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General introduction and outlines.
Peripheral arterial occlusive disease (PAOD) is a highly prevalent, age-related atherosclerotic 

phenomenon that affects 3% to 5% of the population. Several epidemiologic studies show 
that its incidence increases to 15% to 20% in persons over 70 years.1,2 The most widely 
used examination to indicate the presence or absence of PAOD is the ankle-brachial 
pressure index (ABI) measurement. PAOD is therefore generally defined as a resting ABI 
value ≤0.90. PAOD may cause symptoms like intermittent claudication or critical limb 
ischemia however numerous patients with PAOD do not have symptoms. Using the 
criterion of ABI less than 0.90 for the presence of PAOD, the ratio between symptomatic 
and asymptomatic patients is in the range of 1:3 to 1:4.3

In case of symptoms, most patients suffer from intermittent claudication i.e. muscular leg 
pain on exercise that is relieved by a short period of rest. Although it is difficult to predict 
the risk of clinical deterioration of PAOD, approximately 5% to 10% of the patients with 
claudication will develop critical limb ischemia (CLI), defined as ischemic rest pain or tissue 
loss, over a 5-year period.4 The large-scale longitudinal Framingham studies show that 
claudication results in less than 2% of the patients in a major amputation, i.e. above the level 
of the ankle.5

In symptomatic patients, revascularisation is considered in case of -severely- disabling 
intermittent claudication. The indication for intervention in CLI is regarded as more 
strict as if vascular reconstruction is not possible or attempts at reconstruction fails, 
about 30-40% suffers from limb loss within one year.3,6 The classic armamentarium of 
the vascular interventionalist includes catheter intervention like angioplasty, and open 
reconstructions such as endarterectomy or bypass surgery. One of the major problems 
of both endarterectomy and bypass surgery is the complication of restenosis. Restenosis 
reduces the clinical effectiveness of these treatments and may even result in worsening of 
the clinical condition.

Problem of restenosis after intervention for PaOd
Angioplasty was introduced by Dotter and Judkins, using coaxial catheters to enlarge the 
obstructed lumen of an artery occluded by atherosclerotic disease.7 Later, this technique 
was improved by introducing dilatating balloon catheters.8 Percutaneous transluminal 
angioplasty (PTA) has been an evolving and highly valuable tool with a widespread 
use in the treatment of vascular obstructive disease ever since. Further technological 
advances resulted in continuously improved clinical results in the past decade. Along 
with patient preference related to the relatively non-invasiveness of these procedures, 
revascularisation strategies have shifted from first open surgical approaches towards first 
percutaneous endovascular treatments if feasible in e.g. the coronary, renal, iliac, and 
femoral arteries. In cardiothoracic surgery the result can be seen as over 9000 coronary 
artery bypass graft (CABG) operations were performed in the Netherlands in 2007. At 
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the same time more than the threefold PTCA interventions were carried out. 9 In general, 
results obtained with reconstructive surgery are superior as compared with those obtained 
after PTA however PTA is much less invasive as compared with reconstructive surgery. 
For example, randomised trials indicate that risk of death or heart attack following either 
treatment is alike, however patients undergoing bypass surgery are less likely to need re-
intervention.10-12   
In the treatment of peripheral vascular disease there also has been a shift towards an 
endovascular approach. Generally, open surgical reconstructions appear to have better 
long-term patency and clinical durability. On the other hand, this comes at the expense 
of higher procedural mortality and morbidity, longer hospital stay and higher costs. 
Therefore, both the patient’s general condition and the extent of the obstructed arteries 
are essential in weighing the benefits and risks of PTA and reconstructive surgery. In 
general, these considerations apply for obstructions of visceral and renal13, aorto-iliac14,15 
as well as infrainguinal16,17 interventions for revascularisation.

As indicated, the long-term patency and efficacy is a major limitation of many catheter-
based interventions. This is dependent on several factors among these are the length and 
type of obstruction as well as the arterie(s) involved. The long term patency is reduced by a 
phenomenon of re-narrowing of arteries which is called restenosis. This process of restenosis 
is complex and not fully understood. Current evidence suggests that it is a maladaptive 
‘response to injury’.18 When the balloon is inflated, the lumen is forcibly dilatated and a part 
of the vessel wall that is relatively unaffected by the disease is expanded. As a result, cracks 
and tears develop in the atherosclerotic plaque, but particularly in the remaining part of the 
arterial wall. As a rule, the plaque becomes dissected from the arterial wall.
It is currently understood that there are three components that influence the mechanism of 
restenosis after PTA. First is the direct effect of early lumen loss due to elastic recoil. Thereafter 
intimal hyperplasia and subsequent constrictive arterial remodeling, being the two most 
important factors of luminal narrowing after percutaneous transluminal angioplasty.19,20

Figure 1. Mechanism of PTA

 (a) positioning of the balloon catheter within the eccentrically occluded lumen. (b) Balloon inflation stretches 
the relatively normal portion of the arterial wall, not the inelastic plaque. (c) Asymmetrical stretching produces 
enlargement of the lumen and, as a rule, dissection of the arterial wall. (Adapted from Atlas of Interventional 
Radiology, Gowe Medical Publishing, 1990, NY)
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elastic recoil is a dynamic process that occurs directly after angioplasty and results in a 
prompt loss of lumen diameter. After coronary balloon dilatation, an acute recoil response 
can be responsible for some 30% immediate loss of the vessel lumen at the end of the 
procedure. 21 Elastic recoil might account for up to 50% of this acute lumen loss after 
angioplasty.22 The other cause for early loss is flow-obstructing dissection of the vessel 
wall. Generally, dissection is an inevitable and usually essential element of angioplasty 
(Figure 1). However, extensive intimal dissection may result in significant obstruction or 
even occlusion of the artery. Stent implantation can reduce elastic recoil as well as redress 
dissections which are an inevitably effect of PTA. 

Specific data on elastic recoil in peripheral arteries are limited. Residual stenosis (>30%) 
occurs in approximately 10% of the cases after PTA of the superficial femoral artery.23,24

In the Dutch Iliac Stent Trial, primary stenting versus stent placement on demand 
(residual mean pressure gradient > 10 mmHg) was compared in patients with significant 
iliac lesions. In the group of selective stent placement, 65 of 169 (38%) lesions had to be 
treated with stent placement because of elastic recoil and/or dissection.25

The second component of restenosis after PTA is intimal proliferation resulting in new 
tissue growth covering the cracks and tears in the vessel wall and sometimes growing to 
produce severe reobstruction of the artery. Instantly after balloon dilatation, disruption of 
the atherosclerotic vessel wall in conjunction with a virtually complete denudation of the 
endothelial layer, exposes thrombogenic factors to the flowing blood, triggering platelet 
adhesion, activation, and thrombosis. Endothelial denudation also results in the loss of 
antithrombotic factors (e.g., nitric oxide, prostacyclin, and tissue plasminogen activator), 
further contributing to thrombus formation. In addition, forceful stretching by the balloon 
also causes disruption of the inner and outer lamina elastica in the tunica media.18,26

Figure 2. Varying extent of neointima formation after angioplasty. The white and black lines represent the inner 
and outer lamina elastica.

This early phase sets stage for regeneration consisting of proliferation of the remaining 
endothelium and smooth muscle cells (SMC). Additionally, smooth muscle cells and 
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myofibroblasts start to migrate from the media (and adventitia) towards the intima and 
are responsible for an increased amount of extracellular matrix synthesis. Simultaneously, 
the phenotype of local smooth muscle cells changes from contractile to synthetic. 
An enhanced proliferation rate results in an increase of ‘neointima’ volume (intimal 
hyperplasia) and in a gradually reduced luminal size.18,27 This process starts within days 
after angioplasty and continues for weeks or months. SMC accumulation, inflammatory 
cell recruitment, and endothelial restoration are critical parts in vascular repair and it is 
widely appreciated that chemokines and growth factors regulate and control each step of 
the process.28 These multiple chemokines act in a very complex network that is still largely 
to be elucidated. A more detailed description is given in chapter 5.

The third mechanism for restenosis that has been elucidated more recently is arterial 
remodeling. In 1972 Mann et al. were the first to report arterial size changes associated 
with atherosclerosis.29 African Masai maintained large coronary artery lumina despite 
substantial atherosclerotic plaque size. With age, the coronary arteries develop thicker 
atherosclerotic plaques, but their coronary arteries also enlarged to accommodate the 
obstructing atherosclerotic plaque. The net result was an actual luminal enlargement. 
Regardless of equivalent plaque size, the Masai maintained larger lumina than their 
American counterparts. This compensatory enlargement of (coronary) arteries was further 
confirmed in autopsy studies.30 
Vascular remodeling during atherosclerosis and restenosis following vascular injury 
however may differ. Not only outward (positive) remodeling, but also constrictive 
(negative) remodeling is observed in atherosclerosis and in restenosis. As a result, the 
entire artery may become contracted. The mechanisms of the both remodeling modes 
are largely unknown however hemodynamic stimuli like flow and circumferential stress 
seem to induce arterial remodeling to maintain a balanced level of shear stress and wall 
tension, respectively.31 This is important since these local hemodynamic factors, and 
endothelial shear stress (ESS) in particular, play a major role in the regional localization of 
atherosclerosis. ESS is caused by the friction of flowing blood on the endothelial surface. 
Low ESS modulates endothelial gene expression through complex processes, inducing 
the formation of an early atherosclerotic plaque.20,31

In a study conducted by Mintz and colleagues, serial intravascular ultrasound imaging was used 
to study constrictive remodeling in a series of 209 patients undergoing simple angioplasty. In 
this study, lumen loss was largely attributable constrictive vessel-wall remodeling rather than 
neointimal thickening.32 Other data from directional atherectomy samples and post-mortem 
histology suggest a larger contribution to restenosis from intimal hyperplasia.33,34

Intimal hyperplasia resulting in restenosis contributes to failure to maintain patency after 
intervention. In reconstructive surgery, early thrombosis, occurring after days to weeks, is mostly 
due to technical problems. Intermediate (6-24 months) and late (>2 years) failure however is 
primarily caused by intimal hyperplasia and accelerated atherosclerosis, respectively.36
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An other area for development of restenosis are arteriovenous (AV) fistulas constructed 
for hemodialysis. These are a clinical entity being studied in this thesis where the problem 
of (re)stenosis is obvious; in fact, it serves as a model for developing and treating intimal 
hyperplasia. An increasing and significant number of patients with end-stage renal disease 
require chronic hemodialysis. With an estimated incidence of 150–200 individuals per 
million in the western population, maintenance of vascular access is crucial in the care of 
these patients. Although an autologous radiocephalic fistula is the method of first choice, 
polytetrafluoroethylene (PTFE) grafts are frequently used due to failure or the inability to 
create an autologous fistula. In the United States over 70% of the accesses placed in the 
were prosthetic grafts.37 In The Netherlands, prosthetic grafts, mostly PTFE grafts, account 
for approximately 30% of the access placements.38 The patency rates for PTFE grafts are 
inferior to those of autologous fistulas, mainly because of the development of stenosis 
due to intimal hyperplasia. Such a stenosis preferably develops at the venous anastomotic 
site, or close by in the efferent vein.39,40,41 
It is believed that the high blood flow velocity in AV-fistulas generates excessively high 
shear stress and turbulence causing damage to endothelial cells. The intimal proliferation 
that subsequently occurs is analogous to process outlined above. There is no consensus 
regarding the contribution to intimal hyperplasia of a compliance mismatch between PTFE 
grafts and the vein. Although numerous studies have found that compliance mismatch 
increases intimal hyperplasia in peripheral bypass surgery, it may have a less important 
role in high-flow systems such as AV-fistulas.42

Figure 3.  Mechanisms responsible for restenosis after balloon angioplasty.(adapted from Am J Med.35)
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attempts to control restenosis after angioplasty
Pharmaceutical: 
Many strategies have been designed to influence the processes involved in restenosis 
after angioplasty. The first agents that were tested were anticoagulants and antiplatelet 
agents. Studies were carried out comparing coumarin derivates to aspirin,43 and heparin 
administration of various duration.44 Additionally, the effect of antiplatelet agents 
including aspirin and persantine,45 plus antispasmodics such as nifedipine46 and diltiazem47 
were assessed as well as agents felt to be important in the atherosclerotic process such as 
lipid-lowering medication including lovastatin48 and omega-3 fatty acids (fish oil).49 Most 
studies were single center trials and in the early 1990s several trials were initiated using 
agents that had been found to inhibit intimal proliferation in animal models. Although 
powerful effects in some animal models were observed, results in the human trials were 
universally disappointing. The anti-inflammatory component of restenosis has been 
clinically studied with the use of steroids50,51 and antioxidants52 with varying results. In 
spite of some encouraging outcomes, no drug has yet been identified or generally 
recommended for the uniform prevention of restenosis after angioplasty.

Debulking strategies:
Treatment modalities such as atherectomy catheters are designed to remove a large bulk 
of atherosclerotic plaque, thereby creating a larger lumen with the expectation that the 
patency could be improved. In the mid 90’s this strategy was evaluated in controlled 
clinical trials as compared to balloon angioplasty. Various generations of atherectomy 
catheters continued to fail in demonstrating substantial benefit over the less-expensive 

PTA alone.53-55 Since no evident antirestenosis effect was found in large-scale cardiac trials 
as well,56-58 there is currently no convincing evidence that directional or laser atherectomy 
has significant benefit over standard angioplasty.

Cryoplasty:
Cryoplasty proposes a new approach by combining balloon angioplasty with the delivery 
of cold thermal energy to the vessel wall. Hereby, it is hypothesized that apoptosis rather 
than necrosis is induced in the arterial smooth muscle cells. Thus is has the theoretical 
advantage of increasing long-term patency by inhibiting the biological processes 
involved in intimal hyperplasia. Large series form registries have demonstrated by duplex 
ultrasound a high restenosis rate of 30% at 9 months.59 Cryoplasty devices, however, have 
not been studied in any comparative manner despite its commercial availability for several 
years. Because the claims to efficacy are not supported by controlled studies, it remains 
difficult to justify the technique and its significant associated costs.

Stenting:
Endovascular stents can mechanically prevent elastic recoil and flow-limiting dissection 
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after PTA. However, numerous studies found increased intimal hyperplasia that frequently 
result to in-stent restenosis, and randomised trials failed to demonstrate any benefit of 
stenting the iliac or femoral artery over angioplasty alone.60,61 Therefore, as in the iliac 
segment, it is recommended that stents should be reserved for use in patients with 
suboptimal results of balloon angioplasty including complications like dissections. 
Recently however a randomised controlled trial demonstrated a better outcome for 
primary SFA stent placement than a strategy of provisional stent placement. Restenosis 
was not only significantly lower in the stent group at 6 and 12 months, but there was also 

better functional improvement and walking distance in the primary stent group.62 As an 
explanation for their positive results, the authors hypothesize that the use of a nitinol 
(nickel-titanium) stent might be superior to the commonly used stainless-steel stents. 
The most recent development in this field are drug-eluting stents. Although successful 
after coronary PTA, the use of drug-eluting stents in peripheral arteries should still be 
considered experimental. Early trials have not shown a significant difference in comparison 
with bare metal stents.63

In the cardiology field the initial enthusiasm is somewhat tempered since late clinical 
events related to stent thrombosis due to delayed arterial healing may limit the benefit of 
drug-eluting stents.64

 
attempts to control stenosis in PTFe dialysis fistulas
Pharmaceutical: 
There are few clinical trials available using agents to study a specific inhibiting effect on 
intimal hyperplasia in AV-fistulas for hemodialysis. Thoughts on medicament preventive 
strategies have been adopted from the cardiology field. A number of approaches were 
used to limit the incidence of vascular access thrombosis with anticoagulants and 
antiplatelet agents.  A meta-analysis performed by the Cochrane Collaboration confirmed 
the beneficial effect of anti-platelet treatment as an adjuvant used to increase the patency 
of AV fistulas and grafts in the short term.65

One trial compared fish oil versus placebo with 24 participants during a 12 months follow-
up. The overall result favored treatment (OR 0.07, 95% CI 0.01 to 0.49), despite the small 
number of patients.66 Bowden and colleagues on the other hand, could not demonstrate 
a significant improvement in primary patency rates between the experimental fish-oil and 
control groups in their study.67 Currently, a larger sized multicenter trial is ongoing that 
randomizes over 230 patients who require a new graft access.68

Results of a study in which vascular endothelial growth factor D (VEGF-D) gene in an 
adenoviral vector was delivered locally to the adventitial surface of a graft-vein anastomosis 
by means of a collagen collar device, were never published for unclear reasons. The 
proposed effect was the prevention of intimal hyperplasia at the distal anastomosis of the 
AV-fistula.69
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Technical strategies:
In efforts to improve clinical outcome of PTFE dialysis fistulas, several geometrical 
anastomotic modifications were evaluated aiming at reducing intimal hyperplasia 
by reducing shear stress at the anastomotic site: (1) a vein cuff at the ePTFE-venous 
anastomosis, and (2) cuffed ePTFE hemodialysis grafts. While successful in lower extremity 
bypass grafting (vein cuff)70, the application these techniques at the distal anastomosis 
have been inconsistent in improving the clinical outcome of hemodialysis access.71-73

The second part of this thesis covers improving the peripheral circulation in patients with 
PAOD if intervention like percutaneous transluminal angioplasty or surgical reconstruction 
are not feasible. Currently, an alternative may become the stimulation of vascular growth 
by means of bone marrow-derived cell therapy (‘stem cell therapy’). Peripheral therapeutic 
angiogenesis covers an emerging field of vascular regenerative medicine whereby new 
blood vessel growth is induced in order to supply oxygen and nutrients to the ischemic 
limb. Stem cells are characterized by two special qualities, i.e. their ability to differentiate 
into mature stages of various tissue cell types, and their potential of regenerating 
themselves “indefinitely” without losing their differentiation potential. Human stem cells 
are typed as embryonic or adult. Human adult stem cells have been identified in bone 
marrow, skeletal muscle, cornea and in various other organs as the heart, liver and brain.74

As indicated in the first section, in the majority of patients symptoms of PAOD are mild or 
even absent. This can be explained by adequate functioning of a natural compensatory 
mechanism restoring distal blood flow if the occlusion is chronic / slowly progressing: 
collateral artery formation. Development of collateral formation is not entirely understood 
however it is now hypothesized that increased shear stress and overstretching of pre-
existing interconnecting arterioles lead to endothelial cell activation and up-regulation 
of adhesion molecules.75,76 Mononuclear cells adhere to the activated vascular wall, 
transmigrate into peri-vascular space and become activated. This process is further 
amplified by an ongoing cycle through release of proinflammatory cytokines from 
activated monocytes and macrophages. Under the influence of a multitude of released 
growth factors, cytokines and possibly also bone marrow-derived stem cells, arterioles 
increase in diameter by the process of outward remodeling. This ultimately results in 
formation of significant collateral vessels. Compared to its original size, the diameter 
increases approximately 40-fold however large individual variations have been noted.77 

Development of such natural bypass vessels is certainly insufficient in patients with PAOD 
who progress to critical limb ischemia. Advances in the field of vascular biology have led 
to the concept of stimulation of collateral formation (arteriogenesis) in situations in which 
revascularisation procedures have failed or were not possible. In an attempt to induce 
collateral formation, mononuclear cells and/or stem cells were to be auto-transplanted 
from the bone marrow into the limb. This hypothesis was confirmed in several animal 
models of limb ischemia,78,79 and was clinically studied in clinical phase I-II studies. A 
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more detailed introduction to the mechanisms of vascular growth in ischemic limbs is, as 
known to date, is given in chapter 5. The principles of angiogenesis, vasculogenesis and 
arteriogenesis are discussed and the possible role of gene therapy, angiogenesis growth 
factors and cell-based therapy as a therapeutic stimulation strategy is summarised.

Figure 4.  Suggested working mechanisms of stem cell therapy: enlargement of pre-existing collateral arteries and/
or true newly formed vessels.

Outline of the research
This thesis is based on clinical research. The studies presented in the first part concentrate 
on the role of radiation therapy to reduce or to prevent (re)stenosis after percutaneous 
transluminal angioplasty and arteriovenous fistulas.
Chapter 2 reviews the concept of radiotherapy for inhibiting intimal hyperplasia and 
arterial remodeling in vascular surgery. The role of radiation biology, external beam 
radiation versus endovascular radiation and beta versus gamma radiation are discussed. 
Further, a concise overview of randomised clinical trials on peripheral vascular radiation 
therapy is presented. In chapter 3 a multicenter study is reported in which the efficacy 
of endovascular brachytherapy (EBT) for prophylaxis of restenosis after femoropopliteal 
percutaneous transluminal angioplasty is evaluated. Chapter 4 presents a randomised 
trial which was designed to assess the presumed preventive effect of external beam 
radiation therapy on anastomotic intimal hyperplasia in prosthetic arteriovenous fistulas 
constructed to obtain access for chronic hemodialysis in patients with renal failure.
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The second part of this thesis focuses on the experimental therapeutic strategy of 
cell therapy in patients with severe limb ischemia who are without regular surgical 
or endovascular treatment options. Chapter 5 addresses the molecular and cellular 
mechanisms of vascular growth in ischemic limbs. Basic conceptions of angiogenesis, 
vasculogenesis and arteriogenesis are considered and experimental therapeutic strategies 
as gene therapy, angiogenetic growth factors and cell-based therapy are outlined.
Chapter 6 describes a clinical study that evaluated feasibility and safety as well as efficacy 
of autologous cell-therapy in patients with severe peripheral arterial disease who were 
not candidates for surgical or endovascular treatment. For this purpose, bone marrow 
aspirated from the iliac crest, was filtered and concentrated at the stem cell laboratory 
of the Leiden University Medical Center and subsequently intramuscularly or combined 
intramuscular/intra-arterially re-administered to the patients. The angiographic results of 
this study and hypotheses on the clinical usefulness of digital subtraction angiography in 
the assessment of the effects on possible inducement of collateral circulation after cell-
based therapy are separately considered in chapter 7.
Since angiography may not be a reliable assessment to identify improved collateral 
circulation while the “gold standard” functional test (ankle pressure) is often not reliable 
in patients with diabetes mellitus we study a new non-invasive test in chapter 8. Doppler 
derived maximal systolic acceleration is a parameter adopted from renal assessment 
with duplex and might be a useful tool in screening the lower limb for peripheral arterial 
disease in those patients where the ankle pressures are not reliable. Finally, chapter 9 
summarizes the results and conclusions of the studies presented in this thesis and 
discusses on the current and future clinical status of vascular radiotherapy and stem cell 
therapy for peripheral arterial disease.
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