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1. Introduction

Minimally invasive endovascular techniques are becoming increasingly popular around
the world. Despite being minimally invasive, they can cause systemic (e.g., contrast-
induced responses, such as allergy and nephropathy), as well as local complications. (1—
3)

1.1. Local complications

Access site-related complications, punctured vessel-related complications, and
intervention (site)-related complications are the three types of local complications. (4)
Nerve damage, infection, and abscess formation are access site-related complications.
(5) There are two sorts of complications associated with punctured vessels: hemorrhagic
and non-hemorrhagic. Hemorrhagic complications include vessel perforation-induced
bleeding and hematoma, which may or may not require transfusion, while the two most
common non-hemorrhagic complications are pseudoaneurysm (PSA) and arteriovenous-
fistula. (5) Vessel perforation with bleeding distant from the access site, arterial
dissection, and thrombosis/embolism leading to organ or limb ischemia should be noted
among the intervention (site)-related complications. (5-7)

Most of the local complications listed here occur during or immediately after the
procedure, but some complications (particularly those related to the site of intervention:
stent fracture [SF] and in-stent restenosis [ISR]) can develop years later.

As arterial PSA formation, femoropopliteal SF, and femoropopliteal ISR were the

main subjects of my research, these are described in detail in the Introduction section.

1.1.1. Punctured vessel-related early complication — arterial pseudoaneurysm

Acrterial PSA is a pulsating mass formed as a result of vessel wall injury. It consists of a
neck and a sac. However, unlike a true aneurysm, its wall is made up of tunica
adventitia and surrounding tissue. (8, 9) (Figure 1) In general, iatrogenic PSA is more

common on the arterial side, (10) but may rarely occur on the venous side. (11)
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~ Pseudoaneurysm sac

Pseudoaneurysm neck

Figure 1. Schematic representation of an arterial pseudoaneurysm (The image was
made by Hunor Sandor Sarkadi.)

1.1.1.1. Incidence of arterial pseudoaneurysm

PSA development is second in the line of complications in those undergoing arterial
intervention. (5) Its prevalence is between 0.05% and 6%. (1, 5-7, 12) Radial and ulnar
artery PSA are rare; their incidence is below 0.1%, (13-16) whereas the prevalence of
PSA in the brachial artery is as high as 1.1%-1.3%. (17, 18) Although complications of
radial and ulnar punctures are less common, (13-16, 18, 19) the femoral approach is
still often used to this day, especially when working through a large sheath (e.g.,
transcatheter aortic valve implantation [TAVI], balloon aortic valvuloplasty [BAV], and
aortic stent graft implantation) or when performing a lower limb intervention. (20)
According to published data, the femoral artery PSA rate ranges from 0.05% to 2% for
diagnostic catheterizations and from 2% to 6% for therapeutic treatments. (12, 21) In
patients with non-coronary artery cardiac interventions (e.g., intracardiac
electrophysiological procedures and TAVI), the incidence of femoral artery PSA was
found to be 0.3%-5.9%. (22-25)
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1.1.1.2. Etiology of arterial pseudoaneurysm

The etiology of PSA is multifactorial. Female gender, older age (>65 years), obesity, the
presence of hypertension, arterial disease, chronic kidney failure, previous arterial
intervention, poor puncture technique, the site of the puncture, the size of the inserted
sheath, severe vascular calcification, the complexity and length of the procedure, the
antiplatelet and anticoagulant therapy applied, and inadequate compression following
arterial puncture have been shown to play arole in PSA formation. (5, 17-19, 26)

1.1.1.3. Symptoms of arterial pseudoaneurysm

Patients with PSA can be either asymptomatic or symptomatic. PSA is most indicated
by pain and swelling at the site of the puncture. (5) However, due to its compressive
effect on nerves and vessels, it can also cause neuropathy, venous thrombosis,
claudication, and possibly critical limb ischemia (CLI). (27-31) Although extremely
rare, local ischemia of the skin may lead to necrosis and infection. (5) The most

catastrophic symptom of PSA may be fatal bleeding from rupture of the sac. (5)

1.1.1.4. Diagnosis of arterial pseudoaneurysm

Physical examination may reveal thrill or bruit, skin changes, marked tenderness, or a
pulsatile mass at the site of arterial puncture. (12, 17-19) Ultrasound scanning in gray-
scale, color, and Doppler modes is the best way to detect PSA. (28) On gray-scale
images, a PSA is a pulsatile, anechoic, saccular lesion with varying echogenicity
depending on the presence of a thrombus in the sac. (30) On color mode images, the
PSA sac shows a bidirectional, turbulent, swirling blood flow pattern called the “yin-
yang” sign. (28) (Figure 2) On Doppler mode images, a characteristic “to-and-fro”
pattern can be detected in the communicating neck between the punctured artery
(feeding artery) and the PSA sac. (27) If the visibility of ultrasound is uncertain for
some reason (e.g., swelling or obesity) or the PSA has a complex morphology, better
imaging is expected from computed tomography angiography (CTA), or less frequently
from magnetic resonance (MR) imaging. (27-31) Today, digital subtraction

angiography (DSA) is limited to cases aimed at treating PSAs endovascularly. (32)
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Figure 2. Ultrasound image of an arterial pseudoaneurysm in color mode (The

ultrasound image was made by Hunor Sandor Sarkadi.)

1.1.1.5. Treatment of arterial pseudoaneurysm

Despite the fact that PSAs can thrombose spontaneously, most patients require some
kind of treatment, such as pressure bandage replacement, ultrasound-guided
compression (UGC), ultrasound-guided thrombin injection (UGT]I), and endovascular or
open surgical repair. (5-7, 12, 27-36) Mechanical compression with replacement of the
pressure bandage or UGC is usually the first-line treatment of choice in patients whose
coagulation status is normal, when the PSA is detected within a week of the procedure,
the PSA sac is superficial, simplex, and small (<20 mm), and the PSA neck is long and
narrow. (12, 20) The compression pressure should preferably be applied to the neck of
the PSA or the site of the vessel wall damage (for 6 hours for radial and ulnar artery
PSAs, for 8 hours for brachial artery PSAs, and for 12 hours for femoral artery PSAS).
(31, 37) The UGC should not last longer than 15-30 minutes and should not be repeated
more than three times. (12, 20, 37) In other cases, UGTI or endovascular or open
surgical repair may be preferred. During UGT], thrombin is injected under ultrasound
guidance into the PSA sac as close to the neck as possible. (29) Endovascular and open
surgical repair is reserved for cases where other techniques are contraindicated or have
failed. (1, 3, 5, 33-36) Of the endovascular options, covered stent implantation,
transcutaneous or transarterial coiling, the use of vascular plugs, vascular closure

devices (VCDs), or fibrin adhesives, and balloon occlusion are usually the methods of
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choice. (5, 32-36) Open surgical repair can be done by direct suturing of the arterial

defect, by patch plasty, and by inserting an interpositum or bypass graft. (1)

1.1.1.6. Prevention of punctured vessel-related complications

In addition to proper patient selection, there are several ways to reduce the number of
punctured vessel-related complications, such as choosing vascular access where the
incidence of PSA is low, performing the puncture with ultrasound guidance, inserting a
smaller diameter sheath, controlling the blood pressure, administering only as many
antiplatelet and anticoagulant drugs as needed, and using VCDs. (38-43)

For example, until a few years ago, femoropopliteal arterial interventions with
bare metal stents were carried out only through a 6F sheath. In the case of a 6F sheath,
the incidence of punctured vessel-related complications varies between studies, but can
be as high as 20%, depending on the definition and criteria used. (38) Not so long ago,
however, self-expanding femoropopliteal bare metal stents that could also be delivered
through 4F sheaths were introduced. Two large, prospective multicenter trials (4F
Endovascular Treatment Approach [4-EVER] and Patency Evaluation After
Implantation of the 4-French Pulsar-18 Self-Expanding Nitinol Stent in Femoropopliteal
Lesions [PEACE 1]) investigated the safety and efficacy of 4F stent implantation in
patients with symptomatic femoropopliteal steno-occlusive disease. (44, 45) The
punctured vessel-related complication rates were 3.3% in the 4-EVER trial and 2% in
the PEACE 1 study, and all the complications could be managed by non-surgical
treatments. (44, 45) These rates are lower than most of the published rates on 6F
devices. (38) In addition, femoropopliteal arterial interventions with 4F-sheath-
compatible bare metal stents can be accomplished with similar 12-month patency and

revascularization rates as their 6F counterparts. (44, 45)

1.1.2. Intervention (site)-related late complication — femoropopliteal stent fracture

Allie et al. proposed a four-type classification system for the fracture of nitinol stents in
peripheral arteries, (46) which was later expanded to five types by Jaff et al. (47) In the
case of type I, only one strut is fractured. Type Il refers to multiple strut fractures
occurring at different locations on the stent. Type Il is a complete transverse fracture

without stent displacement. Type IV is a complete transverse fracture with stent

10
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displacement, while type V is a spiral fracture leading to complete disintegration of the
stent. (47) (Figure 3)
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Figure 3. Types of stent fracture (47)

1.1.2.1. Incidence of femoropopliteal stent fracture

Although SF is not uncommon in the carotid, innominate, subclavian, vertebral, renal,
and iliac arteries (with a cumulative incidence of 8% to 33%, depending on location),
(48, 49) it is mostly detected in the femoropopliteal arteries (0.9%-76%), where longer

self-expanding stents are usually implanted. (48, 50)

1.1.2.2. Predisposing factors for femoropopliteal stent fracture

Patient- (e.g., hypertension, chronic kidney disease), lesion- (e.g., location, etiology,
plague components [calcification], stenosis grade, and length), balloon/stent- (e.g.,
material, type, design, conformity, diameter, and length), and procedure-related
parameters (e.g., malposition, distortion, and residual stenosis) have been shown to
influence SF. (48, 50-56) Moreover, the popliteal region is critical in that vessels must
adapt to movement-induced mechanical forces (e.g., axial compression and bending).
(57-60)

1.1.2.3. Diagnosis of femoropopliteal stent fracture
The most commonly used imaging method to detect SF is high magnification
fluoroscopic examination (plain X-ray or cine-loop) from at least three projections

11
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(posteroanterior and left and right oblique). (51, 56, 61, 62) Conventional B-mode
ultrasound can usually only diagnose SFs with displacement (types 1V and V). (63)
Intravascular ultrasound is a good option for identifying almost all types of SFs, but due
to its invasiveness, it is rarely—in conjunction with endovascular treatment—performed
for this purpose. (64-66) Computed tomography (CT) also provides an opportunity to
assess SFs. However, in connection with CT scans, the blooming effect should not be
forgotten, which makes strut fractures difficult to detect even with CT. (67)

1.1.2.4. Possible consequences of femoropopliteal stent fracture

Usually, the consequences of SF rather than SF alone are responsible for the symptoms.
SF alone can be attributed to symptoms in only 1%-2% of cases. (49, 68) SFs may
result in stent thrombosis, ISR, vessel perforation, and PSA development. In addition, it
can be a source of distal embolization. (48)

1.1.2.5. Treatment of femoropopliteal stent fracture

There is no clear recommendation for therapy for SFs. Many consider SF benign,
accompanied by a negligible incidence rate of target vessel-related adverse events, and,
therefore, advocate only the continuation of antiplatelet therapy. (69) However, if an
SF-related complication occurs, invasive therapy usually becomes necessary. Given the
variety of possible complications and their invasive therapeutic methods, these are not

explained in more detail.

1.1.3. Intervention (site)-related late complication — femoropopliteal in-stent
restenosis

ISR is defined as a decrease in luminal diameter within the stent and/or at the proximal
and/or distal edges of the stent. (70)

1.1.3.1. Incidence of femoropopliteal in-stent restenosis

Femoropopliteal ISRs can be expected from a few weeks to 2 vyears after
revascularization, with a peak between 9 and 15 months. (71) After 2 years, the
probability of occurrence of ISR is lower. (72, 73) The primary patency rate of self-
expanding nitinol stents has been reported to be 92%, 86.2%, 79.1%, 75.1%, 62.2%,

12
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and 33% at 6 months, 1 year, 2 years, 3 years, 5 years, and 7 years, respectively. (74—
76)

1.1.3.2. Pathophysiology of femoropopliteal in-stent restenosis

ISR is a complex process that involves several overlapping mechanisms. (77) Elastic
recoil of the vessel wall (vasoconstriction due to endothelial disruption) is caused by
overstretching; it develops from minutes to hours after intervention, but due to the rigid
scaffolding of the stents, the role of the elastic recoil is minimal in ISR. (77) ISR can be
partitioned into early (days to weeks) and late (weeks to months) phases. (77) The early
phase starts with relocation of the axially transmitted plaque, reorganization of the
thrombus, and an acute inflammatory response to the vessel wall injury. (77, 78)
Reorganization of the thrombus is a process provoked by damage/denudation of the
endothelium and medial dissection due to stent implantation. (78) Consequently,
platelets are exposed to subintimal molecules, causing their adherence and aggregation,
which contribute to the inflammatory reaction. (77, 78) The first step in the
inflammatory reaction is an increase in the migration of leukocytes into the vessel wall.
The increased migration of leukocytes (predominantly monocyte-derived macrophages)
into the arterial wall followed by the continued secretion of cytokines, mitogens,
adhesion molecules, and chemoattractants by platelets, monocytes, and smooth muscle
cells promotes further leukocyte enroliment and infiltration. (77) The key episode of the
late phase is the phenotypic alteration of medial smooth muscle cells pursued by their
recruitment and successive proliferation in the intimal layer. (77) Subsequently,
extracellular matrix and collagen are synthesized by smooth muscle cells, leading to
neointima formation, which is the main cause of ISR. (78)

Neointimal hyperplasia can also be affected by the atherosclerotic process,
resulting in a neointimal atherosclerotic change (neoatherosclerosis), which has been
shown to contribute to late ISR, occurring usually beyond 5 years. (79-81)
Neoatherosclerotic lesions are marked by infiltration and aggregation of lipid-laden
foamy macrophages, owing to the inability to sustain a completely functional
endothelial surface within the stent. (81, 82) Neoatherosclerotic lesions may also

contain calcifications. (81)

13
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1.1.3.3. Predisposing factors for femoropopliteal in-stent restenosis

Known predictors of ISR in patients treated for femoropopliteal steno-occlusive disease
include the following: atherosclerotic risk factors, anemia, long-segment stenosis (>100
mm), baseline occlusion, poor runoff, excessive stent oversizing (stent to reference
vessel diameter ratio greater than 1.4:1), stent undersizing (although it is more
predictive for stent thrombosis than restenosis with a stent to reference vessel diameter
ratio less than 1.1:1), long stent, stent placement into the popliteal 3 segment, SF, and
high-grade residual stenosis. (22, 51, 83-91)

1.1.3.4. Symptoms of femoropopliteal in-stent restenosis

The symptoms of femoropopliteal ISR are the same as those of peripheral arterial
disease. There are several classification systems. (92) The Fontaine classification
system grades the clinical presentation of patients to four stages, (92) while the
Rutherford classification system grades it to six categories. (93) The Fontaine stages
are: |, asymptomatic, incomplete blood vessel obstruction; II, mild claudication pain in
limb (I1A, claudication at a distance >200 m and 1B, claudication at a distance <200
m); 11, rest pain, mostly in the feet; and IV, necrosis and/or gangrene of the limb. (92)
The Rutherford categories are: 0, asymptomatic (no hemodynamically significant
occlusive disease); 1, mild claudication; 2, moderate claudication; 3, severe
claudication; 4, ischemic rest pain; 5, minor tissue loss (nonhealing ulcer, focal
gangrene with diffuse pedal ischemia); and 6, major tissue loss (extending above

transmetatarsal level, functional foot no longer salvageable). (93)

1.1.3.5. Diagnosis of femoropopliteal in-stent restenosis

Pulse palpation and ankle-brachial index (ABI) measurements are usually supplemented
with duplex scanning because ABI has not been proven to be an accurate method to
assess ISR (a 15% decrease in ABI was only weakly correlated with clinically
significant ISR). (70) In the majority of cases, the location, percentage, morphology,
and length of the ISR can be well assessed by ultrasound. (94) If reintervention is
deliberated, the duplex scan with a suspicion of significant ISR has to be confirmed by
other imaging modalities (CTA or DSA). (94) Unfortunately, conventional MR

sequences are not suitable for detecting either vascular calcification or ISR. (94) A

14
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major advantage of DSA over CTA is that establishment of the diagnosis can be
combined with therapy. Based on the angiographic appearance, Tosaka et al. (95)
classified femoropopliteal ISRs into three categories. Class | (focal ISR) includes
lesions <50 mm in length located in the body of the stent, at the proximal or distal edge
of the stent, or both; class Il (diffuse ISR) includes lesions >50 mm in length located in
the body of the stent, at the proximal or distal edge of the stent, or both; class Il
includes total stent occlusions. (95) This classification also has a prognostic value, as
the recurrent ISR and occlusion rates at 2 years after percutaneous transluminal
angioplasty (PTA) were higher in patients with class Il lesions (84.9% and 64.6%,
respectively), compared to patients with class I (49.9% and 15.9%, respectively) or class
Il lesions (53.3% and 18.9%, respectively). (95)

1.1.3.6. Treatment of femoropopliteal in-stent restenosis

Currently, the Society for Vascular Surgery does not endorse prophylactic intervention
for ISR in the absence of symptoms, in contrast to vein bypass graft stenosis. (70, 94)
Therapy for femoropopliteal ISRs may be pharmacological and/or invasive. (94)

Cilostazol is the only pharmacological treatment that has been noted to decrease
the risk of ISR. (70) Cilostazol is a phosphodiesterase inhibitor. Selective inhibition of
phosphodiesterase type 11l causes accumulation of cyclic adenosine monophosphate,
which initiates a cascade of events, such as upregulation of the oncogene p53. In turn,
p53 blocks cell cycle progression and induces apoptosis in vascular smooth muscle
cells, leading to an antiproliferative effect. (96) Thus, the administration of cilostazol
may be beneficial in the first 2 years after femoropopliteal stenting. (96, 97)

No standard invasive therapy exists for patients with femoropopliteal ISR.
Endovascular options include PTA with plain, cutting, and drug-eluting balloons,
stenting with bare metal, drug-eluting, and covered stents, and less frequently
atherectomy, cryoplasty, and intravascular brachytherapy. (70) Plain balloon
angioplasty is quite feasible; however, it is followed by a high rate of recurrence,
suggesting that recoil of hyperplastic lesions occurs frequently. (95) Despite the fact
that cutting balloons offer the theoretical advantage of less vessel wall trauma because
of controlled incisions by balloon-mounted microtomes, given the uniform rubbery

texture of ISR lesions, there has been no demonstrable benefit of cutting balloons over
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plain balloons in the recurrent ISR rate, ABI, or maximum walking capacity. (98) The
surface of drug-eluting balloons and stents are coated with a thin layer of
antiproliferative drug combined with an excipient or spacer substance, which facilitates
drug transfer to the vessel wall. As antiproliferative agents, rapamycin and paclitaxel
have both been used for femoropopliteal applications. Drug-eluting devices have shown
a clinical advantage in terms of patency and freedom from reintervention in several
randomized clinical trials, compared to standard PTA and stent implantation. (99-104)
Covered stents, like drug-eluting devices, can achieve better patency rates for
femoropopliteal ISRs than plain balloons and bare metal stents. (70) In the treatment of
ISRs, open surgery (e.g., femoropopliteal bypass grafting) is usually considered only if
ISR develops repeatedly and within a short period of time after multiple endovascular
interventions, or if the femoropopliteal arterial segment is occluded along its entire
length. (70, 87, 105)

16
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2. Objectives

2.1. Study I (Incidence of and predisposing factors for arterial pseudoaneurysm
formation — Institutional Review Board Approval No. 176/2020)

Since most publications are limited to case series and studies with a small sample size,
we aimed:

1) to determine the incidence of arterial PSA development in a large patient population
in a high-volume, multidisciplinary, tertiary center; and

2) to identify risk factors for arterial PSA development in a large patient population in a

high-volume, multidisciplinary, tertiary center.

2.2. Study Il (Safety, clinical outcome, and fracture rate of femoropopliteal
stenting using 4F compatible delivery system — Institutional Review Board Approval
No. 138/2013)

With the exception of the 4-EVER and PEACE 1 trials, no comprehensive data have
been published on 4F stents in patients with femoropopliteal steno-occlusive disease.
Therefore, the purpose of this study was:

1) to determine the safety of femoropopliteal stenting using a 4F compatible delivery
system;

2) to determine the clinical outcome of femoropopliteal stenting using a 4F compatible
delivery system; and

3) to determine the fracture rate of femoropopliteal stenting using a 4F compatible

delivery system.

17
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3. Results

3.1. Study I (Incidence of and predisposing factors for arterial pseudoaneurysm

formation)

3.1.1. Background information for interpreting the results
All electronic medical records for PSA development were examined at Semmelweis
University Heart and Vascular Center in 30,196 patients who underwent any type of
radiological or cardiac endovascular procedure (including electrophysiological
interventions) requiring arterial puncture. The study covered the period from January
2016 to May 2020. Furthermore, PSAs resulting from procedures where arterial
puncture was unintended were also collected. However, PSAs associated with aortic
stent graft implantation by vascular surgeons were not included in the study.
Endovascular and electrophysiological procedures were conducted by vascular
interventional radiologists, invasive cardiologists, or electrophysiologists in a standard
manner. The patient received at least 5,000 IU heparin intra-arterially for each
therapeutic intervention, and many cardiological procedures required the administration
of weight-based heparin, eptifibatide, prasugrel, or alteplase. If the patient was not
already on single (acetylsalicylic acid [ASA], 100 mg/day or clopidogrel, 75 mg/day
orally) or dual antiplatelet medication, an oral or intravenous loading dose (ASA, 250—
500 mg and/or clopidogrel, 300-600 mg) was given immediately after the intervention.
Following the procedures, the access site was managed as follows: a compression
assist device (TR Band; SCW Medicath Ltd., Shenzhen, China or Radial Compression
Hemostasis Device; Fervid Medical Technology Co., Guangdong, China) was applied
over the puncture site for 2—4 hours in the case of radial and ulnar arteries, while in the
case of the brachial artery, standard therapy was manual compression followed by
pressure bandaging for 4-6 hours. Hemostasis was achieved in individuals with femoral
artery puncture by manual compression followed by pressure bandaging for 6-8 hours,
or by using a VCD (Angio-Seal; Terumo Corp., Tokyo, Japan, Exoseal; Cordis Corp.,
Hialeah, FL, USA, or Perclose ProGlide; Abbott Laboratories, Chicago, IL, USA).
Color Doppler ultrasound scanning was performed by a licensed vascular

technician or radiologist in the presence of pain, swelling, skin changes, and/or bruit at
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the site of sheath removal or any other abnormality. The size of the PSA sac, its number
of compartments, the width and length of the PSA neck, and the distance between the
top of the PSA sac and the skin surface were all measured in each patient.

Patients with PSA received pressure bandage, UGC, UGTI, or open surgical
repair. (1, 5-7, 12) Replacement of the pressure bandage or UGC was attempted in
patients whose coagulation status was normal, PSA was identified within a week of the
procedure, the PSA sac was superficial, simplex, and tiny (<20 mm), and the PSA neck
was long and narrow. (12, 20) UGTI or open surgical repair was used in other cases.
When the PSA created local mass effect issues, was infected, had a short (<4 mm) and
wide neck, or other minimally invasive procedures failed, open surgical repair was
required. (20, 106) UGC and UGT]I were carried out as described by Fellmeth et al. in
1991 and Cope and Zeit et al. in 1986. (106, 107) In the instance of UGTI, 500-1,000
U/mL bovine thrombin (Tisseel tissue adhesive; Baxter Healthcare Corp., Largo, FL,
USA) was injected into the PSA sac. A simple suture of the arterial defect, patch plasty,
or interposition grafting were all options for open surgical treatment. One day after
treatment, color Doppler ultrasonography examination was carried out to assess the
success of the pressure bandage replacement, UGC, and UGTI. After that, imaging was
only performed if there were any relevant complaints or symptoms.

For statistical analysis, R version 4.0.0 (released on April 24, 2020) was used (R
Core Team [2020]; R: A language and environment for statistical computing; R

Foundation for Statistical Computing, Vienna, Austria).

3.1.2. The results obtained

In total, 134 PSAs were found in 134 subjects during the study period. Invasive vascular
radiological procedures produced 53 PSAs (53/6,555 [0.8%]), invasive coronary artery
procedures produced 31 PSAs (31/18,038 [0.2%]), and invasive non-coronary artery
cardiac procedures produced 25 PSAs (25/5,603 [0.4%]). In addition, 25 PSA cases
were caused by inadvertent artery puncture during procedures. The incidence of PSA
was found to be significantly different between the vascular radiological and coronary
artery groups (P<0.001 — chi-squared test), between the vascular radiological and non-
coronary artery cardiac groups (P=0.038 — chi-squared test), and between the coronary

artery and non-coronary artery cardiac groups (P=0.001 — chi-squared test). Thirty-four
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PSAs (25.4%) were identified on the upper extremity arteries, while 100 (74.6%) arose

from the lower extremity arteries. (Figures 4 and 5)
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Figure 4. Upper extremity pseudoaneurysms

BA, Brachial artery; PSA, pseudoaneurysm; RA, radial artery; UA, ulnar artery.
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Figure 5. Lower extremity pseudoaneurysms

BAV, Balloon aortic valvuloplasty; CA, catheter ablation; CFA, common femoral artery;

CIE, clinical intracardiac electrophysiological; EIA, external iliac artery; PA, popliteal

artery; PSA, pseudoaneurysm; SFA, superficial femoral artery; TAVI, transcatheter

aortic valve implantation.
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The mean (+ standard deviation [SD]) age of the 134 patients (women, N=72;

men, N=62) was 69.5 (+15.2) years. Twenty-eight patients (20.9%) were obese (body
mass index [BMI] >30 kg/m?), 76 (56.7%) were smokers, 123 (91.8%) had
hypertension, 51 (38.1%) had dyslipidemia, 37 (27.6%) had diabetes mellitus, and 37
(27.6%) had chronic kidney disease. The medication regimens of the patients are

provided in Table 1.

Table 1. Medication regimens of patients with a pseudoaneurysm

Medications

Patients with an upper
extremity PSA (N=34)

Patients with a lower
extremity PSA (N=100)

ASA monotherapy, N (%)

1(2.9)

14 (14)

Clopidogrel monotherapy,

2 (5.9 6 (6
N (%) (5.9) (6)
Dual antiplatelet therapy, N
11 (32.4) 24 (24)
(%)
Cilostazol therapy, N (%) | 1(2.9) 0 (0)
Dual antiplatelet therapy +
o > 1o 2(2)
cilostazol therapy, N (%)
Conventional anticoagulant
5(14.7) 15 (15)
therapy, N (%)
Mono antiplatelet therapy +
conventional anticoagulant | 7 (20.6) 13 (13)
therapy, N (%)
Dual antiplatelet therapy +
conventional anticoagulant | 5 (14.7) 1(2)
therapy, N (%)
NOAC therapy, N (%) 0 (0) 16 (16)
Mono antiplatelet therapy +
i oo 8 (8)
NOAC therapy, N (%)
Dual antiplatelet therapy +
P b 1(2.9) 3(3)

NOAC therapy, N (%)

ASA, Acetylsalicylic acid; NOAC, novel oral anticoagulant;

23

PSA, pseudoaneurysm.




DOI:10.14753/SE.2023.2747

Upper extremity pseudoaneurysms

Sixteen (47.1%) of 34 upper extremity PSAs were observed after invasive vascular
radiological procedures, 15 (44.1%) after invasive coronary artery procedures, and three
(8.8%) were due to procedures in which the arterial puncture was unintended. These
procedures included the placement of a peripheral intravenous catheter (N=2) and
cannulation of a fistula for dialysis (N=1). In four patients (4/31 [12.9%]), an antegrade
puncture resulted in PSA. The brachial artery was the site of the antegrade puncture, and
all four patients underwent hemodialysis fistula angioplasty.

Localization and sheath-related parameters are shown in Figure 4 and Table 2.

VCD was not used in any of the patients.

Table 2. Localization and sheath-related parameters of patients with an upper

extremity pseudoaneurysm

Localization, sheath-related parameters Patients with an upper extremity PSA
(N=34)
Localization
Brachial artery, N (%) 22 (64.7)?
Radial artery, N (%) 10 (29.4)°
Ulnar artery, N (%) 2 (5.9)°
Sheath sized
4F, N (%) 4/31 (12.9)
5F, N (%) 7131 (22.6)
6F, N (%) 17/31 (54.8)
7F, N (%) 2/31 (6.5)
8F, N (%) 1/31 (3.2)
Sheath replacement, N (%) 11/31 (35.5)
Time spent by the sheath in the artery
(minutes), mean (SD) 313 (24.4)

PSA, Pseudoaneurysm; SD, standard deviation.
422/1,897 (1.2%)—all brachial artery punctures.
b10/20,478 (0.05%)—all radial artery punctures.
€2/1,818 (0.1%)—all ulnar artery punctures.
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dThe largest sheath size used was counted for each patient.

The PSA sac had a mean (£SD) diameter of 22.4 (+14.5) mm and a mean (+SD)
length of 13.1 (£8.8) mm. The PSA neck measured 2.6 (+0.8) mm in width and 7.3
(£7.2) mm in length. Two patients (5.9%) had PSA with more than one compartment.
The top of the PSA sac was 6.2 (+3.9) mm from the skin surface on average (+SD).

Eleven PSAs (32.4%) were treated with replacement of the pressure bandage,
four (11.8%) with UGC, 13 (38.2%) with UGTI, and six (17.6%) with open surgical
repair (simple suture of the arterial defect, N=6). In three cases (8.8%), the PSA was not
successfully eliminated in the first try. In two cases, the replacement of the pressure
bandage, in one case, the UGTI failed. For those in whom replacing the pressure
bandage did not result in the elimination of PSA, UGTI was used as a last resort, while
the third patient received interposition grafting. The primary success rate for replacing
the pressure bandage was 81.8%, with UGC at 100%, UGTI at 92.3%, and open

surgical repair at 100%. No complications were reported during PSA treatments.

Lower extremity pseudoaneurysms

PSAs were found in 37 (37%) of 100 lower extremity patients after invasive vascular
radiological procedures, 16 (16%) after invasive coronary artery procedures, 25 (25%)
after invasive non-coronary artery cardiac procedures, and 22 (22%) after procedures
that resulted in an unintended arterial puncture. Procedures in the latter group included
electrophysiological therapies for arrhythmias (N=20), cannulation of a deep vein for
catheter-directed thrombolysis (N=1), and insertion of a central venous catheter for
therapeutic plasma exchange (N=1). The prevalence of femoral artery PSA was 0.4%
(99/22,202) in the whole patient group, while it was 2.9% (18/630) in a subgroup of
patients with BAV or TAVI. In TAVI, both femoral arteries were punctured; therefore,
the PSA prevalence for the punctured artery was 1.2% (14/1,126) in the case of TAVI.
The femoral artery PSA prevalence for the punctured artery was 0.4% (81/21,009) for
the other procedures. In 11 patients (11/78 [14.1%]), PSA occurred after an antegrade
puncture. The intended site of the antegrade puncture was the common femoral artery in

all patients.
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Localization, sheath- and VCD-related parameters can be seen in Figure 5 and
Table 3. The prevalence of PSA for the punctured artery with and without VCD use was
37/3,555 (1%) and 97/27,204 (0.4%), respectively (odds ratio [OR], 2.94; 95%
confidence interval [Cl], 1.95-4.34; P<0.001 — chi-squared test).

Table 3. Localization, sheath- and vascular closure device-related parameters of

patients with a lower extremity pseudoaneurysm

Localization, sheath- and VCD-related Patients with a lower extremity PSA
parameters (N=100)
Localization
Transition between the EIA and the 6 (6)
CFA, N (%)
CFA, N (%) 75 (75)
Transition between the CFA and the 6 (6)
SFA, N (%)
SFA, N (%) 12 (12)
Popliteal artery, N (%) 1(2)
Sheath size®
4F, N (%) 1/78 (1.3)
5F, N (%) 11/78 (14.1)
6F, N (%) 55/78 (70.5)
8F, N (%) 2/78 (2.6)
9F, N (%) 2/78 (2.6)
12F, N (%) 1/78 (1.3)
14F, N (%) 1/78 (1.3)
16F, N (%) 5/78 (6.4)
Sheath replacement, N (%) 19/78 (24.4)
Time spent by the sheath in the artery
(minutes), mean (SD) 254 (34.7)
PSA development despite the use of a
VCD, N (%) 3737)
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VCD type
Angio-Seal, N (%) 30/37 (81.1)°
Perclose ProGlide, N (%) 6/37 (16.2)°
Exoseal, N (%) 1/37 (2.7)¢

CFA, Common femoral artery; EIA, external iliac artery; PSA, pseudoaneurysm; SD,
standard deviation; SFA, superficial femoral artery; VCD, vascular closure device.
8The largest sheath size used was counted for each patient.

b30/2,894 (1%)—all Angio-Seal cases.

©6/563 (1.1%)—all Perclose ProGlide cases.

941/98 (1%)—all Exoseal cases.

The PSA sac had a mean (+SD) diameter of 27 (£16.1) mm and a mean (+SD)
length of 19 (£11.4) mm. The PSA neck measured 3.3 (+1.3) mm in width and 10.8
(£7.1) mm in length. Thirty patients (30%) had PSA with more than one compartment.
The top of the PSA sac was 13.2 (+7.8) mm from the skin surface on average (+SD).

Fourteen PSAs (14%) were treated with replacement of the pressure bandage, one
(1%) with UGC, 73 (73%) with UGTI, and 12 (12%) with open surgical repair (simple
suture of the arterial defect, N=8; patch plasty, N=2; interposition grafting, N=2). In 16
cases (16%), the PSA was not successfully eliminated in the first try. In six cases, the
replacement of the pressure bandage, in 10 cases, the UGT] failed. The final solution for
those whose PSA did not disappear after the first attempt was either UGTI (N=3) or
simple suture of the arterial defect (N=13). The primary success rate for replacing the
pressure bandage was 57.1%, with UGC at 100%, UGTI at 86.3%, and open surgical

repair at 100%. No complications were reported during PSA treatments.

Comparison of patients with and without pseudoaneurysm

A control group of 134 patients was created to reveal predictors of PSA formation.
Controls were randomly selected in a 1:1 fashion matched according to age, gender, and
the type of procedure, either from the study population (for patients with PSA in whom
the arterial puncture was intended, N=109) or from our medical record archiving system

(for patients with PSA in whom the arterial puncture was unintended, N=25). (Table 4)
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Table 4. Characteristics of the pseudoaneurysm and the control group

Parameters

Patients with PSA
(N=134)

Control group
(N=134)

P-value

Demographic

parameters

Age (years)
Mean (SD)
Median (IQR)

69.5 (15.2)
72.5 (15.8)

69.5 (15.2)
72.5 (15.8)

1.000

Female sex, N
(%)

72 (53.7)

72 (53.7)

1.000

Atherosclerotic risk
factors

BMI >30 kg/m?,
N (%)

28 (20.9)

25 (18.7)

0.759

Smoking, N (%)

76 (56.7)

77 (57.5)

1.000

Hypertension, N
(%)

123 (91.8)

115 (85.8)

0.175

Dyslipidemia, N
(%)

51 (38.1)

45 (33.6)

0.446

Diabetes
mellitus, N (%)

37 (27.6)

39 (29.1)

0.892

Chronic kidney
disease, N (%)

37 (27.6)

40 (29.9)

0.787

Preprocedural
blood test

parameters

White blood
cells (G/L)
Mean (SD)
Median (IQR)

8.47 (3.45)
8.05 (3.25)

7.87 (3.55)
7.39 (3.54)

0.160

Red blood cells
(T/L)

<0.001
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Mean (SD) 4.13 (0.80) 4.59 (0.51)
Median (IQR) 4.01 (1.12) 4.60 (0.65)
Hematocrit (L/L)
Mean (SD) 0.37 (0.06) 0.41 (0.05) <0.001
Median (IQR) 0.37 (0.08) 0.42 (0.05)
Hemoglobin
(9/dL)
Mean (SD) 122 (22.4) 138 (15.2) <0.001
Median (IQR) 122 (32.0) 139 (19.5)
Platelets (G/L)
Mean (SD) 227 (86.4) 233 (72.6) 0.546
Median (IQR) 206 (99.0) 222 (90.3)
Prothrombin
activity (%)
Mean (SD) 81.7 (18.7) 89.9 (14.3) <0.001
Median (IQR) 83.0 (25.5) 92.0 (7.8)
International
normalized ratio
(V)
Mean (SD) 1.19 (0.25) 1.10 (0.17) <0.001
Median (IQR) 1.14 (0.24) 1.06 (0.08)
Creatinine
(umol/L)
Mean (SD) 129.0 (144.0) 90.2 (59.9) 0.005
Median (IQR) 89.0 (48.5) 77.5 (26.5)
Procedure types
Vascular
radiological, N 53 (39.6) 53 (39.6) 1.000
(%)
Coronary artery,
31(23.1) 31(23.1) 1.000
N (%)
Non-coronary 25 (18.7) 25 (18.7) 1.000
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artery cardiac, N
(%)

Others, N (%) | 25 (18.7) 25 (18.7) 1.000

Access site

Upper extremity,

34 (25.4) 30 (22.4) 0.667
N (%)

Sheath size

>8F, N (%) 9(6.7) 11 (8.2) 0.816

Closure device, N

37 (27.6) 14 (10.4) <0.001
(%)

BMI, Body mass index; IQR, interquartile range; PSA, pseudoaneurysm; SD, standard
deviation.
P-values are based on the chi-squared test for categorical variables and Welch’s t-test

for continuous variables.

A logistic regression model was used to determine which parameters had a
significant effect on PSA formation and how strong that effect was. To avoid the
multicollinearity problem caused by the high correlation between red blood cell (RBC)
count, hematocrit (HCT), and hemoglobin (Hb) values, three final models were
developed. White blood cell, RBC (or HCT or Hb), and platelet counts; international
normalized ratio (INR) and creatinine levels; BMI >30 kg/m?; atherosclerotic risk
factors/comorbidities; puncture site; and sheath size were all included in the models.
The effect of RBC count (OR, 0.33; at average INR value), HCT value (OR, 0.87; at
average INR value), Hb value (OR, 0.96; at average INR value), INR (OR, 12.97; at
average RBC count), the RBC count—INR interaction (OR, 22.28) (or the HCT
value—INR interaction [OR, 1.35] or the Hb value—INR interaction [OR, 1.08]), and
the RBC count—VCD use interaction (OR, 3.27) (or the HCT value—VCD use
interaction [OR, 1.17] or the Hb value—VCD use interaction [OR, 1.05]) on PSA
formation was significant. (Table 5) Figure 6 depicts the single effect of RBC count,
HCT, Hb, and INR levels on PSA formation. Neither other laboratory parameters, nor
atherosclerotic risk factors and comorbidities, site of the puncture, and size of the sheath

used showed correlation with the development of PSA.
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Table 5. Predictors of pseudoaneurysm formation

Parameters OR 95% CI P-value
BMI >30 kg/m? 1.19 0.56-2.53 0.626
Smoking 1.06 0.60-1.88 0.835
Hypertension 1.94 0.77-4.93 0.153
Dyslipidemia 1.37 0.78-2.44 0.276
Diabetes mellitus 0.73 0.39-1.38 0.332
Chronic kidney

) 0.76 0.41-1.44 0.403
disease
WBC count 1.06 0.97-1.16 0.190
RBC count 0.33 0.21-0.52 <0.001
HCT value 0.87 0.82-0.91 <0.001
Hb value 0.96 0.94-0.97 <0.001
Platelet count 1.00 0.10-1.00 0.857
INR 12.97 2.58-65.30 <0.001
Creatinine level 1.00 0.10-1.01 0.059
Upper extremit

PP Y 1.12 0.58-2.16 0.727
access
>8F sheath 1.01 0.35-2.95 0.985
Closer device 3.58 1.71-7.47 <0.001
RBC count—INR
) ) 22.28 2.91-170.61 0.003
interaction
HCT value—INR
) ) 1.35 1.07-1.71 0.014
interaction
Hb value—INR
) ) 1.08 1.01-1.16 0.036
interaction
RBC count—closer
device use 3.27 1.09-9.80 0.036
interaction
HCT value—closer

1.17 1.02-1.34 0.022

device use
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interaction

Hb value—closer
device use 1.05 1.01-1.09 0.012

interaction

BMI, Body mass index; Cl, confidence interval, Hb, hemoglobin; HCT, hematocrit;
INR, international normalized ratio; OR, odds ratio; RBC, red blood cell; WBC, white
blood cell.

For statistical analysis, ANOVA and likelihood-ratio tests were calculated (using

package car [version 3.0.8] with the function Anova).
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Figure 6. The single effect of red blood cells (A), hematocrit (B), hemoglobin (C),
and international normalized ratio (D) on pseudoaneurysm development
Kernel density plots of distributions.
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3.2. Study Il (Safety, clinical outcome, and fracture rate of femoropopliteal
stenting using 4F compatible delivery system)

3.2.1. Background information for interpreting the results

Between January 2010 and December 2011, 441 patients underwent femoropopliteal
endovascular intervention. In this retrospective study, only 112 consecutive patients
with severe claudication (Rutherford—Becker score = 3) or chronic CLI (Rutherford—
Becker score = 4-6) who received stenting with a 4F compatible delivery device were
examined. (93) The indication for stent implantation was suboptimal PTA due to
unfavorable morphology of the lesion (severe calcification and complete occlusion) or
failed angioplasty (residual stenosis >30% and flow-limiting dissection). Vascular
interventional radiologists performed all of the stentings. At each intervention, the
patient received at least 5,000 IU heparin intra-arterially. If the patient was not already
on single (ASA, 100 mg/day orally or clopidogrel, 75 mg/day orally) or dual antiplatelet
therapy, an oral or intravenous loading dose was given immediately following the
procedure (ASA, 250-500 mg and/or clopidogrel, 300600 mg). Hemostasis after
femoral artery puncture was achieved by manual compression, followed by pressure
bandage placement for 6-8 hours. The procedures were performed at the Heart and
Vascular Center and at the Department of Radiology and Oncotherapy of Semmelweis
University.

Follow-up visits were due 4 weeks, 3-6 months, and 12 months after the
procedure, and then once a year. These dates were changed in the event of a
symptom/complaint or any invasive arterial therapy. Symptoms were evaluated,
femoropopliteal and foot pulses were palpated, and ABI was measured during follow-up
exams. Patients with worsening symptoms, an impalpable popliteal pulse, and an ABI
of less than 0.5 were suspected of having a significant ISR. Ultrasonography, CTA, and
DSA were used to confirm the presence of ISR. Patency rates were classified as primary
(patients without ISR; stents remained patent without further intervention), primary
assisted (patients with significant ISR; patients required additional intervention to
preserve stent patency), and secondary (patients with stent occlusion; stent patency
needed to be re-established by another intervention). (108) Target lesion

revascularization was defined as any repeat percutaneous intervention of the target
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lesion (including 5 mm proximal and distal to the stent) or surgical bypass of the target
vessel performed for restenosis or other complication involving the target lesion,
whereas target vessel revascularization meant any repeat percutaneous intervention or
surgical bypass of any segment of the target vessel. (109)

Patients were asked to return for an extra follow-up visit in 2013, during which a
fluoroscopic SF evaluation was performed in addition to the above-mentioned tests. The
high magnification fluoroscopic examinations were performed in an angiography suite
(AXIOM Artis FA; Siemens Medical Solutions AG Corp., Erlangen, Germany) with the
following parameters: 7.5 frames per second, 100-125 kV, and 550-800 mA (Heart and
Vascular Center); or in an examination room with an X-ray system using a digital flat
panel (Carestream DRX-1 System; Carestream Health Inc., Rochester, NY, USA) with
the following parameters: 60—70 kV, 63 mA with a grid (Department of Radiology and
Oncotherapy). To visualize the implanted stents, three cine loops with a length of three
cardiac cycles (Heart and Vascular Center) or digital X-rays (Department of Radiology
and Oncotherapy) were recorded in posteroanterior, and right and left anterior oblique
30-45° projections. The postprocessing was accomplished on a Leonardo workstation
(Syngo 2003; Siemens Medical Solutions AG Corp., Erlangen, Germany) (Heart and
Vascular Center) or on a PACS workstation (IMPAX 6.5.2; Agfa HealthCare NV Corp.,
Mortsel, Belgium) (Department of Radiology and Oncotherapy). Two experienced
interventional radiologists assessed the fluoroscopic images in agreement. The
Cardiovascular Institute of the South created a nitinol stent fracture classification, which
was used to define SFs (Houma, LA, USA). (46) Type | = single strut fracture, type Il =
multiple strut fractures at different sites in the stent, type 111 = multiple strut fractures
resulting in complete transverse stent fracture, and type IV = complete transverse
fracture with stent separation.

Statistical analysis was performed with SPSS 21.0 software (IBM, Armonk, NY,
USA).
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3.2.2. The results obtained

Patient data

Because 10 patients were lost to follow-up, they were not included in the analysis. The
remaining 102 patients (women, N=40; men, N=62) had a mean (+SD) age of 66.4
(£10.1) years. Severe claudication was the reason for femoropopliteal revascularization
in 63 patients (61.8%) and chronic CLI in 39 patients (38.2%). At the time of
intervention, none of the patients had significant ipsilateral iliac or common femoral
artery stenosis. Atherosclerotic risk factors included obesity (BMI >30 kg/m?) in 44
patients (43.1%), smoking in 89 (87.3%), hypertension in 96 (94.1%), dyslipidemia in
41 (40.2%), diabetes mellitus in 42 (41.2%), and chronic kidney disease in 16 (15.7%).
Twenty-seven patients (26.5%) had coronary artery bypass grafting and/or percutaneous
coronary intervention, 23 (22.5%) had supra-aortic surgical and/or endosurgical
reconstruction, and 21 (20.6%) had lower extremity open and/or percutaneous

revascularization, according to the medical history.

Lesion, procedure, and stent characteristics

A total of 114 lesions were treated. In 87 cases (76.3%), the lesions were de novo
stenoses, and in 27 cases (23.7%), the lesions were restenoses after previous PTA.
Sixty-four (56.1%) of the lesions treated were stenoses, whereas 50 (43.9%) were total
occlusions. In 49 cases (43%), the lesions were long and in 35 cases (30.7%), they were
heavily calcified. Long lesions were those that were longer than 100 mm, while heavily
calcified lesions were those with calcification apparent on fluoroscopy more than 75%
of the length of the stenotic or occluded segment. The side distribution of the lesions
was almost equal (left, N=58; right, N=56). Lesions were located in the superficial
femoral artery in 36 cases (31.6%), in the femoropopliteal transitional zone in 47
(41.2%), and in the popliteal artery in 31 (27.2%). According to the TransAtlantic Inter-
Society Consensus (TASC) classification, (110) the lesions were TASC-A, TASC-B,
TASC-C, and TASC-D in 35 (30.7%), 34 (29.8%), 30 (26.3%), and 15 cases (13.2%),
respectively. (Table 6)
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Table 6. Lesion characteristics

Variables Lesions (N=114)
Underlying pathology
Atherosclerosis, N (%) 87 (76.3)
Restenosis, N (%) 27 (23.7)
Stenosis grade (%), mean (SD) 91.5(8.8)
Total occlusion, N (%) 50 (43.9)
Length (mm), mean (SD) 80.9 (64.1)
Length >100 mm, N (%) 49 (43)
Calcification, N (%) 57 (50)
Heavy calcification, N (%) 35 (30.7)
Location
Proximal SFA, N (%) 2(1.8)
Proximal-mid SFA, N (%) 6 (5.3)
Mid SFA, N (%) 7(6.1)
Mid—distal SFA, N (%) 6 (5.3)
Distal SFA, N (%) 7(6.1)
Entire SFA, N (%) 8 (7)
Femoropopliteal transitional zone, N
) 47 (41.2)
P1-2 segments, N (%) 15 (13.2)
P1-3 or P2-3 segments, N (%) 16 (14)

P, Popliteal; SD, standard deviation; SFA, superficial femoral artery.

In 79 cases, the procedures were performed with an ipsilateral antegrade approach
and in 31 cases, with a contralateral crossover approach. Due to failed recanalization
through the femoral artery in two patients, an ipsilateral retrograde approach (one
through the popliteal artery and the other through the dorsalis pedis artery) was
required. A total of 119 stents were implanted. All patients received self-expanding
nitinol stents (Astron Pulsar, N=42; Pulsar-18, N=77; Biotronik AG, Biilach,
Switzerland). Forty-six (38.7%) of the deployed stents were long and 10 (8.4%) were
implanted in a partially overlapping position. (Table 7) Stents with a length of 120 mm
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or more were considered long. In 17 patients (16.7%), below the knee interventions

were also performed.

Table 7. Stent characteristics

Variables Stents (N=119)
Type
4F Astron Pulsar, N (%) 42 (35.3)
4F Pulsar-18, N (%) 77 (64.7)
Length (mm), mean (SD) 92.2 (53.0)
Length >120 mm, N (%) 46 (38.7)
Overlapping stents, N (%) 10 (8.4)

Early postprocedural period (within 30 days)

The technical success rate, which was defined as <30% residual stenosis without
dissection or extravasation, was 100%. Two patients (2%) developed PSA at the
femoral puncture site, and both were treated with UGTI. The 30-day all-cause mortality
rate 'was zero. Minor amputations were performed on five individuals (4.9%)
(interphalangeal, N=2; ray, N=2; and transmetatarsal, N=1). All patients mentioned

improvement or resolution of the preprocedural symptoms.

Follow-up period
The mean (+SD) follow-up time was 25.3 (+6.2) months. Eleven patients (10.8%) died

during the follow-up period (acute myocardial infarction, N=4; stroke, N=2; and
malignancy, N=5). Significant (>70%) ISR was observed in 21 patients (20.6%). Target
lesion revascularization was carried out in 15 patients (14.7%; PTA, N=13 and stenting,
N=2), while target vessel revascularization was performed in six patients (5.9%; PTA,
N=3; stenting, N=1; and open surgery, N=2). Major amputation was necessary in nine
patients (8.8%; below the knee, N=5 and above the knee, N=4). Indications for
amputation were acute ischemia in four cases and chronic ischemia in five cases. All
stents were patent in the below the knee amputation group, while all stents were blocked

in the above the knee amputation group. The primary, primary assisted, and secondary
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patency rates were 83.1%, 97.2%, 86.2%, respectively, at 6 months and 80.4%, 94.3%,
85.4%, respectively, at 12 months. (Figure 7)
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Figure 7. Primary (A), primary assisted (B), and secondary patency rates (C)

Kaplan—Meier curves.

The mean (+SD) Rutherford—Becker classification improved from 3.9 (+1.1)
before the procedure to 2.1 (+1.4) at the most recent follow-up (P<0.001 — Mann-
Whitney U test). The mean (+SD) resting ABI improved from 0.5 (+0.1) before the
procedure to 0.8 (+0.2) at the most recent follow-up (P<0.001 — Student t-test).

Stent fracture

Patients who died or underwent above the knee amputation and who had stents that
were placed during the follow-up were excluded from the analysis of SF. A total of 104
stents were analyzed. In 87 patients, 27 SFs (26%) were found: type | in nine cases, type
Il in eight cases, type Il in five cases, and type IV in five cases. (Figure 8) In 83% of
the stents, the fracture was localized to their middle part. The number of patients with
ISR (occurring at any time throughout the follow-up) was significantly higher in the
fractured group than in the non-fractured group (N=15 versus N=2; P<0.001 — chi-

squared test) at the time of the fluoroscopic study.
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Figure 8. Fluoroscopic image of a type IV stent fracture (Right anterior oblique
view; the fluoroscopic image was made by Hunor Sandor Sarkadi.)
The arrow points to a complete transverse fracture with subsequent stent separation.
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Predictors of in-stent restenosis and stent fracture

The following parameters were evaluated: female sex, age >70 years, obesity, smoking,
hypertension, dyslipidemia, diabetes mellitus, chronic kidney disease, total occlusion,
long lesion, calcified lesion, heavily calcified lesion, TASC lesions, proximal
superficial femoral artery stent, proximal-mid superficial femoral artery stent, mid
superficial femoral artery stent, mid—distal superficial femoral artery stent, distal
superficial femoral artery stent, femoropopliteal transitional zone stent, P1-2 stent, P1—
3 or P2-3 stent, long stent, overlapping stents, Astron Pulsar stent, and Pulsar-18 stent.
Univariate logistic regression analysis revealed that stents placed in P1-2 location were
associated with an increased incidence of ISR (OR, 3.83; 95% CI, 1.10-13.31,;
P=0.030). Calcified, especially heavily calcified lesions were found to be predictive of
SF (OR, 19.64; 95% CI, 4.31-89.47; P<0.001 and OR, 116.07; 95% CI, 22.57-597.03;
P<0.001, respectively).
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4. Discussion

4.1. Study | (Incidence of and predisposing factors for arterial pseudoaneurysm
formation)

PSA was significantly more common in vascular radiological procedures than in
coronary artery procedures, which can be explained by a higher percentage of
therapeutic interventions (4,180/6,555 [63.8%)] wversus 7,709/18,038 [42.7%)],
respectively) and more frequent use of brachial and femoral access in the vascular
radiological group (4,181/6,555 [63.8%] versus 1,419/18,038 [7.9%)], respectively). In
therapeutic interventions, compared to diagnostic angiographies, sheaths are generally
larger in caliber, device changes are more frequent, and more time is required to
perform them; all of these factors are known to predispose patients to PSA
development. (5-7, 12) The reason for the difference in PSA incidence between the
coronary artery and non-coronary artery cardiac groups may be the same (therapeutic
interventions, 7,709/18,038 [42.7%] versus 5,603/5,603 [100%]; brachial and femoral
access, 1,419/18,038 [7.9%] versus 1,430/5,603 [25.5%]). The higher PSA incidence of
vascular radiological procedures, compared to non-coronary artery cardiac
interventions, could be due to the fact that the majority of vascular radiological
procedures are used to treat atherosclerotic steno-occlusive disease, which means that
the punctured arteries of this patient population are more calcified and thus more prone
to PSA formation.

In the upper limb, the radial and brachial arteries are the most common puncture
sites, but the ulnar artery is also increasingly used. (13, 17-19, 111) Radial and ulnar
punctures have a lower major complication rate than brachial and femoral punctures.
(13-15, 18, 19, 111) Two complications related to radial and ulnar puncture, namely
spasm and occlusion, should be highlighted, (13-15, 111) but they rarely cause clinical
symptoms as the hand has a dual arterial blood supply. The incidence of radial and ulnar
PSA is low, less than 0.1%. (13-15, 111) Major complications associated with the
brachial approach include local thrombus formation, PSA, and nerve compression by
hematoma and/or PSA. (17, 18) In a study by Yusuke et al., (17) the prevalence of PSA
and nerve compression by PSA was significantly higher in brachial (1.1% and 2.2 %,

respectively) than in femoral access (0.4% and 0%, respectively). In another study
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comparing three puncture sites (radial, brachial, and femoral), the brachial puncture site
had the highest risk of developing a large hematoma (0.7%, 4.4%, and 1.5%,
respectively) or PSA (0%, 1.3%, and 0%, respectively). (18) Our results are consistent
with literature data, as the order of PSA incidence in the upper limb was as follows: 1)
brachial artery (1.2%), 2) ulnar artery (0.1%), and 3) radial artery (0.05%).

The femoral access is still extensively used, especially when a large sheath is
required (e.g., at BAV, TAVI operations). Furthermore, the common femoral artery is
used for the majority of lower extremity procedures. (16) The incidence of femoral PSA
is 0.05%—2% after peripheral artery or coronary artery diagnostic catheterizations (21)
and 2%—6% after therapeutic interventions. (12) In patients with non-coronary artery
cardiac interventions, such as intracardiac electrophysiological procedures or TAVI, the
prevalence of femoral PSA was 0.3%-0.9% (22, 23) and 1.6%-5.9%, (24, 25)
respectively. The incidence of femoral PSA was 0.4% in our patient population, while it
was 2.9% in a subset of patients who underwent BAV or TAVI.

VCDs are most commonly used to close femoral punctures. The use of VCD
reduces the time to hemostasis, thus facilitating early patient mobilization, eliminating
discomfort caused by prolonged bed rest, and shortening hospital stay length. (112)
Although VCDs reduce the overall number of puncture-related complications, they
slightly increase the risk of PSA formation. (39, 112, 113) The exact mechanism by
which the use of VCD leads to the development of PSA is unknown. Presumably, it is
not the VCD itself, but the choice of the wrong type and size or its incorrect use that
results in PSA.

Replacement of the pressure bandage is still commonly used for PSA therapy,
with efficacy ranging from 23.2% to 98.1%. (114-117) The primary success rate of
mechanical compression in the upper limb (81.8%) was higher than in the lower limb
(57.1%) in our study, which could be due to the treated arteries being closer to the skin
surface in the upper limb than in the lower limb. Less invasive procedures, such as UGC
and UGTI, have gradually supplanted traditional open surgical repair of PSAs. (31)
UGTI has a higher success rate (89%-100%) than UGC (57%-99%), especially if the
PSA is large and/or if the patient is anticoagulated. (9) For UGTI, we showed a primary
success rate of 92.3% for the upper limb and 86.3% for the lower limb, while for UGC,

we observed a primary success rate of 100% for both the upper and lower limbs. Other
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minimally invasive techniques, such as Angio-Seal or Perclose ProGlide, have only
been tried on a few patients. (32)

Anemia has been linked to an increased frequency of perioperative complications
in individuals undergoing cardiac and non-cardiac surgery. (118-120) Low RBC
counts, as well as low HCT and Hb levels, were revealed to be prognostic factors for
PSA development in our study. RBCs have an important rheological effect, interacting
with endothelial cells, platelets, and fibrin(ogen) both directly and indirectly. Their
aggregation and deformability cause laminar shearing with platelet margination. (121,
122) HCT, like RBCs, has been shown to promote the transport of platelets to the site of
vessel wall injury, thereby enhancing their interaction with the endothelium. (121, 123)
In anemia, the reduced effect of RBCs and HCT on platelets may increase the risk of
post-puncture PSA development. The relationship between intracellular Hb and PSA
occurrence is unclear and is probably related to anemia.

PSA development was significantly influenced by the INR level. Higher INR
values have long been associated with bleeding complications. (124) Popma et al. (125)
conducted a meta-analysis and found that patients undergoing coronary artery
intervention with an INR >3 had a three-fold higher risk of bleeding events than those
with an INR <3. High INR values have been linked to the development of PSA (5, 126)
and the requirement for reintervention after UGTI (114). High INR values are thought
to cause PSA formation through the delayed coagulation cascade.

The study had three primary limitations: 1) it was a single-center, retrospective
study, 2) the patient population was heterogeneous due to the large number of cases,
and 3) after the interventions, a duplex scan was only performed if the patient had a

symptom or complaint corresponding to the punctured extremity.

4.2. Study Il (Safety, clinical outcome, and fracture rate of femoropopliteal
stenting using 4F compatible delivery system)

In our study, access site complications were found in 2% of the patients. At 12 months,
there was an 80.4% overall primary patency rate and 85.3% freedom from target lesion
revascularization. After an average follow-up of 25.3 months, the incidence of SFs was
26%.
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Each year, the number of peripheral vascular procedures rises. Aside from major
complications, arterial puncture-related complications include bleeding, hematoma,
PSA, arteriovenous fistula, arterial occlusion, femoral neuropathy, and infection, all of
which are linked to increased morbidity, mortality, and cost. (38, 39) A larger sheath
increases the risk of complications at the access site. (38) Up until a few years ago, only
6F or larger sheaths were used for femoropopliteal stenting. The reported incidence of
puncture site complications during interventions through 6F sheaths varies between
studies, but could be as high as 20%, (38) depending upon the definition and criteria
used. Recently, self-expanding femoropopliteal stents that are deliverable through 4F
sheaths have been introduced. Two large prospective multicenter trials (4-EVER and
PEACE 1) have been carried out to examine the safety and efficacy of implantation of
4F stents in patients with symptomatic femoropopliteal occlusive disease. (44, 45) The
access-related complication rates were 3.3% in the 4-EVER trial and 2% in our study,
and all of the complications could be managed by non-surgical treatments. (44) These
rates are lower than most of the published rates on 6F devices. (38)

Regarding effectiveness of the procedures, the overall 12-month primary patency
rate was 81.4% in the 4-EVER trial, 79.5% in the PEACE 1 trial, and 80.4% in our
study, while the freedom from target lesion revascularization at 12 months was 89.3%,
81%, and 85.3%, respectively. (44, 45) The slightly worse results in the PEACE 1 trial
can be explained by the fact that the percentage of patients with TASC-D lesions and
total occlusions was higher (32.2% and 56.7%, respectively) compared to the 4-EVER
trial (0% and 20.8%, respectively) and the current study (13.2% and 43.9%,
respectively). (44, 45) Moreover, the treated lesions were longer in the PEACE | trial
(111.5+£71.4 mm) than they were in the 4-EVER trial (71.0+45.9 mm) and the current
study (80.9+64.1 mm). (44, 45) Two other smaller 4F studies should be mentioned; in
one of them, only patients with TASC-D lesions were enrolled, while only those having
long segment femoropopliteal stenosis (=120 mm) were enrolled in the other. (127, 128)
The 12-month patency and revascularization rates of these two studies are similar to the
rates of the PEACE I trial. (45, 127, 128) More importantly, these results are not worse
than the reported 12-month outcomes with 6F stents. (73, 129-134)

Neointimal hyperplasia is the major cause of ISR. Patient-specific characteristics

(e.g., ubiquitous comorbidities and insufficient antiplatelet therapy), as well as many
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lesion-, stent-, and procedure-related factors (e.g., stent type, stent design, stent
configuration, stent diameter, stent length, incomplete stent apposition, incomplete stent
expansion, and overlapping stents) are known to precipitate ISR. (135) Femoropopliteal
ISR occurs with a frequency of 19%—37% in lesions less than 150 mm in length after 12
months. (73, 136) In our study, the incidence of ISR was 20.6% and stents in P1-2
location were found to be associated with ISR. Certain dynamic forces, such as bending
the artery during knee flexion, produce persistent deformation of the stent, which
negatively affects the dynamics of blood flow in the vessel and leads to ISR, according
to Early and Kelly. (137)

SFs have been extensively investigated in many vascular territories and were
noted to be one of the most common in the femoropopliteal arteries, with a prevalence
of 2%-65%. (48) Here, a 26% SF rate was reported after an average follow-up of 25.3
months. A literature search for the SF rates of 4F Astron Pulsar and Pulsar-18 stents
revealed only one study (the 4-EVER trial). (44) Although, the SF rate was 4.2% in this
trial, the percentage of patients with TASC-D lesions, total occlusions, calcified lesions,
and long stents was significantly lower compared to our study. (44) Femoropopliteal
stents are almost continuously exposed to mechanical forces, which can themselves
result in “stress” fractures, especially when stents are placed behind the knee. Patient-,
lesion-, stent-, and procedure-related parameters may further increase the risk of SF.
(50) Calcified lesions were found to be predictive of SF in our study. Calcification due
to changes in the regional wall stiffness and creating excessive focal pressure on certain
parts of the stent has already been demonstrated to play a role in the development of SF.
(48)

The study had two primary limitations: 1) it was a single-center, retrospective
study, and 2) the SF analysis was performed in two separate centers in two slightly

different ways.
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5. Conclusions

5.1. Study I (Incidence of and predisposing factors for arterial pseudoaneurysm
formation)

1) The incidence of PSA was 0.8% after radiological procedures, 0.2% after coronary
artery procedures, and 0.4% after non-coronary artery cardiac procedures.

2) The effects of VCD use (P<0.001), RBC count (P<0.001), HCT value (P<0.001), Hb
value (P<0.001), INR (P<0.001), RBC count—INR interaction (P=0.003), and RBC
count—\VCD use interaction (P=0.036) on PSA formation were significant.

In conclusion, the prevalence of PSA was highest after radiological procedures.
Patients in whom the puncture site is closed with a VCD require increased observation.
Preprocedural laboratory findings are useful for the identification of patients at high risk
of PSA formation.

5.2. Study Il (Safety, clinical outcome, and fracture rate of femoropopliteal

stenting using 4F compatible delivery system)

1) The peri- and postprocedural complication rate for femoropopliteal stenting with a 4F

sheath compatible delivery system was low at 2%.

2) The 30-day major amputation and all-cause mortality rates were zero. The primary,

primary assisted, and secondary patency rates were 80.4%, 94.3%, 85.4%, respectively,

at 12 months.

3) Over a mean (+SD) follow-up of 25.3 (+6.2) months, the incidence of SF was 26%.
In conclusion, the complication rate of femoropopliteal stenting using a 4F

compatible delivery system is low, the 12-month patency rate is good, and the SF rate is

acceptable.
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6. Summary

PSA formation is one of the most common punctured vessel-related complications.
There are several ways to reduce the number of such complications (e.g., by inserting a
smaller diameter sheath). We aimed to evaluate factors for PSA development and to
determine the safety, clinical outcome, and fracture rate of femoropopliteal stenting
using a 4F compatible delivery system. The studies were carried out retrospectively.

Single PSAs were found in 134 patients: 53 PSAs occurred after radiological
procedures (53/6,555 [0.8%]), 31 after coronary artery procedures (31/18,038 [0.2%]),
25 after non-coronary artery cardiac procedures (25/5,603 [0.4%]), and 25 due to
procedures in which the arterial puncture was unintended. Thirty-four PSAs (25.4%)
were localized to the upper extremity arteries, while 100 (74.6%) arose from the lower
extremity arteries. The PSA prevalence was 0.05% (10/20,478) in the radial artery,
0.1% (2/1,818) in the ulnar artery, 1.2% (22/1,897) in the brachial artery, and 0.4%
(99/22,202) in the femoral artery. The prevalence of PSA for the punctured artery with
and without VCD use was 37/3,555 (1%) and 97/27,204 (0.4%), respectively (P<0.001).
The effects of the RBC count (P<0.001), HCT value (P<0.001), Hb value (P<0.001),
INR (P<0.001), RBC count—INR interaction (P=0.003), and RBC count—VCD use
interaction (P=0.036) on PSA formation were significant.

In total, 114 femoropopliteal lesions (TASC C-D, N=45; >100 mm, N=49;
heavily calcified, N=35) were treated with 119 stents (Astron Pulsar, N=42; Pulsar-18,
N=77; >120 mm, N=46). The technical and clinical success rates were 100%. Two
puncture-related complications were noted. Eleven patients died and nine patients
underwent major amputation (above the knee, N=4). The primary, primary assisted, and
secondary patency rates were 80.4%, 94.3%, 85.4%, respectively, at 12 months. The
prevalence of SF was 26% (types Il and 1V, 10%) after an average follow-up of 25.3
months.

Patients in whom the puncture site is closed with a VCD require increased
observation. Preprocedural laboratory findings are useful for the identification of
patients at high risk of PSA development. The complication rate of femoropopliteal
stenting using a 4F compatible delivery system is low, the 12-month patency rate is

good, and the SF rate is acceptable.
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