nuclear imaging, bio-optical imaging, bioluminescence, 

fluorescence and multispectral optoacoustic tomography are available to identify patho-

physiological processes occurring within the high-risk plaque. However, not all of these 

imaging modalities can be used in vivo as they can be hampered by such hindrances as 

limited penetration depth of the fluorescent signal or the need to transfect cells with the 

luciferase gene. 

  Up to now, the best validated and most frequently used agent for vascular imaging is the 

radiopharmaceutical 18F-fluorodeoxyglucose (18F-FDG). 18F-FDG is taken up by inflammatory 

processes associated with atherosclerosis and can be assessed using hybrid imaging systems 

such as positron emission tomography (PET) co-registered with computerized tomography 

(CT) scanning. In addition to 18F-FDG, 18F-sodium fluoride (18F-NaF), which is incorporated 
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in microcalcifications, is also a promising imaging agent for assessment of atherosclerosis. 

In Chapter 3 we assessed the feasibility of 18F-NaF as a marker of atherosclerotic plaque 

vulnerability. We also investigated ex vivo whether 18F-NaF uptake is different in symptomatic 

and asymptomatic human carotid plaques. In total, we included 23 carotid plaques (17 

symptomatic, 6 asymptomatic) of 23 patients undergoing carotid endarterectomy. We 

incubated carotid plaques in 18F-NaF for one hour and scanned them using a µPET and a 

µCT scan. Between symptomatic and asymptomatic carotid plaques the mean 18F-NaF 

uptake did not differ. Interestingly, the 18F-NaF uptake on µPET, compared with calcification 

visualized on µCT, showed a discordant pattern of calcification. Therefore, we concluded 

that the 18F-NaF uptake on PET represents a different stage in the atherosclerosis process 

than calcification assessed with µCT. Since the 18F-NaF uptake between symptomatic and 

asymptomatic carotid plaques was comparable, 18F-NaF is probably of greatest value 

in the early identification and assessment of CV risk, before the occurrence of end-stage 

atherosclerosis calcification as assessed with CT. 

 Another innovative imaging technique for assessing CV risk is the quantitative 

assessment of abdominal adipose tissue. The presence of visceral abdominal adipose tissue 

(VAT) is a major contributor to CV risk.3,4 Recently it has been suggested that inflammation of 

this tissue is also linked to CV risk. 18F-FDG, as a glucose analog, is taken up by cells with high 

metabolic activity, such as cancer cells, but also by inflamed tissue. Therefore, in Chapter 4 

we describe the optimized settings for automated assessment of abdominal adipose tissue 

using a 18F-FDG-PET/CT scan. This automated method is highly reproducible and repeatable 

for quantitative assessment of abdominal adipose tissue and for the measurement of 
18F-FDG uptake in VAT. In addition, the reproducibility and repeatability of this automated 

method of measuring 18F-FDG uptake in VAT make it superior to the manual method.

PART II

In Chapter 5 we present our investigation of the association between arterial stiffness, 

assessed as aortic pulse wave velocity (PWV), and subclinical vascular inflammation, assessed 

as arterial 18F-FDG uptake, in people with early type 2 diabetes. PWV and arterial 18F-FDG 

uptake are both surrogate markers of early atherosclerosis and associated with CV risk. 

We observed a positive association between PWV and arterial 18F-FDG uptake. These data 

suggest that vascular inflammation is involved in arterial stiffness in early type 2 diabetes. In 

contrast to arterial 18F-FDG uptake and PWV as markers of early atherosclerosis, calcification 

represents late stages of atherosclerosis. In addition, neither arterial 18F-FDG uptake nor PWV 

were associated with arterial calcification as visualized on CT. The mechanisms leading to 

CVD in people with type 2 diabetes are complex and can only be partly explained by classic 

CV risk factors. The finding that arterial inflammation is associated with arterial stiffness, 
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which is a predictor of CVD and mortality in people with early type 2 diabetes, suggests 

that arterial inflammation is a contributor to increased CV risk in type 2 diabetes. Therefore, 

arterial inflammation may be an additional target for therapy to reduce CV risk in type 2 

diabetes. 

 Dipeptidyl peptidase (DPP)-4 inhibitors are a class of oral antidiabetic agents, which 

may exert favorable off target CV effects, particularly since DPP-4 is well recognized to 

be immunologically active. In the RELEASE [off taRget Effects of Linagliptin monothErapy 

on Arterial Stiffness in Early diabetes] study, the effect of 26 weeks of treatment with the 

DPP-4 inhibitor lingaliptin on arterial inflammation and arterial stiffness was investigated. 

The RELEASE study was a single-center, randomized, prospective, double-blind, placebo-

controlled, parallel-group, phase 3 study. Participants were males and females, diagnosed 

with type 2 diabetes and, because they were without a history of CVD and naïve to 

antidiabetic treatment, referred to as early type 2 diabetes. In total 44 participants were 

randomized (1:1) to once daily linagliptin 5 mg or a placebo. The primary endpoint of 

the RELEASE trial was PWV (corrected for SBP) after 26 weeks of therapy. In Chapter 6 we 

present the treatment effects of linagliptin on PWV, central systolic blood pressure (SBP) 

and augmentation index (AIx), as measures of arterial stiffness. After 26 weeks, PWV was 

significantly lower in the linagliptin group compared with the placebo group; the between-

group-difference was 0.91 m/s (95% CI 0.06-1.76 m/s, P=0.035). Central SBP and AIx from 

baseline throughout treatment did not differ significantly between the linagliptin and 

placebo groups. As expected, linagliptin decreased HbA1c (-0.4%; P<0.001), fasting plasma 

glucose (-0.7 mmol/l; P=0.002), and triglycerides (-0.49 mmol/l; P=0.019) as compared to the 

placebo. Chapter 7 shows the results of treatment with linagliptin on arterial inflammation 

as measured by arterial 18F-FDG uptake. Arterial 18F-FDG uptake was quantified as the pre-

scan glucose corrected maximal standardized uptake value and corrected for background 

activity (target-to-background ratio, TBR) and averaged for the total aortic tree (meanTBR). At 

26 weeks, the decrease in meanTBR under linagliptin exceeded that under the placebo by 0.18 

units (95% CI, 0.04 to 0.32; P=0.015). Taken together, the results of the RELEASE trial confirm 

the hypothesis based on previous observations, that linagliptin exerts favorable vascular 

effects beyond glucose-lowering in people with early type 2 diabetes and without CVD.

GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

In part I of this thesis we aimed to acquire knowledge regarding different aspects of imaging 

to increase our insight into the development of CVD. In part II we aimed to gain more insight 

into the relationship between different CV markers in people with early type 2 diabetes, 

and we investigated the therapeutic effects of linagliptin on CV risk markers such as arterial 

stiffness and arterial inflammation. 
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The myth of the “high-risk” plaque 
During the past decade, the CV research field has focused on the quest to identify high-

risk, vulnerable, atherosclerotic plaques in people.5 Identifying people at increased risk of 

an acute CV event, like myocardial infarction or stroke, has been hypothesized as a useful 

strategy to identify those persons who will benefit most from intensified preventative 

measures,6 measures such as a more stringent treatment goal for systolic blood pressure or 

LDL-cholesterol, but also surgical removal of atherosclerotic plaques. Successful prevention 

of CVD is greatly needed to reduce the current health burden and financial costs of CVD.6 

  Pathological processes accompanied by high-risk plaques are targets for imaging, as 

discussed in Chapter 2.7-9 However, the results of clinical studies using imaging modalities 

to improve CV risk prediction by identifying individual high-risk plaques are rather 

disappointing.6,10-12 For example, the results of the large prospective clinical trial, PROSPECT 

[Providing Regional Observations to Study Predictors of Events in the Coronary Tree] 

demonstrated that the presence of coronary atherosclerotic plaque characteristics conferred 

only a low risk of future myocardial infarction or sudden cardiac death.13 Moreover, although 

carotid 18F-FDG uptake is associated with future CV events,14,15 the translation of 18F-FDG 

uptake into individual CV risk assessment is doubtful. In addition, there is a substantial 

overlap in arterial 18F-FDG uptake between healthy controls and people with increased CV 

risk.16 Therefore, the optimal choice of threshold values to predict plaque rupture is unclear.

  The major limitation of identifying individual high-risk plaques and claiming an 

independent CV risk prediction of certain plaque characteristics is that most of the plaques 

are present in people already at high CV risk or who already have CVD. Therefore, the high-

risk plaques are themselves a feature of atherosclerotic disease, which is strongly linked with 

CV risk.5 Consequently, the additional CV risk conferred by certain plaque characteristics 

beyond atherosclerotic disease burden is difficult to address. The possibility of predicting 

CV risk by means of certain plaque characteristics may also be hampered by the fact that 

many plaques rupture without overt clinical events; this is also known as silent plaque 

rupture.17-19 Although plaque ruptures and their healing may frequently occur without 

symptoms, the healed plaque will, over time, lead to progressive lumen obstruction 

(calcification).20-23 Calcifications are thought to be generated as a defense against 

progressive inflammation within the plaque. Microcalcifications are expected to present 

plaque progression and a high-risk plaque feature, in contrast to established calcifications 

which are seen as end stage products and associated with plaque stability.23,24 Furthermore, 

symptoms of plaque rupture are temporary, and can therefore only be detected within a 

certain time frame. Taken together, the true rate of silent plaque rupture is probably much 

higher than that currently estimated by imaging modalities.5 Consistent with this notion, 

the results presented in Chapter 3, in which 18F-NaF uptake (microcalcification tracer) did 

not differ between symptomatic and asymptomatic carotid plaques, are not surprising. 

The asymptomatic carotid plaques were associated with a high degree of stenosis (>70%) 
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and were present in people with existing advanced atherosclerotic disease. It is therefore 

reasonable to assume that the asymptomatic carotid plaques are probably a result of silent 

plaque ruptures. Accordingly, the plaque characteristics are not different from symptomatic 

carotid plaques. However, 18F-NaF may still be valuable as a marker of atherosclerotic plaque 

for early identification and risk assessment in people without advanced atherosclerotic 

disease. Such a clinical value of 18F-NaF should be investigated in future trials.

Abdominal adipose tissue 
Abdominal adipose tissue, and in particular the volume of visceral adipose tissue (VAT), is 

linked to CV risk.25,26 Recently, there is a growing interest in the inflammatory state of VAT, 

as this may also be linked to CV risk.27-32 In Chapter 4 we have developed and demonstrated 

the applicability of a semi-automated method for abdominal adipose tissue analysis by 

means of a 18F-FDG-PET/CT scan. However, the current study does not address the question 

of whether the volume of VAT is indeed positively associated with the inflammatory state 

measured as 18F-FDG uptake in VAT as hypothesized. Additional work in a larger population 

is required to investigate the association between the volume of VAT and the inflammatory 

state of VAT. Furthermore, to detect evidence for the association between 18F-FDG uptake in 

VAT and increased CV risk, other investigations are also needed. For example, the association 

between 18F-FDG uptake in VAT and insulin resistance, which is an independent marker of CV 

risk, is of interest. Additionally, the association of VAT with other CV risk markers such as PWV 

and arterial 18F-FDG uptake, should be investigated. These findings may help us to further 

understand the clinical relevance of 18F-FDG uptake in VAT and the connection between 

abdominal obesity and CV risk. 

  The study in Chapter 4 also included participants with a normal weight, although the 

analysis of abdominal adipose tissue is especially of interest in obese subjects. The volume 

of VAT, and probably the inflammatory state of VAT, can help to distinguish metabolically 

unhealthy obese people with a high CV risk and metabolically healthy obese people with 

a lower CV risk.33-35 Therefore, the abdominal adipose tissue should also be investigated in 

obese people by use of 18F-FDG-PET/CT. 

  RELEASE participants are predominantly obese, have early type 2 diabetes and are 

consequently at increased risk of developing CVD. Moreover, CV risk markers such as PWV 

and arterial 18F-FDG uptake were assessed in the RELEASE participants. Therefore several of 

the research questions raised above could be investigated using these RELEASE participants. 

 Another question raised is whether treatment with a DPP-4 inhibitor will have an effect 

on VAT, in particular 18F-FDG uptake in VAT. Evidence suggests that DPP-4 is an adipokine.36 

In addition, DPP-4 expression is increased in VAT when compared with SAT; DPP-4 is released 

by VAT; DPP-4 induces insulin resistance in adipocytes; and DPP-4 levels are positively 

correlated with leptin and negatively with adiponectin.36,37 Furthermore, VAT and SAT 

obtained during open abdominal surgery demonstrated that DPP-4 expression in VAT was 
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systematically higher compared with SAT.38 Interestingly, the same study showed that DPP-

4 expression in adipose tissue, as well as circulating DPP-4, correlated with adipocyte size 

and adipose tissue inflammation expressed as the percentage of macrophages in VAT.38 

Ex vivo studies showed that 18F-FDG uptake is associated with macrophage infiltration in, 

for example, carotid plaques.39,40 This combination of findings suggests the possibility that 

DPP-4 inhibition affects 18F-FDG uptake in VAT. However, such a hypothesis is limited to the 

assumption that 18F-FDG uptake in VAT is correlated with macrophage infiltration because 

it is observed in carotid plaques. Future studies on the association between 18F-FDG uptake 

in VAT and macrophage infiltration in adipocytes are therefore recommended. Such an 

association could be investigated by collecting VAT during open abdominal surgery and 

investigating the feasibility of using 18F-FDG for ex vivo imaging of adipose tissue. The results 

from µPET imaging of adipose tissue should be compared with the results of histology 

studies of macrophage infiltration and adipocyte size. 

Cardiovascular risk in early type 2 diabetes
Over the past decade, it has become clear that not only high blood pressure and dyslipidemia 

but also inflammation are key contributors to the pathogenesis of atherosclerosis.41-43 The 

development of an atherosclerotic lesion starts with endothelial cell dysfunction and 

activation of the endothelial monolayer, including adhesion of blood leukocytes into the 

intima resulting in local vascular inflammation.41,42 Endothelial cell dysfunction and inelastic 

arteries indicate vascular dysfunction. Vascular function can be assessed as aortic PWV, 

which is considered the gold-standard for the non-invasive assessment of arterial stiffness. 

Small glycemic disturbances already display vascular dysfunction.44,45 Furthermore, in type 

2 diabetes several disturbances in the innate and adaptive immune system result in a low-

grade chronic inflammatory state.46-48 Recently, arterial 18F-FDG uptake has been recognized 

as a surrogate of subclinical vascular inflammation.49 Moreover, with advanced vascular 

imaging one can detect a person’s state of vulnerability to CV risk. The state of vulnerability 

is probably more important than an individual plaque for assessment of CV risk. For 

example, determining the state of vulnerability to CV risk by measuring widespread vascular 

inflammation can be of clinical value. Therefore, the relationship between arterial 18F-FDG 

uptake (mean of 10 arterial points of measurement) and aortic PWV was investigated in 

Chapter 5. 

  We found that in people with early type 2 diabetes (RELEASE participants) subclinical 

vascular inflammation is associated with vascular function, suggesting that inflammation 

is involved in arterial stiffness in early type 2 diabetes. However, we cannot state that this 

is a diabetes related effect. In a healthy non-diabetic population or for instance another 

population at high CV risk it may also be associated. The cross-sectional nature of the study 

described in Chapter 5 did not enable us to determine whether arterial stiffness is a cause 

or consequence of vascular inflammation. Further studies are required to address this. It 
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is possible that neither of them are causal and that a common denominator is involved, 

causing both arterial stiffness and vascular inflammation. Such a common denominator 

could be endothelial dysfunction.50,51 Endothelial dysfunction has been implicated as 

a common pathogenic mechanism of type 2 diabetes and atherosclerosis. Circulating 

endothelial progenitor cells (EPCs) are used as a marker to assess endothelial function. EPCs 

facilitate endogenous repair mechanisms and are derived from hematopoietic stem cells. 

It is known that EPC count and its function are greatly impaired in patients with diabetes, 

insulin resistance and CVD.52 Therefore, future investigations should measure EPCs and 

investigate their relationship with arterial stiffness and vascular inflammation, as well as the 

effects of antidiabetic drugs on EPCs.

Angiogenic T cells
In 2007, Hur et al. reported for the first time a subpopulation of T cells that constitute the 

central cell cluster of EPC colonies, assigned as angiogenic T cells (Tang).53 These cells 

enhance the differentiation of early EPCs and promote neovascularization and endothelial 

repair. Tang cells possibly secrete proangiogenic cytokines, such as vascular endothelial 

growth factor, interleuking-8 and matrix metalloproteinases, promoting neovasculization.53 

  Recently, it was shown that Tang cells are strongly decreased in RA patients, compared 

with healthy controls, and negatively associated with disease activity in RA patients.54 In 

hypertensive patients with cerebral small vessel disease (CSVD) the Tang cell count was 

significantly lower than in hypertensive patients without CSVD. This suggests a role for Tang 

cells in vascular disease.55 So far, however, Tang cells has never been investigated in people 

with type 2 diabetes. 

  Tang cells are characterized by the co-expression of CD31 (platelet endothelial cell 

adhesion molecule) and CXCR4 (receptor for stromal cell-derived factor-1α [SDF-1 α]). In 

a clinical trial of 4 weeks in people with type 2 diabetes it was demonstrated that DPP-

4 inhibition with sitagliptin led to an increase of EPCs, possibly mediated by SDF-1α.56,57 

Another study showed that DPP-4 inhibition reverses Tang cells dysfunction in vitro and 

improves angiogenesis in vivo.58 Since CXCR4 is the receptor for SDF-1α, we hypothesize that 

DPP-4 activity may not only influence EPCs through SDF-1α, but also have an effect on Tang 

cells. Taking into account that DPP-4 activity in people with type 2 diabetes is increased 

when compared to non-diabetics, one might speculate that Tang cells constitutes a link 

between type 2 diabetes and CV risk. Moreover, DPP-4 inhibition may increase Tang cells. 

However, there have been no controlled studies to investigate Tang cell count and treatment 

effects of DPP-4 inhibition on Tang cell count in type 2 diabetes. The participants in the 

RELEASE study were treated with a DPP-4-inhibitor. Therefore, we recommend testing the 

hypothesis of Tang cell count in type 2 diabetes in the RELEASE participants. Furthermore, as 

characterization of the Tang cells can be difficult and depend on gating strategy to identify 
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the Tang cells cq EPC subpopulation, we strongly advise to include a healthy control group 

for comparison of the Tang cell count.

  Interestingly, the chemokine CXCR4 is also found to be expressed in many human 

cancers and associated with tumor aggressiveness.59 Therefore, CXCR4 is a target for 

molecular imaging in cancer research.59,60 However, as expression of CXCR4 may also play 

a role in CVD, the tracers might also be of interest for CV risk assessment. In addition, it was 

recently shown that PET imaging with 68Ga-pentixafor identified CXCR4 upregulation after 

acute myocardial infarction in humans.61 However, future studies testing the usefulness 

of targeted CXCR4 imaging for CV risk assessment are needed before translating it to the 

clinical setting. Nevertheless, a randomized clinical trial to test treatment effects of a DPP-4 

inhibitor on a 68Ga-pentixafor-PET/CT scan should be undertaken to increase insight into the 

relationship between DPP-4 and atherosclerosis.

AGEs and DPP-4
AGEs are proteins or lipids that have become glycated after exposure to sugars, and they 

occur normally in the process of aging. However, as AGEs are produced extensively during 

hyperglycemia, they are a well-known consequence of chronic hyperglycemia. AGEs have 

unfavorable CV effects as a result of AGEs themselves and their binding to RAGE (receptor 

for AGE), which generates oxidative stress and inflammation. Hence, AGEs are associated 

with CVD and CVD mortality in people with type 2 diabetes.62,63 Assessment of AGEs can 

easily be non-invasively performed with the AGE ReaderTM. The AGE ReaderTM assesses AGEs 

in the skin utilizing the fluorescent properties of different AGEs; this is therefore referred to 

as skin autofluorescence (SAF).64 In the RELEASE participants, SAF was positively associated 

with the extent of arterial calcification but not with arterial 18F-FDG uptake and PWV (as 

presented in an EASD abstract 2015).65 This finding indicates that AGEs are associated more 

with late stages of atherosclerosis than with early stage atherosclerosis.

  Interestingly, levels of AGEs are independently correlated with circulating levels of DPP-

4 in humans.66 In addition, a recent extensive review demonstrated that there is crosstalk 

between the AGEs-RAGE axis and DPP-4 in the development and progression of CV 

complications.67 The exact interplay between the AGEs-RAGE axis and DPP-4 is beyond the 

scope of this discussion. However, it is important to note that it has been suggested that 

serum AGEs levels may be clinical biomarkers to predict which people with type 2 diabetes 

will respond less to treatment with DPP-4 inhibitors.67

Favorable vascular effects of lingaliptin
The results of the RELEASE trial, described in Chapters 6 and 7, confirm the hypothesis that 

linagliptin may have favorable vascular effects. Treatment with linagliptin decreased PWV 

and arterial 18F-FDG uptake, as compared with the placebo.68,69 The underlying mechanism 

behind the favorable vascular effects of linagliptin remains unclear. DPP-4, as was pointed 
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out in the introduction to this thesis, has recently been recognized as a link between type 2 

diabetes and CV risk. In brief, DPP-4 activity is increased during hyperglycemia and is known 

to cleave to many peptides, which influence the CV system. Furthermore, DPP-4 interacts 

with the immune system. Consequently, there are different mechanisms which could lead 

to favorable vascular effects of DPP-4 inhibition. Thus far we have already mentioned a few 

pathways of interest and suggested directions for further research. First, one pathway could 

be due to an increase of SDF-1α and the associated EPCs and possibly Tang cells. Second, 

since DPP-4 itself is also recognized as an adipokine, the metabolic activity of VAT could also 

influence the release of cytokines influencing the vascular system. Third, the interaction of 

DPP-4 with the AGE-RAGEs axis is another pathway of interaction with the vascular system. 

Fourth, upregulating the peptide GLP-1 results in increased insulin secretion (glycemic 

control); GLP-1 also has extra-glycemic effects, associated with favorable CV effects. So far, 

we have stated only a few potential mechanisms. It is clear that other mechanisms may also 

take place, probably also mechanisms that are yet to be discovered. In general we would 

suggest that the favorable vascular effects observed in the RELEASE study are a result of a 

combination of different mechanisms, or as Aristotle once said, “The whole is greater than the 

sum of its parts”.

Clinical endpoint trials and clinical practice
The favorable vascular results observed in the RELEASE study differ from the results 

observed in the three published DPP-4 inhibitor outcome studies (EXAMINE70, SAVOR71, 

TECOS72), which showed no clear CV benefit. However, these trials included people with 

type 2 diabetes who also had CVD or were at high-risk of CVD, and who were using multiple 

glucose lowering drugs, including insulin. Therefore, their external validity is low compared 

with that of the RELEASE study population. Furthermore, in line with the suggestion that 

levels of AGEs predict who will respond to treatment with DPP-4 inhibitors, it is possible to 

speculate that the relationship between AGEs and DPP-4 could be a possible explanation 

for the lack of CV benefit in the outcome studies. If this suggestion is true, it may have an 

important implication: that the anti-atherogenic mechanisms of DPP-4 inhibitors can only 

take place early in the course of the disease of diabetes, before the occurrence of accelerated 

levels of AGEs and advanced atherosclerosis. 

  PWV and arterial 18F-FDG uptake are surrogate endpoints. Therefore, it is unclear 

whether treatment with linagliptin will also result in a significant reduction of CV events 

in people with type 2 diabetes. A pooled analysis of 5847 patients on linagliptin compared 

to 3612 patients on comparator treatment (placebo or active) did not show a significant 

difference in primary CV outcomes (13.4 events per 100 patient-years versus 18.9 events73), 

while another meta-analysis showed significantly lower risk of CV events on linagliptin 

treatment.74 In addition, two large endpoint trials on the CV safety of the DPP-4 inhibitor 

linagliptin [CAROLINA75, CARMELINA76] are still ongoing and are expected to be completed 
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by 2018. These trials will provide more definitive evidence on the long-term CV effects of 

linaliptin. DPP-4 inhibitors differ in chemical structure and in the selectivity and potency of 

their enzyme inhibition;77 therefore, the results of the CAROLINA75 and CARMELINA76 may 

differ from previous outcome studies. Furthermore, the CAROLINA75 included 6041 people 

with early type 2 diabetes, with a median type 2 diabetes duration of 6.2 years, mean HbA1c 

7.2%; 66% were on 1 and 24% on 2 glucose-lowering agents and 34.5% had had previous 

CV complications. Clearly, the study population of the CAROLINA75 differs from that of the 

previous outcome studies and possibly the results will also differ. 

  Although the RELEASE study showed positive results for linagliptin regarding CV risk 

markers, the first line therapy in type 2 diabetes remains metformin. Metformin has low cost, 

proven safety record, stable weight and possible benefits on CV outcomes.78 Linagliptin 

is also weight neutral and has possible benefits on CV, but its long term CV safety has to 

be proven and its cost exceeds that of metformin. In the RELEASE study, a placebo arm 

was included as a control group. In future research, an active comparator arm including 

metformin should be carried out to establish the favorable CV effects of linagliptin and 

compare these effects with the current best practice with metformin. 

  Overall, the RELEASE study increased our insight into the possible mechanism underlying 

the favorable vascular effects of linagliptin in people with early type 2 diabetes. Challenging 

at this moment is to investigate whether those favorable vascular effects exceed those of 

metformin. As metformin will probably remain the first line therapy, further research should 

be undertaken to investigate the vascular effects of linagliptin as second line therapy 

along with metformin. This information is warranted before practical implications, such as 

changing the decision-making process for glucose lowering, can be acknowledged. 

Imaging for characterization of atherosclerosis
Studies identifying high-risk plaques started with conventional morphologic imaging such 

as intravascular ultrasound and CT angiography to identify lumen stenosis and calcification. 

Then the PET/CT scan was introduced, combining the principles of biological imaging with 

morphological imaging. This combination, the PET/CT scan, proved to be a useful, novel 

multimodal technology in oncology. However, soon after the introduction of PET/CT, 

an 18F-FDG uptake in arteries was reported.79 As this arterial 18F-FDG uptake was strongly 

correlated with the age-related increased risk of atherosclerosis, this was the beginning of 

the use of 18F-FDG-PET/CT to assess atherosclerosis.7 It turned out that 18F-FDG uptake was 

related to macrophage infiltration and CV risk factors.39,80,81 In 2006 Tahare et al., were the 

first to report the effect of an intervention (statin therapy and diet versus diet alone) on 

arterial 18F-FDG uptake on a 18F-FDG-PET/CT scan.82 

  The use of a 18F-FDG-PET/CT scan is nowadays an attractive instrumentation for 

characterization of atherosclerosis. Consequently, there are a great variety of imaging 

protocols and parameters used to investigate atherosclerosis, which limits the ability to 
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compare results between studies. Furthermore, the ability to investigate threshold and target 

values of arterial 18F-FDG uptake on 18F-FDG-PET/CT scans to reduce CV risk are therefore 

also limited. However, to overcome this challenge, in 2016 the Cardiovascular Committee of 

the European Association of Nuclear Medicine (EANM) published a position paper on PET 

imaging of atherosclerosis.49 The goal of the EANM position paper was to harmonize imaging 

protocols regarding technical aspects such as 18F-FDG dose and timing after injection, 

reconstruction protocols and parameters for quantification of tracer uptake. Clearly, in 

future studies we will take these EANM recommendations into account. For example, in the 

RELEASE study, a 18F-FDG-PET/CT scan was performed 60 minutes after injection, as is the 

standard in oncology settings. However, for atherosclerosis PET imaging within an interval 

of 120 minutes is recommended.49 Another important point for future trials is the sample 

size; an appropriate sample size is particularly important due to the radiation burden of PET/

CT imaging. Recently van der Vlak et al. estimated, for arterial 18F-FDG uptake in the carotid 

artery and aorta, sample sizes for vascular intervention studies ranging from 12 to 248.16 This 

study can be helpful for future trials.

  Since the introduction of PET/CT there has been a growing interest in the combination 

of PET/MRI. MRI is superior to CT for tissue analysis in some clinical situations, and is 

without radiation exposure. Therefore PET/MRI has emerged as an attractive and promising 

technique for several applications, including characterization of atherosclerosis. However, 

it can be quite challenging to develop a methodological strategy to optimize PET/MRI 

techniques.83,84 Currently, no MRI acquisition protocols dedicated to vascular imaging are 

available. Although PET/MRI is mentioned as the most promising approach to identify 

vulnerable plaques as well as the heterogeneity of arterial inflammation, dedicated 

innovative imaging protocols are needed before PET/MRI can be introduced into clinical 

practice.

  18F-FDG is the most commonly used tracer for PET imaging, but other tracers are available 

and under development for use in atherosclerosis imaging.85 This is needed, as the uptake of 
18F-FDG is hampered by obstacles. For instance the uptake of 18F-FDG is in competition with 

glucose via the glucose transporter protein (GLUT), which is the most important pathway 

for glucose and 18F-FDG to enter human cells.86 To overcome this problem in imaging for 

diabetes, it is advised to correct for pre-scan glucose.49 Furthermore, coronary imaging 

with 18F-FDG is unreliable because of myocardial spillover.87 One promising tracer is 68Ga-

DOTATATE with a high-specificity binding affinity for somatostatin receptor subtype-2 

(SST2).88 SST2 is expressed on activated macrophages and is therefore useful as a tracer for 

vascular inflammation. A recent prospective clinical study, VISION [Vascular Inflammation 

Imaging Using Somatostatin Receptor Positron Emission Tomography], evaluated 68Ga-

DOTATATE PET for coronary, carotid, and aortic inflammation in people with CVD and 

concluded that 68Ga-DOTATATE as a novel marker of atherosclerotic inflammation was 

superior to 18F-FDG.89 
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CONCLUSION

In this thesis we have investigated different clinical applications of vascular imaging. The 

identification of the high-risk atherosclerotic plaque is, with increasing vascular imaging 

modalities, in the spotlight. Another state of CV risk is the amount of VAT. We demonstrated 

a reliable automated method for the analysis of VAT, using a 18F-FDG PET/CT scan. This 

method should be used in further investigations. 

  People with type 2 diabetes suffer from a seriously increased risk of CVD. Multimodal 

imaging with PET/CT provides greater insight into the interrelation of different CV markers 

in type 2 diabetes and may be useful for determining targets for treatment to reduce CV 

risk.90 In addition, anti-diabetic drugs with the dual effect of lowering blood glucose levels 

and enhancing favorable vascular effects are preferred for treatment of type 2 diabetes. In 

the RELEASE trial we found that linagliptin monotherapy in early type 2 diabetes reduced 

PWV and arterial 18F-FDG uptake, both markers of subclinical atherosclerosis.68,69 This thesis 

has contributed evidence for the favorable vascular effects of linagliptin on subclinical 

atherosclerosis; however the challenge for future trials is to investigate whether those 

favorable vascular effects will translate into a significant reduction in CV events. Finally, with 

novel imaging modalities and new specific radiopharmaceutical tracers, the challenge for 

vascular imaging will be to translate these possibilities for use in personalized medicine.
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INLEIDING

Dit hoofdstuk bevat de Nederlandse samenvatting van het proefschrift. Voordat de 

belangrijkste uitkomsten van het proefschrift worden besproken, volgt eerst een algemene 

introductie. Het doel hiervan is achtergrond informatie te geven over het ziektebeeld 

diabetes en de ontwikkeling van hart- en vaatziekten. Het maakt ook duidelijk welke 

methoden in dit proefschrift zijn gebruikt om het effect van linagliptine op de bloedvaten 

te onderzoeken. 

Diabetes in cijfers
Diabetes, suikerziekte, is één van de meest voorkomende chronische ziekten. Wereldwijd 

zijn er meer dan 400 miljoen mensen met diabetes en de verwachting is dat dit aantal zal 

stijgen naar meer dan 550 miljoen in 2030.1,2 In Nederland leven op dit moment meer dan 

1,2 miljoen mensen met diabetes.3 Dit betekent dat 1 op de 14 mensen in Nederland diabetes 

heeft. Onderzoekers van het Erasmus MC berekenden dat één op de drie Nederlanders 

vroeg of laat diabetes type 2 krijgt.4 De incidentie van diabetes is in de afgelopen jaren snel 

gestegen, hetgeen hoofdzakelijk kan worden toegeschreven aan de toenemende incidentie 

van overgewicht en obesitas, weinig lichamelijke beweging, veroudering, populatiegroei en 

urbanisatie. 

Diabetes: klinische presentatie en risicofactoren
Diabetes is een metabole ziekte die gekenmerkt wordt doordat het gehalte glucose (suiker) 

in het bloed te hoog is (hyperglykemie). Een hyperglykemie ontstaat doordat de pancreas 

(alvleesklier) niet genoeg insuline uitscheidt en/of doordat de cellen in het lichaam niet 

goed meer reageren op insuline (insuline resistentie). Insuline is het hormoon dat de 

bloedglucosespiegel in evenwicht houdt. Insuline zorgt ervoor dat glucose uit het bloed 

wordt opgenomen door spieren en organen, en insuline regelt de glucose productie van 

de lever.5 Als het bloedglucosegehalte continu te hoog is, kunnen er complicaties ontstaan 

door schade aan de bloedvaten en zenuwen. De ogen, nieren, voeten, zenuwen en hart- 

en bloedvaten zijn vaak aangetast door de hoge bloedglucosespiegels. De complicaties 

verlagen de kwaliteit van leven, verhogen het risico op het krijgen van hart- en vaatziekten 

en verhogen het risico om vroegtijdig te overlijden.1,6

  Er zijn verschillende vormen van diabetes waarvan type 1 en type 2 diabetes mellitus 

de meest bekende vormen zijn.6 Type 1 diabetes (5-10% van alle mensen met diabetes) 

ontstaat doordat het afweersysteem de cellen in de pancreas die insuline maken, kapot 

maakt. Diabetes type 2 (90-95% van alle mensen met diabetes) is het gevolg van te weinig 

insuline afgifte, insuline resistentie of een combinatie van beide. De risicofactoren voor de 

ontwikkeling van type 2 diabetes zijn multifactorieel. Etniciteit, erfelijke aanleg, leeftijd, 

overgewicht en obesitas, abdominale obesitas, dieet en weinig beweging dragen allemaal 
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bij aan het risico op het krijgen van type 2 diabetes.6-8 Omdat hoge bloedglucosespiegels zich 

geleidelijk aan ontwikkelen, leidt de vroege verstoring van het evenwicht niet tot klachten. 

Het gevolg is dat mensen vaak al jaren rondlopen met hoge onbehandelde glucosewaardes 

in het bloed voordat de diagnose type 2 diabetes gesteld wordt. Schade aan de bloedvaten 

en zenuwen kan op het moment dat de diagnose gesteld wordt, reeds opgetreden zijn.

Risico op hart- en vaatziekten in mensen met diabetes
Mensen met diabetes krijgen vaker hart- en vaatziekten (afgekort HVZ) zoals een hartinfarct 

of een herseninfarct in vergelijking met mensen zonder diabetes.9 De pathogenese van de 

ontwikkeling van HVZ in diabetes is complex. De onbehandelde hyperglykemische staat 

wordt vaak als een verklaring genoemd voor dit verhoogde HVZ risico. Uit onderzoek is 

echter gebleken dat de hyperglykemische staat het verhoogde HVZ risico in mensen met 

diabetes maar deels kan verklaren.10,11 Andere factoren lijken ook een rol te spelen. Zo is er 

de laatste jaren meer aandacht voor de rol van abdominale obesitas in de ontwikkeling van 

HVZ. Het abdominale vet (buikvet) en dan voornamelijk het vet dat om de organen heen ligt, 

het viscerale vet, speelt een belangrijke rol. Het viscerale vet is meer dan een opslagplaats 

voor vetten, het is een orgaan dat adipokines afscheidt. Adipokines zijn cytokines die door 

vetweefsel worden afgescheiden. Deze cytokines zelf spelen een rol in onder andere het 

afweersysteem en zijn weer gelinkt aan de ontwikkeling van HVZ.12-14 Juist het hebben van 

veel visceraal vet, abdominale obesitas, verhoogt dan ook het risico op diabetes type 2 en 

HVZ.

Behandeling van diabetes type 2
Het allerbelangrijkste voor de behandeling van de hoge glucosewaarden in het bloed zijn 

lichaamsbeweging en voeding. Deze leefstijladviezen vormen de basis van de behandeling 

van diabetes type 2 en verlagen het risico op het krijgen van HVZ.1,10 Indien het niet lukt 

om met meer lichaamsbeweging en aangepaste voeding (dieet) de bloedglucosespiegel 

onder controle te krijgen, is het aan te raden om te starten met medicijnen. Omdat mensen 

met diabetes type 2 een verhoogd risico hebben op het krijgen van HVZ, is het belangrijk 

dat medicijnen die de bloedglucosewaarde verlagen het risico op HVZ niet verhogen. 

Medicijnen die mogelijk zelfs een positief effect hebben op de bloedvaten, dat wil zeggen, 

het risico op HVZ verlagen, hebben daarom de voorkeur.

  In alle richtlijnen wordt aangeraden om eerst te starten met metformine wanneer er 

medicijnen nodig zijn om de bloedglucosespiegel onder controle te krijgen. Metformine 

heeft als voordeel dat er een laag risico is op een onbedoeld te lage glucosespiegel 

(zogenaamde hypo’s). Andere voordelen van metformine zijn dat het effect op het 

lichaamsgewicht neutraal is en dat het goedkoop is. In vergelijking met andere medicijnen 

verlaagt metformine het risico op HVZ niet. Echter in vergelijking met geen behandeling 

of behandeling met een placebo zijn er wel positieve effecten van metformine, maar het 
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resterende risico op HVZ is nog steeds hoog.10,11,15 Daarom is het noodzakelijk dat andere 

medicijnen, die mogelijk het risico op HVZ verlagen, onderzocht worden. Sinds 2010 zijn 

dipeptidyl peptidase-4 (afgekort DPP-4) remmers op de markt. DPP-4 remmers is een 

groep medicijnen geschikt voor de behandeling van diabetes type 2. Ze zijn uitgebreid 

getest op veiligheid en effectiviteit.16-18 Het belangrijkste doel van DPP-4 remmers is om 

de bloedglucosespiegel te verlagen. Uit dieronderzoek en experimenteel onderzoek is 

onder andere gebleken dat DPP-4 remmers niet alleen het bloedglucose verlagen, maar 

ook positieve effecten lijken te hebben op de bloedvaten.19,20 Goede onderzoeken (zoals 

dubbelblinde en placebo gecontroleerde onderzoeken) die deze mogelijke positieve 

effecten van DPP-4 remmers op de bloedvaten in mensen onderzoeken, ontbreken echter 

nog.

Ontwikkeling van hart- en vaatziekten (atherosclerose)
Atherosclerose (ook wel bekend als slagaderverkalking) is een chronisch (ontstekings)

proces dat ervoor zorgt dat de arteriën (slagaders) steeds nauwer worden. Uiteindelijk kan 

atherosclerose leiden tot het optreden van acute HVZ problemen, zoals een hartinfarct 

of een herseninfarct. De ontwikkeling van atherosclerose is een sluipend proces waarbij 

er in de loop van jaren zogenaamde plaques ontstaan in de arteriën. De ontwikkeling van 

een plaque begint met een verhoogde doorlaatbaarheid van het endotheel (binnenste 

laagje van een bloedvat), ook wel beschreven als endotheelcel disfunctie. Door de 

verhoogde doorlaatbaarheid kan onder andere het LDL-cholesterol zich gaan opstapelen 

in de bloedvaatwand. Als reactie op deze beschadiging van de vaatwand ontstaat een 

ontstekingsreactie. Monocyten (ontstekingscellen) worden geactiveerd en dringen de vaat-

wand binnen. De monocyten veranderen in macrofagen (letterlijk: veelvraten) en proberen 

het cholesterol op te ruimen door het “op te eten”. De macrofagen zwellen op en uiteindelijk 

wordt de vaatwand steeds nauwer. Het uiteindelijk optreden van calcificaties in de plaque 

wordt gezien als een (eind) product van de ontstekingsreactie. Het grootste risico van een 

plaque is dat er een scheurtje ontstaat in de plaque waardoor de inhoud van de plaque in 

contact komt met het bloed. Het gevolg is dat er een bloedstolsel ontstaat. Dit bloedstolsel 

kan de arterie afsluiten of mee worden gevoerd met de bloedstroom en verderop een arterie 

afsluiten. Het weefsel achter het bloedstolsel (afsluiting) krijgt (even) geen zuurstof meer en 

sterft af. In het geval van bijvoorbeeld de afsluiting van de kransslagaders van het hart, is er 

sprake van een hartinfarct. Een plaque die een groot risico heeft om te scheuren wordt een 

kwetsbare plaque genoemd.21
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Het risico op hart- en vaatziekten in beeld
Met behulp van de conventionele beeldvormende technieken is het mogelijk om de 

vernauwing in de arteriën in beeld te brengen, maar dit geeft geen informatie over 

andere onderliggende processen in plaques zoals ontstekingen. In toenemende mate is 

de afgelopen jaren herkend dat de ontstekingsreactie in de arteriën een belangrijk proces 

is in de ontwikkeling van atherosclerose. Moleculaire beeldvorming biedt mogelijkheden 

om biologische processen zoals ontsteking te visualiseren. De identificatie van kwetsbare 

plaques met behulp van moleculaire beeldvormende technieken, zoals een positron 

emissie tomografie (afgekort PET) is dan ook een veelbelovende techniek. Beeldvorming 

gericht op het in beeld brengen van processen in de arteriën wordt ook wel vasculaire 

beeldvorming genoemd. PET is een beeldvormende techniek waarbij gebruik wordt 

gemaakt van een radioactieve tracer om (patho) fysiologische processen in beeld te 

brengen. De tracer 18F-fluorodexyglucose (18F-FDG) is geschikt ontstekingen weer te geven. 
18F-FDG is een radioactief gelabeld glucosemolecuul dat de mate van glucosemetabolisme 

weergeeft, hetgeen verhoogd is in ontstoken weefsel. De arteriële 18F-FDG opname op een 

PET scan is geassocieerd met de hoeveelheid macrofagen in de vaatwand. Bovendien blijkt 

een hoge 18F-FDG opname in de arteria carotis (halsslagader) voorspellend te zijn voor 

een herseninfarct onafhankelijk van andere HVZ risicofactoren.22 Een andere radioactieve 

tracer die wordt gebruikt voor het visualiseren van atherosclerose is 18F-sodium fluoride 

(18F-NaF). De opname van 18F-NaF in de arteriën is geassocieerd met microcalcificaties.23 

Microcalcificaties zijn ook geassocieerd met het scheuren van een atherosclerotische plaque, 

de kwetsbare plaque. Het maken van een PET scan wordt vaak gecombineerd en gefuseerd 

met een Computed Tomography (CT) scan om anatomische afbeeldingen te maken.

  Een andere manier om het risico op HVZ beter in beeld te brengen is het meten van de 

hoeveelheid abdominaal visceraal vet. Het is waarschijnlijk dat niet alleen de hoeveelheid 

visceraal vet maar ook de ontstekingsgraad van het viscerale vet een rol speelt bij de 

ontwikkeling van HVZ.12,24 Een 18F-FDG-PET/CT scan kan dus mogelijk ook aangrijpingspunten 

bieden om het viscerale vet beter in beeld te brengen. Op de CT scan kan het volume 

visceraal vet worden gemeten en op de PET scan mogelijk de 18F-FDG opname in het vet als 

maat voor de ontstekingsactiviteit van het vet.

  Behalve beeldvormende technieken zijn andere innovatieve technieken eveneens zinvol 

om het HVZ risico te meten. Een voorbeeld hiervan is het meten van de polsgolfsnelheid met 

behulp van applanatietonometrie. De polsgolfsnelheid is een maat voor de “stijfheid” van 

het bloedvaatwand. De polsgolfsnelheid is de snelheid waarmee een bloeddrukgolf zich 

door de arteriën verplaatst. Naarmate een arterie stijver wordt, gaat de polsgolfsnelheid 

omhoog. Dit komt omdat een stijvere arterie minder mee rekt met de bloeddrukgolf 

waardoor de drukgolf zich sneller kan verplaatsten. Ook het stijver worden van de arteriën 

is een teken van de ontwikkeling van atherosclerose.25,26
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Dit proefschrift 
Dit proefschrift is gewijd aan verschillende aspecten van beeldvormende technieken om 

de ontwikkeling van atherosclerose in beeld te brengen. Het onderzoekt de toepassing van 

beeldvormende technieken in mensen met type 2 diabetes. Gezien de complexiteit van 

de ontwikkeling van hart- en vaatziekten (afgekort HVZ) in mensen met diabetes zijn er 

geen eenvoudige oplossingen om de impact van diabetes en het HVZ risico te reduceren. 

Niettemin, voor het beter in beeld brengen van HVZ risicofactoren, bieden beeldvormende 

technieken zoals een 18F-FDG-PET/CT scan uitkomsten. Deze beeldvormende technieken 

dragen bij aan het inzicht krijgen in de ontwikkeling van atherosclerose c.q. HVZ. Bovendien 

biedt het mogelijkheden om de effecten van medicijnen te evalueren. Andere innovatieve 

technieken zoals het meten van de polsgolfsnelheid zijn hier ook geschikt voor.

  Deel I van dit proefschrift behandelt technische aspecten van de toepassing van 

beeldvormende technieken om het HVZ risico beter in beeld te brengen. Deel II richt zich 

op de toepassing van vasculaire beeldvorming en andere HVZ risicofactoren in mensen met 

een vroege fase van type 2 diabetes. De effecten van behandeling met linagliptine (een 

DPP-4 remmer) op de arteriële opname van 18F-FDG als maat voor vaatwandontsteking 

en de polsgolfsnelheid als maat voor vaatstijfheid worden besproken. Hoofdstuk 1 is de 

algemene introductie van het proefschrift.

DEEL I

Hoofdstuk 2 geeft een overzicht van verschillende beeldvormende technieken die gebruikt 

kunnen worden om (patho) fysiologische processen die plaatsvinden in een kwetsbare 

plaque, in beeld te brengen. Verschillende beeldvormende technieken zoals moleculaire 

beeldvorming (PET scan), bio-optische beeldvorming, bioluminescentie en nabije 

infrarood beeldvorming zijn hiervoor geschikt. Niet al deze technieken zijn al toepasbaar 

en gevalideerd voor vasculaire beeldvorming in mensen. Een probleem is bijvoorbeeld de 

beperkte doordringdiepte van fluorescerend licht. 

  Het gebruik van de tracer 18F-FDG is momenteel de best gevalideerde en meest 

toegepaste PET tracer voor vasculaire beeldvorming. 18F-FDG wordt opgenomen door cellen 

die geassocieerd zijn met de ontwikkeling van atherosclerose. Met behulp van een PET/CT 

scan kan de opname van 18F-FDG zichtbaar (en meetbaar) worden gemaakt. Een andere 

tracer die ook veelbelovend is voor vasculaire imaging is 18F-NaF. 18F-NaF bindt zich aan 

microcalcificaties. Microcalcificaties worden gevormd in de ontwikkeling van atherosclerose 

en zijn geassocieerd met het scheuren van de atherosclerotische plaque.
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In Hoofdstuk 3 hebben we met behulp van de tracer 18F-NaF ex vivo onderzocht of een 

symptomatische humane carotis plaque anders van samenstelling is dan een bij toeval 

ontdekte asymptomatische humane carotis plaque. Een symptomatische humane carotis 

plaque is een plaque in de halsslagader die hoogstwaarschijnlijk de oorzaak is geweest 

van een cerebrovasculair accident (CVA, beroerte). Het is onduidelijk hoe kwetsbaar 

(risico op scheuren) de asymptomatische plaque is. In totaal zijn er 23 carotis plaques (17 

symptomatische, 6 asymptomatische) onderzocht, die tijdens een operatie zijn verwijderd. 

De plaques werden 1 uur geïncubeerd in de 18F-NaF tracer en werden daarna gescand met 

behulp van een µPET en een µCT scan. De opname van 18F-NaF in symptomatische plaques 

verschilde niet van de 18F-NaF opname in asymptomatische plaques. Een interessante 

bevinding was dat de opname van 18F-NaF gevisualiseerd op de µPET scan een ander patroon 

van calcificaties liet zien dan calcificatie op een µCT scan. Waar de µCT geen calcificatie 

liet zien in de plaque, was er al wel 18F-NaF activiteit zichtbaar (mismatch). We concluderen 

daarom dat de opname van 18F-NaF waarschijnlijk een ander stadium van de ontwikkeling 

van atherosclerose visualiseert dan calcificatie zichtbaar op een CT scan. 

  Een andere link met een verhoogd HVZ risico is de mate van abdominaal visceraal vet. In 

Hoofdstuk 4 hebben we de optimale instellingen onderzocht om met een semi-automatische 

methode abdominaal visceraal vet met behulp van een PET/CT scan te onderzoeken. 

De metingen van het volume visceraal vet op basis van de CT scan en de meting van de 
18F-FDG opname in het viscerale vet op basis van de PET scan waren zeer reproduceerbaar 

en herhaalbaar met de automatische methode. De automatische meting van 18F-FDG in het 

viscerale vet werd vergeleken met een handmatige methode. De automatische methode 

was in vergelijking met de handmatige methode beter reproduceerbaar en herhaalbaar. We 

adviseren daarom om voor toekomstig onderzoek de automatische methode te gebruiken.

DEEL II

In Hoofdstuk 5 hebben we het verband onderzocht tussen de opname van 18F-FDG in de 

arteriën als maat voor vaatwandontsteking en de polsgolfsnelheid als maat voor vaatstijfheid 

bij 44 mensen met een vroeg stadium van diabetes type 2. Zowel de opname van 18F-FDG in 

de arteriën als de polsgolfsnelheid zijn markers van een vroeg stadium van atherosclerose 

en geassocieerd met het risico op HVZ. De opname van 18F-FDG in de arteriën bleek positief 

geassocieerd met de polsgolfsnelheid. Deze bevinding suggereert dat vaatwandontsteking 

mogelijk een rol speelt in de ontwikkeling van vaatstijfheid. In tegenstelling tot arteriële 
18F-FDG opname en de polsgolfsnelheid is calcificatie juist geassocieerd met een laat 

stadium van de ontwikkeling van atherosclerose. De zichtbare hoeveelheid calcificatie op 

een CT scan in de arteriën was niet geassocieerd met de arteriële opname van 18F-FDG 

en/ of de polsgolfsnelheid. De ontwikkeling van HVZ bij mensen met diabetes is complex.  
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De bevinding dat de vaatwandontsteking geassocieerd is met de vaatstijfheid, die een 

goede voorspeller is van het optreden van HVZ, suggereert dat de vaatwandontsteking 

een rol speelt in de ontwikkeling van HVZ in mensen met type 2 diabetes. Daarom zou 

het verlagen van de vaatwandontsteking ook een doel kunnen zijn in de behandeling van 

diabetes om zo het risico op HVZ te verlagen.

  Dipeptidyl peptidase-4 (afgekort DPP-4) remmers is een groep medicijnen geschikt voor 

de behandeling van type 2 diabetes. DPP-4 remmers lijken ook andere effecten te hebben 

dan het verlagen van het bloedglucosegehalte, zoals positieve effecten op de bloedvaten. 

DPP-4 is een enzym dat niet alleen een rol speelt in de regulatie van de insuline afgifte maar 

ook in andere processen. Zo heeft DPP-4 bijvoorbeeld ook een rol in het afweersysteem. 

In de RELEASE [off taRget Effects of Linagliptin monothErapy on Arterial Stiffness in Early 

diabetes] studie is het effect van 26 weken behandeling met linagliptine (een medicijn 

van het soort DPP-4 remmers) op de polsgolfsnelheid en de arteriële opname van 18F-FDG 

onderzocht. De RELEASE studie was een monocenter, gerandomiseerd, prospectief, 

dubbelblind, placebo gecontroleerd fase 3 onderzoek. Deelnemers waren mannen en 

vrouwen, gediagnosticeerd met type 2 diabetes en ze gebruikten geen medicijnen om het 

bloedglucose te verlagen. Verder mochten de deelnemers geen voorgeschiedenis hebben 

van al reeds doorgemaakte HVZ. In totaal werden 44 deelnemers gerandomiseerd naar één 

keer per dag een tablet linagliptine 5 mg of een placebo. Aan het begin van het onderzoek 

was de gemiddelde leeftijd van de deelnemers 63 jaar, 61% was man, het gemiddelde HbA1c 

was 6.3% (45 mmol/l) en het nuchter glucose was gemiddeld 7.4 mmol/l. De polsgolfsnelheid 

is voorafgaand aan het starten van de studiemedicatie, na 4 weken, na 26 weken en na 30 

weken (4 weken na het stoppen van de studiemedicatie) gemeten. De primaire uitkomst 

van de studie was het verschil in polsgolfsnelheid (gecorrigeerd voor systolische bloeddruk) 

na 26 weken behandeling. In Hoofdstuk 6 presenteren we de effecten van behandeling met 

linagliptine op de polsgolfsnelheid, de centrale systolische bloeddruk en de augmentatie-

index als maten van vaatstijfheid. Vier weken na het starten van de studiemedicatie is de 

gemiddelde polsgolfsnelheid in de deelnemers met linagliptine licht gedaald en stabiel 

in de mensen met een placebo. Na 26 weken is de polsgolfsnelheid in de linagliptine 

groep significant lager dan in de placebo groep; het verschil tussen beide groepen was 

0.91 m/s (95% betrouwbaarheidsinterval [BI] 0.06-1.76 m/s, P=0.035). De centrale systolische 

bloeddruk en augmentatie-index waren gedurende het onderzoek stabiel. Zoals verwacht 

daalde het HbA1c (0.4%; P<0.001), nuchter glucose (-0.7 mmol/l; P=0.002) en de triglyceriden 

(-0.49 mmol/l; P=0.019) bij de deelnemers met linagliptine in vergelijking met de deelnemers 

die placebo kregen. 
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Hoofdstuk 7 presenteert de resultaten van het effect van linagliptine op de vaatwand-

ontsteking gemeten als de arteriële 18F-FDG opname. De arteriële 18F-FDG opname werd 

uitgedrukt als de pre-scan glucose gecorrigeerde maximaal gestandaardiseerde opname. 

De opname in de arteriën werd gecorrigeerd voor de achtergrond activiteit (opname van 
18F-FDG in de venen) en berekend als een target-to-background ratio (TBR). Het gemiddelde 

van de verschillende metingen werd gebruikt als maat voor de totale arteriële 18F-FDG 

opname en is samengevat onder de term: meanTBR. Na 26 weken was de meanTBR gedaald 

bij de deelnemers die behandeld zijn met linagliptine in vergelijking met de deelnemers 

die behandeld zijn met een placebo. Het verschil was 0.18 eenheden (95% BI: 0.04-0.32; 

P=0.015). De resultaten van de RELEASE studie bevestigen de hypothese op basis van eerder 

onderzoek dat linagliptine, behalve het verlagen van de bloedglucosegehalte, ook positieve 

effecten heeft op de bloedvaten in mensen met een vroeg stadium type 2 diabetes en geen 

voorgeschiedenis van HVZ.

CONCLUSIE

De afgelopen decennia is er veel aandacht besteed aan de mogelijkheden van beeldvorming 

om meer inzicht te krijgen in het ontstaan van hart- en vaatziekten. Het doel van dit 

proefschrift was om bij te dragen aan deze ontwikkeling door verschillende technische 

aspecten te onderzoeken. Een ander doel van dit proefschrift was om deze beeldvormende 

technieken te gebruiken om onderliggende mechanismen van hart- en vaatziekten 

in mensen met type 2 diabetes beter te begrijpen en het effect van linagliptine op de 

bloedvaten te onderzoeken. De RELEASE studie toont aan dat linagliptine monotherapie 

vroege markers van atherosclerose verlaagt. In de toekomst zal moeten worden onderzocht 

of deze daling ook voldoende is om het optreden van hart- en vaatziekten te voorkomen. 

Met de verdere ontwikkeling van steeds betere vasculaire beeldvorming zal de uitdaging 

in toekomst zijn om deze beeldvormende technieken te gaan gebruiken voor ‘personalized 

medicine’.
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Beste lezers, collegae, familie en vrienden. It always seems impossible until it’s done. Zonder 

de tijd, inzet en vertrouwen van een groot aantal mensen was het niet mogelijk geweest om 

dit proefschrift voor elkaar te krijgen. Graag wil ik daarom iedereen hartelijk bedanken die 

een bijdrage heeft geleverd aan dit proefschrift of mij anderszins heeft bijgestaan. 

Allereest gaat mijn dank uit naar de deelnemers van de RELEASE studie. Ik heb mij 

verwonderd over hun grote betrokkenheid en bereidwilligheid om bij te kunnen dragen 

aan wetenschappelijk onderzoek. Bovendien was elk contact met de RELEASE deelnemers 

weer een welkome en motiverende afwisseling van de andere werkzaamheden. 

Professor dr. P.W. Kamphuisen, beste Pieter Willem, bedankt voor je optimisme en het 

vertrouwen in mij dat het allemaal wel goed komt. Typerend was je reactie toen ik een major 

revision zonder enig commentaar doorstuurde: “Stefanie, jij komt echt uit het noorden….Het 

is al bijna geaccepteerd, geweldig!” Bedankt dat je me hebt geleerd om ook trots te zijn op 

mijn werk.

Professor dr. R.H.J.A. Slart, beste Riemer, waar je ook ter wereld zit, regelmatig staat er namelijk 

onder een email ‘groeten vanuit..…’. De afstand tot Nederland tast je reactievermogen 

niet aan. Ik kon altijd op een reactie van jou rekenen waarbij je meestal de eerste was die 

reageerde. Bedankt voor je enthousiasme en goede samenwerking waardoor het mogelijk 

was om ‘imaging’ in mijn proefschrift vorm te geven. 

Professor dr. H.J. Lambers Heerspink, beste Hiddo, je begeleiding op een stimulerende, 

positieve manier als promotor kwam voor mij precies op het goede moment. In de fase 

waarin data analyse, artikelen schrijven en het antwoorden van reviewers voorop stond, 

heb jij mij verder geholpen met je kritische blik. Dank voor de waardevolle bijdrage aan mijn 

promotietraject!

Dr. D.J. Mulder, beste Udo, het is zover. Mijn promotie betekent ook voor jou dat jij voor het 

eerst als co-promotor een promovendus ‘aflevert’. Toen ik in juni 2013 begon, was jij nog 

volop bezig om een onderzoekslijn op te richten. Ik heb van je geleerd om niet alleen op zoek 

te gaan naar ‘leuk’ onderzoek maar vooral naar klinisch relevant onderzoek. Bedankt voor de 

vrijheid die jij mij gaf om ook zelf nieuwe projecten te kunnen ondernemen. Dankjewel voor 

je inzet en bijdrage aan mijn promotietraject. 

Dr. J.D. Lefrandt, beste Joop, op papier was er geen plaats meer voor jou als co-promotor al 

ben je er wel op die manier voor mij geweest. In de zomer van 2010 was jij mijn begeleider 

tijdens het coschap interne geneeskunde en zonder dat contact met jou was ik nooit aan 

dit promotietraject begonnen. Je bezit een waardevol talent om mensen te motiveren en 
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te enthousiasmeren voor onderzoek en je bewaakt de belangen van de promovendus. 

Bedankt dat je, voor zover dat binnen jouw mogelijkheden lag, er voor mij was.

Bij deze wil ik ook de leden van de leescommissie, bestaande uit professor dr. A.A. Voors, 

professor dr. E.S.G. Stroes en professor dr. M. Schäfers bedanken voor de beoordeling en  

het goedkeuren van dit proefschrift. Herzlichen Dank für Ihren Beurteilung meine Thesis. 

Graag wil ik alle huisartsen en praktijkondersteuners bedanken die hebben meegewerkt 

aan het benaderen van mensen voor deelname aan de RELEASE studie. Een bijzondere dank 

voor Esther de Heer die zich als diëtist en schoonzus ook belangeloos heeft ingezet.

Veel dank ben ik verschuldigd aan alle medewerkers van de afdelingen nucleaire 

geneeskunde en moleculaire beeldvorming, het vaatlaboratorium en de prikpoli. Door jullie 

medewerking was de praktische uitvoering van de RELEASE studie mogelijk. 

Beste Anne van Gessel, Saskia van de Zande en Arie van Roon, bedankt voor jullie inzet 

want alleen daardoor kon de RELEASE studie zo soepel verlopen. Anne, jouw enorme 

patiëntvriendelijkheid en je inzet voor wetenschappelijk onderzoek zijn bewonderens-

waardig! Saskia, eerst leerde ik je kennen als vaatlaborant en later ook als collega-

onderzoeker; het moment waarop we met een koelkast achter op de fiets in de lunchpauze 

de stad doorgingen, zal ik niet snel vergeten. Arie, bedankt voor je hulp, niet alleen met de 

RELEASE data maar ook voor je welwillendheid om statistische input te geven voor totaal 

andere projecten.

Beste Andor Glaudemans, bedankt voor je nauwkeurige screenende beoordeling van de 

PET scans. Verder dank voor je hulp om plaatjes te maken en voor het geven van feedback 
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Beste Andries Smit, bedankt voor jouw begeleiding tijdens mijn stage wetenschap. Veel 

dank ook voor het delen van jouw kennis over de verschillende vasculaire meetmethoden.

Beste Bernadette Fokkens, bedankt voor de randomisatie van de RELEASE deelnemers. Ik 

wens je veel succes toe in je verdere carrière!

Dear Luis Juárez Orozco, thank you for being my statistical hero! 

Beste Hannie Westra, Berber Doornbos – van der Meer en Elisa Hoekstra. Bedankt voor de 

goede samenwerking. Al is de data nog niet gepubliceerd, wat in het vat zit verzuurt niet.
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project’ een succes te maken hartelijk bedanken. In het bijzonder wil ik een aantal mensen 

noemen. Hendrikus Boersma (alias Job Steenhouwer), dank voor je enthousiasme voor het 

doen van onderzoek als het over tracers gaat. Janine Doorduin voor de hulp en input voor 

het constructief analyseren van de beelden. Jurgen Sijbesma voor alle praktische hulp. Clark 

Zeebregts en Robert Pol, bedankt voor jullie samenwerking vanuit de vaatchirurgie. Clark, 

ook bedankt voor de mogelijkheid om een hoofdstuk te schrijven voor het CX book. Jan-

Luuk Hillebrands, bedankt voor de plezierige samenwerking en het meedenken vanuit de 

pathologie. 

Beste Melanie Reijrink en Sietske Doornbos, bedankt voor jullie enthousiasme om een JSM 

pilot project te doen. Ik vond het leuk om samen met jullie de Stralingsbeschermingscursus 

te doen. Melanie, ook bedankt voor je inzet tijdens je stage wetenschap voor de RELEASE 

vet data! Ik wens je heel veel succes toe met je MD/PhD-traject, aan motivatie ontbreekt het 

jou in elk geval niet! 

Beste Marcel Greuter, Ronald Boellaard en Ronald Borra, bedankt voor jullie hulp en 

technische input voor het ‘Vet project’. Ik heb er veel van geleerd en het heeft de ‘technical 

applications’ in dit proefschrift naar een hoger niveau gebracht. 

Beste Seline Goudeketting en Daan Spoor, wat was het leuk om met jullie als technische 

geneeskunde studenten samen te werken aan het ‘Vet project’. Bedankt voor jullie inzet en 

doorzettingsvermogen om een automatische methode te ontwikkelen voor het analyseren 

van de vet data. Daan, heel veel succes met je promotietraject, ik verwacht dat we elkaar 

weer tegenkomen. 

Verder wil ik de co-auteurs Helen Lutgers, Martin de Borst, Otto Hoekstra en Gem Kramer 

graag bedanken voor hun bijdrage aan dit proefschrift.

Beste Klaas Hoogenberg, uiteindelijk lag het onderwerp eetgedrag toch iets te ver af van 

vascular imaging waardoor het artikel niet in het proefschrift terecht gekomen is. In elk 

geval wil ik je hartelijk bedanken voor de mogelijkheid die jij mij hebt gegeven om een 

eerste artikel te schrijven. 
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De afgelopen jaren heb ik enorm veel gehad aan mijn (ex)kamergenootjes. Het is fijn om lief 

en leed te delen met mensen die in hetzelfde schuitje zitten. Bedankt voor de gezelligheid 

op de onderzoekskamer maar ook daarbuiten tijdens borrels en congressen.

Beste Harriëtte, jij hebt als physician assistant met een werkplek op de onderzoekskamer, 

al heel wat onderzoekers zien komen en gaan. Bedankt dat je mij gedurende mijn hele 

promotietraject regelmatig een luisterend oor bood. Beste Lisanne, het promotie Excel 

bestand met daarin begrotingen, offertes, een draaiboek voor de dag, een tijdsplanning en 

tips, was een handige houvast en typerend voor jouw enorme organisatietalent. Bedankt 

voor het Excel bestand maar ook voor de goede organisatie van alle andere vasculaire 

activiteiten! Verder bracht je ook regelmatig overheerlijke baksels mee….Dank! Beste 

Esther, we deelden regelmatig het gevoel van de afhankelijkheid van mensen om deel te 

willen nemen aan onderzoek. Jij ging zelfs als dat nodig was met de auto heel Nederland 

door naar de mensen thuis. Het is kenmerkend voor je werkstijl, niet zeuren maar gewoon 

doorpakken. Altijd bereid om een kamergenoot te helpen, bedankt voor je collegialiteit! 

Beste Hilde, zonder jou op de onderzoekskamer was mijn promotietijd zeker een stuk saaier 

geweest. Regelmatig zorgde jij ervoor dat we toch ook weer in lachen konden uitbarsten. 

Bedankt voor jouw enorme inzet voor het ‘18F-NaF project’ maar ook voor de nodige 

afleiding zoals het kijken naar bruidsjurken en kapsels. Beste Byrthe, je gedrevenheid is 

bewonderenswaardig. Al zijn er tegenslagen, jij geeft het niet op. Ik wens je veel succes toe 

binnen de plastische chirurgie want met die gedrevenheid moet het vast gaan lukken om 

daar binnen te komen! Beste Dorienke, je bent altijd loyaal richting andere onderzoekers. 

Bedankt voor het overnemen van de EUCLID studie werkzaamheden en je welwillendheid 

om back-up te zijn voor de RELEASE studie. Beste Anniek, geboren en getogen in Groningen 

sta jij altijd met beide benen op de grond. Bedankt voor het analyseren van de RELEASE 

samples in South Hampton! Beste Ellen, wat leuk dat de RELEASE studie ook weer terug zal 

komen in jouw proefschrift, want ik ben er van overtuigd dat jij je MD/PhD-traject succesvol 

zult afronden. Beste Trynke, als jij eenmaal op dreef bent kan de gezelligheid niet op. De 

promotieborrel van Lisanne waarop jij de uitspraak deed: “Van welke vaten houden wij het 

meest?” zal ik niet snel vergeten. Beste Alexander, bedankt voor het regelmatig rijden naar 

de refereeravond in je bijzondere oranje auto en het professioneel aansluiten van alle UTP 

kabels in ons huis. Beste Amel, Isabella, Jeroen, Liesbeth, Ruben en Sarah, bedankt voor 

jullie input en gezelligheid tijdens research besprekingen maar ook daarbuiten. 

Beste ‘Zuidlaren groep’ bedankt voor de nodige afleiding door de vele bruiloften en borrels!

Beste Carolien, Marise en Martine, bedankt voor jullie betrokkenheid bij mijn promotieonder-

zoek en waardevolle momenten die we hebben gehad.
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Lieve JC Laideys, Annick, Ernestine, Kirsten, Lena, Marlon, Nynke en Roelinda, bedankt 

voor jullie support. Op mijn afstudeerborrel waren jullie al vol vertrouwen dat ik van 

het promotietraject een succes ging maken, al was ik daar op dat moment zelf nog niet 

van overtuigd! Bedankt voor de nodige ontspanning de afgelopen jaren. We kennen 

elkaar alweer meer dan 10 jaar maar ik hoop dat daar nog vele supermooie goede leuke 

vriendschapsvolle jaren bij gaan komen!

Lieve Hester, Joke en Linda, al vanaf het begin van de studie (groepje 20), kennen wij elkaar 

en klikte het meteen. Een luisterend oor bij een kopje thee, weekendjes Schiermonnikoog, 

borrelen in de zon, skiën in Frankrijk etc. Bedankt dat jullie soms samen, maar ook elk op je 

eigen manier gezorgd hebben voor de nodige afleiding! Quirine, in Nij Smellinghe leerden 

wij elkaar kennen en voelde het direct alsof wij elkaar al jaren kenden. Mogelijk komt dit 

door onze gezamenlijke voorliefde voor lekkere koffies? Dank, voor de leuke tijd! 

Lieve familie Steenbergen, het uitgebreid vieren van de vele verjaardagen met meestal 

goede baksels hebben voor de nodige ontspanning gezorgd, bedankt. Ook de ludieke ‘foto’ 

spelletjes op de familie app zorgden regelmatig voor een lach op mijn gezicht. 

Lieve Marieke en Silke, natuurlijk zijn jullie mijn paranimfen. Als grote zussen staan jullie 

mijn leven lang al heel dicht bij mij. Bedankt voor jullie onvoorwaardelijke support, elk op je 

eigen manier. Niet alleen als zus zijnde maar ook allebei als arts. Ook Arjan, Robert, Rosalie, 

Ewoud en Feline, bedankt voor de vele gezellige familiemomenten. 

Lieve pappa en mamma, jullie zijn goud waard. Het is dankzij jullie liefde en onvoorwaardelijke 

steun dat ik kon gaan doen wat ik graag wilde doen en nu dit bereikt heb. Bedankt dat jullie 

altijd en op elke mogelijke manier voor me klaar staan. 

Lieve Johan, last but not least. Dank voor je oprechte liefde, je eindeloze steun, je 

optimistische kijk op dingen en je vriendschap. Jij bent er gewoon altijd voor mij op goede 

en op slechte dagen. Met jou aan mijn zijde zie ik de toekomst vol vertrouwen tegemoet.
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Groningen, 9 mei 2017

Beste deelnemers van de RELEASE studie,

Graag willen wij u middels deze brief informeren over de resultaten van de RELEASE studie.

De RELEASE studie
In de RELEASE studie hebben we het effect van linagliptine op de bloedvaten onderzocht. 

Linagliptine is een medicijn van het soort dipeptidyl peptidase-4 (afgekort DPP-4) remmer. 

DPP-4 remmers zijn geschikt voor de behandeling van suikerziekte (meer specifiek diabetes 

type 2). Sinds 2010 zijn DPP-4 remmers op de markt. Ze zijn uitgebreid getest op veiligheid 

en effectiviteit. Het belangrijkste doel van DPP-4 remmers is om de bloedsuikers te verlagen. 

Een voortdurend te hoog suiker in het bloed is schadelijk voor de bloedvaten en vergroot 

op lange termijn de kans op het krijgen van hart- en vaatziekten zoals een beroerte of een 

hartaanval.

  Uit eerder onderzoek weten we dat DPP-4 remmers niet alleen de bloedsuikers verlagen, 

maar ook positieve effecten lijken te hebben op de bloedvaten. Dit weten we onder andere 

uit onderzoek dat gedaan is bij dieren. Bovendien hebben DPP-4 remmers als voordeel 

dat er weinig bijwerkingen optreden zoals het toenemen in gewicht en het krijgen van 

onbedoeld te lage bloedsuikers (zogenaamde hypo’s). In de RELEASE studie hebben we 

het effect van DPP-4 remmers op de bloedvaten onderzocht bij mensen die geen andere 

medicijnen kregen om de bloedsuikers te verlagen.

Hoe hebben we dit onderzocht? 
Het effect van linagliptine op de bloedvaten is vergeleken met het effect van een placebo. 

Een placebo is een tablet dat op het medicijn lijkt, maar niet de werkzame stof bevat. Door 

de resultaten onderling te vergelijken konden we nagaan wat het effect is van linagliptine 

op de bloedvaten. Dit is nodig om een zo objectief mogelijk resultaat te krijgen. 

  De deelnemers aan de RELEASE studie werden in twee groepen met een dezelfde 

groepsgrootte verdeeld: Eén groep kreeg linagliptine en de andere groep een placebo. De 

deelnemers hebben gedurende 26 weken elke dag een tablet (linagliptine of een placebo) 

ingenomen. 

  Om de effecten op de bloedvaten te onderzoeken zijn er twee soorten metingen 

gedaan. De eerste soort meting was het meten van de polsgolfsnelheid. Het meten van de 

polsgolfsnelheid vond plaats op de afdeling vaatfunctie. De polsgolfsnelheid is de snelheid 

waarmee een bloeddrukgolf (polsgolf ) zich door de slagaderen verplaatst. Als een bloedvat 

stijver wordt, gaat de polsgolfsnelheid omhoog. Dit komt omdat een stijver bloedvat minder 

mee rekt met de polsgolf waardoor de polsgolf zich sneller kan verplaatsen. Een verlaging van 
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de polsgolf is dus een positief effect op de bloedvaten. Een positief effect wil zeggen dat het 

risico op het krijgen van hart- en vaatziekten wordt verlaagd. Het verschil in verandering van 

polsgolfsnelheid was het belangrijkste resultaat van de RELEASE studie. De polsgolfsnelheid 

is voorafgaand aan het starten van de studiemedicatie, na 4 weken, na 26 weken en na 30 

weken (4 weken na het stoppen van de studiemedicatie) gemeten.  

  De tweede meting is het meten van de opname van fluordeoxyglucose (afgekort: 
18F-FDG) in de bloedvaten. Om de opname van 18F-FDG in de bloedvaten te kunnen meten 

is er een Positron Emission Tomography (afgekort PET) scan in combinatie met een CT-scan 

gemaakt. Een 18F-FDG PET/CT scan is voorafgaand aan de start van de studiemedicatie en 

na 26 weken gebruik gemaakt. Hart- en vaatziekten beginnen met een lichte ontsteking 

van de bloedvaten. Het meten van de opname van 18F-FDG in de bloedvaten lijkt een maat 

te zijn voor deze ontsteking. Een verlaging van de 18F-FDG opname in de bloedvaten lijkt 

dus een positief effect op de bloedvaten te hebben. We hebben de opname van 18F-FDG in 

verschillende bloedvaten (van de halsslagader tot en met de liesslagader) gemeten en dit 

samengevat onder de term: meanTBR.

De resultaten – karakteristieken deelnemers
In onderzoek wordt altijd eerst gekeken of de twee groepen die we vergelijken op elkaar 

lijken. Alleen als de groepen op elkaar lijken, vergroten we de kans dat een mogelijk effect 

van de medicatie niet verklaard kan worden door andere factoren zoals bijvoorbeeld een 

verschil in leeftijd. De deelnemers in de groep die linagliptine kregen waren heel goed 

vergelijkbaar met deelnemers die een placebo kregen. Dat wil zeggen dat de gemiddelde 

leeftijd, het aantal mannen en vrouwen per groep, BMI, bloedsuikers, polsgolfsnelheid en 

opname van 18F-FDG in de bloedvaten, nauwelijks van elkaar verschilden. Aan het begin 

van het onderzoek was de gemiddelde leeftijd van de deelnemers 63 jaar, 61% was man, 

het gemiddelde HbA1c was 6.3% (45 mmol/L) en het nuchter bloedsuiker was gemiddeld 

7.4 mmol/L. 

Effect van linagliptine op het HbA1c

Als bloedsuikers langere tijd te hoog zijn, gaat ook het HbA1c omhoog. Hb staat voor 

hemoglobine, dat is een eiwit dat in je rode bloedcellen zit. Het HbA1c geeft een indruk 

van de gemiddelde bloedsuikerwaarde in de afgelopen twee tot drie maanden. Het HbA1c 

wordt gemeten in % of in mmol/liter. Het streven bij de behandeling van bloedsuikers is 

dat het HbA1c onder de 7% is (dat komt overeen met circa 53 mmol/L). In de RELEASE studie 

zagen we dat het HbA1c bij de deelnemers die linagliptine kregen daalde en gelijk bleef bij 

de mensen die placebo kregen. Dit is ook wat we hadden verwacht. Zie ook de grafiek in 

Figuur 1.
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Figuur 1 | Het effect van behandeling met linagliptine op het HbA1c. 

Effect van linagliptine op de polsgolfsnelheid
In Figuur 2 ziet u het effect van linagliptine op de gemiddelde polsgolfsnelheid. Het valt op 

dat 4 weken na het starten van de studiemedicatie, de gemiddelde polsgolfsnelheid in de 

deelnemers met linagliptine licht is gedaald en stabiel is in de mensen met een placebo. 

Na 26 weken is er een verschil in de deelnemers die linagliptine krijgen en een placebo, dit 

was een significant verschil. Dat betekent dat de kans dat het verschil in polsgolfsnelheid 

door toeval wordt veroorzaakt minimaal is. Opvallend is dat 4 weken na het stoppen van de 

studiemedicatie de polsgolfsnelheid in alle deelnemers weer gelijk is aan de polsgolfsnelheid 

aan het begin van het onderzoek.
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Figuur 2 | Het effect van behandeling met linagliptine op de polsgolfsnelheid.
Dit zal in 2017 gepubliceerd worden in het wetenschappelijke tijdschrift: Diabetes, Obesity and Metabolism.
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Effect van linagliptine op de opname van 18F-FDG in de bloedvaten op 
een 18F-FDG PET/CT scans
Aan het begin van het onderzoek, voor start van de studiemedicatie en na 26 weken 

gebruik is er een 18F-FDG PET/CT scan gemaakt. Het effect van de opname van 18F-FDG in 

de bloedvaten kunt u zien in figuur 3. Na 26 weken is er minder opname van 18F-FDG in 

de bloedvaten in de deelnemers die behandeld zijn met linagliptine in vergelijking met 

de deelnemers die behandeld zijn met een placebo. Het verschil in verandering tussen de 

deelnemers die een placebo kregen en linagliptine was ook weer significant. Dat betekent 

dus dat de kans dat we een verschil vonden puur toeval was, minimaal is. 
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Figuur 3 | Het effect van behandeling met linagliptine op de opname van 18F-FDG in de bloedvaten.

Dit is gepubliceerd het wetenschappelijke tijdschrift: Journal of the American College of Cardiology. 2017;69:1097-

1098.

Wat betekent de RELEASE studie voor de behandeling van suikerziekte?
Het is belangrijk om te noemen dat de RELEASE studie ervoor gezorgd heeft dat we meer 

inzicht hebben gekregen in de ontwikkeling van hart- en vaatziekten en het effect van 

linagliptine op de bloedvaten. Het is nog te vroeg om door de resultaten van de RELEASE 

studie te zeggen dat iedereen die hoge bloedsuikers heeft, nu behandeld moet gaan worden 

met linagliptine. We zullen zo goed mogelijk proberen uit te leggen waarom dit niet zo is.

  Om te beginnen, het allerbelangrijkste voor de behandeling van hoge bloedsuikers (en 

ook het voorkomen van hart- en vaatziekten!) zijn lichaamsbeweging en voeding. Deze 

leefstijladviezen vormen de basis van de behandeling van suikerziekte en verlagen het risico 

op het krijgen van hart- en vaatziekten. Mocht het niet lukken om met lichaamsbeweging 

en voeding (dieet), de bloedsuikers onder controle te houden (dat wil zeggen een HbA1c 

kleiner dan 7.0%), dan is het aan te raden om te starten met medicijnen om de bloedsuikers 
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te verlagen. Soms worden medicijnen ook gestart als iemand klachten heeft van hoge 

bloedsuikers (zoals veel dorst en vaak moeten plassen), maar meestal geven hoge 

bloedsuikers geen klachten. Mochten er medicijnen nodig zijn dan wordt aangeraden om 

dit eerst te proberen met metformine. 

  In dit onderzoek hebben we gekeken naar de start van linagliptine om bloedsuikers te 

verlagen en niet naar metformine. Dit komt omdat wij denken dat linagliptine vooral in een 

vroeg stadium van de ontwikkeling van suikerziekte (diabetes type 2) effectief kan zijn en 

positieve effecten kan hebben op de bloedvaten. De RELEASE studie draagt er aan bij dat 

dit inderdaad zo zou kunnen zijn. Alleen de RELEASE studie is maar één onderzoek bij kleine 

groep mensen die dit laat zien. De RELEASE studie is daarom te klein om richtlijnen voor de 

behandeling van hoge bloedsuikers (diabetes type 2) te veranderen. Hiervoor moet eerst 

onderzoek worden gedaan in een grotere groep mensen en voor een langere tijd. In de 

RELEASE studie zagen we na 26 weken wel een verschil maar weten we bijvoorbeeld niet 

of dit verschil na een jaar er ook is. Bovendien moet in een volgend onderzoek het effect 

niet met een placebo maar met metformine worden vergeleken. Verder wordt er heel veel 

onderzoek gedaan naar (nieuwe) medicijnen om bloedsuikers te verlagen en het risico op 

hart- en vaatziekten te verlagen. De keuze in medicijnen om de bloedsuikers te verlagen is 

daardoor groot. We weten dat metformine goed werkt om bloedsuikers te verlagen. Andere 

voordelen van metformine zijn dat we zeker weten dat het voor langere tijd (jaren) veilig 

kan worden voorgeschreven, een laag risico heeft op het krijgen van te lage suikers, een 

neutraal effect heeft of het lichaamsgewicht. Bovendien zijn de kosten van metformine 

laag in vergelijking met de nieuwe medicamenten. Er zijn dus meerdere redenen om het 

verlagen van de bloedsuikers te starten met het medicijn metformine. Dit zal voorlopig ook 

zo blijven.

Nogmaals hartelijk dank voor uw deelname aan de RELEASE studie. Dankzij uw deelname 

hebben we waardevolle ontdekkingen kunnen doen.

Met vriendelijke groet,

mede namens,

Pieter Willem Kamphuisen, Riemer Slart, Hiddo Lambers Heerspink, Udo Mulder, Joop 

Lefrandt, Arie van Roon, Anne van Gessel en Saskia van de Zande,

Stefanie de Boer

arts-onderzoeker




