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“Cogito, ergo sum”

Rene Descartes, AD 1596-1650

French rationalist philosopher, mathematician, and scientist. He was the private tutor of
Queen Christina of Sweden. He died from pneumonia on a cold winter day in Stockholm.

“Optimum est pati quod emendare non possis”

Seneca the Younger, 4 BC – AD 65

Roman stoic philosopher. After the Pisonian conspiracy, he died in Rome by his own knife,
ordered by Nero, the Roman emperor. (From Moral Letters 107; IX)

“Life is short. That´s all there is to say. Get what you can
from the present - Each of us lives only now, this brief moment”

Marcus Aurelius, AD 121-180

Roman emperor and stoic philosopher. He died in Sirmium, today a small Serbian city,
where ten Roman emperors were born. He was the last of the five “good emperors”, and
his death ended the two centuries long “Pax Romana”. (From Meditations 3; X)
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An overall glance at the thesis

PAPER AIM METHOD RESULTS
Drug eluting balloon
(DEB) versus plain old
balloon angioplasty
(POBA) in the treatment
of failing dialysis access:
A prospective randomized
trial.

To compare the results of
angioplasty with drug
coated and non-coated
standard balloons when
treating arteriovenous
(AV)-fistulas and AV-
grafts.

Single centre, single
blinded, randomised
parallel group trial.

There were no
differences in primary
outcome variables. The
study did not reach the
planned number of
enrolments.

Randomized clinical trial
comparing drug eluting
stent Zilver PTX® versus
bare metal stent Zilver
Flex® for treatment of
lesions in femoral and
popliteal arteries in
chronic limb threatening
ischemia.

To compare results of
drug coated and non-
coated stents when
treating stenoses or
occlusions in the
femoropopliteal (FP)
arterial segment.

Single centre, single
blinded, randomised
parallel group trial.

There were no
differences in primary
outcome variables. The
study did not reach the
planned number of
enrolments.

Nationwide study of the
outcome of treatment of
lower extremity
atherosclerotic lesions
with endovascular
surgery with or without
drug eluting methods in
patients with diabetes.

To investigate the results
of drug coated treatment
in patients with diabetes
compared to treatment in
patients without diabetes
by merging two large
nationwide registries
(SWEDVASC and NDR).

Nationwide observational
retrospective cohort
study.

Patients with diabetes
suffering from critical limb
threatening ischemia had
a significantly lower risk
for amputation or death in
comparison with patients
without diabetes when
treated with drug eluting
technology.

Prospective randomized
clinical trial comparing
paclitaxel coated balloon
versus conventional
balloon angioplasty for
treatment of complex
infragenicular arterial
lesions in critical limb
threatening ischemia. The
CRURAL DEB study.

To compare results of
angioplasty with drug
coated and non-coated
standard balloons when
treating arterial stenoses
or occlusions in below-
the-knee arteries in
subjects with chronic limb
threatening ischemia
(CLTI).

Single centre, single
blinded, randomised
parallel group trial.

There were no
differences in primary
outcome variables. The
secondary outcome
variable amputation-free
survival was significantly
better in the group treated
with drug coated
balloons.
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Foreword

Finalising this research project with a doctoral thesis has been a distant goal for
many years, with a frequent unsure feeling about a possibly unrealistic task that

might not be important. At age 57, why keep going when it, in a bigger perspective,

probably will not change much in everyday real life? The reason is that this, in most
senses, is an inward journey. It has been an educational process overall, although

one as, in my case, has clinical and medical experience and knowledge in the field

of interest for almost three decades.

Although I did not consider it initially, I´ve learned important things, not only
regarding some different theoretical circumstances. Generally, you will run into

various administrative and practical issues that you need to confront. This most

commonly involves people, and people, as you know, are different. So, from this
smaller perspective, you will probably not be the same person after the examination,

which is swiftly approaching.

From the beginning, I was not actually interested in the health care professions at
all, after finishing four years of technical gymnasium in biochemistry. The life,

though, took some mysterious ways. After completing the military services at the

Swedish lifeguard dragoons (at this time in history, compulsory for young men), I

was supposed to continue with my preliminary plans for my future life. At this point
in my life, I was pretty convinced about studying quantum physics and astronomy

by applying for a university education in physics, but I had unfortunately missed the

application deadline and was forced to wait another year. And waiting was just what
I was doing, struggling at a temporary, quite dull work as a carpenter, but as you

know, you need to earn money to live…

I soon realised there are other higher education programs you can start twice a year,

so being bored, I decided to apply for some of these programs that would begin in
the spring semester. One was to study for a medical degree and become a medical

doctor. Actually, this was slightly unrealistic, as my grades were not high enough,

but you never know…

As expected, I did not qualify at first, second, or third admission, and I completely

forgot this and was planning for my “real” applications later that year. Suddenly,

one day, while still working as a carpenter, I got a telephone call. Cell phones didn´t
exist, and the call had been forwarded to the office, where my boss now held the

telephone.

The person on the other end was calling from the Medical Faculty in Lund. She

swiftly explained that there were so many drop-offs this first semester that they had
decided to fill up the course by calling people who had applied, starting at the top

of the list from the third admission. I certainly was not at the top of the list, but she
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said that many had not answered or had other plans, which was not extraordinary as

it was 10 o´clock in the morning and a long way into the semester.

So here I was on an ordinary Thursday at work, and the education had been going

on for seven weeks. I should start on Monday, and I had to decide on the spot;

otherwise, she would continue the calls further down the list.

I looked at my curious boss and asked him if I could end my employment on the

spot because maybe I should become a doctor instead. Fortunately, he said that I

could quit, which was not obvious, and I then replied to the woman on the telephone

that I´d be there on Monday.

Confused and excited, I went straight home that same Thursday, saying goodbye to

my work colleagues, and started to get things fixed for this relatively large deviation

of my life. Three days to get hold of a place to stay, among other things, is not a

great deal of time, but friends are valuable, as we all know…

On that Monday, a new path in my life, one that I had not considered earlier, started.

Another fantastic part of this story is all the coincidences. This Thursday, my mother

was at home because she had an appointment with her hairdresser (usually, nobody
was at home at this time). She answered the phone call just when she was on her

way out through the front door and forwarded the telephone number to my work

(my boss). Then, the woman from the faculty also bothered to call my boss to get in
contact with me (she could have continued down the list). Suppose these things had

not happened in that continuous leap of instances. In that case, I´d probably spend

my days today looking into microcosmos or macrocosmos and not dealing so much

with people, which is more or less the essence of being a surgeon.

I´ve never regretted this change of plans (my mother always said that someone

had this plan for my life), although it became quite different from what I thought

about my future profession at that time. On the other hand, I de facto, in parallel
with my medical education, graduated from several courses at the institution for

astronomy in Lund in a peculiar way so as not to abandon this idea completely

(which I finally did anyway). I consider that a medical doctor is, at least for many
people, in general, a profession with social credibility and great possibilities to

interact with or influence other people’s lives, and maybe this was the right choice

for me as a person, although I´m not 100% sure about this even to this day.

Eventually, I´ll be …

Early in my career, I realised that I´m actually rather practical, making it reasonable

to head for a surgical profession, which at the beginning was not pinpointed. Again,

it is the interactions with people that affect your life path, and at my first position as
a young doctor, I met colleagues who affected my life in the direction towards

choosing general and vascular surgery. At this time, all vascular procedures were

performed with surgical methods, and the endovascular era had not commenced at
all. My picture of the surgeons who performed vascular procedures was like a
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picture of the Ghostbusters and their motto, “Who do you want to call?” because

they were always the “rescue” when things got out of hand. I saw them doing a lot
of appreciated “saves” when colleagues ran into trouble. It was here that I made my

choice. I stayed with these colleagues to become a general and vascular surgeon.

(Vascular Surgery became a speciality of its own in 2006 when I was already a

consultant)

So, it began…

After years of vascular surgical training, you slowly and continuously confronted

the growing endovascular development, which was primarily accounted for by our
radiology colleagues. Seeing the theoretical and practical opportunities for the

patients made me realise that this will profoundly affect future vascular surgical

therapy, and quite early, I started to collaborate with colleagues at different
radiology departments who rather unselfishly supported and educated me in these

techniques. Finally, I did become quite an experienced open AND endovascular

surgeon, although I am still learning and improving my skills to this day.

Throughout these years, I also have come to realise, in some circular perspective,
that in real life, there does not actually exist any vascular surgeon that can perform

all the daily vascular workload at the highest level of quality, a level that should be

the least acceptable for most patients in need for a vascular procedure. It should be
considered a myth that a vascular surgeon is supposed to expertly manage all

vascular procedures, and no hypothetical patient wants such a surgeon.

Being focused on open surgical procedures for revascularisation of ischemic
extremities for the last decade, this circumstance leads us back to the why and what

regarding this thesis. The endovascular options for revascularisation increased

rapidly with increasing efficacy, and an increasing portion of ischemic subjects were

offered this minimally invasive treatment, a shift that, in many cases, was well
supported. Focus, obviously at this time in my career, shifted towards the

endovascular portfolio, which so far only was discussing mechanic properties and

solutions for the increasing need for reinterventions during and after endovascular
treatments as the biological response after angioplasty and stents hampered the

optimisation of the treatment efficacy. It was at this time that a combined

pharmaceutical and mechanic solution saw light with the development of drug
coated balloons and stents. This was an inspiring theoretical solution, and the initial

results seemed promising. A seed was sown that eventually led to the idea of this

research project as part of a doctoral degree.

And we started 2012…

Some of these 12 years are put into this book, and it can be said as Jean Jacques

Rousseau, the famous Genevan philosopher during the Ages of Enlightenment, put

it, -Patience is bitter, but its fruit is sweet-.



19

It has been a primarily rewarding but sometimes irritating process, and during more

extended periods, it was hard to see an actual meaningful ending. Writing this today,
I instead feel enlightened and proud that I continued (I suppose you need to suffer

from slight OCD). I end my foreword of this achievement with some amazing head-

on quotes formulated by one of the brightest minds and scientists of all time. Some
of the quotes can be applied to this work, and my thoughts and others can guide you

all in other aspects of life.

“Fear or stupidity has always been the basis of most human actions”.

“If A is success in life, then A equals x + y + z. Work is x; y is play; and z is keeping
your mouth shut.”

“Only a life lived for others is a life worthwhile”.

“All of science is nothing more than refinement of everyday thinking”.

“The path to a lazy compromise is a one-way street. There is no U-turn and no
stopping”.

“Never do anything against conscience even if the authority demands it”.

“Wisdom is not a product of schooling but of the life-long attempt to acquire it”.

-Albert Einstein-
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List of abbreviations

ABI Ankle brachial index

ACE Angiotensin converting enzyme

ACEI Angiotensin converting enzyme inhibitor

AE Adverse events

AF Atrial fibrillation

AFS Amputation-free survival

AK Above Knee

AMI Acute myocardial infarction

AMP Amputation

AMS Absorbable magnesium scaffold

AR Absolute risk (ARR=absolute risk reduction)

ARB Angiotensin receptor blocker

AS Anatomical success

ASA Acetylsalicylic acid

AUC Appropriate Use Criteria

AV Arteriovenous

AVF Arteriovenous fistula

AVG Arteriovenous graft

BB Brachiobasilic

BC Brachiocephalic

BES Balloon-expandable stent

BK Below knee

BMS Bare metal stent

BMT Best medical treatment

BP Blood pressure

BP Bypass

BS Binary stenosis

BTK Below the knee

CAD Coronary arterial disease

CCB Calcium channel blockers

CD Clinically driven

CDC Central dialysis catheter

CE Conformite´ Europeenne
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DFU Diabetic foot ulcer

CHD Congestive heart disease

CHF Congestive heart failure

CI Confidence interval

CILO Cilostazol

CKD Chronic kidney disease

CLI Critical limb ischemia

CLTI Chronic limb threatening ischemia

COPD Chronic obstructive pulmonary disease

CRYO Cryoplasty balloon treatment

CS Clinical success

CTA Computed tomography angiography

CTO Chronic total occlusion

CUT Cutting balloon angioplasty

CV Cardiovascular

CVD Cerebrovascular disease

CVS Central vein stenosis

DA Directional atherectomy

DAPT Dual antiplatelet therapy

DCB Drug coated balloon

DEB Drug eluting balloon

DES Drug eluting stent

DET Drug eluting therapy

DFU Diabetic foot ulcer

DM Diabetes mellitus

DSA Digital subtraction angiography

DUS Duplex ultrasound

EFS Event-free survival

ENDO Endovascular

ERS Everolimus eluding resorbable scaffold

ESRD End stage renal disease

EVT Endovascular treatment

FDA Food and Drug Administration

FEM Femoral

FF- Freedom from -
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FP Femoropopliteal

HbA1c Haemoglobin A1c or glycated haemoglobin

HEL Helical (stent)

HPPTA High pressure percutaneous transluminal angioplasty

HR Hazard ratio

HRQoL Health related quality of life

IC Intermittent claudication

ICD Ischemic cardiac disease

IH Intimal hyperplasia

INR International normalised ratio

IP Infrapopliteal

IPF Index of patency function

IPR Inpatient registry

ISR In-stent restenosis

ITT Intention to treat

IVL Intravascular lithotripsy

IVP Intervention-free period

IWS Interwoven stent

KDOQI Kidney Disease Outcomes Quality Initiative

Kt/V K*(t/V) (K= dialyzer clearance ml/min; t=time; V=volume of body

water)

LA Laser atherectomy

LDL Low density lipoprotein

LLL Late lumen loss

LS Limb salvage

MAE Medical adverse events

MACE Major adverse cardiovascular events

MALE Major adverse limb events

MIP Maximum intensity projections

ML Median length

MRA Magnetic resonance angiography

NDR National Diabetes Registry

NOAC Novel oral anticoagulants

OA Orbital atherectomy

OR Odds ratio
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OS Overall survival

P 1-3 Popliteal artery part 1-3

PA Popliteal artery

PAA Popliteal artery aneurysm

PAD Peripheral arterial disease

PaP Primary assisted patency

PBP Prosthetic bypass

pBP Primary bypass

PCI Percutaneous coronary intervention

PDR Prescribed drug register

POBA Plain old balloon angioplasty

POP/Pop  Popliteal artery

PP Primary patency

pp per protocol

PSV Peak systolic velocity

PSVR Peak systolic velocity ratio

PTA Percutaneous transluminal angioplasty

PTFE Polytetrafluoroethylen (ePTFE = expanded PTFE)

PTX Paclitaxel

PVD Peripheral vascular disease

QoL Quality of Life

RC Radiocephalic

RC Rutherford category

RCT Randomised controlled trial

RR Restenosis rate

RR Relative risk (RRR=relative risk reduction)

SAE Serious adverse events

SAPT Single antiplatelet therapy

sBP Secondary bypass

SE Standard error

SES Self-expanding stent

SF Stent fracture

SFA Superficial femoral artery

SG Stentgraft

SP Secondary patency
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SV Stent to vessel (ratio)

SWEDVASC Swedish National Vascular Registry

SWEDPAD Swedish drug-elution trial in peripheral arterial disease

TASC Transatlantic intersociety consensus

TIG Tigris® (stent)

TLR Target lesion revascularisation

TP Toe pressure

TcPO2 Transcutaneous oxygen pressure

TG Triglycerides

TS Technical success

TVR Target vessel revascularisation

VBP Vein bypass

WIfI Wound, Ischemia, foot Infection
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Definitions

Absolute risk Absolute risk refers to the actual probability of an
outcome occurring in a specific group regardless of

any other factors. ARR represents the difference in

event rates between the experimental and control

groups.

Ambispective Having both prospective and retrospective

components.

Anastomosis A cross connection between two components, such as

two blood vessels.

Aneurysm An abnormal blood-filled swelling of an artery or

vein, resulting from a localised or general weakness

in the wall of the vessel.

Angioplasty The mechanical widening of narrowed or obstructed

blood vessels with the use of balloons.

Angiosome This relates to a three-dimensional unit of

skin and underlying tissue, vascularised by a
source artery termed an arteriosome and drained by a

vein termed a venosome. It is a concept often used by

specialists in plastic surgery.

Ankle brachial index Ratio of the blood pressure at the ankle and the blood

pressure in the upper arm (brachium).

Antegrade Directed forward.

Arteriovenous access Surgically constructed connection/anastomosis

between an artery and a superficial vein with the

purpose of using it as an inflow and outflow for a

haemodialysis procedure.

Atherectomy A surgical procedure to remove plaque from an artery.

Autologous Derived from part of the same individual.

Binary stenosis Binary restenosis is defined as a reduction in the

percent diameter stenosis of 50% or more. The term
"binary" means that patients are placed in 2 groups:

those with ≥50% stenosis and those with <50%

stenosis.

Binary restenosis See above. Restenosis means the recurrence of a    
stenosis.
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Bypass Going past or around. An alternative passage is

created to divert a bodily fluid around a damaged

organ. For example, going past an occluded vessel.

CLTI A clinical syndrome defined by the presence of
objective peripheral artery disease (PAD) in

combination with rest pain, gangrene, or lower limb

ulceration for at least two weeks duration.

Cohort In statistics, a demographic grouping of people,

especially those in a defined age group or having a

common characteristic.

Composite From two or more constituent materials. In vascular

surgery, it refers to when different conduits or

materials are used together. (Composite bypass –

from autologous vein AND prosthetic material)

Confidence interval In statistics, a confidence interval (CI) is an interval

expected to typically contain the parameter being
estimated. More specifically, given a confidence level

(95% or 99% are typical levels), a CI is a random

interval that contains the parameter being estimated

(95% or 99%) of times.

Critical limb ischemia  See CLTI. An older nomenclature.

Crural (vessel) Latin crūrālis, from crūs (“leg”). In vascular surgery,
this accounts for the vessels in the lower leg below the

knee joint and below the popliteal artery.

Cryoplasty Dilation of an artery combined with cryotherapy, i.e.

the balloon is inflated with nitrous oxide at a

temperature of -10 ̊ C, in order to reduce the restenosis

rate.

Cumulative That is formed by an accumulation of successive
additions. In statistics incorporating all current and

previous data over time up to the present or at the time

of measuring or collating.

Cutting balloon A specialised angioplasty technique, with sharp

blades incorporated in the balloons to facilitate a crack

open of a stenosed or occluded artery.

Debulking Partially removing. In vascular endovascular surgery,
this addresses the partial removal of plaque or debris

from inside the diseased artery in an effort to improve

the results of angioplasty or stenting in heavily

calcified arteries.



27

Directional atherectomy A variant of endovascular atherectomy when you

shear plaques from the arteries in a specified

direction.

Dissection In this context, dissection can be a solution for passing
obstructed vessels by dissecting a passage in the wall

of the artery, but more commonly, it refers to a

complication after angioplasty when the different
layers in the arterial wall separate from each other,

negatively affecting the flow. This situation is most

often managed with a “bailout” stent.

Dysfunctional access Not performing its proper or intended function

regarding a haemodialysis circuit.

Embolectomy Surgical removal of an embolus to relieve an embolus.

Rudolf Virchow introduced the word in 1848. Latin
embolus (“piston”), from Ancient Greek ἔμβολος
(émbolos, “peg, stopper”), usually a blood clot or

other matter carried by the bloodstream and causing a

blockage or occlusion of a blood vessel.

Endarteriectomy A surgical procedure to remove plaque from an artery.
The endarterium is the lining of an artery. (Also,

endarterectomy)

Thrombendarteriectomy This is the same as above but also involves blood

clots. (Also, thrombendarterectomy)

Endoaneurysmorraphy A surgical procedure to treat aneurysms by suturing

its walls to restore the blood vessel's normal size.

End-to-end Connecting two ends to each other, i.e. the ends of two

vessels.

End-to-side  Connecting one vessel to the side of the other vessel.

Endothelium A thin layer of flat epithelial cells that lines the heart,

serous cavities, lymph vessels, and blood vessels.

Endovascular Endo- from Ancient Greek ἔνδον (éndon, “inner;

internal”). Vascular procedure within a blood vessel,

by percutaneous access.

Excipient An ingredient that is intentionally added to a drug for
purposes other than the therapeutic or diagnostic

effect. In this context, we refer to “carriers” for the

different drugs on balloons or stents that are supposed
to be eluted in the wall of arteries at balloon inflation

or stent delivery to reduce the restenosis rate.
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Haemodialysis access With access to the blood circuit, dialysis removes

waste products from the blood in kidney failure. To
perform this, you must have repeated access to the

blood circulation, which usually means a tunnelled

dialysis catheter, arteriovenous fistula, or graft.

Hazard (rate) The frequency at which the event of interest occurs

per unit of time, given that it has not yet happened up

until that time

Hazard ratio In survival analysis, the hazard ratio (HR) is the ratio
of the hazard rates corresponding to the conditions

characterised by two distinct levels of a treatment

variable of interest.

HbA1c Glycated haemoglobin (glycohaemoglobin, or

haemoglobin A1c).

Head-to-head  Direct one-to-one comparison.

Homograft (Homologous) Surgical graft transplant or tissue between genetically

different individuals of the same species. Synonym –

Allograft.

Hybrid surgery Something of mixed origin or composition. In this
case, a procedure consisting of both open surgery and

endovascular intervention.

Hyperlipidaemia Excess quantity of lipids in the blood, usually

derivates from cholesterol metabolism. This can be a

symptom of several medical conditions. It is one of

the most critical risk factors for PAD/CAD/CVD.

Incidence The act of something happening or the extent or the
relative frequency of something happening. In

statistics, a measure of the rate of new occurrence of

a given medical condition in a population within a

specified period.

In-stent restenosis Recurrence of a stenosis inside a previously deployed
vascular stent. This is an essential problematic issue

in endovascular surgery.

Infragenicular vessel Means infra=below and genu=knee. Vessels below

the knee level.

Infrainguinal vessel Means infra=below and inguinal= something of groin

origin or pertaining to the groin. In vascular surgery,
it relates to vessels below the inguinal ligament

(groin) and outside the abdomen.
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Infrapopliteal vessel Means infra=below and popliteal=something of

popliteus origin (area behind the knee) or pertaining
to the popliteus. It is a synonym for below the knee,

infragenicular, and crural.

In-situ Means to leave something in its original place or

position. In vascular surgery, it relates to when you

leave the vein bypass in its original place instead of

removing it and reversing the vein.

Interposition The act of interposing, the state of being interposed or
being placed between. In vascular surgery, it means

putting a graft between the ends of a resected vessel.

Intermittent claudication Intermittent=presenting at intervals, periods, or

situations and Claudication= from Latin claudicātiō
(“limping”, noun), from claudicō (“to limp, halt, be
lame”). In PAD, this is a situation of episodic pain and

limping when the circulation to lower limbs limits the

physiological possibility of walking due to a shift
towards anaerobic combustion when tissue

oxygenation becomes insufficient due to vessel

stenoses.

Intima The innermost part of an anatomical tubular structure,

particularly an artery. The thin lining inside the blood
vessels is essential in protecting from vessel

thrombosis.

Intimal hyperplasia A process by which the cell population increases

within the innermost layers of the arterial wall, and

the intima becomes thicker. This is a situation that
often develops after angioplasty and stenting due to

the vessel response. This leads to restenosis that is not

due to arteriosclerosis.

Juxtaanastomotic Juxta= near together or in close proximity, and the

word anastomosis. In vascular surgery, it means

something closely related to an anastomosis.

Lithotripsy Litho- (“relating to a stone or calculus”) + Ancient
Greek τρῖψῐς (trîpsis, “rubbing, friction”). In

endovascular intervention, a technique to handle

calcifications in the treatment of PAD.
Simultaneously, when performing angioplasty, the

vessel is treated with ultrasound shock waves to crush

the plaques and facilitate the dilatation.
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Meta-analysis A systematic procedure for statistically combining the

results of multiple similar studies.

Multicollinearity In statistics, multicollinearity, or collinearity, is a

situation where the predictors in a regression model

are linearly dependent.

Nominal diameter Relates to the normal diameter or the actual diameter

when measured. It should be compared to oversizing,

which occurs when choosing a stent or balloon

proportionally larger than the nominal diameter.

Odds The ratio of the probability of an event happening to

that of it not happening.

Odds ratio An odds ratio (OR) is a statistic that quantifies the
strength of the association between two events, A and

B. The odds ratio is defined as the ratio of the odds of

A in the presence of B and the odds of A in the

absence of B, or equivalently (due to symmetry), the
ratio of the odds of B in the presence of A and the odds

of B in the absence of A. Two events are independent

if and only if the OR equals 1, i.e., the odds of one
event are the same in either the presence or absence of

the other event.

Orbital atherectomy A variant of endovascular atherectomy, where you

shear plaques from the arteries by a rotating drill-like

device working in all directions simultaneously.

Overfitting This is a situation in statistical modelling in which an

analysis corresponds too closely or exactly to a
particular dataset and may, therefore, fail to fit

additional data or predict future observations reliably.

Patency Patent=open, unconcealed, or conspicuous. In

vascular surgery, it relates to the openness (of a tube,

such as a blood vessel or catheter) and the relative

absence of blockage or obstruction.

Peak systolic velocity Peak relates to the highest level. Systolic is associated

with the contractive phase of the heart cycle. Velocity

relates to the speed of blood inside the vessels. It is

the highest speed of blood inside the vessel during the

heart contraction.
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Peak systolic velocity ratio See above. If you measure the speed at a stenosis, the

velocity will rise in a functional relationship to the
degree of stenosis. If you compare this to the velocity

in a normal part of the vessel, you can calculate a

ratio. A ratio >2.0-2.5 is significant and relates to

physiologically relevant stenosis.

Percutaneous Takes place through the skin and involves a puncture.

Photoablative Ablation in medicine refers to the removal of a body

part, tumour, or organ. Photo refers to light (Latin). In
vascular interventions, photoablative means using

laser light to perform atherectomy by vaporisation. It

is a special form of debulking or crossing technique.

Physiological malfunction Relates to access circuit function. A dialysis access

can still be clinically functional, but when measuring
hemodynamic parameters of the access, these can

sometimes repeatedly fall outside an optimal interval.

This situation may sometimes proceed to a clinically

relevant malfunction.

Predilatation Dilatation prior to some other procedure, usually to

facilitate the procedure.

Postdilatation Dilatation following another procedure, usually when

the result of the primary procedure is unsatisfactory.

Prevalence The quality or condition of being prevalent, wide

extension, or spread. In statistics, this means the total

number of cases of a disease in a given statistical

population at a given time divided by the number of

individuals in that population.

Primary endpoint Primary endpoints are typically efficacy measures

that address the main research question.

Primary patency Refers to the uninterrupted flow of blood through a

treated blood vessel without the need for additional

interventions. It is the duration of time from the initial
intervention until the blood vessel needs to be

retreated or is occluded.

Primary assisted patency Refers to a hybrid measure that combines aspects of

both primary and secondary patency. It relates to the

time from the initial intervention until the subsequent
intervention is needed to maintain blood flow, and the

vessel may not have failed to a level of thrombosis or

occlusion.

Primary prevention  Medically intervening before any health effects occur.
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Prospective study Prospective relates to something likely or expected to

happen or happen either in the near or far future. In
statistics, such a study has an experimental design that

looks forward in time and observes events as they

happen.

Randomised study This is a study with a prospective design that

randomly assigns subjects to an experimental group

and a control group.

Recirculation This is the process when a defined volume of liquid
circulates again at a defined place in a flow circuit. In

vascular access intervention, this phenomenon

appears when the same portion of blood passes
through the dialyser multiple times, leading to a very

inefficient dialysis process. The reason is often

stenoses in the access circuit that limit the blood flow.

Recoil Refers to starting or falling back, a rebound. In

vascular surgery, it occurs after angioplasty when the
vessel is unable to stay fully open. If the recoil is

considerable, you must support the vessel interior

with a scaffold, usually a vascular stent.

Relative risk Relative risk compares the risk of an outcome

between exposed and unexposed groups. RRR
represents the difference in event rates expressed

relative to the control event rate. It is usually

expressed as a percentage.

Renal replacement therapy (RRT) is a therapy that replaces the normal blood-

filtering function of the kidneys, including dialysis
(haemodialysis or peritoneal dialysis), hemofiltration,

and hemodiafiltration. Another form of RRT is a renal

transplant.

Residual stenosis Refers to remaining or leftover. In vascular surgery, it

means that some degree of stenosis remains in the
treatment area after the procedure is finalised. It

principally means that the procedure was a technical

failure.

Restenosis  Recurrence of an earlier treated stenosis.

Retrograde  Directed backwards.
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Retrospective study Retrospective relates to something in the past,

contemplating or looking backwards. In statistics,
such a study has an experimental design that looks

back in time and assesses events that have already

occurred. The outcome for each subject is already

known when the project starts.

Secondary endpoint Secondary outcomes are those that are more
exploratory in nature or for which effects may be too

small to detect from your sample but are still of

interest and valuable to assess.

Secondary patency Refers to the duration (or situation) of time that a

blood vessel remains open after the initial
intervention, even if subsequent interventions are

required to restore blood flow and the vessel has failed

to the level of thrombosis or occlusion.

Secondary prevention Identifying diseases in the earliest stages, before the

onset of signs and symptoms, and medically

intervening.

Statins A class of medications that reduce the risk and
mortality of cardiovascular disease in people at high

risk. They are the most prescribed cholesterol-

lowering drugs, known as HMG-CoA reductase
inhibitors. There are multiple variants of this drug.

atorvastatin, fluvastatin, lovastatin, pitavastatin,

pravastatin, rosuvastatin, and simvastatin.

Statistical power The level of statistical power tells us how strong a
hypothesis test is at detecting an effect in the study

population.

Stenosis Latin stenōsis, from Ancient Greek στένωσις
(sténōsis, “narrowing”), from στενόω (stenóō, “to

confine, to contract”). For vascular surgeons, this

means narrowing a vessel.

Stent The word “stent” derives from the name of an English
dentist, Charles Thomas Stent. It is a tube-like device

inserted inside vessels to keep the passage open.

Stents are used in many other areas of medicine and

surgery besides vascular procedures.

Stochastic  Randomly determined.

Subclinical malfunction  Similar to physiological malfunction.
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Suprainguinal vessel Supra=above and inguinal relates to the groin (See

infrainguinal). It means the intraabdominal vessels

supplying the lower limbs with blood.

Systematic Methodical, regular, and orderly. Procedurally

orderly determined.

Thiazides Refers to a class of diuretics based on the chemical

structure of benzothiadiazine. They are commonly

used as antihypertensive agents. The thiazide drug

class was discovered and developed at Merck and Co.
in the 1950s. The first approved drug of this class was

chlorothiazide.

TLR The procedure when the same earlier treated lesion is

retreated.

TVR The procedure when the same earlier treated vessel is

retreated.

Tertiary intervention Managing disease medically post diagnosis to slow or

stop disease progression.

Vessel preparation This is the procedure by which the vessel is prepared

for the main treatment. Usually, vessel preparation is
performed with atherectomy, lithotripsy, or cutting

devices, but even standard plain balloon angioplasty

is commonly used before placing a stent or a drug

eluting device.
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Abstract

Background: The need for vascular procedures for certain disease specific causes is

a major issue in health care today. This thesis will focus on endovascular treatment

for peripheral arterial disease (PAD) and malfunctioning haemodialysis access.

Although many other vascular diseases and anatomic regions sometimes need to be

managed with endovascular procedures, PAD and haemodialysis access together

account for a significant part of the daily vascular operative production.

The incidence of PAD is heavily increasing in society due to the ageing population

and lifestyle issues, and an essential part of this is the increasing burden of diabetes

mellitus. Also, the need for haemodialysis is increasing, partly due to the same

reasons mentioned earlier.

For the last decades, the treatment of both PAD and malfunctioning haemodialysis

access is increasingly being performed by interventional methods, which come with

an increasing burden of handling intimal hyperplasia (IH) and other adverse

treatment effects. IH leads to early restenosis that significantly impairs the clinical

results of the performed procedures as well as the patient’s quality of life. New drug

adjunctive angioplasty methods have been developed to overcome these

postangioplasty problems, and there is a need for studies that evaluate the efficacy

and safety of these compared to the standard procedures.

Methods: Three randomised controlled trials (RCT)s and one retrospective

observational cohort study were performed, all comparing drug eluting

endovascular therapy with standard endovascular therapy in specified settings. The

aim was to clarify an acceptable safety profile and possibly demonstrate superior

treatment results with drug eluting technology.

I. Randomisation of 50+50 subjects in a single blinded, parallel group,

clinical trial, comparing drug eluting angioplasty against conventional

angioplasty when treating malfunctional haemodialysis access in the

upper extremity.

II. Randomisation of 100+100 subjects in a single blinded, parallel

group, clinical trial, comparing drug eluting stenting (DES) against

standard bare metal stenting (BMS) when treating arterial lesions in

the superficial femoral artery or the popliteal artery in subjects with

chronic limb threatening ischemia (CLTI).

III. Nationwide observational cohort study, with data from the Swedish

National Vascular Registry (SWEDVASC) and Swedish National

Diabetes Registry (NDR), analysing and comparing the results of drug

eluting therapy in endovascular treatment of lower limb ischemia in

subjects with and without diabetes mellitus (DM).
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IV. Randomisation of 35+35 subjects in a single blinded, parallel group,

clinical trial, comparing angioplasty using drug coated balloons

(DCB) against conventional angioplasty when treating complex crural

arterial lesions in subjects with CLTI.

Results: Study I and II did not ultimately reach the preset enrolments. They were

analysed and could not show any safety issues or improved results with drug eluting

technology. Study III showed that subjects with DM and CLTI, treated with drug

eluting methods, had superior amputation-free survival (HR 0.712 [CI 0.562-0.901],

p=0.005). Study IV did not show any differences in primary outcome variables at

one-year follow-up. However, amputation-free survival as a secondary outcome

variable was significantly better among subjects treated with drug coated balloons

(OR 0.31[CI 0.10-0.96], p=0.042).

Conclusion: The aggregated results suggest a possible positive treatment effect with

drug eluting technology compared to standard treatment. Unfortunately, two of the

performed trials became underpowered and could not clearly support a conclusion

in favour of drug eluting technology. More and larger randomised studies are needed

to clarify the role of drug eluting technologies in the treatment of vascular diseases.
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Introduction

This thesis deals with two of the most common problems vascular surgeons face in

their daily practice, namely, peripheral arterial diseases - PAD and revisions of

malfunctional haemodialysis access. Over the last decades, the development of

these procedures has evolved from exclusively being performed with open vascular
surgery to a situation where most cases are performed with endovascular methods.

In the setting of PAD, this development has simultaneously led to a decreased

number of amputations,1 and regarding revision of a malfunctional access, the

endovascular method is today the first line treatment in almost all relevant cases2.

Peripheral arterial disease

Peripheral arterial disease - PAD is a disorder affecting all the arteries in the body,
excluding those supplying the brain and the heart (cerebrovascular disease – CVD

and coronary artery disease – CAD). PAD most commonly affects the arterial

supply to the legs, and it also constitutes a significant part of the peripheral vascular

diseases – PVD, which also includes diseases involving veins and lymphatics.

Decreasing arterial circulation to the lower extremities affects more than 236 million

worldwide and increases with age3-12. It can give rise to functional disabilities of

different severity as well as ischemic ulcers or limb amputations. Asymptomatic
PAD with an objectively decreased perfusion to the lower limb is also a marker and

risk factor for both serious CVD and CAD, eventually leading to stroke or

myocardial infarction. PAD is associated with poor quality of life and a high risk of
major adverse cardiovascular events - MACE (myocardial infarction, stroke, or

cardiovascular death) and major adverse limb events - MALE (peripheral

revascularisation or major limb amputation)13 14. The survival of subjects with

symptomatic PAD is also clearly affected, as seen in PAD trials15-17, with a short-
term mortality between 5.4-9.5%. The risk of developing chronic limb threatening

ischemia - CLTI and eventually facing an amputation is around 11%18.

Conservatively treated subjects with CLTI have an 18% mortality rate and a 27%

amputation rate at 12 months19. See Picture I.
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Picture I. Schematic view of PAD in lower extremities.
(By Jmarchn - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=31200275)

Aetiology

Major risk factors for developing PAD are cigarette smoking, renal insufficiency,

diabetes mellitus (DM), hypertension, hypercholesterolemia, and obesity. Genetic
factors can play a significant role, but usually, the most critical determinants of PAD

are unhealthy lifestyle factors such as diet and a low amount of physical activity3-6.

Atherosclerosis

In most cases, PAD develops from atherosclerosis, a condition primarily caused by

the storage of blood compounds and active inflammation in the vessel wall, which

will give rise to plaques composed of fat, cholesterol, and calcium, among other
compounds. These plaques give rise to narrowing of the artery and, ultimately, a

total occlusion20. See Pictures II, III, and IV.
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Picture II. Schematic picture of vessel atherosclerosis narrowing the arterial lumen.
(By Manu5 - http://www.scientificanimations.com/wiki-images/, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=67489698)

Picture III. Table showing the development of atherosclerotic disease.
(By YitzhakNat - Own work and based on. Made with MS Visio., CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=121967143)

https://commons.wikimedia.org/w/index.php?curid=67489698
https://commons.wikimedia.org/w/index.php?curid=121967143
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Picture IV. Photo of an excised atherosclerotic plaque.
(By Ed Uthman, CC BY 2.0, https://commons.wikimedia.org/w/index.php?curid=1208790)

Smoking

Smoking is a significant contributor to PAD, and smoking cessation has profound

effects on both the symptoms and cardiovascular risk21. Smoking cessation

combined with physical activity and secondary preventive medications can
significantly affect the effective walking distance. Smoking also affects the results

of vascular procedures and their prognosis22. See Picture V.

Picture V. Schematic view of the human body showing some of the diseases caused by smoking.
(By CDC - This file was derived from: Tobacco Use-CDC Vital Signs-September 2010.pdf, Public Domain,
https://commons.wikimedia.org/w/index.php?curid=20852937)
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Diabetes Mellitus

The prevalence of DM is increasing in society in a pandemic way23 24, profoundly

affecting health care services. DM affects over 450 million people worldwide23 25,

causing atherosclerosis through effects on platelets, endothelial cells, and smooth

muscle cell function26.These effects make DM one of the leading risk factors for
PAD25-28. PAD can manifest itself as intermittent claudication (IC) or CLTI with

rest pain or ulceration29 30. Both conditions are associated with increased long-term

mortality31 32. DM also has a negative impact on the long-term prognosis regarding
acute myocardial infarction (AMI) and major amputation after invasive

endovascular treatment of both IC and CLTI33-47. The incidence of amputations is

very high among subjects suffering from DM compared to the general population48

49, but the incidence can be decreased by offering more vascular surgical

procedures50.

Subjects with DM have a 2- to 4-fold increased prevalence of PAD, higher rates of

complications after vascular intervention, and worse outcomes overall43 51-54. The
distribution of vascular disease is also different and more distally located55. DM

often causes a phenomenon- called arterial media sclerosis, which is a condition

with stiff, uncompressible lower leg arteries that affect the possibility of registering
adequate ankle pressures. Usually, toe pressures must be measured on subjects with

a diagnosis of DM to confirm a diagnosis of PAD46. Foot ulcers and limb

amputations are of significant concern in the population with DM and PAD. Specific

considerations may apply to subjects with DM regarding the choice of
revascularisation methods, that more often possibly should be performed by open

surgery, which seems to offer superior results in the diabetic cohort with

complicated ulcers56.

Effect of gender

There is a difference between male and female subjects regarding the presentation

and symptoms of PAD. The results of interventions also differ. Women usually have
equal or better overall results after revascularisation regardless of the choice of

method57-61, but in some specified settings, worse outcomes can be expected, as in

the treatment of FP arterial disease62 63.  Women with PAD also more often present
with CLTI or atypical symptoms in the leg64 65. It is essential to keep these

differences in mind, as in some settings, one must consider that some treatment

modalities are not as effective in female subjects66. The interconnection, with
sometimes worse results, can be mainly explained by the fact that females more

often have small calibre vessels.
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Intermittent claudication – IC

Most subjects with objective signs of vascular impairment in the lower legs are

asymptomatic for a long time, as the body can compensate for arterial narrowing by

increasing the vessel area and developing collateral pathways. When symptoms

appear, most suffer from a limited walking distance before a need to rest.
Asymptomatic subjects, as well as most subjects with IC, should not be treated

invasively, as conservative measures such as smoking cessation, training,

preventive cardiovascular medications, and lifestyle changes have good clinical
results. Exercise programs have a good effect on IC symptoms67-72, and the walking

distance can also be further effectively improved by non-operative active

interventions such as supervised exercise programs73-76. Surgery or endovascular
procedures should only be considered in highly selected cases. The critical outcome

for these subjects is quality of life (QoL), which generally corresponds poorly to

most infrainguinal endovascular procedures, which have limited efficacy in the

long-time perspective. However, QoL may be improved after endovascular
intervention in the short- and medium-time perspective77 78. The reason is that

improvement by conservative modes is more durable than endovascular procedures,

given that the latter often needs to be revised several times during a long follow-up
period, which increases the cumulative procedural risk. Conservative treatment has

virtually no risks at all, and with training, the body also learns to tolerate higher

levels of anaerobic cellular combustion.

Chronic Limb Threatening Ischemia – CLTI

CLTI caused by PAD is an increasing clinical challenge in our ageing populations18

23 41 79-85, partly related to the increasing burden of DM23 41 43. The life expectancy
and quality of life in a PAD population, frequently also hampered by multiple

comorbidities, is usually poor79 81-85.

Only a minor part of subjects with unspecified PAD will deteriorate to CLTI, and

in PAD population registries, the prevalence of amputation reaches 1%61. When an
objective diagnosis of CLTI is at hand, this seriously affects the risk for death or

amputation in the short perspective, with a one-year amputation rate of 6-38%80.

The five-year survival is worse than for most common cancer forms, with a
mortality rate of 29-48%80. The treatment results and survival after intervention are

also worse86.The distribution of arterial lesions in CLTI is also more distally located

with more critical stenoses in the popliteal and crural region87. See Picture VI.

Diagnosis of Peripheral Arterial Disease - PAD

A history of symptoms, together with a physical exam, is essential and usually

sufficient to make a diagnosis. The diagnosis can be confirmed by measuring the
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ankle brachial index (ABI), sometimes combined with a treadmill examination.

Distal tissue perfusion can be examined with toe pressures and distal tissue
oxygenation by measuring transcutaneous oxygen pressure (TcPO2). If invasive

treatment is considered, you must further examine the patient to obtain vascular

anatomy in order to select the appropriate revascularisation method. This
examination can be done with duplex ultrasound - DUS, computerised tomography

angiography – CTA, magnetic resonance tomography angiography – MRA, or a

conventional selective angiography8 10 29. See Pictures VII and VIII.

Picture VI. Photo showing gangrene of forefoot (RC VI or Fontaine IV).
(By James Heilman, MD - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=14572015)

Picture VII. Schematic view showing how to perform an ankle brachial index.
(By Jmarchn - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=31168075)
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Picture VIII. MRA of the infragenicular arterial circulation.

PAD can be classified according to different scales to make comparisons easier and

reporting more reproducible88. See Tables 1-5.

Fontaine classification
I Asymptomatic

IIa IC > 200m

IIb IC <200m

III Rest pain

IV Ulcer or Gangrene

Table 1. Fontaine classification. Rene Fontaine, French cardiologist, 195489.

Rutherford categories
I Mild IC

II Moderate IC

III Severe IC

IV Rest pain

V Minor tissue loss

VI Major tissue loss or gangrene

Table 2. Rutherford categories. R B Rutherford, American vascular surgeon, 1986, revised 199790.
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Table 3. TASC II classification of femoropopliteal arterial disease91.
(By permission; Copyright © 2015, © SAGE Publications)

Table 4. TASC II classification of infrapopliteal arterial disease92.
(By permission; Copyright © 2015, © SAGE Publications)
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Table 5. WIfI classification system of PAD. Joseph L Mills Sr 201093.

Non-interventional treatment - Best Medical Treatment (BMT)

CATEGORY TREATMENT COMMENTS
Smoking 
cessation

Stop tobacco use, with or 
without pharmacological or 
behavioural treatment10 94.

Active smoking increases the risk of failure of 
vascular procedures22.

Glycaemic 
control

Lower HbA1c to target (<53 
mol/L) levels with anti-diabetic 
therapy6 46 95.

Glycaemic control may reduce microvascular 
complications, improve wound healing, and 
lower the risk for infections6 46 95.

Antiplatelet 
drugs

Clopidogrel 75mg x 1 or ASA 
75mgx1 is recommended96-98. 

Combination therapy with ASA and low-dose 
rivaroxaban 2.5mg twice daily may reduce 
cardiovascular complications16 96.

Lipid lowering 
drugs

With manifest PAD, treat with 
statins ± adjunctive to 
LDL<1.4mmol/L10 99.

Lowering LDL has a high impact on 
cardiovascular risk. MALE is reduced100 101.

Blood pressure 
control

BP < 130/80 mmHg is a 
recommended goal10 102 103.

No contraindications against beta-blocker use.
ACEI102-104 and ARB reduce cardiovascular 
events in PAD102 103.

Physical 
activity

Physical exercise 3-5 times a 
week reduces cardiovascular 
risk factors10 102 105.

Healthy diet, weight, and waist circumference 
are correlated to cardiovascular risk10 102.

When diagnosed with PAD, it is essential to manage all risk factors to lower the risk
for peripheral vascular complications but also to accomplish an overall reduction of

cerebrovascular and cardiovascular events, as there is an interconnection between
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all the risks10. Lifestyle factors such as smoking, diet, weight, waist circumference,

and physical activity are of paramount importance. In patients with DM, the blood
sugar levels often need to be managed medically, and it is vital to treat

hyperlipidaemia99. For circulation, single antiplatelet therapy (SAPT) is prescribed,

and adjunctive treatment with a low dose NOAC might be considered as this may
reduce the cardiovascular risks further96 106 107. The blood pressure needs to be

appropriately managed, and angiotensin converting enzyme (ACE) inhibitors or

angiotensin receptor blockers (ARB) are of extra value in PAD due to the

considerable reduction in cardiovascular risk102.

Surgical, Endovascular, or Hybrid treatment

All patients with confirmed CLTI who are ambulant without other short-term life
limiting diseases should be evaluated for surgical or endovascular treatment. This

may also apply to subjects with a severe walking impairment where conservative

regimes have failed. Younger, still employed subjects who cannot perform their

daily tasks can also be considered for invasive treatment early if the lesions are not
too surgically complicated. Proximal lesions in the aortoiliac axis and common

femoral artery may, therefore, be more often managed operatively as the procedures

have good long-term results and usually low procedural risk. See Pictures X-XII.

The most common surgical methods include arterial endarterectomy or surgical

bypass. Endovascular methods include balloon angioplasty with or without

intravascular stents. Drug coated balloons and stents may possibly reduce the

restenosis rate, and further study of this is a major topic of this thesis. In certain
instances, interventions are performed simultaneously with both open and

endovascular methods, so-called” hybrid operations.” See Picture IX.

Picture IX. Photo showing a “hybrid operation” theatre.
(By Pfree2014 - Own work, CC0, https://commons.wikimedia.org/w/index.php?curid=36622337)



48

Picture X. Schematic view of the deployment of a drug eluting balloon-expandable stent.
(By https://www.scientificanimations.com/ - http://www.scientificanimations.com/wiki-images/, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=70777398)

Picture XI. Principal view of a bypass procedure in the lower limbs.
(By https://www.scientificanimations.com - https://www.scientificanimations.com/wiki-images/, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=91336494)

https://commons.wikimedia.org/w/index.php?curid=70777398
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Picture XII. Schematic view of balloon angioplasty.
(By own work - this file, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=19334307)

Haemodialysis access

When performing haemodialysis108-110, one form of renal replacement therapy,

repeated access to the circulation, is needed to achieve filtering of the blood.
Usually, subjects have sessions 2-4 times a week for a couple of hours every time.

The efficacy of dialysis (Kt/V) is better if the available access has a high-volume

flow. However, too extended values of high-volume flow in an arteriovenous

coupled access may lead to an arterial “steal” situation when the circuit takes too
much blood, giving less circulation for the distal limb. This can sometimes seriously
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affect the distal arterial circulation, forcing an abandonment of the circuit by ligation

or, if possible, performing a flow-limiting operation110-112. See Picture XIII.

The importance of achieving safe repeated vascular access with sufficient flow was

apparent already in the early phases of the evolving haemodialysis technique. The

basic features are:

I. Easy repetitive access to blood circulation.

II. Blood flow can easily be “stopped” at the end of the procedure.

III. Durable long-term function with few reinterventions.

IV. Freedom from major complications

V. Resistance to infection.

Picture XIII. Schematic view of how haemodialysis is performed.
(By This W3C-unspecified vector image was created with Inkscape . - Own work from Image:Haemodialysis schematic.gif., CC BY 3.0,
https://commons.wikimedia.org/w/index.php?curid=3411574)

https://commons.wikimedia.org/w/index.php?curid=3411574
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There are three standard methods to establish permanent vascular access for

dialysis. Arteriovenous fistula (AVF), synthetic arteriovenous graft (AVG), or a

central intravenous tunnelled, cuffed, double-lumen catheter (CDC). An

arteriovenous fistula is surgically constructed by anastomosing a superficial, usually

upper extremity, vein to an artery. These fistulae need to mature often for at least 6

to 12 weeks, usually longer, before being accessed for dialysis. If the superficial

vein available is in poor condition, you may, in some instances, put a synthetic

vascular graft between the inflow artery and a suitable outflow vein. These grafts

can usually be used after a couple of days, but the durability is not as good as with

an autologous AVF. The last and least attractive solution is a permanent catheter,

but it has limitations as the risk for infection is increased, and it may affect the future

possibilities of constructing an AVF or AVG113-117. See Picture XIV.

Picture XIV.  Schematic view showing the major types of haemodialysis access.
(Adopted from https://doi.org/10.1038/s41581-020-0333-2; Copyright © 2020, ©Springer Nature Limited)

When performing dialysis with an AVF or AVG, you insert two needles, which

serve as a “feed” and “return” for the dialysis pump circuit. With all these weekly

punctures and a high-volume flow in the access, problems with stenoses and

sometimes aneurysms eventually occur, which might give rise to bleeding or

decrease haemodialysis efficacy.

In accordance with the K/DOQI guidelines, patients in haemodialysis care

frequently receive an upper extremity arteriovenous AV fistula or graft 115 117 118, in

line with the concept of choosing the “right access at the right time for the right

patient”. With continuous regular use, these circuits, as mentioned above, will often

develop significant stenoses 119 120. Stenoses of AV fistulas and grafts are a very

frequent problem that often compromise optimal dialysis. Haemodialysis patients

are usually intensely monitored, and when access malfunction is noticed, this will

prompt further investigation and intervention. Signs of a malfunctional access force

you to consider a revision, which today usually is performed with an endovascular

method, using angioplasty balloons and stents, sometimes with drug coatings as an

adjunctive for improving the durability of these revision procedures that often are

short. This issue is another major topic of this thesis.
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National registries

SWEDVASC – Swedish National Registry for Vascular Surgery121.

This registry started in 1987, and from 1994, all Swedish hospitals performing

vascular procedures have signed up for participation. The registry is regularly

validated, and many scientific reports have been published based on SWEDVASC
data. Approximately 60% of all treatments registered are performed with

endovascular methods. The procedure coverage is >95%. Approximately 10,000

vascular procedures are performed yearly in thirty-five hospitals with vascular

services.

Ref:  www.ucr.uu.se/swedvasc/om-swedvasc/om-swedvasc

In SWEDVASC, health-related quality of life (HRQoL) is continuously registered

using validated questionnaires at the one- and twelve-month postprocedural follow-

up. Objective evaluation of patency is non-mandatory.

NDR – National Diabetes Registry122.

This registry was founded in 1996 and covers more than 85% of adult (>18 years)
subjects diagnosed with DM. Since 2018, children have also been included, with a

coverage of almost 100%. In the registry, you may collect data regarding clinical

characteristics, risk factors, laboratory analyses of diabetes-related complications,

and individual medical treatments.

Ref: ndr.registercentrum.se/om-diabetesregistret/nationella-diabetesregistret-aer-
till-foer-att-foerbaettra-varden/p/rJ-SvDC65

DiaD – Swedish Dialysis Access Database123.

This national sub-registry collects information about haemodialysis patients and

their types of access, function, complications, and revisions.

A brief history of vascular surgery and the rise and fall

of open vascular procedures

Before the early 1900s, ligation was the only method available to deal with vascular

problems. Ligatures were already described between the fourth and seventh

centuries, and written evidence exists from the Byzantine surgeon Paul of Aegina
in treating aneurysms, varicose veins, and arterial injuries. Techniques of ligation

were further developed by famous surgeons such as Ambroise Pare´ and William

Hunter. Further development was later dependent on the development of



53

microscopes and magnification loupes during the 19th century by Carl Zeiss, Ernst

Abbe, and Charles Louis Chevalier. Edwin Theodore Saemich perfected the work
by constructing functioning surgical loupes in 1876. With loupes and microscopes,

the understanding of vessel microanatomy and physiology increased significantly

as it was understood that preservation of endothelium was essential to prevent
thrombosis. Clinical observations from famous surgeons such as Virchow, Paget,

and Billroth improved the understanding of the coagulation process. In 1888, Rudolf

Matas (1860-1957), the “father” of vascular surgery, chose not to ligate and instead

performed the first endoaneurysmorraphy when he saved the arm of a young farm
worker with a traumatic brachial artery aneurysm124. In 1923, Matas also performed

the first successful ligation of the abdominal aorta for a syphilitic aneurysm125.

In 1891, Alexander Jassinowsky reported the first successful arterial repairs in
animals. J.B Murphy performed the first end-end anastomosis in 1896 when he

saved a young man that had been shot in the groin, and he also developed the

invagination technique for vascular anastomosis in 1897.

In 1902, there was a breakthrough when Alexis Carrel (1873-1944) described the
triangulation method for constructing an anastomosis, and Dr Carrel is considered

the pioneer of modern vascular surgery. He received the Nobel Prize for his

achievements in vascular anastomosis and transplantation in 1912. The technique
was further improved together with Charles Claude Guthrie (1880-1963), who

insisted on aseptic techniques and the importance of including the tunica intima in

the completion of an anastomosis. In 1906, they jointly published the “patch
method”, a principle still used today in vascular surgery, i.e. the “Carrel patch”

technique126. Together, they attempted to bridge arterial discontinuity with the

interposition of vein grafts, but in the same year, it was Jose Goyanes in Madrid

who performed the first clinical vein interposition graft.

Early in the former century, experiments were also conducted regarding sutureless

anastomosis of arteries. The most well-known physician was Erwin Payr, who

experimented with magnesium tube conductors to connect vessels. Success was

accomplished in a laboratory setting but not in the real world.

During World War I, further efforts were made to repair vessels in an attempt to

save extremities, and both Alexis Carrel and Rene Leriche (1879-1955) served as
military surgeons, further trying to increase success with vascular suturing and

repairs. Although the US only participated in the last year, 1917-1918, figures from

the causalities show that more than 4000 US soldiers lost a leg due to battlefield

trauma. Only 13% lost their leg on the battlefield, whereas the remaining soldiers
lost their leg in the surgical ward in an attempt to save the leg. However, infections

and vascular techniques were still considerable problems to overcome. Rene Leriche

is a portal figure in vascular surgery. Although considered very conservative, he
trained many later renowned vascular surgeons such as Michael DeBakey, Jao Cid

dos Santos, Rene Fontaine, and Jean Kunlin. He is also famous for “Leriche
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Syndrome”, with the triad of claudication, impotence, and absence of femoral

pulses127.

Leriche had tried to reestablish flow with an interposition vein graft in a thrombosed

artery already in 1909, but this was unsuccessful because he did not know the extent

of thrombosis (at this time still, there were no diagnostic measures available to
delineate the extent of thrombosis). Angiography was not clinically available until

two decades later, as described in the next chapter. The concept of

thrombendarteriectomy was also popularised by Jao Cid dos Santos (1907-1975),

but it suffered from the same problems with a lack of diagnostic procedures. He
succeeded many years later, in 1946, in performing the first successful operation,

but that was after heparin was discovered in 1916 and angiography was made

available. Heparin was made clinically useful by work from Gordon Murray (1894-
1976)128 129, published in 1936, who successfully used heparin in experimental

arterial surgery. With heparin, it was possible to succeed even though the intima

was not fully sutured or integrated into the repair.

The discovery of heparin is one of the most important discoveries in the history of
vascular surgery because so much technical development is entirely dependent on

the possibility of keeping patients anticoagulated during surgery or in the

postoperative period. Heparin was discovered in 1916 by a medical student, Jay
McClean (1890-1957), working with professor W.H. Howell (1860-1945), but was

not useful due to toxicity. The process of purifying heparin for clinical use was

performed by Charles Best (1899-1978)130 131, and this was finalised in 1928.
Charles Best was also a major part of the discovery and purification of insulin in

1921, along with Frederick Banting (1891-1941).

In 1948 Jean Kunlin (1904-1991)132 133, a younger coworker of Rene Leriche,

revived the technique for venous bypass grafting, a method already proposed in
1913 by Jaeger. By this achievement, modern vascular surgery was born, and the

method of venous surgical bypass was broadly adopted. The technique evolved by

establishing the in-situ technique at two centres in the late 50s to make the surgery
less traumatic. The pioneering work was done by Paul Cartier (1919-2008) and Karl

Hall (1917-2001)134, but vein valve destruction was still problematic in the hands of

other surgeons, and the technique did not become very popular. Karl Hall developed
a retrograde vein valve stripper in 1968, a type that still can be seen in use. 1984,

Cartier published his results of 850 in situ bypasses with a 75% five-year patency

rate. The method was popularised again in 1979 when Leather et al. reported

excellent results with a more simplified technique for valve destruction135. Leather
later published results of 2058 in situ bypasses between 1975-1995. The cumulative

patency rates were 91%, 81%, and 70 % after 1, 5, and 10 years, respectively and

with a ten-year limb salvage rate of 90%136. These results are impressive even in a
modern setting. Several later randomised studies comparing in situ technique with

reversed vein technique have shown no differences in results137-141. The vascular

procedures were becoming more and more familiar and widespread.
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Regarding more central vascular surgery, such as aortic, visceral, and carotid repair,

these areas of vascular surgery were more complicated. However, the vascular
surgical techniques for suturing, grafting, and heparinisation were quite well

developed at this time, and angiographic studies were available. Jaques Oudot

(1934-), a French vascular surgeon who performed research on arterial homografts
and experimental aortic occlusions, replaced a thrombosed aortic bifurcation with a

homograft in 1950, the first aortic bifurcation graft142-145. In 1951, he performed the

first cross-over bypass between the external iliac arteries for a similar diagnosis. A

few months earlier, Norman E Freeman (1903-1975) and Frank H Leeds (1914-
2003) performed the first crossover revascularisation with the superficial femoral

artery146.

Regarding reconstructive surgery of the carotid arteries, this began in Buenos Aires,
when Raul Carrea did the first case of revascularisation by performing an

anastomosis between the internal and external carotid artery in 1951147. The first

successful endarterectomy with primary closure was performed by Michael

DeBakey (1908-2008) in 1953148. Felix Eastcott (1917-2009) performed the first
published case of an operation with end-end anastomosis between the common

carotid and internal carotid artery with success in 1954149. See Picture XV.

Charles Dubost (1914-1991) did the first resection of an abdominal aortic aneurysm
(AAA) with restoration of arterial continuity with a homograft in 1951150 151. Rapid

development followed with the growing availability of synthetic vascular conduits.

Arthur Voorhees (1921-1992) pioneered the evolution of synthetic grafts as he
worked with Arthur Blakemore (1897-1970). He developed the Vinyon-N graft,

which he constructed from parachutes, and performed animal experiments152. The

first graft was placed in a patient with aortic aneurysm rupture in 1952 at Columbia

University. After that, there was a continuous search for optimal synthetic grafts
using Orlon®, Teflon®, Nylon®, and Dacron®. Today, grafts are commonly

produced from polyester fibres or ePTFE.

Extensive series of aortic surgery appeared in the literature in the 70s, and there
were comparisons between aortic endarterectomy and aortic grafting, showing

superiority for grafting. In 1981, E.S Crawford (1922-1992) published his 25-year

experience with aortoiliac reconstructions in 1004 cases153, and later, D.E Szilagyi
(1939-1975) reported his experience with 1748 aortobifemoral bypasses with a 68%

20-year patency154. Closing into the 90s, when the endovascular phase had just

started, the first endovascular treatments of aortic aneurysms were performed in

1990 by Juan Parodi (1942-). Today, 80% of AAA are treated with EVAR155 156 and
only 22% of PAD157 treatments are performed with open surgical procedures. With

this further evolving situation, problems with sufficient education and performance

regarding open vascular surgery are to be expected in the future155.

Another essential achievement worth mentioning was the balloon embolectomy

catheter, also called the “Fogarty catheter”, after the developer Thomas Fogarty
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(1934-)158. He performed the first balloon embolectomy in 1961, and the patient

made an excellent recovery from acute limb ischemia. He had been working with
these balloons for years during his education and residency. Before his invention,

embolectomy was a cumbersome procedure with multiple arteriotomies, flushing,

Esmarch compression, vein strippers, and corkscrew devices, with a success rate
well below 50%. His catheters are estimated to have saved the lives and limbs of

more than 20 million patients159. Despite this, in recent years, his technique for

solving acute ischemic issues has been overrun by modern endovascular methods

with pharmaco-mechanical devices or aspiration devices for handling the problem
without the need for an operation. Thomas Fogarty is also famous for many other

inventions besides his well-renowned winery in California, which produces

excellent wines that are well worth tasting.

.

Picture XV. Michael DeBakey (1908-2008). American cardiovascular surgeon. He performed
the first carotid endarterectomy in 1953 and also the first patch-graft angioplasty in 1958. He
also developed the first Dacron vascular graft. Here he is in a picture, 94 years old, still
surgically active.
(Public Domain, https://commons.wikimedia.org/w/index.php?curid=878078)
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A brief history of angioplasty and stenting, a journey

towards the endovascular revolution

The angioplasty technique traditionally depends on the possibility of x-rays and

performing angiograms. Today, some interventionists actually perform angioplasty

treatments in different regions with the sole guidance of duplex ultrasound (DUS).

X-ray beams were discovered by Wilhelm Conrad Roentgen (1845-1923) at the end

of the 19th century160 161. During the first decades of the 20th century, scientists

performed arterial visualisation experiments using contrast material in cadavers and
animals. Necessary steps were taken during the 20s, primarily by the Portuguese

neurologist Edgar Moniz162(1874 -1955), who developed the cerebral angiography

technique163. Moniz is also famous for the prefrontal leucotomy, for which he

received the Nobel Prize in 1949. His colleague Reynaldo Cid dos Santos (1880-
1970) performed the first aortogram in Lisbon 1929. These diagnostic procedures

were cumbersome and often carried a risk of complications, as they were done with

a direct puncture technique. See Picture XVI.

.

Picture XVI. Portrait of Egaz Moniz (1874-1955), Portuguese neurologist and Nobel Prize
laureate for the prefrontal leucotomy. Developer of the technique for cerebral angiography.
(By José Malhoa - Oliveira, V. &quot;Quadros Médicos: Egas Moniz, por José Malhoa&quot;. Acta Med Port 2014 Sep-Oct;27(5):669-671, Public Domain,
https://commons.wikimedia.org/w/index.php?curid=58677779)
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In 1952, Sven-Ivar Seldinger (1921-1998) developed the “Seldinger” technique for

safe catheterisation of vessels, which was an important achievement for the
continuous development of the endovascular techniques for different vascular

treatments164 165. Although many other modalities are now available for diagnostic

purposes, conventional angiograms remain the gold standard in some settings.

Charles Theodore Dotter (1920-1985), an American radiologist, is often credited

with the creation of a new speciality, interventional radiology. Percutaneous

transluminal angioplasty (PTA) was his landmark achievement, sometimes also

called the “Dottering procedure”166-171. Later, he introduced the concept of arterial

stenting when he placed a coil spring graft in the femoral artery of a dog172.

In parallel, another essential achievement was seen with the development of low

osmolality and non-ionic contrast agents, which were less dangerous and less
painful for the patients. A significant contributor was Torsten Almén, professor of

radiology at Lund University173-176.

Further improvement of the angioplasty technique in peripheral arteries was made

by Werner Porstmann (1921-1982), a German radiologist, who was the first to close
a ductus arteriosus by catheter technique in 1967177, and, in 1973, developed a non-

distensible “corset” balloon that allowed vessel dilatation to a size far larger than

the introduced catheter178. The latter was further developed by Andreas Gruntzig
(1939-1985), a German radiologist, who would later also perform the first coronary

angioplasty (PTCA) in 1977179-181.

During the development of peripheral and coronary angioplasty, shortcomings were
realised. With the increasing use of this technology, the issues of acute occlusion or

stenosis due to dissection or recoil had to be solved. The exploration of stent

treatment started both in peripheral and coronary lesions. Although development

has always been pioneered in the coronary field, considerable improvements have

been made simultaneously in all peripheral vascular settings.

The first coronary stents were placed by Ulrich Sigwart (1941-) and Jaques Puel

(1946-2008) in 1986182 183, and these were self-expandable in design (Wallstent®).
The first balloon-expandable stents (Palmaz-Schatz®) were developed by Julio

Palmaz (1945-) and Richard A Schatz (1952-)184, and these stents were placed in

patients for the first time in both peripheral and coronary arteries in 1987. Dr Palmaz
stented an iliac artery in a German patient in Freiburg that year. The Palmaz-

Schatz® stent was the first stent that got FDA approval for coronary treatment in

1994, by then, it had already been approved for use in peripheral arteries since 1991.

Other collaborations moved forward simultaneously, as with the group led by Gary
Roubin, who worked with the Italian radiologist Cesare Gianturco (1905-1995)185

in the construction of the Roubin-Gianturco stents (Flexstent®).

Within only a couple of years, >80% of the coronary interventions were performed
with stents after important randomised controlled trials (RCT)  regarding the use of
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balloon-expandable Palmaz-Schatz® stents were published186 187, making

percutaneous coronary intervention (PCI) treatment with stents the standard of care.

Simultaneously randomised investigations of these stents in femoropopliteal (FP)

arterial lesions were performed, but in the early phase, the results were

disappointing, with 5 RCT showing results similar to standard angioplasty188-192.
This was a reminder that coronary and peripheral interventions, although similar,

have important anatomic and technical differences. The superficial femoral artery is

anatomically challenging to treat with endovascular techniques. See Picture XVII.

A significant proportion of complex modern interventional endovascular techniques
rely on stenting as this overcomes recoil and dissections. It does not, however, deal

with the issue of restenosis due to neointimal proliferation. So, with stents, the

interventionist got a tool to eliminate common mechanical problems but was left
with problems with the frequent development of late restenosis due to subintimal

hyperplasia, an issue that needs other solutions.

Picture XVII. Photo of a deployed and an undeployed stent.
(By Frank C. Müller - Own work, CC BY-SA 2.5, https://commons.wikimedia.org/w/index.php?curid=3406054)
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The era of drug eluting adjunctive angioplasty and stent techniques started with the

developments in coronary revascularisation193 194. After applying a standard of care
with balloon-expandable stents in coronary revascularisation, large studies showed

a restenosis rate reaching 15-30% in less than six months195 196. Experiments with

different stent coatings and infusion of different immunomodulating compounds

were examined in animal studies in an effort to reduce the rate of restenosis197.

The first drug eluting commercial device was a sirolimus-eluting coronary stent,

first placed in a patient by Jose Eduardo Sousa (1934-2022), a Brazilian

cardiologist, in 1999. He was also the first to place Palmaz-Schatz® stents in the
coronary arteries in 1987. The development led to the first generation of drug eluting

stents, Cypher® (Bx Velocity) (Johnson & Johnson) and Taxus® (Boston

Scientific).  The Cypher® stent was coated with sirolimus, also known as
rapamycin, which is produced by the bacteria Streptomyces Hygroscopius. In

contrast, the Taxus® stent is coated with paclitaxel, a compound extracted from the

Pacific Yew (Taxus Baccata). Both compounds have heavy immunomodulating

effects and are used to treat certain cancer forms and to suppress organ rejection in
transplantation surgery. These stents were examined in large, randomised studies

against BMS. The TAXUS and SIRIUS trials included > 1000 subjects each, and

both showed highly significant improvements in efficacy compared to BMS198 199.
Cypher® was the first DES to get Food and Drug Administration (FDA) approval

2003.

A substantial setback was the publication in 2007 showing an increased risk of death
and myocardial infarction due to late stent thrombosis produced by problems with

the stent polymer coatings200. This led to the development of the later generations

of coronary stents with new platforms and adjunctive drug coatings201. DES is today

still considered the standard of care in PCI, and very few indications for BMS are
left, as concluded in the Norwegian NORSTAT202 randomised study including

>9000 subjects as well as in large metanalyses203.

The most crucial drawback of DES is still the need for long-term treatment with
dual antiplatelet therapy (DAPT) or similar anticoagulative therapies. Regarding

drug eluting stents for PAD, the first device was the paclitaxel-coated Zilver PTX®

self-expanding stent, which was FDA-approved in 2012, almost ten years after the

first coronary DES.

A critical reflection regarding the continuous improvement of endovascular

procedures and devices is that an essential part of the development involved US-

based research faculties, but most pioneer treatments in humans were performed
outside the US, as in Europe, because their regulatory bodies are less strict and

demanding. In Europe, you only need to CE mark a product, but in the US, you need

approval from the FDA, which forces the companies to perform relevant studies for

each product for the US market, which is not the case in Europe.
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Picture XVIII. The chemical structure for Paclitaxel.
(By Calvero. - Selfmade with ChemDraw., Public Domain, https://commons.wikimedia.org/w/index.php?curid=1703615)

The technique with drug eluting balloons developed after the use of DES has
flourished. The reason for further development was that all lesions were not suitable

for stenting, and in PAD, stenting was not as effective as in coronary procedures.

Delivery of drugs during angioplasty is technically more challenging, so the
techniques for binding and delivery had to be explored further. Around the

millennium, groups were working on technical solutions for drug delivery in

angioplasty and stenting, foremost in Tubingen, Germany, under the supervision of
Christian Herdeg204-206 and at Massachusetts Institute for Technology (MIT), US,

under the supervision of Elazer Edelman207-210. Necessary steps were then taken by

Ulrich Speck, head of contrast media research at Schering in Berlin, when he, in

1999, used contrast media as a carrier for local drug delivery in a porcine coronary
model211. An intracoronary bolus of a Taxane-Iopromide solution led to an apparent

reduction of neointimal formation, although the time of application was short212 213.

See Picture XVIII.

Experiments with coated balloons started in 2001, and simultaneously, the

randomised RAVEL study was presented at the European Society for Cardiology

(ESC) congress in Stockholm. This showed a highly significant reduction of
restenosis rate after deployment of sirolimus-coated stents compared to BMS in

coronary revascularisation214. Despite serious doubts about the efficacy of a single-

dose treatment, animal trials with different drug coated balloon prototypes began in

2002, showing that one coating efficiently reduced neointimal formation215. Human
randomised trials with DCB in coronary in-stent restenosis started in 2003 with the

PACCOCATH ISR I/II trials, showing positive results216 217.

The first human PAD trial was the THUNDER (Local Taxane with Short Exposure
for Reduction of Restenosis in Distal Arteries) trial directed by Gunnar Tepe. This

study showed a significant reduction of late lumen loss (LLL) and target lesion
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revascularisation (TLR)218. This study was followed by the FEMPAC trial, which

also studied the same concept in FP arterial lesions, showing excellent results219.
These Paccocath® coated balloons were the pioneers in the DCB evolution in the

peripheral artery setting, and they consisted of a specific matrix called Paccocath®

mixed with paclitaxel and Ultravist®, an x-ray contrast medium220 221. Studies were
also performed to determine the effect of balloon inflation times222, which proved

to be acceptably short. The evolution has been swift from here, with sixteen different

DCBs and seven DESs on the European market today, all with varying concepts

regarding indication, active drugs, doses, and carriers. This thesis should be seen

from this perspective.

A brief history of vascular access and haemodialysis

The idea of haemodialysis by filtrating blood was already described by Thomas
Graham in Glasgow in 1850. Abel and Roundtree performed the first experimental

haemodialysis in animals in 1913, and the first haemodialysis treatment in man

was conducted in Germany in 1924 by George Haas (1886-1971). He used a glass
cannula for arterial and venous access in the arm of a young boy. Repeated access

to the circulation was a significant limitation, as was vascular thrombosis. When

heparin was available in 1928, the problem with coagulation was reduced.

The first step towards an “artificial kidney was taken in 1937 when William
Thalhimer (1884-1961) used the increasing knowledge regarding membrane

technology, anticoagulation, and quantification of uraemia to perform successful

haemodialysis on dogs. The first dialysis apparatus as renal replacement therapy
was developed in 1943-1947 by Willem Kolff (1911-2009)223 and Nils Alwall

(1904-1986)224.

Doctor Kollf performed the first successful haemodialysis on a young woman in

1943 using the “rotating drum kidney” he had developed. After 12 treatments, no
vessels were left for access, as the technique necessitated new punctures of arteries

and veins each time.

Access to the blood circuit was a considerable limitation for performing
haemodialysis on a repeated basis. In 1960, Belding Scribner (1921-2003) used

external Teflon tubing, operatively placed between the radial artery and a forearm

vein225 226. The first patient, Clyde Shields, lived for eleven years with this method
of haemodialysis. The shunt worked for a couple of months before it needed to be

replaced. The “Quinton-Scribner shunt” was an essential step in the history of

haemodialysis.

In 1961, James E. Cimino (1928-2010) and Michael J. Brescia (1933-2023)
developed a technique for direct repeated venipuncture for haemodialysis. They
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also noted that traumatic arteriovenous fistulas in Korean war veterans seldom

affected their general health. The idea of surgically constructed arteriovenous
fistulas was not new, as it was performed in the 1930s for children paralysed by

polio.

This led to the first construction of an arteriovenous (AV)-fistula for
haemodialysis in 1965227. The idea came from Cimino and Brescia, and this access

is called the “Cimino-Brescia” fistula. However, the operation was performed by

Kenneth Appel, a surgeon in New York. This achievement was an immense

breakthrough in haemodialysis care. The technique evolved from a side-to-side
anastomosis to the method currently in use with the end-to-side anastomosis,

developed by Lars Rohl in 1968228.

Simultaneously, techniques for central vein access were developed mainly from
the subclavian or femoral vein routes, and they were explored first by Stanley

Sheldon and Josef Erben229 already in 1961.

In the 1970s, different non-autologous grafts were tried for arteriovenous bridging

and repeated access with limited success until 1976, when L.D Barker presented
the first 72 cases with expanded PTFE grafts for haemodialysis. They remain the

mainstay for graft access procedures today.

The surgically created AV fistula is still the first option to consider today when
planning for continuous haemodialysis113 116 230. Sometimes, the conditions for

such a procedure are limited when today's choice is an early cannulation ePTFE

graft, much like the type used in the 1970s.

Although the construction of the AV circuit is still performed by traditional open

surgery, most revision procedures are performed with endovascular treatment

today. Trials with endovascular constructions of AV access by thermal fusion of

a target artery and vein have been published lately, but the technique is not

scientifically or practically yet fully adopted for broad clinical use231-233.
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Extended scientific analysis of

medical and interventional aspects in

PAD and Haemodialysis Access

Aspects of epidemiology and risks concerning PAD

Calculations show that the prevalence of PAD in the population reaches 12%, and

the prevalence of CLTI among these is estimated to be 11%12 234.  The prevalence is
age-dependent, with 20% of adults aged more than seventy having an objective PAD

diagnosis. More than 6.5 million subjects suffer from CLTI, and the prognosis

foresees that this figure will further increase as the “metabolic syndrome”, DM, and

smoking are increasing in prevalence.

Approximations say that 5-10% of subjects with asymptomatic PAD or IC will

progress to CLTI over a five-year period12 234. Important independent risk factors for

the progress of PAD to CLTI are age, smoking, DM, and end stage renal disease
(ESRD), and progression is calculated to be 7.5% the first year after referral and

2.2% yearly after that234.

The overall age-adjusted death rate for PAD reaches 14.8 per 100.000, and only 20-

30% of subjects with PAD die of non-cardiovascular related issues, and the annual
cardiovascular event rate, including AMI, stroke, and death is 5-7%12 234. See Picture

XIX.

The natural history of PAD tells us that the incidence of CAD is 30-50%, and for
carotid artery stenosis, 15-25%. The lifetime risk for PAD is estimated to be 20-

30%. The one-year limb salvage rate in conservatively treated CLTI can be as good

as 57%, with a survival rate of 75% and AFS rate reaching 51%11 12 235 236.

In PAD patients with IC, the amputation rate is 6% at three years, and with CLTI,

the rate of death or amputation is 20% per year. The general rate of amputations

declined during the first decade of the 21st century but is now increasing again,

primarily due to the increasing prevalence of DM11 12 235 236.

PAD can, therefore, unfortunately, be expected to cause an increasing vascular

surgery workload ahead of us.
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Picture XIX. Diagram showing hazard ratio for total mortality in men and women by ankle
brachial index at baseline for all studies combined in the ABI Collaboration237.
(Adopted from https://doi:10.1001/jama.300.2.197; Copyright © 2008, ©American Medical Association)

Aspects of epidemiology and risks concerning PAD in

subjects with DM

The connection between PAD and DM needs particular attention as 20-30% of PAD
subjects have concomitant DM238. The prevalence of PAD in a DM cohort ranges

from 27% to 76%, and this cohort has a heavy risk for amputation, 4-fold compared

to a national average238. DM is, as mentioned, heavily increasing in the population,

leading to an increased PAD prevalence23. The prevalence has increased by >200%
over the last 20 years in some regions238. Today, the estimates are that 537 million

people have DM, and the prognosis is that we will see an increasing prevalence,

reaching 783 million in 204546. Cardiovascular disease accounts for >50% of the
mortality in type II DM238.  The mortality rate for a subject with DM, PAD, and

DFU is well above 50% at five years46.

DM impairs endothelial function, and much of the effects are mediated by nitric
oxide. This leads to increased atherogenesis. Important negative mediators are

hyperglycaemia, excess free fatty release, and insulin resistance, leading to

vasoconstriction, inflammation, and thrombosis. Impaired vascular smooth muscle

function and impaired platelet function are other essential steps in the

pathophysiological process236.

The prevalence of abnormal ABI in subjects with a normal glucose tolerance test is

7% compared to 21% in those with a pathological test, and fasting blood sugar level
relates to risk for PAD28 236. It is known that ABI has limited effectiveness for

detecting PAD in a diabetic cohort239, and other diagnostic tests such as TP or TcPO2
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need to be considered for a more reliable objective evaluation of the distal

circulation and the following prognosis for the ulcer healing process.

The prevalence of DM increases the risk for IC, with 3.5 in men and 8.6 in women.

The relative risk (RR) for lower extremity amputation is 12.7 with a DM diagnosis

and 23.5 if aged 65-74 years236.

DM changes the pattern of PAD55 240 241. Arterial lesions are more distally located

with a corresponding higher complexity of distal calcifications.

Approximately 25%-90% of amputations are associated with DM238, and the

increased risk is not only contributed to the increased prevalence of PAD but also
to peripheral neuropathy, autonomic neuropathy, foot deformities, and

infection238. The problem with DFU is a well-defined problem with a high risk for

amputation, and DFU precedes 85% of annual non-traumatic amputations with a
yearly incidence of DFU at 2% and a lifetime risk reaching 34%46 242.

Revascularisation is a crucial part of the multidisciplinary treatment of DFU or

CLTI in subjects with DM.

Aspects concerning best medical treatment in PAD

There are few specific randomised studies regarding the pharmaceutical treatment

of risk factors in PAD, and proposals are also interpolated from studies regarding

the risk reducing therapy of cardiac and cerebral vascular events. There are multiple
vital parts of an optimal best preventive treatment for PAD, and besides drugs, the

first and most essential aspects are smoking cessation, physical exercise, and diet,

and the positive effects of these matters are well documented10 99 105.

The use of drugs for prevention is well documented in five different areas: Lipid

lowering treatment, antihypertensive treatment, single antiplatelet treatment, dual

pathway or dual platelet treatment, and antidiabetic treatment.

Lipid lowering treatment

The basis for this treatment is the reduction of LDL and TG levels, and all PAD

patients receiving medical treatment with statins will have a significant risk
reduction regarding MACE. The goal is LDL < 1.4 mmol/L or a 50% reduction from

index levels. Statins also seem to improve the walking distance in subjects with IC,

reduce the amputation rate and may improve graft patency. Combinations with

ezetimibe and/or proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors

are effective if target levels are not reached6 10 99-101 103.
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Antihypertensive treatment

Reduction of blood pressure has significant effects on CV events and mortality.

According to guidelines, the treatment threshold is 140/90 mmHg, and the blood

pressure target should be as low as 120-130/70-80 mmHg in subjects < 65 years.

First-line treatment should be ACEIs or ARBs, as they specifically reduce CV
events in a PAD cohort. Multiple drugs are commonly needed, and the first-line

adjunctive treatment is calcium channel blockers (CCB) or thiazides. Beta-

blockers are not contraindicated but have not been thoroughly evaluated in

CLTI6 10 29 102-104 243-245.

Antiplatelet therapy

Single antiplatelet treatment is a portal therapy for symptomatic PAD preventive
treatment6 96 103, whereas there is no data supporting treatment in asymptomatic PAD

subjects. The Antithrombotic Trialists’ Collaboration showed that SAPT reduces

CV events by 25% in most subjects with an unspecified CV risk97. The CAPRIE
trial showed that clopidogrel was more effective than ASA, with a small ARR of

0.5%, with a related RRR of 8.7%98. Ticagrelor was shown to be more effective than

clopidogrel in CAD (PLATO-trial246) but not in PAD (EUCLID-trial247).

Dual Pathway or Dual Platelet therapy

Recent randomised trials have explored the effects of different combinations of

antithrombotic treatment to further reduce CV complications. Warfarin and ASA
have been investigated both in CAD to reduce recurrent AMI and in CVD to reduce

recurrent stroke. The WARSS-trail248 compared ASA 325mg against warfarin with

no differences in the rate of stroke or death. The WARIS-II249 instead compared

ASA 160mg against warfarin (INR 2.0-2.5) + ASA 75mg and warfarin (INR 2.8-
4.0). Single ASA was significantly inferior in preventing a new CAD event. The

WAVE-trial250 did a similar comparison in PAD subjects. They randomised between

SAPT and warfarin (INR 2.0-3.0) +SAPT and did not show an advantage in CV
events but more frequent life-threatening bleedings in the cohort receiving the

combination therapy. The Dutch BOA study251 compared ASA and warfarin after

bypass surgery for PAD without overall differences, which though were shown in a

subgroup analysis.

The CHARISMA-trial252 investigated DAPT against SAPT in subjects with

documented cardiovascular disease or multiple risk factors. Endpoints were MI,

stroke, or CV death, and did not show any benefits with DAPT. The CASPAR
trial253 did a similar randomisation after bypass surgery for PAD, without overall

differences, but with a subgroup analysis showing a possible superior efficacy for

DAPT in prosthetic grafts.
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The first trial studying the combination of SAPT and low-dose new oral anticoagulant

(NOAC) (rivaroxaban) was the COMPASS-trial107. They randomised 27395 subjects
with stable atherosclerotic vascular disease into three groups receiving rivaroxaban

2.5mgx2 + ASA 100mg, rivaroxaban 5mgx2, or ASA 100mg. The first group had

fewer CV events but more major bleedings than those with only ASA. The high-dose
group was not superior to SAPT. A COMPASS subgroup analysis16, focusing on

subjects with PAD or carotid disease, came to the same conclusion that the

combination treatment was superior (HR 0.72 [CI 0.57-0.90], p=0.0047). However, a

higher frequency of non-fatal and non-critical bleeding was noted.

The VOYAGER-trial106 randomised 6564 subjects after PAD revascularisation to

SAPT alone or Rivaroxaban 2.5mgx2 + ASA, showing a significantly lower

incidence (15% reduction) of a composite outcome (ALI, major amputation, MI,
ischemic stroke or death), but with a significantly higher frequency of bleedings,

with an incidence at three years of 5.94% vs 4.06% in the rivaroxaban vs placebo

groups respectively.

Treatment with dual pathway therapy is considered standard treatment in stable

PAD subjects without excess bleeding risk6 96 103. See Picture XX.

Picture XX. Picture showing major classes of anticoagulants, including warfarin, heparin, direct
thrombin inhibitors, and factors Xa inhibitors. This figure illustrates the sites within the
coagulation cascade at which these major classes of anticoagulants exert their effects.
(By SteveKong3 - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=85965621.)

Antidiabetic therapy

As discussed earlier, thorough control of blood sugar levels is beneficial in reducing

the progression of PAD and cardiovascular events overall. The target for HbA1c is

< 7% or < 53mmol/L. Glucagon-like peptide-1 receptor agonists (GLP1-RA) reduce
CV events compared to placebo in patients with type 2 diabetes and may reduce the

amputation rate. Sodium-glucose co-transporter 2 (SGLT2) inhibitors also reduce

CV events254.
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Aspects regarding conservative treatment of PAD

Not to be forgotten in the discussion of revascularisation procedures in CLTI is the
non-operative alternative255. Frail or elderly patients with CLTI have a high early

mortality after admission. This is seen in combination with a low risk of immediate

limb-related complications256. It is essential to emphasise a palliative limb care
option in selected cases and ensure that subjects with CLTI are examined by

experienced physicians with the knowledge and competence to deal with these

complex consultations. Looking at meta-analyses regarding conservative treatment

of usually non-reconstructable CLTI, there is a 27% amputation rate at 12 months,
with corresponding AFS reaching 60%19. Meta-analyses regarding octogenarians

show that they have a 32 % mortality the first year after a revascularisation

procedure257, which is vital to keep in mind, as is the fact that parameters other than
perfusion are essential for limb salvage258 and ulcers de facto heal, although the

perfusion is objectively suboptimal259. See Picture XXI.

Picture XXI. Picture showing hemodynamics and probability of healing of a diabetic foot ulcer259.
(Adopted from https://doi.org/10.1016/j.jvs.2010.06.012; Copyright ® 2010, ® Elsevier)

Aspects of direct or indirect revascularisation in PAD

For years, there has been an ongoing discussion regarding the value of direct vs
indirect revascularisation to optimise wound healing and improve limb salvage. The

concept was instituted already in 1992260. Logically, clinicians would opt to

revascularise the vessel directly feeding the related angiosome if the target vessel is
accessible and open to the foot. There are no high-quality trials, and the data for a

few meta-analyses performed are of low quality. One important reason is that pedal

arch patency, which is an essential factor, often is not accounted for. Some earlier
studies, however, support direct revascularisation10 261-269. It also seems less critical

https://doi.org/10.1016/j.jvs.2010.06.012
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in open vascular revascularisation, where wound healing rates seem similar with

indirect revascularisation270. One large systematic review and one guideline
document regarding PAD in DM with diabetic foot ulcer (DFU), both from 2023,

conclude that available data does not support a superiority for direct

revascularisation for wound healing, limb salvage, or mortality and due to the low-

quality data the certainty of evidence is very low46 56. See Picture XXII.

Picture XXII. Picture showing the angiosomes of the foot and ankle271.
(Adopted from https://doi.org/10.1016/j.jacc.2016.04.071; © 2016 by the American College of Cardiology Foundation. Published by Elsevier.)

Aspects regarding invasive treatment in subjects with

DM and PAD

Subjects with diabetes mellitus and PAD belong to a group that may need particular

concerns regarding indications and methods for invasive treatment. As mentioned,
the disease pattern is different55 240 272. There is also a high prevalence of CLTI in

the contralateral limb at follow-up after a vascular procedure, which needs to be

accounted for. In a 6-year period, 50% develop CLTI that requires intervention in
the contralateral limb273. Specific effects of revascularisation in subjects with DM

and PAD have been discussed for years, and publications have argued for worse

results in subjects with DM compared to the population with only PAD35-38 43 47 274-

https://doi.org/10.1016/j.jacc.2016.04.071
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279. There has also been a discussion regarding different theories behind any

differences in outcome280-286. At the same time, there are also publications telling us
that revascularisation can seemingly be performed with similar results in both

groups287-297.  The positive effects of drug eluting therapy have been an exciting

topic, specifically in subjects with DM, as the mechanism for the disease is different,
and a superior effect with DET in DM has been proposed298. The choice of method,

open or endovascular surgery, has also been debated. It is common in PAD

guidelines to argue for an endovascular first strategy, but some publications46 argue

instead for autologous bypass when possible, as this may lead to more efficient
wound healing and superior patency, a proposition that was also concluded in recent

guidelines regarding DM and CLTI56 95 299-301. However, this was before the

publication of BASIL-2, and the situation has not been clarified as this study showed
results in the opposite direction, though not explicitly investigating subjects with

DM. The Italian Guidelines (meta-analysis) for the treatment of diabetic foot

syndrome published in 2023302, including BASIL-2, argue for no crucial differences

between endovascular and open surgery when treating subjects with DM, PAD, and
foot ulcers. However, there were more reinterventions and slower ulcer healing in

the DET group, but also significantly less serious adverse events (SAE). When

treating subjects with DM interventionally for IC, they seem to have more severe
complications both after endovascular and open surgery33 34. This is essential to

address when selecting subjects with DM for treatment, and it is important to be

sure that medical treatment and other risk factors are entirely controlled303 304.

To conclude, data regarding the specific effects of DM in revascularisation points

in different directions, but the earlier prevailing idea that revascularisation of

subjects with DM and CLTI is of no use is an opinion that should be rendered

obsolete as modern results are entirely reasonable and comparable95. It seems
reasonable that both types of procedures are relevant, and decision-making is

essential. Patients should also have the opportunity to be treated at a vascular centre

with all the necessary competences in place on a daily basis.

Pivotal trials regarding infrainguinal surgical or

endovascular treatment of lower extremity ischemia

Even though not being a part of this thesis, you need to understand the tremendous
open vascular surgical development since Jean Kunlin performed the first vein

bypass for lower extremity ischemia132 in Paris in 1948. Since then, the evolving

open surgical procedures have been the backbone of the effort to reduce lower

extremity amputations. For example, a vein bypass has very high primary patency,
secondary patency, and limb salvage rates, reaching 55%, 70%, and 90%,
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respectively, at ten years136. However, these procedures are medically and

technically demanding for the patient and the surgeon.

Being a less invasive and less technically demanding treatment both for the patient

and surgeon but still achieving reasonable treatment efficacy, endovascular

procedures have increased significantly over the last decades305. This revolution has
completely changed the education of vascular surgeons, making it more challenging

to become a highly skilled or experienced bypass surgeon, as the bulk of daily

vascular procedures are performed mostly with endovascular techniques.

There is currently still no complete consensus regarding how to choose between
open and endovascular methods, and the most extensive randomised studies to date

are difficult to interpret and show somewhat conflicting results306 307. The patient

populations are complex, and the scientific obstacles for good, reliable randomised
comparisons are enormous, and many vascular patients will eventually also fall

outside the scope of randomised trials308.

Recent guidelines, as mentioned, often recommend an “endovascular first” strategy,

which, in relation to the collected scientific evidence, seems reasonable, being
aware of the fact that, in specific settings, only low-quality data is available8 9 29 46.

Many of the RCTs comparing endovascular treatment against open surgery do not

show any large differences307 309-316. You can also find a rather extensive number of
articles presenting results from different large observational cohort studies or

sometimes conjugates of other studies presented as meta-analyses302. Very few of

these recommend or advocate open revascularisation as a routine procedure for
treating clinically ischemic limbs. This circumstance, together with increasing age

and comorbidities, suggests that the bulk of our patients may be better off with less

invasive procedures, which seem to have comparable short and mid-term results.

However, we still need to consolidate the ability to perform open surgical vascular
procedures, which is clearly a more challenging task today if one wants to deliver

acceptable results in selected cases.

Recommendations in some guidelines remain open surgery with bypass in specific
settings if autologous vein is available, if the patient has a low or medium risk, if

life expectancy is long, and if lesions >250mm. This conclusion is based on the

BASIL-1 trial, and long-term patency in open reconstructions with vein grafts is

generally high10 287 317.

No randomised trials are comparing the best methods of open and endovascular

treatment of subjects with IC, and it is essential to emphasise that there are still some

recent publications in favour of bypass surgery in more specific settings, mainly
regarding endpoints such as long-term results, complex wound healing, and DM318

319. See Table 7.
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Pivotal trials of femoropopliteal non-drug adjunctive

angioplasty in lower extremity ischemia

Conventional balloon angioplasty is the foundation for endovascular treatment and

a method that more recent technologies must be compared to in different settings.

The results of plain standard angioplasty are reasonable when treating short de novo
lesions, as shown by Nguyen et al. In a cohort of subjects with 90% TASC A and B

lesions, they had primary patency rates reaching 46% and 37% at 3 and 5 years320.

There are apparent shortcomings when treating longer lesions (>250mm) where the
one-year patency only reaches 15%321. The same applies to treating in-stent

restenosis with an expected one-year patency of 28-37%322. Regarding small calibre

arteries in the FP region, results may favour angioplasty over bare metal stents323.

All the shortcomings have led to further development of the angioplasty technique.
A simple method of using longer inflation times may give significantly better

technical results324 325.

Cryoplasty or cutting balloon devices are further developments of the angioplasty
technique, and RCTs have been performed to compare these methods with standard

care. Cryoplasty has not presented clearly superior results and is seldomly used

today326-329. Cutting balloon treatment has shown conflicting results and not as good

outcomes as many expected in clinical direct randomised comparisons330 331, but

may be used in selected cases of complex/fibrotic stenoses.

Other speciality balloons, i.e. the Serranator® and Angiosculpt® devices, both

using scoring technology, have been evaluated in non-randomised settings in single
arm registries with promising results in the FP region332 333, but their role in femoral

or popliteal artery treatment is still not purely defined.

One other recent development of the angioplasty technique is the lithotripsy method,
which is a vessel preparation technique for severe or medium calcified arteries,

where it disrupts the arteriosclerotic plaques and is mainly followed by drug coated

balloon angioplasty or stenting to complete the treatment. The initial results are

promising334.

To conclude, angioplasty is an integral part of the endovascular toolbox in treating

arterial lesions in the FP region, at least as a vessel preparator. However, the

scientific evidence for single treatment with only PTA may apply only to selected

uncomplicated cases with short lesions. See Table 8.
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Pivotal trials of infrapopliteal non-drug adjunctive

angioplasty in lower extremity ischemia

In the treatment of infrapopliteal (IP) arterial lesions, conventional balloon

angioplasty is still an essential and fundamental method, although new and more

advanced technologies are increasingly being used in the field. The primary patency
monitored after one year reaches 48-63%335 336 and after three years, 24-60%337-339,

with lesion length as a critical factor for worse results, as shown by Schmidt et al.,

with a three-month primary patency rate of 31% in lesions with a mean length of

180mm340.

A recent metanalysis, published in 2023, using data from 11 RCTs, shows a binary

restenosis rate of 60% at 12 months341. The corresponding limb salvage rate after

plain balloon angioplasty is as high as 91% at five years342, and there is a well-
known discrepancy between vascular primary patency after treatment and an index

limb amputation, which is an effect of timely reinterventions and the burden of

tissue loss at the index procedure343. Problems with a high degree of calcification
and occlusions give rise to postangioplasty slow flow phenomena in almost 20% of

cases that seriously affect the limb salvage rates344, and the degree of media

calcification in crural arteries is highly correlated to the risk of major amputation345

346.

In a randomised trial of plain angioplasty with or without adjunctive cilostazol

treatment, there was no difference between groups, but the restenosis rate was >80%

at three months in both groups with an uncategorised length of lesions, which is a
high number reflecting the medium and long term issues with simple angioplasty

when treating the crural arteries347.

A randomised pilot trial using an atherectomy device as an adjunct has shown
promising results regarding improved treatment efficacy in the IP arteries348.

Regarding other angioplasty techniques, there are no accurate direct comparisons of

other speciality balloons in this anatomic area, but scoring technology has shown

promising results in a recent feasibility study349, and lithotripsy angioplasty is also

evaluated in the non-randomised Disrupt PAD III study with promising results350.

The conclusion regarding angioplasty in IP lesions is firstly, similar to FP arterial

lesions that single conventional balloon angioplasty should primarily be considered
in selected short and uncomplicated lesions or as a vessel preparator; secondly, that

there may be of clinical value to treat more than one outflow vessel if possible, as

was shown in a randomised study from 2018351, with superior wound healing

efficacy but without differences in limb salvage rate.
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Pivotal trials of femoropopliteal drug eluting angioplasty

in lower extremity ischemia

Adjunctive drug eluting angioplasty treatment in the superficial femoral and

popliteal arteries has been reasonably well studied, with several randomised studies.

Most angioplasty balloons in use are coated with paclitaxel and a carrier. The carrier
constitutes different chemical compounds in all the manufactured CE-marked

balloons on the market.

The randomised studies performed are heterogeneous regarding included subjects
and outcome variables, but the large majority of studies show superiority for DCB

when directly compared to conventional angioplasty ± optional or primary BMS219

352-374. Most studies include subjects with lesion lengths less than 100mm and show

consistency regarding the results even though different balloon platforms and
excipients are used. The primary patency at one, three, and five years reaches 54-

86%353 355 357 358 360 364 367 368 372, 70%366, and 61%352, respectively. The study with the

most extended median lesion lengths (>150mm) could not prove a difference in the
primary outcome, which is in line with the mechanical issues when treating long

lesions with or without adjunctive techniques375.

The discussion regarding any mortality risks with paclitaxel use376 led to a period of

debates and scrutiny of vascular registries around the world. Currently, regarding
mortality, drug eluting treatment is considered safe, as shown in the largest

randomised prospective registry concerning drug eluting therapy377. There is also a

discussion regarding the risk of amputations using paclitaxel, as presented by
Katsanos et al378. In a meta-analysis, they argued for a higher amputation rate in the

drug eluting cohort that corresponded to the total paclitaxel dose given. This was

driven by high-dose products and mostly from studies investigating CLTI in the
infragenicular region, as the In. Pact DEEP study379, which was aborted after 12

months of follow-up due to safety issues and the SINGA-PACLI trial380, where

>50% of the study subjects were on haemodialysis. The five-year follow-up from

In. Pact DEEP381 did not show a higher amputation rate.

The discussion is ongoing but has not led to any restrictions in the FP region, where

pharmacokinetic studies have not proven effects on wound healing and amputations

in the treatment of CLTI subjects382. Studies have suggested that there may be an
issue with distal particulate embolisation of paclitaxel crystals, which differ

significantly across balloon platforms383-385.

This discussion also has affected the arguments for choosing another bioactive drug,

as in coronary revascularisation. A recent randomised study compared sirolimus-
eluting balloons with paclitaxel-eluting balloons with a proven non-inferiority386.

Randomised studies have also shown that low-dose paclitaxel balloons are as

effective as high-dose balloons387 388.
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Sub-analysis of long lesion (median lesion length >250mm) treatment in

randomised controlled trials shows a significantly better result after drug coated

balloon treatment compared to standard balloon angioplasty321.

So, in conclusion, considering the overall randomised scientific evidence currently

available, as well as results from meta-analyses, drug eluting adjunctive treatment

in angioplasty of FP lesions should strongly be considered389-397. See Table 9.

Pivotal trials of infrapopliteal drug eluting angioplasty in

lower extremity ischemia

When performing angioplasty in the infragenicular region, you encounter the same

issues as discussed above, as the results of non-drug adjunctive treatments have

limitations regarding the development of binary stenoses and the need for, often,

repeated TLR procedures already in the short and medium-term follow-up.

The use of DCBs in these small calibre vessels has been studied in a few randomised

controlled studies, and more RCTs are planned or currently ongoing. The results so

far have been discrepant as some of the studies were not able to conclude a clear
superiority for DCB treatment380 381 398-400. A few studies have results that are

significantly in favour of DCB treatment, with freedom from TLR rates at 12 months

between 71-90% compared to 23-59% with standard angioplasty 401-404.

The risks with paclitaxel use in the IP arteries have also been discussed both
regarding mortality and amputations378 405As previously discussed, there are no clear

concerns regarding mortality today, and no clear conclusions have been made so far

regarding the risk for amputation after the use of DCBs in the infragenicular region.
This effect has also not been seen in later meta-analyses406-409 of IP endovascular

treatment.

The recent meta-analyses also came to different conclusions. Some were not able to
conclude a clear superiority406 410 for DCB, while others showed benefits regarding

primary patency, rate of binary stenosis, and rate of TLR in the short-term

perspective (6 months), but less clearly at 12 months407 408.

In conclusion, regarding the treatment of crural arterial lesions, there is an ongoing
controversy regarding the place for DCB, as the results are divergent. A recent meta-

analysis concluded that the results of standard angioplasty treatment regarding

primary patency rates and TLR rates in these randomised trials are 10-20% units
higher than usually accounted for in trial power calculations341. Further studies are

needed to draw a reasonable conclusion, taking into account the modern-day results

after plain balloon angioplasty. See Table 10.
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Pivotal trials of femoropopliteal bare metal stenting and

stentgraft treatment in lower extremity ischemia

Treatment with BMS in FP lesions has been a significant part of the endovascular

treatment of PAD and is still frequently used. RCTs have been conducted since the

late 1990s, and stentgraft (SG) treatment has also been investigated in a few trials.
Early results are not impressive but since the groundbreaking ABSOLUTE trial411

in 2007, there has been a row of RCTs comparing BMS with PTA, with different

primary outcomes, out of which the majority speaks in favour of BMS189 192 411-415.
Although the studies are heterogeneous regarding indication, median lesion length,

and rate of total occlusions, there is a general trend toward some form of BMS

superiority against standard PTA.

The studies of SG treatment compared to PTA also show better results in analogy
with the former studies416 417. In two SG studies, the VIASTAR and VIBRANT, SG

(Viabahn®) are compared against BMS. VIBRANT418 did not show the same

improved primary patency at three years that VIASTAR419 could demonstrate after

two years.

In the ISAR-STATH study with three treatment arms, DCB+BMS was superior to

both PTA + BMS and direct atherectomy (DA)420. Recent meta-analyses conclude

that BMS has better short-term outcomes compared to standard PTA. Not
surprisingly, the long-term superiority is questioned392 393 421, with a sometimes

problematic development of in-stent restenosis. Therefore, BMS seems to be

inferior to drug eluting treatment in the FP segment392 393 421 422.

The problem with in-stent restenosis after stenting with bare metal stents is well

known for interventionists, and it constitutes a not negligible part of femoral artery

interventions. Five RCTs have compared the results of DCB and PTA in these
complicated ISR lesions, with consistently superior results for DCB423-427. One study

compared SG treatment with PTA and showed superior results428. When treating

these lesions with laser atherectomy, there is one comparative trial showing superior

results with atherectomy + DCB versus only DCB429, and another comparing
atherectomy + PTA with PTA alone, also with superior results430. Older comparative

studies with atherectomy devices alone against PTA produced worse results than

standard PTA431. A recent trial using photoablative technique before DCB or DCB
alone did not show any differences432. Comparative trials using cutting balloon

technology have not demonstrated superior results433.

In conclusion, you probably need to consider other alternatives before you decide

to treat an FP lesion with a bare metal stent, although it seems superior to standard
PTA. Other possible treatment alternatives seem to have advantages392 395. Open cell

stents also have concerns regarding intimal hyperplasia and in-stent restenosis,

which you also must consider. See Table 11.
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Pivotal trials of infrapopliteal bare metal stenting in
lower extremity ischemia

Non-drug adjunctive stenting for IP lesions has been used for more than 30 years,
mostly to overcome suboptimal results after plain balloon angioplasty. Few

randomised studies comparing stents against PTA in IP lesions have been published,

and they include self-expanding and balloon-expanding stents as well as carbostents

and resorbable stents. The results are divergent415 434-440, and the latest RCT from
2023 did not show any differences compared to PTA in treating lesions lengths up

to 80mm434. Primary patency at 12 months in RCTs reaches 35-56%437 438. Looking

at an important meta-analysis, including 640 patients with IP stenting, the primary
patency and limb salvage at 12 months were 73% and 98 % for balloon-expandable

stents and 79% and 96% for self-expanding stents441. Target vessel revascularisation

was 18% and 6% for BES and SES, respectively. They also conclude that drug

eluting stents seem to be more effective.

In conclusion, with a relatively high restenosis rate, the definitive role of non-drug

adjunctive stent in below-the-knee (BTK) treatment can be considered as a potential

bailout treatment in failed PTA, even though better options may be available. It
should not be regarded as a primary treatment, and other alternatives should always

be considered in IP stenting situations. See Table 12.

Pivotal trials of femoropopliteal drug eluting stenting in
lower extremity ischemia

Only two different DES are available for FP use in the US and EU markets. Namely,
the Zilver PTX®, the first DES for peripheral use, and the Eluvia®, which later was

examined in the EMINENT study, the most extensive randomised comparison

against BMS442. This study showed clear DES superiority after 12 months with a
primary patency of 83% compared to 74% with BMS (p<0.01) in lesion lengths of

75mm. The Zilver PTX® has shown a superior event-free survival at five years with

lesion lengths at 65mm443, but the trial setting in the Zilver PTX® trial was
complicated with a sequential double randomisation process. In both studies, a

significant proportion of subjects suffered from IC. The 11 RCTs available442-451 are

heterogenous, with two trials comparing DES against DCB without significant

differences447 448. With the exception of the SIROCCO trial450, the first DES RCT,
that used sirolimus-coated stents, all the other trials use paclitaxel coated devices.

One RCT compares Zilver PTX® against Eluvia® head-to-head in FP lesions with

a mean lesion length of 85mm, with superior results regarding TLR at 24 months
for Eluvia®, which is a slow-release device445. Falkowski et al. compared Zilver

PTX® against Zilver Flex® in 2020446, similar to our trial II in this thesis. They
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showed superior results with DES regarding TLR and binary restenosis at three

years. There seems to be greater efficacy with DES against BMS in specific settings,
which is also supported in some meta-analyses421 452. Clear superiority against DCB

and the appropriateness in long lesions are more questionable. In a recent meta-

analysis of 4847 subjects from both RCTs and retrospective registries treated for FP
lesions >150mm, the primary patencies at 12 months reached 68%, 67%, 74%, and

83% for BMS, SG, DES, and DCB, respectively422. Another meta-analysis

including 1889 subjects from seven RCTs comparing DES and BMS could not show

superiority for DES453. A meta-analysis analysing data from both RCTs and
registries comparing DES and DCB in FP lesions454, showed a modest superiority

for DES against only DCB, but when comparing DES to atherectomy + DCB, DES

was inferior, reflecting that the issue of the mechanical properties and calcium
burden in FP disease is a significant factor. In a recent, very nicely presented meta-

analysis, including 38 trials with 6026 subjects421, comparing all multiple modalities

for FP treatment, you may see interesting differences. See Table 6.

In conclusion, the most appropriate treatment in each setting is still not fully
clarified, and high-quality data is still lacking, so more research needs to be

provided. With available data, it seems clear that some form of advantage for using

drug eluting therapy when treating FP lesions is to be expected, and specifically
concerning DES, it may be appropriate as primary treatment in short and medium-

long lesions or as bailout after PTA. With deployment, you must relate to the

randomised study by Miki et al., when they randomised Zilver PTX in superficial
femoral artery lesion to either 1- or 2-mm oversizing, showing increased

postimplantational intimal hyperplasia with a higher SV ratio455. See Table 13.

Table 6. The table highlights comparisons between different modalities in treating FP lesions,
showing odds ratios (OR) and corresponding 95% confidence intervals (CI).

Comparisons PP 6m PP 12m PP 24m TLR 6m TLR 12m TLR 24m

BMS vs PTA 5.14
(2.46-10.58)

2.02
(1.35-3.01)

2.47
(1.23-4.56)

0.04
(0.00-0.57)

0.40
(0.23-0.69)

0.30
(0.14-0.68)

SG vs PTA Not specified 4.52
(1.89-11.14)

3.55
(1.07-10.72) NS 0.27

(0.08-0.90)
0.20

(0.06-0.62)

DCB vs PTA 4.20
(2.50-6.91)

3.50
(2.34-5.23)

3.11
(1.89-5.00)

0.22
(0.10-0.59)

0.24
(0.15-0.36)

0.33
(0.21-0.48)

DES vs PTA 15.24
(5.42-39.64)

4.05
(1.99-8.27)

7.10
(2.56-16.46) NS 0.25

(0.10-0.58)
0.28

(0.10-0.73)
BMS vs SG Not specified NS NS NS NS NS

BMS vs DCB NS 0.58
(0.33-0.99) NS NS NS NS

BMS vs DES NS 0.50
(0.25-0.99) NS NS NS NS

SG vs DCB Not specified NS NS NS NS NS

SG vs DES Not specified NS NS NS NS NS

DCB vs DES 0.28
(0.10-0.80) NS NS NS NS NS
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Pivotal trials of infrapopliteal drug eluting stenting in

lower extremity ischemia

In the beginning, the stents used in BTK treatment were coronary drug eluting

stents. One of the first more extensive trials evaluating DES in the crural setting was

PaRADISE, a non-randomised single arm trial (PReventing Amputations using
Drug eluting StEnts), showing only 6% cumulative amputations at three years456.

They placed 228 DES 83% Cypher® and 17% Taxus® stents in subjects with

Rutherford Category (RC) IV-VI and crural lesions, with a mean stented length of

60mm.

There is a shortage of randomised trials regarding DES in infragenicular arteries457-

464. Most are performed with balloon-expandable stents, and only one recent trial

studied the efficacy of self-expanding drug eluting stents, i.e. the SAVAL trial
published in 2023, that did not show superior results compared to standard PTA in

crural lesions up to 140mm458.

Early in 2024, Varcoe et al. published results with an Everolimus-coated resorbable
scaffold in IP arteries and focal lesions with a median length of 45mm, with highly

superior results compared to PTA at 12 months457Resorbable scaffolds are the latest

idea for handling early or acute problems with recoil and dissections. They have the

advantage of leaving nothing behind in the medium and long term.

Siablis et al. compared DCB and DES in lesions up to 150mm, with improved

efficacy for DES at six months460. Otherwise, comparisons have been made against

PTA with optional BMS. In the PADI, ACHILLES, and YUKON-BTK trials, DES

seems superior in the long term at 1,3- and 5-year follow-up459 461 462.

With less than ten RCTs performed, knowledge is limited regarding the place for

DES in IP treatment. Available data speaks for an advantage in short and medium-
long lesions against PTA±BMS. Meta-analyses are divergent regarding the efficacy

of DES408 409 465-468.

A reasonable conclusion is that DES should be considered in the treatment of IP

lesions as there seems to be a scientifically reproducible superiority against
PTA/BMS in lesions of short and medium lengths. In comparison with DCB, any

advantage is unclear, and it is probably wise to consider DCB as an alternative in

long lesions. See Table 14.
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Pivotal trials of infrainguinal use of debulking methods

in lower extremity ischemia

There are few randomised comparisons between different approaches using

available debulking devices. The debulking devices usually consist of mechanical

atherectomy devices that work by directional or orbital shearing and thermal or

laser-driven devices.

Regarding de novo FP lesions, the randomised evidence for their use is scarce, with

few studies showing superiority and ten studies showing equal results compared to
standard therapy469-478. Clear superiority is only shown in one study at six months472.

Recent meta-analyses point in different directions, with the latest also including

ISR, argue for superiority when using debulking devices479-481.

Looking at the cases with ISR, the scenario is similar429-432, with only four
randomised studies that show conflicting results, however, including the largest

randomised trial of debulking strategies for FP lesions, this indicates a highly

significant improvement of the TLR rate at 6m (26% vs 48%, p<0.005)430. One
study compared orbital and directional atherectomy head-to-head, with a result in

favour of the directional techniques482.

In the IP region, there are so far only three randomised comparisons348 483 484, but the

two latest trials are probably underpowered and cannot show significant treatment
differences due to the low number of participants, although the numerical

differences are highly dispersed483 484.

The more than ten years old CALCIUM 360 trial is still the only randomised study
supporting superiority for debulking strategies in this region348. Meta-analyses also

including retrospective studies argue for clearly superior results485 486.

In conclusion, scientific evidence for the consistent use of debulking devices is
problematically scarce, and more high-quality evidence is needed to support their

systematic use in standard care. See Table 15.

Pivotal trials regarding non-drug adjunctive
endovascular treatment of malfunctional haemodialysis

access in upper extremities

Regarding non-thrombosed AV-grafts or AV-fistulas, there are extremely few direct

comparisons between surgical and endovascular treatment, and today, most access
revisions are performed with endovascular methods, although the juxta anastomotic

stenoses scientifically still may perform slightly better after open surgical revision,
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as Argyriou et al. concluded already 2015487, by performing a meta-analysis of four

different non-randomised cohort studies488-491. The study by Brooks et al. from
1987492 is the only study that compares open revision with angioplasty in a

randomised setting when treating graft venous anastomosis stenoses with Gruntzig

dilatation catheters at the Swedish Hospital in Seattle, US.

Endovascular treatments are somewhat more comprehensively compared. Simple

PTA is commonly performed with often acceptable results in dialysis access

maintenance with primary patency rates at six months between 27-63%2.

Randomised comparisons of PTA and BMS are few and, to some extent, outdated,
and none of them show any crucial differences in using these first-generation

devices493-495. Later non-randomised cohort studies suggest treatment effects in

favour of BMS vs. PTA496-498.

The vascular community has increased the use of SGs when approaching outflow

lesions, in line with several RCTs that show substantial improvements regarding

treatment efficacy in comparison with PTA499-507. The place for BMS in

haemodialysis access outflow lesions is nowadays questionable. There is only one
randomised study by Shemesh et al.508, directly comparing BMS and SG, showing

improved treatment efficacy with SG. Kavan et al.503, also had a small BMS group

in their RCT with three treatment arms, showing similar results. See Picture XXIII.

Picture XXIII. Schematic picture showing a Brachiobasilic AV-fistula treated with an SG to solve
an access outflow issue.
(Adopted from illustrations by Mike Austin. Copyright© 2018. C.R. Bard, Inc.)

Regarding speciality balloons, most commonly cutting balloon devices, there are a
couple of randomised comparisons between cutting balloon treatment and standard

PTA or high-pressure PTA (HPPTA)509-513. The results are conflicting, but the

choice of cutting devices may be warranted in certain instances. See Tables 16 and

17.
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Pivotal trials regarding drug eluting endovascular

treatment of malfunctional haemodialysis access in

upper extremities

As our studies are focused on this recently implemented drug eluting technology,

it is important to highlight where we stand today regarding knowledge and
recommendations. Starting with DES, there are still no direct comparisons

regarding their efficacy in this field today, and the place of this treatment in the

armamentarium is unclear. A few small recent single arm studies have proved their
safety and shown acceptable results514-517, but no recommendations can be made

so far.

The DCBs have been the focus for the last few years regarding endovascular

treatment in different vascular regions. Our knowledge of their use in this field will
improve as more randomised trials are published in the future. Concerning the use

of DCBs in the treatment of vascular access dysfunction, results from RCTs are so

far wildly divergent, and the endpoints are varying518-540. Three different late meta-
analyses from 2023 are though in favour of DCB use in the treatment of

dysfunctional AV-access541-543. See Table 18.
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Research aims

Users of minimally invasive endovascular techniques for treating PAD or

malfunctioning haemodialysis access are familiar with the technical drawbacks as

early restenosis and the development of neointimal hyperplasia, seriously limiting

the longevity of the performed procedures.

Combining mechanical angioplasty and stent treatments with certain cytotoxic or

cytomodulating drugs has been used and tried in different settings for some decades,

and the first device that got governmental FDA approval in 2003 was the Cypher®
stent (Cordis Corporation) for coronary artery stenosis567. The first device for

peripheral use was the stent platform Zilver PTX® (Cook Medical) in 2012568. The

reason for this drug adjunctive is the diminished inflammatory postangioplasty
response and reduced formation of neointimal hyperplasia due to inhibition of the

smooth muscle cell proliferation in the arterial wall, with an expectation for

improved primary patency and improvement of the reintervention rate.

This thesis aims to compare the efficacy of drug eluting devices against standard
angioplasty or stenting techniques in different scenarios in an effort to clarify

aspects of optimal treatments in these situations.

By performing three randomised studies covering, first angioplasty of malfunctional
AV-fistulas or grafts for haemodialysis, second stenting of FP atherosclerotic

disease in CLTI, and third angioplasty of complex infragenicular arteriosclerotic

lesions in CLTI, this thesis will cover three essential fields for angioplasty/stent

treatment. The fourth study was designed as a large national retrospective
observational cohort study assessing the effect of drug eluting technology in treating

subjects with DM and PAD and comparing the results to subjects without DM.

The aims were set early in the era of drug eluting treatment, and during the data
collection, new important insights were collected in the vascular surgical

community. However, the urge for even more scientific data for optimal decision-

making remains. This thesis will hopefully be relevant to the history of evaluating

drug eluting technologies.
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Specified aims for each trial included in this thesis

I. To clarify the superiority and safety of DCB treatment over standard

PTA treatment in malfunctional haemodialysis access.

II. To clarify the superiority and safety of DES treatment over BMS

treatment in treating FP arterial lesions in subjects with CLTI.

III. To clarify the superiority and safety of DET in treating subjects with

DM and PAD.

IV. To clarify the superiority and safety of DCB treatment over PTA

treatment in treating IP arterial lesions in subjects with CLTI.
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Ethical considerations

As in all human scientific research, you must be fully aware of the ethical

regulations we are obliged to follow in all situations that may appear. All studies

that are part of this thesis were approved by the regional ethics committee at Lund

University, and the studies fully complied with the regulations of the Declaration of

Helsinki569.

Most of our research is performed in a strictly clinical setting, randomly comparing

two governmentally approved angioplasty devices with identical technical risks for
acute complications. Fully applying with the regulations regarding clinical trials, all

participants gave written informed consent. Hypothetically treating the same patient

outside the study protocol does not require informing the patient regarding your

exact choice of angioplasty device.

Direct, randomised, head-to-head comparisons between approved products are

rarely performed because the regulations are, in some ways, more complicated than

ethically necessary.

In our context, there were no real ethical challenges in our studies, so it was

unproblematic to fulfil all ethical considerations and regulations. Unfortunately, by

doing this, we also, in certain circumstances, lost potential study subjects for reasons
that did not always, in the broader perspective, seem wise regarding an optimal

scientific evaluation of the drug eluting efficacy.

All subjects enrolled in the national quality registries have signed written consent

when in contact with health care services.
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Specified ethical issues and approvals for this thesis

I. The trial protocol was approved by the Regional Research Ethics

Committee in Lund, Sweden (Dnr: 2012/305). All participants

provided written informed consent and were informed regarding

participation by the treating physician before scheduled therapy. The

reporting of this study conforms with the CONSORT statements570.

II. The trial protocol was approved by the Regional Research Ethics

Committee in Lund, Sweden (Dnr: 2012/306). All participants

provided written informed consent and were informed regarding

participation by the treating physician before scheduled therapy. The

reporting of this study conforms with the CONSORT statements570.

III. The trial protocol was approved by the Regional Research Ethics

Committee in Lund, Sweden (Dnr: 2016/232 and Dnr: 2016/544).

According to Swedish law, individual consent is not required to report

patients to national quality healthcare registries or to be included in a

study like this (Patient Data Act 24 2008:355, chapter 7).

IV. The trial protocol was approved by the Regional Research Ethics

Committee in Lund, Sweden (Dnr: 2014/599). All participants

provided written informed consent and were informed regarding

participation by the treating physician before scheduled therapy. The

reporting of this study conforms with the CONSORT statements570.



100

Materials and methods

Methodology of the four studies in the thesis at a glance

Paper I Paper II Paper III Paper IV

Study design Prospective, single
centre, parallel, single
blinded, randomised
clinical trial (1:1).

Prospective, single
centre, parallel, single
blinded, randomised
clinical trial (1:1).

Retrospective
observational cohort
study

Prospective, single
centre, parallel, single
blinded, randomised
clinical trial (1:1).

Study sample Subjects scheduled for
endovascular treatment
of malfunctional
haemodialysis access.

Subjects scheduled for
endovascular treatment
of CLTI with arterial
lesions in the SFA or
P1

Subjects in
SWEDVASC who have
undergone
endovascular surgery
for IC or CLTI.

Subjects scheduled for
endovascular treatment
of CLTI with BTK
arterial lesions

Enrolment
period

2014-2017 2013-2015 2013-2015 2016-2020

Methods Randomisation of
subjects close to the
scheduled intervention
by blinded envelopes.

25+25 in two blocks

Study treatment is drug
coated balloon
angioplasty, and control
treatment is standard
balloon angioplasty.

Volume flow monitoring
and clinical
assessment.

Comparison of groups
regarding freedom from
TLR at 6 and 12
months. Freedom from
access circuit
revascularisation at 6
and 12 months.
Validation of
functionality at 12
months.

Randomisation of
subjects close to the
scheduled intervention
by blinded envelopes.

25+25 in four blocks

Study treatment is drug
eluting stent, and
control treatment is
standard BMS.

DUS and clinical
assessment at
discharge, 1, 6, 12, and
24 months.

Comparison of groups
regarding primary
patency and TLR at
discharge, 1, 6, 12, and
24 months.

Identification of
subjects with DM
through NDR.

Baseline registries from
IDR regarding ICD
codes and length of
stay.

Pharmaceutical
medication retrieved
from PDR.

Mortality was identified
from the National
Cause of Death
Register.

Comparison of subjects
with and without DM
treated for IC or CLTI
with or without drug
eluting methods.

Median time follow-up
for amputation or
mortality was 607 days
and for reinterventions
522 days.

Randomisation of
subjects close to the
scheduled intervention
by blinded envelopes.

35+35 envelopes

Study treatment is drug
coated balloon
angioplasty, and control
therapy is standard
balloon angioplasty.

MRA at 12 months and
clinical assessment at
1, 6, and 12 months.

Comparison of primary
patency at 12 months.

Data analysis Outcomes were
analysed with the chi2
test, and time-to-event
data were analysed
with Kaplan-Meier
survival curves and log-
rank tests. Survival
data is also presented
with values ± SE %.

Outcomes were
analysed with the chi2
test, and time-to-event
data were analysed
with Kaplan-Meier
survival curves and log-
rank tests. Survival
data is also presented
with values ± SE %.

Primary and secondary
outcomes presented as
incidence rates with
95% Poisson intervals.

Cox regression models.

Kaplan-Meier curves.

Multiple imputations
with logistic regression
for missing values.

Outcomes were
analysed with the chi2
test, and time-to-event
data were analysed
with Kaplan-Meier
survival curves and log-
rank tests. Survival
data is also presented
with values ± SE %.

Cox regression models
for OR and CI 95%

Clinical Trial
Registration

NCT05173857 NCT05296031 n/a NCT 02750605
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Overall settings

Papers I, II, and IV in this thesis are based on data from subjects treated at the
Department of Thoracic and Vascular Surgery, Skåne University Hospital, Malmö,

and the Department of Surgery, Blekinge County Hospital, Karlskrona. The

treatments at Blekinge County Hospital were performed by vascular surgeons from
Skåne University Hospital. The Vascular Centre at Skåne University Hospital is a

tertiary referral centre for vascular surgery and vascular diseases with a total

catchment population for primary, secondary, and tertiary cases reaching 1.7 million

inhabitants. Skåne University Hospital is the third largest University Hospital in

Sweden. See Picture XXIV.

Study populations

I. Patients at Skåne University Hospital scheduled for balloon angioplasty for
malfunctioning haemodialysis access. They regularly had haemodialysis

treatment at the dialysis units in Malmö, Lund, or Trelleborg. The planned

number of enrolments was 50 + 50 subjects. The total number of included
subjects with written consent who were randomised was 48. The trial

treatment was given to 25 subjects, and the control treatment to 23. Three

subjects in each group had to be excluded from the analysis due to faulty

inclusion. Analysed subjects finally were 42 (28 male and 14 female), 22 in

the trial arm and 20 in the control arm.

II. Patients at Skåne University Hospital scheduled for endovascular treatment

for CLTI caused by lesions in the FP arteries. The planned number of
enrolments was 100 + 100. The total number of included subjects with

written consent who were randomised was 48. One subject had treatment of

both limbs. The trial treatment was given to 27 limbs, and the control
treatment to 22. All inclusions were correct (26 males and 22 females), and

all were fully analysed.

III. Subjects included in SWEDVASC and the NDR were merged according to

the study plan. All data were de-identified.

IV. Patients at Skåne University Hospital scheduled for endovascular treatment

for CLTI caused by lesions in the infragenicular arteries. Two subjects were

included at Blekinge County Hospital. The planned number of enrolments
was 35 + 35. The total number of included subjects with written consent

that were randomised was 64, and as six subjects got bilateral inclusion,

mainly outside the respective study period, we reached 70 enrolled limbs.
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All inclusions were correct (50 males and 14 females), and all but two cases

with missing MRA were fully analysed.

Preinterventional imaging

I. All participants had undergone a DUS examination of the AV Access

(Philips iU22 system; Philips Healthcare B.V, Best, the Netherlands). Some
also performed CTA, showing access outflow, inflow, and the thoracic

outflow region. This is necessary for case planning.

II. All participants had undergone vascular imaging with DUS, MRA, or CTA

as the standard of care, which was not protocolised. This is necessary for

case planning.

III. In this retrospective register study, this issue is not specified.

IV. All participants had undergone protocolised vascular imaging with MRA
(Siemens Healthineers, Erlangen, Germany) Magnetom (Sola, Avanto or

Aero) 1.5T with PA and 18 Body Matrix and a total of 10ml of intravenous

Gadovist®. Some subjects had also been evaluated with DUS.

Picture XXIV. Photo showing the administrative offices of the Vascular Centre, Skåne University
Hospital.
(Av Jorchr - Eget arbete, CC BY 3.0, https://commons.wikimedia.org/w/index.php?curid=15732176)



103

Postinterventional imaging and follow-up

I. No protocolised imaging was used in the follow-up period, and imaging was

only performed on demand. Subjects were followed clinically at the dialysis

units. At the haemodialysis unit, monthly recordings of volume flow
(Transonic HD03 Haemodialysis Monitor; Transonic Systems Inc.,

Ithaca.,NY, USA) were undertaken as part of routine care.

II. Protocolised imaging with DUS at discharge, 1, 6, 12, and 24 months.
Scheduled clinical controls, including ABI assessment, were also

performed.

III. This issue is not specified in detail in this retrospective register study. All
patients in SWEDVASC are routinely seen at 1 and 12 months

postoperatively, and objective visualisation of patency is non-mandatory.

IV. Protocolised imaging with MRA at 12m (Siemens Healthineers, Erlangen,

Germany) Magnetom (Sola, Avanto or Aero) 1.5T with PA and 18 Body
Matrix and 10 ml of intravenous Gadovist®. Some subjects have also been

evaluated with DUS for different reasons. A clinical follow-up was

scheduled at 1, 6, and 12 months.

Data collection methods

In the three randomised studies, most workflow was performed via official charts,
patient files, and images. Data was also collected in separate research files. Images

were interpreted by the corresponding author, who is also the author of this thesis.

All the collected data was transferred to research databases. All data was collected

and stored in line with relevant data regulation acts.

In the observational cohort study (III), data was collected from two large registries

that were merged according to the trial protocol. The collected data was interpreted
and statistically modelled as specified by the protocol and the relevant statistical

methods. Our intuition never handled the database. The registries have centres for

statistical analyses, which provide calculations and relevant results for the

publications.
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Data handling, power calculations and statistical methods

Trial I

The initial null hypothesis was formulated as drug eluting balloon PTA performing

at least 50% better than POBA regarding primary patency and freedom from

reintervention during 12 months of follow-up. This calculation specified an alpha
level of 5% and a power of 90% to show clinical superiority. The prespecified

enrolment was set to 50 patients in each group according to pretrial calculations. At

the time of trial set-up, we investigated some earlier smaller pilot studies to get

hands on a reasonable cut-off value regarding efficacy571.

Normal distribution was not assumed. Median values are presented for continuous

variables with interquartile ranges and tested with the Mann-Whitney U-test.
Categorical variables, on the other hand, were analysed using the chi-square test and

Fisher's exact test.

Kaplan-Meier and survival curves were used to present time-to-event data, and any

differences were compared with the log-rank test. This survival data is presented

with values ± standard error in %.

P values <0.05 were assumed to be significant.

Data was analysed using IBM SPSS Statistics 25 (SPSS Inc, Chicago, Ill).

Trial II

The sample size was calculated according to the hypothesis that DES would perform

at least 50% better than BMS regarding restenosis, as shown in earlier studies 572-

574. In an optimal setting with low-risk patients, the restenosis rate in DES treatment

of FP lesions can be as low as 14-17% at one year 573 575 576. The restenosis rates at

12 months in a cohort with only CLTI and long lesions are higher, reaching at least
35% in earlier studies of BMS treatment 574 and 23% in earlier DES studies on long

FP lesions 575. The sample size in this study, to perform 50% better than a restenosis

rate of 30-40%, thus reached 100 subjects in each group, with a power of 85% and

an alfa level of 5%.

Normal distribution was not assumed. Median values are presented for continuous

variables with interquartile ranges and tested with the Mann-Whitney U-test.

Categorical variables, on the other hand, were analysed using the chi-square test and

Fisher's exact test.

Kaplan-Meier and survival curves were used to present time-to-event data, and any

differences were compared with the log-rank test. This survival data is presented

with values ± standard error in %.
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P values <0.05 were assumed to be significant.

Data was analysed using IBM SPSS Statistics 28 (SPSS Inc, Chicago, Ill).

Trial III

Unless stated otherwise, descriptive statistics are presented as mean and standard

deviation for numerical variables and count and percentages for categorical
variables. Primary and secondary outcomes were examined using incidence rates

with 95% Poisson confidence intervals. We constructed crude Kaplan Meier curves

and performed Cox regression adjusted for the following variables at baseline: age,
sex, smoking, any cardiovascular disease, lipid lowering treatment, aspirin, and oral

anticoagulants. Multiple imputations with logistic regression, 20 imputations, and

15 iterations were used for missing values in the smoking variable.

Due to the low number of secondary outcome events, separate Kaplan-Meier curves

and Cox regression analyses of total mortality and amputation were only calculated

for CLTI patients. MACE was only calculated for IC patients due to statistical

problems with fulfilling the proportional hazards assumption. No analyses were

performed regarding cardiovascular death, AMI, and stroke.

P values <0.05 were assumed to be significant.

Data was analysed using IBM SPSS Statistics 28 (SPSS Inc, Chicago, Ill).

Trial IV

Calculations were performed with input from similar earlier studies577. The primary

patency at 12 months when using conventional angioplasty in the crural arteries
across all complexities has been reported as between 26% and 68%, and in the

subgroup of complicated cases (TASC D or long lesions) between 26% and 37% or

even lower335 337 340 403 577-581. Accepting the high restenosis rate with conventional
angioplasty in complex infragenicular arterial lesions, a calculation was formulated

with a rate of restenosis reaching 70% in the PTA arm340.

To obtain a 50% reduction of binary restenosis or occlusion in the DCB group, 31

subjects were needed in each arm to reach a power=0.8 and α=0.05. When
compensating for a 10% loss of subjects during the study period, we got the

stipulated number of 35 limbs in each group.

Normal distribution was not assumed. Median values are presented for continuous
variables with interquartile ranges and tested with the Mann-Whitney U-test.

Categorical variables, on the other hand, were analysed using the chi-square test or

Fisher exact test.
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Kaplan-Meier and survival curves were used to present time-to-event data, and any

differences were compared with the log-rank test. This survival data is presented
both with values ± standard error (SE) in percent. Results are also presented as odds

ratio (OR) with a 95% confidence interval (CI).

P values <0.05 were assumed to be significant.

Data was analysed using IBM SPSS Statistics 28 (SPSS Inc, Chicago, Ill).
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Results

Main overall findings

The overall interpretation is that the three RCTs have reasonably comparable groups

without scientifically essential deviations. Trials I and II suffer from a low number

of participants, and no firm conclusions can be made. No apparent safety issues can
be seen. In trial IV, there were unexpected numbers of deaths and amputations,

making the trial functionally underpowered regarding the primary endpoint

variables, as patency per protocol was objectively validated only at 12 months. No
difference in the primary endpoint was shown. The deaths and amputations were

mostly in the PTA group and recalculated as amputation-free survival. This was

significantly higher in the group treated with DCB 88% vs 68% (OR 0.31 [CI 0.10-
0.96], p=0.042). A similar outcome was seen among CLTI subjects with diabetes

compared to subjects without diabetes in trial III (HR 0.712 [0.562-0.901],

p=0.005).

Specific results of Trial I

Picture XXV. Endpoints in trial I.
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Primary endpoints

There were no significant differences between the groups regarding freedom from

TLR (3 vs 4, p=1.000) or access circuit primary patency at 12 months (2 vs 4,

p=0.665). The number of patients with functional access at 12 months was similar

(70% vs 77%, p=0.592). Two circuits were lost, one in each group. See Pictures

XXVI-XXVIII.

Secondary endpoints

The median time to TLR was similar in both groups (125 vs 140 days, p=0.861).

There was no access related SAE and no difference in mortality at 12 months, the

latter reaching 10% vs 14% (p=0.716), respectively. During follow-up, no

significant differences were detected between groups regarding the total number of
TLR procedures (31 vs 36, p=0.917) and access circuit reinterventions (44 vs 49,

p=0.768). The median number of interventions and the number of TLR specific

interventions were similar in both groups. See Pictures XXVI-XXVIII.

The technical procedural success was 100% in both groups, but the radiological

technical success was unexpectedly low, only 68% vs 55% in the DEB and PTA

groups, respectively. There was no significant difference between the groups.

Picture XXVI. Table showing results in Trial I. Comparison between treatment with Plain Old
Balloon Angioplasty (POBA) and Drug Eluting Balloon (DEB). Time to first Target Lesion
Revascularisation (TLR) and number of duplex scans are presented as medians with
interquartile ranges. Life table data is presented with numbers and (% ± SE). The other variables
are presented as numbers with percentages.
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Picture XXVII. Figure showing cumulative freedom from TLR in Trial I. Comparison between
treatment with Plain Old Balloon Angioplasty (POBA) and Drug Eluting Balloon (DEB). Kaplan-
Meier curve showing cumulative freedom from Target Lesion Revascularisation (TLR). The
corresponding table highlights the number of patients at risk (% ± SE) at specific points and p-
values for each point.

Picture XXVIII. Figure showing cumulative freedom from access circuit reintervention in Trial I.
Comparison between treatment with Plain Old Balloon Angioplasty (POBA) and Drug Eluting
Balloon (DEB). Kaplan-Meier curve showing cumulative freedom from access circuit
reintervention. The corresponding table highlights the number of patients at risk (% ± SE) at
specific points and p-values for each point.
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Specific results of Trial II

Picture XXIX. Endpoints in Trial II.

Primary endpoints

No differences were noticed regarding the primary efficacy endpoints, which were
similar in both groups. Freedom from TLR at 12 and 24 months was 73% vs 63%

(p=0.468) and 64% vs 59% (p=0.754), and primary patency rates at 12 and 24

months were 41% vs 44% (p=0.804), and 41% vs 33% (p=0.584) in the BMS and

DES groups, respectively. See Pictures XXX, XXXII, and XXXIII.

Secondary endpoints

The in-hospital technical success (TS) rates were suboptimal in both groups, 64%
vs 67 % (p=0.825) in the BMS and DES group, respectively, and with a predischarge

early loss of patency in 6 cases. Secondary patency in the BMS and DES group was

55% vs 59% (p=0.740) and 50% vs 44% (p=0.698) at 12 and 24 months. There were

no significant differences regarding improvements in RC at 1, 6, 12, and 24 months,
and the rates of conversion to surgical bypass were 23 % and 11 % (p=0.274),

respectively, in the BMS and DES groups. There were no differences in mortality,

and the five-year survival was 77% and 78% (p=0.966) in the BMS and DES groups,
respectively. The difference between BMS and DES regarding median time to TLR

was not significant, 295 days vs 127 days (p=0.121). Rates of MALE were 23% vs

30% (p=1.000), and SAE rates were 41% vs 37% (p=0.586), respectively, in the
BMS and DES groups at two years. There was a tendency (p=0.060) towards a

difference between the groups in amputation rate at 24 months. Four patients (15%)

were amputated in the DES group, whereas no amputations occurred in the BMS

group. There was also a tendency towards a difference regarding subjects at risk for
TLR at six months, 95 ± 5 % vs 74 ± 8% (p=0.076) in the BMS and DES group,
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respectively, corresponding to a tendency for higher rates of target lesion occlusion

as a primary event in the DES group compared to the BMS group, although not

significant, 14% vs 37% (p=0.065). See Pictures XXX, XXXII, and XXXIII.

Regarding the presented results in comparison with the results of the IMPERIAL

trial445, Picture XXXI schematically highlights the pharmacological difference
regarding drug concentrations between these two self-expanding DES, the only ones

available on the market for peripheral use (Zilver PTX® and Eluvia®).

Picture XXX. Table showing results in Trial II. Comparison between treatment with Zilver® Flex
bare metal stent (BMS) and Zilver® PTX drug eluting stent (DES). Time to target lesion
revascularisation (TLR), occlusion, and improvement of Rutherford classes (RC) are presented
as medians with interquartile ranges. The other variables are presented as numbers with
percentages.

Picture XXXI. Schematic diagram depicting the pharmacokinetic profile of Eluvia® versus Zilver
PTX® paclitaxel release over 12 months based on preclinical pharmacokinetic analysis. Data for
Eluvia on file at Boston Scientific Corporation. Data for Zilver PTX is available from Dake MD,
Van Alstine WG, Zhou Q, Ragheb AO582.
(Adopted from EVT VOL.4, NO.6 2016 © 2016 Bryn Mawr Communications II, LLC)
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Picture XXXII. Figure showing cumulative primary patency in Trial II. Comparison between
treatment with Zilver® Flex bare metal stent (BMS) and Zilver® PTX drug eluting stent (DES).
Kaplan-Meier curve showing the cumulative primary patency. The corresponding table
highlights the number of patients at risk (% ± SE) at specific points and p-values for each point.

Picture XXXIII. Figure showing cumulative freedom from TLR in Trial II. Comparison between
treatment with Zilver® Flex bare metal stent (BMS) and Zilver® PTX drug eluting stent (DES).
Kaplan-Meier curve showing cumulative freedom from target lesion revascularisation (TLR).
The corresponding table highlights the number of patients at risk (% ± SE) at specific points
and p-values for each point.
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Specific results of Trial III

Picture XXXIV. Endpoints in Trail III.

Primary endpoints

CLTI patients with DM treated with drug eluting methods had a lower risk for
amputation or mortality after adjustment compared to patients treated without drug

eluting methods (HR 0.712 [0.562-0.901], P=0.005), but there were no differences

regarding reinterventions for PAD. See Table 19 and Pictures XXXVI-XXXVII.

There were no differences among IC patients treated with and without drug eluting

methods, irrespective of the presence or absence of DM.

Secondary endpoints

Regarding secondary outcomes, total mortality was lower in patients with DM

treated with drug eluting technology compared to those who were treated with

standard endovascular technology. The difference was largest around 12 months

(p=0.001) of follow-up and later followed by a “catch-up” phenomenon. No other
differences concerning secondary variables (amputation and MACE) were seen

between those treated with and without drug eluting methods among IC or CLTI

patients with or without DM.

Regarding the presented results, as discussed earlier in this thesis, it is important to

remember specific issues in subjects with DM and PAD regarding overall treatment

effects with DET, as it may have interesting theoretical implications. Picture XXXV

schematically delineates the metabolic connection between DM and PAD.
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Table 19. Table from Trial III showing hazard ratios (HR) with 95% confidence intervals (CI) for
patients treated with drug eluting methods compared to patients treated without drug eluting
methods among patients with CLTI with and without DM, respectively.
Model HR (95% CI) p-value Outcome Subgroup

Adjusted 0.712 (0.562-0.901) 0.005 Amputation or mortality CLTI with diabetes

Unadjusted 0.698 (0.552-0.883) 0.003 Amputation or mortality CLTI with diabetes

Adjusted 0.797 (0.600-1.057) 0.115 Amputation or mortality CLTI without diabetes

Unadjusted 0.783 (0.591-1.037) 0.088 Amputation or mortality CLTI without diabetes

Adjusted 0.849 (0.619-1.165) 0.309 Reintervention for PAD CLTI with diabetes

Unadjusted 0.895 (0.654-1.227) 0.490 Reintervention for PAD CLTI with diabetes

Adjusted 0.702 (0.486-1.016) 0.061 Reintervention for PAD CLTI without diabetes

Unadjusted 0.715 (0.495-1.032) 0.073 Reintervention for PAD CLTI without diabetes

Picture XXXV. Schematic picture delineating the metabolic abnormalities that characterise DM
in relation to PAD.
(Adopted from https://doi.org/10.1161/01.CIR.0000091257.27563.32; ©Circulation 2003; © American Heart Association, Inc.)

https://doi.org/10.1161/01.CIR.0000091257.27563.32
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Specific results of Trial IV

Picture XXXVIII. Endpoints in Trial IV.

Primary endpoints

Regarding the predetermined primary outcome variable, primary patency, no

significant differences were shown at 12 months. All but four available limbs

underwent MRA at 12 months. Two of these had DUS performed instead due to
poor renal function. The other two patients declined any further investigations. The

lesions available for MRA, i.e. subjects alive without major amputation, reached

71% and 59% in the DCB and PTA groups, respectively. Demonstrable rates of

target lesion occlusion at available MRAs were 55% and 49% in the respective
groups. Primary patency calculated for both limb (at least one treated vessel patent)

and lesion did not differ between groups. Limb-orientated patency reached 46%

(OR 0.94, [CI 0.43-2.08], p=0.88) in the DCB and PTA group, respectively. See

Pictures XXXIX-XL.

Secondary endpoints

The rate of clinical driven TLR was 11% in both groups. At 12 months, six limbs
were amputated in the PTA group compared to two limbs in the DCB group. Six

subjects had died in the PTA group compared to three in the DCB group.

Recalculating AFS, comparable figures were 88% versus 68% (OR 0.31 [CI 0.10-
0.96], p=0.042) in the DCB and PTA groups. The rate of relevant cumulative

complications, i.e. SAE up to 12 months, was high but did not differ significantly

between groups, 29% in the DCB group and 40% in the PTA group.

Rehospitalisation from all causes was common in both groups, 66% after DCB and
60% after PTA. Clinical improvement was monitored, such as pain, healing of

ulcers, walking capabilities, well-being, and overall functional status. At 6 and 12

months, no significant differences between groups were detected regarding ulcer
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healing, pain, or walking capacity. Overall functional status, defined as generally

improved daily activities, was significantly better in the DCB group at six months
(70% and 44%, p=0.037), a difference which was no longer significant at 12 months.

See Pictures XXXIX-LX.

Picture XXXIX. Figure from Trial IV showing major outcomes at 12 months. Comparison
between drug coated balloon (DCB) and conventional balloon angioplasty (PTA). All variables
are presented as numbers and percentages, n (%). MRA = magnetic resonance angiography.
Limb patency means a limb with at least one treated vessel open. Lesion patency refers to
individual treated lesion/vessel. TLR= target lesion revascularisation.

Picture XL. Figure from Trial IV showing cumulative limb primary patency comparing drug
coated balloon (DCB) and conventional percutaneous transluminal angioplasty (PTA), showing
no significant difference up to 12 months. (OR 1.02, p=0.96, CI 0.47-2.21). Table showing limbs
at risk at different points as numbers, n and (% ± SE). Limb primary patency means that at least
one treated vessel is entirely patent without any assisted treatments.
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Discussion

Overall discussion

The benefits of deposition of antiproliferative drugs (in this case, paclitaxel) in

specific angioplasty settings have been discussed for some time. There is a

considerable amount of scientific proof regarding possible anti-restenotic effects in
various vascular territories 362 367 369 370 373 379 400 520 524-528 531 532 536 538 577 583-594Still, these

procedures have not been completely adopted as the standard of care in PAD and

malfunctional haemodialysis.

In general, all three RCTs included in this thesis are relatively well-defined, and the

groups in each study are, in important aspects, highly comparable without essential

differences, limiting demographic bias. Looking at treatment or lesion
characteristics, we saw some minor discrepancies, foremost in trials I and IV,

showing that even though we had rather highly specified inclusion criteria, there

was still some heterogenicity at a sublevel, making comparisons more unreliable

when there were problems with limited number of enrolled participants. In the
literature overall, there are still too few randomised studies or direct comparisons

involving treatments using drug eluting technology, and trials present non-

convergent results and are also often heterogeneous regarding outcome variables
and lesion characteristics. These issues counteract the ability to make clear

conclusions regarding the best treatment strategy in all clinical situations.

Another general finding was the inferior institutional technical success rate in all
three trials, a problem that was unexpected and also impacted the interpretation and

validity of the trials as cases were functionally lost from the start. This is also an

important matter to consider in daily real-world practices as it puts the patients at

risk for worse outcomes.

Regarding the two RCTs studying PAD, a high incidence of adverse events and

hospitalisations in the follow-up period were consistently observed, reflecting the

severity of a CLTI diagnosis and its effect on the overall well-being of the included

subjects.

Another essential overall issue is the earlier mentioned discussion regarding the

safety of Paclitaxel use regarding mortality and risk for limb amputation. This has

been discussed in depth earlier in this thesis. It started in 2018 after the publication
of the famous meta-analysis by Katsanos et al376. Finally, sufficient data became
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available and analysed to firmly oppose this statement and support the continuous

use of DET377 595 596. Later papers have also been published by the same group
regarding the amputation rate after treatment with paclitaxel, foremost a discussion

in the IP region378 405. This debate is still ongoing, with no other high-quality data

supporting this statement394 407 408 410. The debate is still important, and we still must
consider how to deal with this issue. The amputation rate seems to be mainly driven

by high-dose products on the market, but it has not yet been concluded that this is

the case, but as randomised studies387 597 show that low-dose balloons are equally

effective as are other immunomodulating compounds386, there are already today
alternative solutions. Our experience regarding amputations in all trials does not

support an increased risk for limb loss despite the non-significant finding that all

amputations in trial II appeared in the DES group.

The world's most extensive randomised study of drug eluting therapy in PAD,

SwedePAD, could not show a mortality risk at a four-year follow-up but has not yet

presented outcomes on amputations377. Data from SwedePAD will hopefully guide

the vascular community in these matters soon. In our retrospective cohort trial (III)
and our IP RCT (IV), we had results pointing in the other direction, but in our stent

trial (II), all four amputations occurred in the DES group, but this finding was not

significant (p=0.060). Conclusions are, therefore, yet to be considered.

All three RCTs were planned, performed, and analysed in an intention-to-treat

setting to minimise bias and make the results more generalisable.

Intention-to-treat analysis (ITT) Per-protocol analysis (PP)
Preserves randomisation. No preservation of randomisation.

Higher generalisability, reflecting the clinical
setting by considering non-compliance.

Ideal setting if non-compliance is not an issue.

Maintains sample size. Less generalisability and more challenging to
show if differences between intervention and
control groups are genuinely due to treatment or
other factors.

Eliminates bias May create bias by only including people who
follow the protocol.

An important matter is the risks of type I and type II statistical errors, which is a
crucial problem when facing a limited number of participants. Since p values are

not at a three-star level, there is still a risk of a type I error reaching a few percent.

Type II error is important because it is highly correlated to sample size, as well as

the size of effect measure, systematic or random errors in the acquired data, and the
decided level of significance. Type I and type II errors are also linked as an increased

power of a test decreases the risk of a type II error but increases the risk of a type I

problem. It is the same problem with lowering the significance level to lower the

risk for type I errors. In all RCTs of this thesis, there is a clear risk of type II errors.
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It is considered more important to avoid type I errors. The discussion regarding

errors is also connected to the earlier discussion regarding which type of analysis
you need to consider. ITT leads to an analysis of the entire cohort, including those

who are non-compliant, who often are associated with adverse outcomes598. The

effect is dilutional, but if a difference can still be proven, you have minimised the

risk of type I errors.

Type I and Type II errors
Null Hypothesis True False
Rejected Type I error

False positive
Probability = α

Correct decision
True positive
Probability = 1-β (statistical power)

Not rejected Correct decision
True negative
Probability = 1-α

Type II error
False negative
Probability = β

The abovementioned problems are not that problematic in the more extensive

retrospective study. Instead, we are dealing with other shortcomings, such as an
unfulfilled proportional hazards assumption in some analyses. This is an essential

general limitation as the Cox regression statistical analysis depends on the hazards

for two subjects having the same proportions over time. Also, the inclusion of too
many additional adjustment variables will increase the risk of overfitting and

multicollinearity. Multicollinearity is a situation when two or more variables in a

regression equation are dependent on each other in such a way that one can be

linearly predicted from another with a high degree of accuracy. These phenomena

give rise to a low generalisability and increased risks for inaccurate estimates.

An interesting factor to discuss in RCTs is the Hawthorne effect, also called the

observer bias effect, which might bias final conclusions599. It occurs when the
subject or, in this example, the physician alters the behaviour when becoming aware

of being enrolled or being part of a study. The randomisation in our three RCTs is

blinded for the subjects but not for the staff. However, as our randomisation
procedure occurs at the time of device selection during the intervention, the risk of

observer bias in this context is minimised. In the follow-up period, treatment is not

blinded for the interpreters, and there may be theoretical concerns for observer bias.

As authors of all these trials, however, we have not noticed any concerns regarding
this problem. In an optimal setting, you should have blinded core lab adjudicated

processes in place to eliminate the problems regarding image interpretation. For the

clinical follow-up, you must have a fully double blinded postinterventional process
to limit this risk to a minimum level. In our real-world context, we did not conclude

an actual risk for observer bias in our three RCTs.
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Trial specific discussions

Paper I

This study showed no significant differences between drug eluting or standard

angioplasty balloons in the treatment of dysfunctional haemodialysis circuits. Drug

eluting technology could not demonstrate superior primary patency, longer

retreatment intervals, or a higher degree of freedom from TLR.

Regarding the local anti-re-stenotic effects after endovascular treatment of

haemodialysis access, publications have so far shown conflicting results. For a long
time, no definite signs of superior efficacy were shown. The recent large IN. PACT

AV access multicentre RCT showed significantly better target lesion primary

patency at six months when subjects were treated with drug eluting balloon
angioplasty 600. These results represent a significant advance in the field of

endovascular treatment of dysfunctional AV-fistulas. Analysing subgroups at two

years in the LUTONIX randomised trial, there was an observed positive effect with

significantly longer retreatment intervals when using DEB. Despite this, the trial
failed to reach its primary endpoint of a superior target lesion primary patency at 6

and 24 months for DEB, although superiority could be shown at 9 and 12 months
538. Also, important reading is the recently published, multicentre prospective
randomised PAVE study, enrolling 212 subjects, which did not show any difference

between standard treatment (POBA) and DEB angioplasty in the treatment of

dysfunctional AV-access 522.

Concerning our study population, there were no essential demographic differences

between the groups. The DEB group enrolled significantly more patients with AV

fistulas on the left arm. There is no theoretical explanation for this finding, and it is

presumably a result of pure chance.

There is a slight imbalance, although not significant, regarding lesion location, with

more proximal vein lesions in the DEB group. According to this imbalance, in

conjunction with the limited number of patients enrolled, one could argue for worse
outcomes in the DEB group, as shown by Manninen et al 601. They showed that the

location of the main treated lesion close to the arteriovenous anastomosis may

predict poorer long-term patency.

There is also a slight overweight regarding the frequency of lower arm fistulas in
the DEB group, although not significant (p=0.069), which may impact our

interpretation of the data due to the limited number of subjects.

There are similar, small, published randomised studies regarding AV-fistulas treated
with DEB or POBA that did not show any differences in target lesion

revascularisation or patency523 531 602, as in our study.  With this said, you can also
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find similar small studies that, on the other hand, reached significant differences

between the two groups 526 527 603.

In a retrospective study from our institution in 2014, Bountouris et al. reported

primary patency rates after standard PTA reaching 61% at six months and 42% at

12 months when analysing 159 patients treated with PTA in 2008 and 2009604.

Compared to this, the overall effect of PTA in the current study was inferior at 12

months, with an overall primary patency of 14%. These results are in the lower wide

range of results in similar studies presenting POBA primary patency figures in a

wide span between 5-55% at 12 months 520 524 528 531 586 591 592 605.

Paper II

In this RCT, which compared outcomes after treatment with DES and BMS in a
well-defined patient group with CLTI and FP lesions, we were unable to

demonstrate any clinically relevant differences between the groups.

In the literature, there are few direct comparisons between DES and BMS in the

treatment of FP lesions. Furthermore, most of the available comparisons are
between groups with mixed categories regarding ischemic severity and complexity
443 449 450 563.

Our study groups are comparable, with the only significant difference being pre-
treatment ABI measurements, which were 0.45 and 0.58, respectively, in the BMS

and DES groups. The reason for this is unclear. There is simultaneously a trend

towards more subjects with chronic kidney disease (CKD) as well as subjects with

DM in the DES group 0 % vs 15 % (p=0.117) and 41% vs 59% (p=0.256) in the
BMS and DES groups, respectively. This, in conjunction with the limited number

of study subjects, may impact the results. It is well known that patients with both

DM and CKD have a higher incidence of media sclerosis.

The median number of stents used in the treatment arms differed significantly, two

in the BMS group and three in the DES group. This may also explain the disparity

in the net difference between the stented length and the sum of stent lengths, i.e.,
the total length of stent overlaps. This finding is due to the differences in available

stent lengths on the market.

Overall primary patencies at 12 and 24 months were 43% and 37%, respectively,

with no difference between study groups. This is not entirely in line with results in
studies of nitinol stenting in the FP region 414 445 447-450 563 574 606-613. A possible reason

for the low primary patency is a high percentage of total occlusions, long lesions

with an overall median length of 240 (163-285) mm, and overall Rutherford class 5
(4-5), indicating a high incidence of complex lesions and subjects in our study

population.
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Freedom from TLR at 12 and 24 months was acceptable and close to findings in

earlier publications on stenting of complex FP lesions 414 443 445 447-449 563 574 609 610 612,
reaching 73% and 64% in the BMS group and 63% and 59% in the DES group. All

patients who lost lesion patency did not necessarily have a clinical indication for

TLR.

There was an unexpectedly high incidence of early, pre-discharge patency loss,

reaching 12% overall, corresponding to 4.5% in the BMS group and 19% in the

DES group (p=0.138). This significantly affects the rates of primary patency,

making secondary patency an important efficacy endpoint, as these early occlusions
will probably affect later actual drug eluting effects. Secondary patency reached

55% and 50 % at 12 and 24 months in the BMS group compared to 59% and 44%

in the DES group. Secondary patency rates were comparable to other studies 443 448

449 613-617.

Looking at the survival tables, an incongruence can be noticed regarding the first

six months of follow-up. In this intention-to-treat analysis, the difference was almost

significant at six months regarding freedom from TLR, with a tendency for BMS to
perform slightly better, 95% ± 5 vs 74% ± 8 in the DES group. The theoretical

reason for a BMS to perform better than a DES during the first six months is unclear,

as the stent platforms are similar, and apparent drug-related effects are missing.
With the limited number of subjects in the study, these tendencies should be

interpreted with care. There is numerically a large, non-significant difference

between the two groups regarding prestudy treatment of the index leg. That, in

conjunction with the limited number of subjects, may have implications.

Survival rates were higher than expected in comparison with other publications 81 84

414 443 609 610 616-625, and the overall rate of survival in our study reaches almost 78% at

five years. The reason for this finding is not fully understood, as our study
population does not seem healthier regarding baseline characteristics. Improved

cardiovascular medication can affect mortality, and this might theoretically be a part

of the explanation 304 626, but data to confirm this in our study cannot be extracted.

An important efficacy endpoint is clinical improvement, which is most reliantly

monitored as improvement in Rutherford class at 12 and 24 months. Our study

noticed no significant differences between the BMS and DES groups regarding

clinical effects during follow-up.

There was a relatively high incidence of adverse events during this 24-month trial.

Regarding MALE, including amputation, conversion to open surgery, and

thrombolysis, there were no significant differences between groups, with an overall
rate of 27% at two years. SAE rates, including death, were similar and overall

reached 39%. It is expected that subjects with CLTI have a higher incidence of

vascular complications and mortality compared to an average population or a

population with primarily IC 10 29 86 617 627 .
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All amputations during the 24-month follow-up period were performed in the DES

group. This finding was not significant (p=0.060) but is an interesting tendency in
the context of the ongoing discussion regarding the risk of amputation in patients

treated with drug eluting technology. A recent meta-analysis suggests that there may

be a significantly higher risk for amputations after use of paclitaxel-eluting devices

in the lower extremities 378.

Finally, when discussing the polymer-free paclitaxel-eluting stent used in this trial,

the choice of DES may also have an impact on overall DES results in a real-world

scenario. Although Zilver PTX® DES, studied in this trial, has documented efficacy
in treating FP lesions, a recent head-to-head comparison with another DES showed

that Zilver PTX® performed worse regarding TLR rates at 24 months 445.

Paper III

In this study, we found that CLTI patients with DM who were treated with drug

eluting methods had a lower risk for amputation or death than patients treated

without drug eluting methods, whereas we were not able to demonstrate any benefit

among CLTI patients without DM or among IC patients.

The most effective type of endovascular treatment for lower extremity PAD in

patients with diabetes still remains to be determined19 256 407 617 628 629. The use of drug
eluting technology might be an attractive adjunct to improve outcomes, in particular,

as DM has an adverse effect on the prognosis after endovascular intervention33-35 38

39 42 43 45 55 630 631. Drug eluting technologies might potentially offer extra benefits to

this subpopulation.

Diabetic patients have constituted 60-100% of the material in previous studies of

drug eluting therapy in CLTI407, and their rate of cardiovascular events after

revascularisation is higher than in CTLI patients without DM632. Furthermore, their
PAD lesions are more often more complex55. Even if the role of DM as a predictor

of restenosis is not clear633, the presence of diabetic foot ulcers negatively affects

both amputation rates as well as overall survival in this patient cohort, and thus,
improved therapies are of paramount importance. The presence of vascular

inflammation, as well as increased smooth muscle migration and proliferation, can

perhaps be targeted by paclitaxel, and this is a possible mechanism to account for

the improved outcomes in diabetic CLTI patients298.

It is clearly of paramount importance to separately analyse patients with IC and

CLTI due to the profound differences in general outcome effects and relevant

outcome variables between these two groups.

The fact that the study was nationwide constitutes an important strength. Swedish

national registries are reliable in reporting hospitalisation, death, and

reinterventions. Although SWEDVASC collects and reports data in accordance with
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current reporting guidelines634 635, some performance data is not collected. For

example, detailed information regarding ulcers, healing, and functional performance
status is unavailable, limiting the interpretation of detailed outcome efficacy,

especially among subjects with diabetes. Our choice of endpoint variables seems

relevant, however, also when compared with recently published trial protocols for
CLTI377 636. The accuracy of SWEDVASC has been systematically evaluated

regarding procedures for carotid artery disease and abdominal aortic aneurysm637,

but not regarding endovascular treatment of IC and CLTI. Misclassification of these

two entities in the registry has been reported638, and might have also occurred in our
study. We also adjusted for several important confounders, such as age, sex,

smoking, previous cardiovascular disease, lipid lowering treatment, aspirin, and oral

anticoagulants. On the other hand, potential actual group differences in lipid and

blood pressure levels were not accounted for.

Subjects undergoing solitary treatment in the aortoiliac region usually suffer from

IC and not CLTI, and patency rates at this level outperform patency rates compared

to treatment at lower levels639 640. We have chosen not to exclude this group as the
number of subjects receiving DET at this level was extremely few, only two with

CLTI and seven with IC. These numbers will not affect the outcomes in favour of

DET, instead, potential dilutional statistical effects might make the performance in
the non-DET group look somewhat better. As the primary outcomes in our study for

all regions favoured DET, the exclusion of this group did not seem relevant.

The duration of follow-up is comparably long in this study. Most similar studies
have follow-up periods of 12 months or less, although there are published

randomised studies regarding CLTI patients with longer follow-up366 374 381 401 641-645.

Furthermore, it is essential to note that the potential benefits of drug eluting

technology are only a possible adjunct to the multidisciplinary approach, including
blood glucose and risk factor control, appropriate wound care, offloading of foot

ulcers, and necessary control of leg oedema to improve limb salvage and mortality

in PAD patients with diabetes646.

Paper IV

In this RCT comparing outcomes after treatment with DCB and PTA in a well-

defined patient group with CLTI and complex infragenicular arterial lesions, we
were unable to demonstrate any clinically relevant benefits of DCB regarding the

primary endpoint. Among the secondary endpoints, however, AFS was significantly

higher in the DCB group at 12 months.

The two groups in our study cohort were comparable, except that the PTA group

had a higher rate of inflow lesion treatments and more treatments performed in the

fibular artery. The reason for the discrepancy in inflow treatments is unclear, and
no systematic reason can be given. Neither can this asymmetry be explained by other
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demographic or pretreatment characteristics nor does it explain the higher mortality

and amputation rate in this group. The higher proportion of PTA treatments of the
fibular artery in the PTA group has no systematic explanation and seemingly did

not have any demonstrable effects on the results.

Lesion and treatment complexity was high, which is not unexpected in this type of
patients29 647-649, but without any group differences. As expected in a real-life study,

many different operators with different levels of experience performed the

angioplasties.

There were high rates of complications and rehospitalisations in the 12-month
follow-up period in both groups. This was not unexpected due to the fragility and

comorbidities in these CLTI subjects29 579 647-651.

Unexpectedly, few subjects were retreated during follow-up, with no differences
between the groups. TLR was, as stipulated, only indicated when the clinical

situation necessitated this manoeuvre, and except for the 12-month MRA

examination, no regular planned examinations of patency were performed. Most of

the subjects in this study (78%) had DM and were accordingly routinely followed
at a specialised diabetic foot clinic. Reintervention was not judged as necessary in

many study subjects. Many subjects, in reality, had a slow improvement regarding

ulcer healing but could not be registered as fully healed. Due to this, the situation
was not interpreted as necessitating TLR. However, some TLR procedures were

performed early after the 12-month MRA. Most of the amputations were primarily

performed due to clinical deterioration, and TLR was then not considered due to
age, comorbidities, and clinical situation. However, the rate of amputations was

threefold in the group treated with PTA, a difference which was not significant. The

total amputation rate in all 70 limbs reached 11% at 12 months, which is comparable

to other similar studies651 652.

Few lesions were objectively patent after 12 months, and the primary limb-based

patency, defined as at least one treated vessel patent, was only 36% in the entire

cohort, a figure comparable to those reported in many other relevant patient
materials335 337 340 403 577-581, but worse than the often referred DEBATE-BTK and

AcoART II studies403 577.

The choice of MRA as postinterventional follow-up may be rare, but it has
constituted the clinical routine at our institution for decades. It allows direct

comparison against the pre-interventional MRA. The methodology is complex and

requires an MRA service providing high quality images. The most crucial drawback

of MRI is its tendency to overestimate stenoses, and you need to be aware of this to
allow evaluation of all images with the correct settings and templates. High-quality

examinations and highly skilled and experienced interpreters can minimise this

problem. In our study, most lesions were, in fact, both pre- and post-
interventionally, long occlusions, with a corresponding total signal loss for extended
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parts of the crural region. A supplementary duplex ultrasound was sometimes

performed in the very few cases with difficulties in interpretation.

Mortality was numerically higher in the PTA group at 12 months, although not

reaching significance. The mortality for the whole study cohort at 12 months was

13%, a figure similar to other studies406. Subjects with CLTI are expected to have a
higher incidence of vascular complications and mortality compared to an average

population or patients with IC.

Recalculation of the rate of amputation and/or mortality as AFS showed a

significantly better outcome in the group treated with DCB at 12 months.
Unfortunately, we cannot prove causality between the rate of amputations or

mortality and postoperatively early improved patency due to the unmonitored early

patency. This lack of objective information hampers the interpretation of a potential
benefit from drug coated balloon treatment. As other studies have shown similar

results653, there is a need for larger randomised studies to help us understand the

potential benefits of drug eluting technology.

An important efficacy endpoint is clinical improvement, which is most reliably
objectively monitored as improvement in RC. This study was not able to prove a

higher efficacy in complete wound healing or improved RC with DCBs, and there

were no group differences regarding time to ulcer healing or abolishment of rest
pain. Considering general daily activities and well-being, which can be seen as a

composite endpoint including other single endpoints such as ulcers, pain, and

walking ability, we found that subjects treated with DCBs were significantly more
overall satisfied at six months but not at 12 months. An essential limitation regarding

this finding is that this information was obtained from our staff interviewing the

subjects without validated vascular questionnaires. As discussed earlier, causality

between vessel patency and these clinical effects cannot be proven.
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Summary

This thesis includes manuscripts from trials performed in an effort to detect any

superior treatment effects with drug eluting technology in different clinical

scenarios and also to show that the procedures are safe in comparison with standard

care.

With limited numbers of participants in trials I and II, these trials could not

contribute to the detection of any treatment differences. No safety issues were

recorded. The role of DCB in malfunctional haemodialysis access is still unclear, as
earlier randomised studies show conflicting results. The aggregation of earlier trials,

including this one in a recent meta-analysis, favours DCB treatment to reduce TLR

and the restenosis rate541.

Neither the second trial contributed evidence of DES superiority for the same

reason, and no safety issues were recorded. Earlier RCTs are, however, more

uniformly in favour of DES use compared to standard PTA ±BMS in the treatment

of FP arterial lesions, which is also concluded in recent meta-analyses392 421 454.

Regarding the observational cohort trial, we observed that AFS was significantly

improved in the subjects with DM and CLTI who were treated with drug eluting

technology compared to subjects without DM. This finding needs to be explored

further.

The last trial could not detect any differences regarding the primary outcome. In the

analysis, however, AFS was significantly superior in subjects treated with DCB.

This finding also mandates further exploration.

The trials could not uniformly detect a superior efficacy of DET against standard

treatment, but no safety issues were detected. Two trials signal that positive

treatment effects may be worthy of further exploration.
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Conclusion

The overall interpretation of the findings in this thesis is that drug eluting therapy

in endovascular treatment of different vascular domains and settings may have a

practical impact on efficacy and safety outcome variables in a short and medium-

term timeframe. Two trials could not defer the null hypothesis, while two other trials
had efficacy signals in a direction speaking for superiority for drug adjunctive

angioplasty or stenting procedures. These findings need to be explored further.

I. A superiority of DCB over PTA in treating malfunctional

haemodialysis access could not be shown, but validity is limited due

to a low number of enrolled subjects.

II. A superiority of DES over BMS in treating FP arterial lesions in

subjects with CLTI could not be shown, but validity is limited due to a

low number of enrolled subjects.

III. Regarding the primary outcome variable, amputation-free survival

(AFS), DET could be shown to be superior to non-DET in treating

subjects suffering from diabetes mellitus and CLTI.

IV. DCB superiority over PTA in treating IP arterial lesions in subjects

with CLTI could not be shown regarding primary outcome variables,

but the secondary outcome variable, amputation-free survival (AFS),

was superior in the DCB group.
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Scientific limitations

Limitations of the four studies in the thesis at a glance

Study I Study II Study III Study IV

Selection bias No No Yes No

Information bias No, Prospective No, Prospective Yes, Retrospective No, Prospective

Confounding No, RCT No, RCT Yes, Retrospective No, RCT

Ethical limitations No No No No

Observational bias No No No No
Other limitations Non-consecutive

enrolment

Low inclusion rate

Not core lab
adjudicated

Non-consecutive
enrolment

Low inclusion rate

Not core lab
adjudicated

Suboptimal
categorisation of
the level of
treatment
Numerically
unbalanced cohorts
External validity

Non-consecutive
enrolment

Low inclusion
rate
Not core lab
adjudicated

Scientific limitations in a general perspective

Starting with general considerations regarding performing scientific research, you

will undoubtedly run into circumstances limiting the possibilities for an optimal

final interpretation. Sometimes, these issues will be on the table at the planning

stadium, and compromises will need to be made when formulating the study plan.

Running randomised trials comparing different treatments is mostly considered high

qualitative research, minimising the risks for confounding. Differences in treatment
efficacy will also be compared in a more robust manner. Essential problems with

RCTs are the practical difficulties654, and also that the subjects included often are

highly categorised and selected, sometimes making a generalisation of the results to

the general vascular population difficult.

Often, you need a large number of subjects to be able to show any relevant

therapeutic differences, and although the risk of minor proportional or stochastic

effects of uncategorised bias will be at a minimum in single centre trials, this is
mostly not an option due to a limited number of recruitable subjects, and you will
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have to run more complicated multi centre trials often across the whole world if you

consider answering the more important scientific questions in your field.

Running studies in a cluster of centres will probably better represent a “real world”

overall scenario considering treatment effects, but many subjects are not eligible for

trials308 655. Individual centre results will, though, differ from centre to centre due to
resources, indications, and treatment volumes. Also, the individual caseload per

surgeon will have an impact on the overall quality and results. This means that

individual centres in daily practice can have both better and worse results than

shown in trials, which will affect the generalisation of trial results655 656.

Another common theoretical and also practical issue is the choice and interpretation

of inclusion, treatment, and follow-up variables. In clinical trials, when using

different data obtained from records considered objective, this is not always, in a
strictly scientific way, the case. There may be a large variability coupled to where,

whom, and in which circumstances the supposed objective finding that could be a

measurement or a judgement is documented. It is also common for data that should

have been registered to be missing for varied reasons when many departments and
staff members participate in projects. It is similar to the problem with all the other

prospective healthcare registries that consistently, to some extent, will contain false

information due to the fact that there is a lot of data contributors, all with different
mindsets and aims. With this said, you must keep in mind that treatment results

come in a context, and even though we theoretically could fully optimise study

performances, this would probably not reflect the “real world” treatment scenarios.
Data supports that the outcome is superior for subjects treated in a trial compared to

treatments in a “real world” context657.

Equally important is the issue with semi-quantitative or semi-categorical data. This

happens when certain clinical circumstances sometimes involve slightly subjective
judgements of parameters that will give rise to a new seemingly objective variable,

sometimes categorical or dichotomous. This is an important issue when constructing

a study protocol. The more fully objective parameters that are put into a final

analysis, the easier the interpretation and less problematic bias will be.

Moving towards more specific limitations considered during this research project,

it must be highlighted how practically difficult it is to run an RCT, and you must
send appreciations to those vascular departments that manage to perform high-

quality RCTs.

An essential limitation of our three RCTs is the limited number of subjects. Only

the third RCT managed to enrol subjects according to the pretrial power
calculations. Nevertheless, the trial became formally underpowered due to the

unexpected frequency of deaths and amputations. The first two didn´t manage to

enrol according to the trial definitions in a reasonable timeframe, and they were
finalised beforehand, limiting the possibilities for relevant outcome analyses. It is

problematic, both at our institution and at others, that only a fraction of potential
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patients will get included in a running trial, and this happens in most cases without

good reason other than malfunctioning clinical environments. The three RCTs
included only 48/301, 49/111, and 70/228 subjects in the respective study’s

timeframe. Not only is there a limitation regarding numbers and possibilities for

relevant calculations, but it also means that the inclusions are highly non-
consecutive, introducing potential bias. This is an important take-home message for

future planning of studies, and experienced researchers in the field stipulate that

only 10% of potential subjects will be included in a general research environment.

Another issue we encountered was the paucity of complete clinical data for all study
subjects. This leads to missing data problems when analysing the trial results. The

reason for this phenomenon is primarily a malfunctioning clinical environment, as

there are plenty of thoroughly written instructions everywhere in the healthcare
services. This situation is probably at risk for further deterioration due to the

enormous financial problems that have impacted healthcare services in general.

When including subjects with specified clinical problems, you also sometimes run

into limitations, mainly at the posttrial analysis, when recognising different levels
of anatomical lesion heterogenicity, making it challenging to perform optimal direct

comparisons between the study cohorts. In part, this issue can be minimised with

clearly structured and thoroughly planned study protocols.

Lastly, it is important to discuss another important limitation, which became

apparent during this research project, namely that surgeons perform at different

levels of quality. This goes together with the insight that while performing
prospective trials at a department, you will finally receive relevant results regarding

overall performance from a quality perspective. The quality was not entirely

acceptable in any of the trials when comparing objective performance goals with

results published from other departments380 402 563 658-660. Most importantly, this
circumstance brought awareness regarding the technical success rate, which highly

affected and complicated the interpretation of all the trials. Treatments were not

acceptably performed in all instances by all interventionists. A problematic
technical success rate will have several effects. First, it will deplete the trial from

subjects due to censoring in certain aspects, leaving the study with less power for

relevant calculations. Second, it will question the overall clinical competence of an
institution. Most important, though, is that the subjects eventually will suffer from

worse outcomes.

One of the studies performed was a large nationwide observational and comparative

cohort study, which also had limitations. With non-randomised data, you will
introduce bias and confounding when striving to compare different cohorts. Today,

however, with various statistical methods and computer power, complex

calculations can be performed to compensate for confounding factors or variable
imbalances. With high-level subject matching and fitting of statistical functions, you

can almost reach a situation similar to pseudorandomisation. However, when fitting
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complex statistical functions to your datasets, you must always be aware of the risk

of a situation called “overfitting”, leading to multicollinearity or other statistical
problems. This may lead to non-useful data interpretation and a risk of non-justified

conclusions. It is an excellent rule to keep studies as clean and straightforward as

possible to get relevant and generalisable output.

As previously mentioned, an essential limitation in registries when performing

retrospective comparisons is the problem with heterogenicity in aspects of each

individual, clinically and anatomically, as well as each centre regarding

performance or caseload. Bad performance or low caseload will sometimes act in a

contagious way regarding the quality of output and results.

Overall limitations in the thesis

Regarding the three RCTs (I, II, IV), theoretical selection bias can be discussed in
the sense of selection for treatment or not and for open or endovascular surgery. In

the trial settings, with a comparison of two different treatments that are due for

randomisation, this is not an issue. The complete subject workflow data are
routinely available in official charts, examinations, and images. It is also

complemented by data collection that is transferred directly to research files. In this

way, information bias should not be a relevant issue, and there should not be any

systematically targeted risk for information bias. Risks for information or data bias
are increased at image interpretation and validations of clinical information, but as

a single operator performed image interpretation, this eliminates the risk for

interobserver variations. The optimal solution for handling part of the data
collecting issues is validated core lab analyses, which have not been performed in

any of these studies. Still, there is an essential advantage of an RCT, which is

minimising the risk of confounding.

The national retrospective observational cohort trial is based on data imputation
from two large registries. The external validity of the data has been examined on

several occasions and has been considered acceptable121 637. Per definition, there is

a selection bias regarding the choice of treatment, as this is not fully controlled, and
many different vascular centres (~30) are involved. The selection and grouping of

subjects depended on correct labelling and other interpretations done at the time of

data filing. So, selection bias must be accounted for. The same counts for
information bias regarding incorrect or missing filing and labelling. Also, the

statistical characteristics in retrospective cohort studies have a lot of concerns with

different forms of confounding that must be adjusted for if reliable, useful

conclusions should be produced.

All the RCTs functionally have problems with the fact that they all suffer from an

insufficient number of subjects, although the last RCT enrolled the precalculated
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number of participants. The reason for an inadequate number of subjects is

multifactorial. Besides health-related and other factors among the subjects, there are
also concerns regarding individual physician and institutional factors that are in

play. One reason is that the treatment of CLTI lesions is usually complex in terms

of experience, material, and time, making enrolment less appealing. This numerical
factor regarding enrolled subjects, highly limits the possibility of contributing with

knowledge regarding drug eluting treatment, a knowledge that is highly wished 574.

Trial specific limitations

Paper I

The radiological success, as shown in this study, is not optimal, although similar in

both groups. The reason is that the postinterventional analysis, with detailed
measurements, was sometimes not performed in line with the procedure. When

viewing all the images in the posttrial analysis, some of the treated stenoses, judged

correctly treated at the intervention, still had low-grade residual stenoses (>30%).

The median values of inflow and outflow diameters are 4.7mm (3.6-6.7) and 6.3mm
(4.8-8.0), respectively. The figures, based on the more relevant inflow reference

diameters, show median residual stenosis values of 30% (8-42) in POBA vs 17%

(0-25) in DEB (p=0.107). There were insufficient subjects to perform a relevant

subgroup analysis regarding this issue.

The non-significant heterogenicity regarding lesion location might also have caused

potential bias, but this could not be significantly shown with the limited number of

study subjects.

The technical procedural protocol with direct angioplasty might be a possible

mechanism for suboptimal DEB results. The standard procedure currently

implements a strategy with predilatation and vessel preparation, with frequent use
of high-pressure balloons, before drug delivery. The reasons for treatment with

direct angioplasty in the trial were the limited scientific knowledge concerning DEB

performance at the time of the study initiation and the intent to simplify treatment
as much as possible. This study was planned in the early era of drug eluting

angioplasty for dysfunctional haemodialysis access, and at that time, complete

knowledge regarding the technical performance of these new balloons was not

established. In this situation, we opted for a strategy with direct PTA, as study
protocols with similar features were used in ongoing studies at the time 524 527 589 661

662. In the end, most subjects in the study received posttreatment angioplasty due to

suboptimal primary PTA, with another standard PTA balloon or high-pressure PTA
balloon, at the discretion of the performing interventionalist, in 65% vs 59 %

(p=0.694), in the two groups, to finally reach a good angioplasty result.
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A considerable number of AV fistula treatments were performed outside of the study

protocol during the trial´s extended timeframe. This introduces potential bias,
although apparent signs of such systemic bias could not be detected in the posttrial

analysis.

The trial became underpowered as it was stopped before the planned inclusions were
achieved, making the investigation of the pretrial hypothesis suboptimal. The reason

for stopping the trial was a slow inclusion rate and a company initiated withdrawal

of the product from the market from financial and company related structural

perspectives. There were no safety or efficacy issues behind this decision. There are,
however, other similar studies that have shown significant differences in treatment

efficacy with a similar number of randomised participants571.

Although the study product was withdrawn, the active substance (paclitaxel) is still
widely used for treating dysfunctional haemodialysis fistulas and lesions in other

vascular territories.

Paper II

The procedural technical success shown in the study was not optimal in comparison

with similar studies 607 608 615 663 664, although there were no differences between

groups. The reason is that postinterventional analysis with detailed measurements
was sometimes not performed in line with the procedure as recommended. Also, the

per protocol DUS at discharge showed stenosis (PSVR >2.0) in only four of the 14

subjects deemed as technical failures. When viewing all the images in the post-trial

analysis, some of the treated stenoses, judged as correctly treated at the intervention,
still had low grade residual stenoses (>30%). There was also an unexpectedly high

incidence of predischarge retreatments of the index FP lesion; one case was in the

BMS group, and four cases were in the DES group. The reason for this is unclear,
and no common cause could be identified in these five patients, but all five had three

open crural outflow vessels. Six study patients did not fully comply with the post-

treatment antithrombotic regime, but non-compliance was evenly distributed in

groups, and no association with early occlusions was found.

The study became underpowered and did not meet the calculated number of planned

enrolments. The reason was that the study was prematurely stopped due to a very

slow inclusion rate. The limited number of subjects makes all forms of subgroup
analysis unrealistic. Ultimately, according to the pretrial statistical calculations, the

study was not at this phase powered to prove a superiority regarding DES vs BMS.

However, some other publications on BMS and DES report on a similar limited

number of participants 309 574 606 610 665.

During the enrolment period, subjects were treated at our institution without being

included in the study, which means that it is a non-consecutive randomisation. We
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have not interpreted any potential systemic bias regarding the enrolment in the

posttrial analysis.

The treatment of CLTI lesions is usually also complex, regarding time, material,

and experience, and results may be impacted by the treating surgeon's experience

and caseload. This might certainly also have affected the actual performance of both
drug and non-drug eluting nitinol stenting in the FP lesions overall, statistically

diluting a potential drug eluting effect.

Paper III

This is a non-randomised comparative cohort study to elucidate a research question

requiring a randomised study to be conclusively answered. Such a study, the

Swedepad377, is ongoing and will offer new valuable information in the near future.

The DET group was smaller than the group receiving standard treatment, and

confounding might have been caused by differences in treatment region and

treatment complexity, even though the calculations were adjusted for other

demographic factors. However, in an observational, non-randomised study,
selection bias might always result in an imbalance between groups regarding factors

affecting the outcome, whether group sizes are balanced or not.

Adjusting the data for anatomical location or modality was not feasible due to
limited numbers. We primarily wanted to evaluate patients with and without DM as

well as subjects with IC and CLTI patients separately. Too many additional

adjustment variables would have introduced a high risk of an overfitted statistical

model with a higher risk of multicollinearity, resulting in low generalizability and
risk of inaccurate estimates, confidence intervals, and p-values. Therefore, only the

adjustment variables that were considered the most important were selected as

covariates.

Furthermore, as patients have been treated at different Swedish vascular centres,

there are highly varying institution and operator caseloads, and several different

types of balloons and stents have been used. This constitutes a theoretical reason for
different technical results and treatment efficacies. The small number of patients in

some subgroups also limited our ability to perform reliable statistical analyses,

especially regarding secondary outcomes. This might also explain the fact that we

were not able to demonstrate any benefits among CLTI patients without DM or

among IC patients.

The endovascular technology regarding drug coated balloons and drug eluting stents

has evolved significantly since 2013-2015, and the operators today probably have

more knowledge regarding feasibility and better operational skills.
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Paper IV

A significant limitation is the overall sparse number of subjects. Although the study

was powered to prove a 50% reduction in the restenosis rate, all attempts to perform

a subgroup analysis are unrealistic. We had calculated with a 10% loss of follow-up

availability, but the fact that there were more deaths and amputations than expected
with a limited number of objective timely evaluations of patency, this rendered us

short of subjects for analysis and made the study formally underpowered. This

limitation is undoubtedly also relevant regarding the interpretation of secondary

endpoint variables.

There are, on the other hand, other publications on DCB and PTA reporting on a

similarly limited number of participants380 400 402 577.

It is important to highlight that during the enrolment period, a total of 158 patients

were treated at our institution with crural angioplasty without being included in the

study, which means that randomisation was non-consecutive. Only three patients

were treated with crural DCB angioplasty outside the study protocol. We did not
identify any potential systemic bias regarding the enrolment in the posttrial analysis

when records of non-included patients were briefly compared with the study

population.

Finally, this is a reminder that treatment of CLTI lesions is usually complex in terms

of time, material, and experience, and the expertise and caseload of the treating

surgeon and institution may heavily impact results. Remembering that our results

are specific to the investigated device is also essential.
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Scientific strength

Overall scientific strength of the thesis

Three papers report RCTs, minimising confounding and other statistical

shortcomings. RCTs are the gold standard for clinical research concerning treatment

methods. A single centre setting should also be considered a strength from an

idealistic statistical perspective.

One trial is based on data from two well validated national quality registries, and

this should be considered a strength, in the case of analyses of observational
retrospective cohort studies, well known for statistical issues that must be handled

in compensatory ways.

Reproducibility of the included trials

The lack of systematic labelling of the preinterventional, interventional, and

postinterventional clinical or vascular status in all three RCTs is an important

restriction for optimal reproducibility. On the other hand, there is an abundant

amount of objective raw data regarding measurements and other gradings in all three

studies that an external validator can interpret for reliable reproducibility.

Regarding the retrospective cohort study, certain aspects of these national registries

have good availability of semi-objective labelling, grading, and categorisation,
which may account for good reproducibility. However, relevant patient data can be

missing for both systemic and stochastic reasons. There is international consensus

regarding data registration in national vascular registries.
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Points of perspectives

What about the future of drug eluting therapy in vascular surgery? The evolution

will probably continue. If we follow cardiovascular services closely, we may get a

glimpse of what lies ahead. Although CAD is a slightly different form of

atherosclerotic disease, DES has taken over as the primary method in PCI, and their

products also have newer immunomodulating substances in their coatings.

As ideas and principles for endovascular treatments are often imported from cardiac

therapies, we will probably see further developments in pharmacomechanical
products in the future, even for treating vessel stenoses and occlusions in PAD and

malfunctioning haemodialysis access.

Results from the large Swedish national RCT377(ClinicalTrials.gov Identifier:
NCT02051088), monitoring drug eluting technology and relevant treatment

outcomes are soon expected, hopefully helping the vascular community to achieve

clarity regarding the efficacy of drug eluting treatment.

In certain situations, the issue of mechanics in lower limb arteriosclerosis and the
concept of debulking or vessel preparation procedures are essential. We will

probably see further technical development regarding the mechanical ability to

counteract the calcium burden in the future to enable even better treatment effects
in the long term. Easier handled and lower-profiled debulking gear will improve the

technical results further, and the future role of drug adjunctive angioplasty will

evolve into a drug deposition procedure to restrain the development of intimal

hyperplasia.

With the improvement of endovascular techniques using DET, there will be a

continuous reciprocal effect in the future for open revascularisation in general, but

foremost regarding more complex open surgery in PAD, such as distal and pedal
bypasses. This may also be true in AV fistula surgery as new methods with

endovascular thermally assisted constructions increase and endovascular

reinterventions become more efficient.

The complicated nature of these open procedures and the decreasing caseload will

make it hard for the majority of future vascular surgeons to perform these with

acceptable technical results. This is unfortunate, as open surgery in some very

specific settings may still be superior, at least for the moment. The evolving
situation described above will further affect the efficacy gap between these two
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principal strategies with a simultaneous refinement of the DET results and a general

deterioration of open surgical results. To counteract this phenomenon, already seen
in some aspects, some form of centralisation of open vascular surgery needs to be

discussed, otherwise, we will lose the opportunity in the future to perform these

operations in a highly professional way in those highly selected cases that may have

an indication for surgery, and still matching the results of endovascular treatment.

The future of endovascular therapy in PAD and haemodialysis access is probably

bright, and as discussed, further improvements are expected. Locally delivered

drugs on balloons or scaffolds will probably be a major part of these interventional

technologies.
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Popular science summary

of the thesis (English)

This doctoral thesis studies different aspects of improving treatment outcomes in

minimally invasive vascular treatment in two predominant areas of vascular surgery,

peripheral circulatory disorders to the lower extremities and poorly functioning

blood vessel access for haemodialysis.

The treatment usually involves balloon bursting in some form, possibly

supplemented with the insertion of a metal stent if the result looks unsatisfactory.

These treatments give rise to an inflammatory reaction due to the trauma that occurs
when the blood vessel opens up under high pressure. The inflammation leads to cell

growth, which further risks cutting off blood flow. One way to counteract this

inflammation and cell growth is to provide balloons and stents with a layer of
chemotherapy that is secreted to the artery wall and slows down the inflammation.

These chemotherapy drugs only have a local effect at the site of the treatment in the

blood vessel and are given in small doses that do not affect the rest of the body.

The thesis investigates the effects of these drug balloons and drug stents in the
treatment of blood vessel stenoses or occlusions in the femoral artery, lower leg

arteries, and upper extremity haemodialysis access. These three studies have been

conducted as direct comparisons between a drug product and standard treatment.
The choice of treatment is made by lottery to be able to make the most accurate

comparisons. No difference was seen in the first two studies, but the number of

patients treated was probably too few to allow us to conclude with enough certainty.

In the third study, which investigated the treatment of the lower leg arteries, we saw
a possible benefit for the group treated with drug balloons, as this group had better

composite results for survival and fewer amputations.

One sub-study consisted of a large registry study in which the Swedish Vascular
Surgery Registry was coordinated with the Swedish National Diabetes Register.

This study showed better results for patients with diabetes who suffered from

amputation threatening circulatory impairment in the legs and were treated with the

new drug eluting technique. They had better survival rates and fewer amputations.

The thesis cannot show an unambiguous superiority for the more modern drug-

secreting balloon bursting technique, but individual results suggest a possible

appealing balancing effect that needs to be more clearly evaluated in larger studies.
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Popular science summary

of the thesis (Swedish)

I denna doktorsavhandling studeras olika aspekter på förbättring av

behandlingsresultaten vid minimalinvasiv vaskulär behandling inom två

dominerande områden av kärlkirurgin, perifer cirkulationsrubbning till nedre

extremiteter och dåligt fungerande blodkärlsaccess vid hemodialys.

Behandlingen innebär oftast ballongsprängning i någon form, eventuellt

kompletterat med inläggning av metallstent om resultatet ser otillfredsställande ut.

Dessa behandlingar ger upphov till en inflammatorisk reaktion pga. det trauma som
sker när blodkärlet öppnas upp under högt tryck. Inflammationen leder till

celltillväxt som riskerar att strypa blodflödet. Ett sätt att motverka denna

inflammation och celltillväxt är att förse ballonger och stentar med ett lager av
cellgifter som utsöndras till kärlväggen och bromsar inflammationen. Dessa

cellgifter har bara lokal effekt på platsen för behandlingen i blodkärlet och ges i små

doser som inte påverkar kroppen i övrigt.

Avhandlingen har undersökt effekterna av dessa drogballonger och drogstentar vid
behandling av blodkärlsförändringar i lårartären, underbensartärerna och i konstgjord

blodkärlsaccess på överarmar. Dessa tre undersökningar har genomförts som direkta

jämförelser mellan drogbehandlad produkt och standardbehandling. Valet av
behandling sker med lottdragning för att kunna göra de mest korrekta jämförelserna.

I de två första studierna sågs ingen skillnad, men antalet behandlade patienter var för

få för att kunna uttala sig med säkerhet beträffande behandlingsresultaten. Den tredje

studien, som undersökte behandling av underbensartärerna såg en möjlig fördel för
gruppen som behandlades med drogballong, eftersom denna grupp hade sammantaget

bättre överlevnad och mindre antal amputationer.

En delstudie utgjordes av en stor registerstudie där det svenska kärlkirurgiska
registret samkördes med det svenska diabetesregistret. Här sågs bättre resultat för

patienter med diabetes som led av amputationshotande cirkulationsnedsättning i

benen och som behandlades med den moderna drog utsöndrande tekniken. De hade

också sammantaget bättre överlevnad och mindre antal amputationer.

Avhandlingen kan inte visa en entydig överlägsenhet för den mer moderna

drogutsöndrande ballongsprängningstekniken, men enstaka resultat talar för en

möjlig tilltalande behandlingseffekt som behöver värderas tydligare i större studier.
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