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1. Introduction 

 

Diseases resulting from arterial stenoses/occlusions continue to be associated with high 

rates of disability and are among the leading causes of death worldwide. (1) This 

dissertation addresses the short- and mid- or long-term effectiveness of invasive 

treatment of steno-occlusive lesions of both the internal carotid artery (ICA) and 

popliteal artery (PA) and the factors influencing it. 

 

1.1. Internal carotid artery stenosis 

1.1.1. Incidence, etiology, risk factors, and symptoms 

There are about 1.4 million new ischemic strokes in Europe each year, (2) of which 

approximately 10% are related to extracranial ICA stenoses. (3, 4) Luminal narrowing 

of the carotid artery >50% occurs in around 2% of the European population. (2) 

 Internal carotid artery stenoses can be caused by external compression, such as hyoid 

bone or chemodectoma. (5, 6) However, in most patients, luminal narrowing is due to 

pathological changes in the vessel wall. In the majority of cases, atherosclerosis is 

responsible for the development of ICA stenoses. (7) Atherosclerosis consists of 

complex pathophysiological alterations originating from the intimal layer. The 

formation of atherosclerotic lesions is based on endothelial dysfunction leading to 

vasoconstriction, lipid infiltration, leukocyte adhesion, and platelet activation in regions, 

especially in bifurcations, where turbulent flow generates low or oscillating shear stress. 

(7, 8) The early phase of the atherosclerotic process is characterized by the appearance 

of fatty streaks. Fatty streaks contain foam cells, which are in fact macrophages that 

have taken up oxidized low-density lipoprotein (LDL) particles trapped in the 

subendothelial space. (9) The presence of plaques consisting of a necrotic core and a 

fibrous cap indicates a more advanced stage of atherosclerosis. (8, 9) Another feature of 

a more advanced atherosclerosis is the occurrence of calcium deposits in the plaques 

triggered by matrix vesicles released from macrophages and vascular smooth muscle 

cells (VSMCs). (8, 9) It should be noted that low shear stress also causes positive 

remodelling and an increase in vessel diameter to compensate for the decrease in the 

luminal diameter, but this process only provokes further plaque growth. (10) Plaques 

with a large, cell-free, lipid-rich necrotic core, a thin fibrous cap, microcalcifications, 
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and inflammatory cells are “vulnerable” (“unstable”), as they are prone to rupture, 

fragmentation, and consequent local thrombosis and/or distal embolization. (11) In 

contrast, carotid plaques with extensive calcification are less likely to rupture and are 

therefore considered “stable”. (12) 

 Other etiologies of ICA stenosis include restenosis, which can be early (occurring 

within about 2 years after invasive treatment) or late (so-called “neoatherosclerosis”, 

occurring beyond 2 years after invasive treatment), (13, 14) cervical radiation-induced 

arteriopathy, (15) fibromuscular dysplasia (FMD), (16) and large-vessel vasculitis 

(Takayasu's arteritis and Horton's disease). (17) Atherosclerotic and restenotic lesions 

are mostly located in the bifurcation and origin of the ICA, whereas FMD mainly 

affects the distal part of the ICA, and arteritis affects the common carotid artery (CCA). 

The localization of radiation-induced arteriopathy can be highly variable. (7, 15–17) 

 Several risk factors for atherosclerosis, such as male sex, age, obesity, sedentary 

lifestyle, smoking, hypertension, hyperglycemia, and dyslipidemia have been identified 

through the Framingham Heart Study. (18) 

 Not all patients with carotid artery stenosis develop symptoms. Among the 

symptoms, which may be transient or persistent, ipsilateral amaurosis fugax, chronic 

ocular ischemia, aphasia, and contralateral hemiparesis/hemiplegia deserve mention. 

Impaired hemodynamic function of the brain and/or downstream microembolization 

from vulnerable plaques may be responsible for the symptoms. (19) 

 

1.1.2. Diagnosis 

Auscultation has a low sensitivity for the detection of carotid artery stenoses >50% and 

does not provide information on the exact location and grade of the stenoses or the 

morphology of the plaques, therefore imaging techniques must be used. (20) The 

primary imaging modality for extracranial carotid arteries is ultrasound (US). The high 

spatial resolution and standardized velocity parameters allow low-cost and radiation-

free characterization of the vessel wall and plaques, as well as grading of stenoses in the 

cervical segment, with the trade-off that the evaluation of the lumen is limited in heavily 

calcified lesions. (21) Computed tomography angiography (CTA) can visualize the 

anatomy of the arteries from the aortic arch to the intracranial vasculature, which is 

essential for planning invasive procedures. Its drawbacks include the potential for 
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iodine contrast nephrotoxicity and radiation exposure. (22) Contrast-enhanced magnetic 

resonance angiography (MRA) serves a similar purpose to CTA, but has limited ability 

to assess calcification and, like CTA, can only be used in exceptional cases in patients 

with chronic kidney disease (CKD). (22, 23) An alternative to CTA and contrast-

enhanced MRA can be non-contrast MRA, of which several variants already exist. (24, 

25) Digital subtraction angiography (DSA) is practically no longer used to confirm ICA 

stenoses. Current guidelines recommend a combination of two different imaging 

methods to safely determine the extent and severity of carotid artery stenoses. (2) 

 

1.1.3. Treatment 

In addition to cardiovascular risk factor management and statin and antiplatelet therapy, 

invasive treatment is the basis for reducing the risk of stroke in patients with significant 

ICA stenosis. (2) Invasive therapy is considered for asymptomatic patients with ≥60% 

ICA stenosis and for symptomatic patients with ≥50% ICA stenosis. (2) In the last 

decade, however, a less aggressive approach to invasiveness has evolved, particularly in 

asymptomatic patients. (26) 

 

1.1.3.1. Best medical treatment 

The management of classic atherosclerotic risk factors means, among other things, 

optimizing body weight, prioritizing a Mediterranean-type diet, exercising, avoiding 

smoking, blood pressure-lowering treatment (ideal blood pressure in patients under 65 

years of age: 120–129/70–79 mm Hg; ideal blood pressure in patients over 65 years of 

age: 130–139/70–79 mm Hg), glycemic control, and statin therapy (with or without 

elevated serum LDL-cholesterol). (2) Low-dose aspirin (100 mg/day) is recommended 

for asymptomatic patients with significant ICA stenosis (≥70%), and clopidogrel (75 

mg/day) in case of aspirin intolerance. (2) Symptomatic patients with ICA stenosis 

(≥50%) require at least 21 days of dual antiplatelet therapy followed by clopidogrel 

monotherapy if the patient cannot receive invasive treatment for any reason. (2) 

 

1.1.3.2. Open surgical reconstruction 

Surgery remains the gold standard in patients with significant ICA stenosis who are 

symptomatic or asymptomatic but at an average surgical risk. (2) Several techniques 
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have been described for the surgical treatment of significant carotid artery stenosis since 

it was first performed by Michael E. DeBakey in 1953 and published by Eastcott et al. 

in 1954. (27) The most common are vertical arteriotomy (with primary closure or patch 

angioplasty) and oblique transection followed by eversion with or without the use of a 

shunt. (28) In our institute, eversion endarterectomy is preferred under general 

anesthesia or, rarely, under locoregional anesthesia. During endarterectomy, plaques are 

removed from the ICA, the bifurcation, and the distal third of the CCA, along with the 

intima and part of the media. (28) 

 

1.1.3.3. Endovascular intervention 

Antegrade ICA stenting was first described in 1989. (29) Initially, there was great 

enthusiasm for the method, but randomized controlled trials, which also included data 

from centers without sufficient experience, reported worse periprocedural results than 

open surgery. (30) Thanks to these trials, the number of ICA stentings has significantly 

decreased and in the last few years they have been used mainly in cases of high-surgical 

risk, unfavorable anatomical conditions from the point of view of open surgery (e.g., 

low or high carotid bifurcation and distal ICA stenosis), contralateral CCA and/or ICA 

occlusion, radiation-induced arteriopathy, or post-surgical restenosis. (2) However, the 

number of carotid artery stentings (CASs) is expected to rise again, as the recently 

published Second Asymptomatic Carotid Surgery Trial showed that serious 

complications are similarly uncommon after competent stenting and open surgery, and 

the long-term effects of these two carotid artery procedures on fatal or disabling stroke 

are comparable. (31) 

 Antegrade stenting of the ICA is performed under local anesthesia with self-

expanding bare metal stents or, occasionally, with covered stents, mostly through 

femoral or radial access. The intervention can take place without embolic protection or 

with embolic protection. In the case of the latter, distal (filter or occlusion balloon) and 

proximal (occlusion balloon) types can be distinguished. (2) In our institute, a filter is 

most often used as protection against embolism. 
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1.1.3.4. Invasive treatment-related early complications 

Post-procedural complications can be divided into early (≤30 days) and late (>30 days) 

types. 

 

1.1.3.4.1. Possible early complications of open surgical reconstructions 

Insufficient hemostasis of the incision site can lead to the formation of a wound 

hematoma; this usually occurs within the first 6 hours after surgery. (2, 32) The 

preparation of the carotid artery can cause injury to the adjacent cranial nerves in 4.9% 

of cases, the most common being damage to the vagus (X), facial (VII), hypoglossal 

(XII), and glossopharyngeal nerves (IX). (2, 33, 34) New ischemic brain lesions, 

whether silent or symptomatic, may develop as a result of hemodynamic factors (e.g., 

carotid artery clamping), distal embolization of plaque material after restoration of 

blood flow, or thrombosis of the ICA; their incidence is about 7%. (2) Hemodynamic 

instability is also a common complication, which can manifest as hypotension (due to 

loss of the dampening effect of removed plaques on baroreceptors) or hypertension (due 

to general anesthesia or denervation of the carotid bulb). (2) The most serious 

complication of untreated hypertension that develops in approximately 1% of patients in 

the first 12 hours is hyperperfusion syndrome, which presents as headache, confusion, 

seizures, hypertension, nausea, vomiting, and loss of consciousness. It can also lead to 

intracerebral bleeding. Causes of hyperperfusion syndrome include vasogenic edema 

due to impairment of autoregulation, as well as baroreceptor and blood-brain barrier 

dysfunction. (2, 35, 36) 

 

1.1.3.4.2. Possible early complications of endovascular interventions 

Endovascular therapy can cause both systemic (e.g., allergic reactions) and local 

complications. (37) Insufficient closure of the access site may result in hematoma or 

pseudoaneurysm development. (38) Rapid and large extravasation can lead to 

retroperitoneal hematoma after femoral artery puncture or limb-threatening 

compartment syndrome after brachial artery puncture. (39) Other complications related 

to the access site include arteriovenous-fistula and occlusion of the punctured artery. 

Intraluminal maneuvering with the devices can cause vessel wall injury and, in patients 

with diffuse atherosclerosis, plaque fragmentation, local thrombus formation, and/or 
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distal embolization. The consequence of the latter can be a stroke. (40) Stroke can be 

expected primarily in patients with type III aortic arch, bovine arch, severe aortic 

atherosclerosis, tortuous carotid artery, and long or tandem carotid lesions. (2) 

Hemodynamic instability is also an important periprocedural complication. 

Hypotension, bradycardia, and even temporary asystole may occur during the 

intervention. (2) As with open surgical reconstruction, hyperperfusion syndrome is a 

real risk, affecting 3% of patients undergoing CAS. (2, 41) 

 

1.1.3.5. Invasive treatment-related late complications 

In about 1% of cases, an average of 3 months after open surgical reconstruction, 

infection of the patch or graft can occur, mostly by Staphylococcus aureus and 

Staphylococcus epidermidis colonies. (2) Restenosis is the most common late 

complication of invasive carotid artery procedures, which may require reintervention. 

(42) Early recurrent luminal narrowing is caused by local thrombus formation, 

remodelling, and intimal hyperplasia. (43) In the first weeks after intimal and medial 

injury, due to the interaction of subintimal tissue factors and circulating platelets, local 

thrombus formation dominates as the cause of recurrent luminal narrowing. In addition, 

after invasive procedures, the antiproliferative function of endothelial cells also 

decreases as a result of apoptosis or denudation of the inner surface of the arterial wall. 

(44) Consequently, VSMCs change to a de-differentiated phenotype with increased 

extracellular matrix production, migration, and proliferation, causing mostly intimal and 

medial hyperplasia, reaching a maximum within 8 weeks and then showing a slight 

decrease after 6 months. (45) Vessel wall inflammation and leukocyte infiltration also 

play a major role in extracellular matrix formation and VSMC proliferation. (45) 

Restenosis that appears years after invasive treatment is called “neoatherosclerosis”, 

which is similar to atherosclerosis in terms of its morphology and other characteristics, 

with the difference that it develops faster than an ordinary atherosclerotic lesion due to 

incomplete or damaged endothelization. (14) Recurrence of atherosclerotic plaques in 

the treated ICA can lead to a late ipsilateral ischemic cerebral event. However, ischemic 

brain lesions may be due not only to restenosis, but also to the progression of stenosis of 

the ipsilateral supra-aortic trunks or to other (e.g., cardiac) causes. (2) 
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 According to the results of large randomized clinical trials, it can be clearly stated, 

that regarding long-term outcomes, there is no significant difference between carotid 

endarterectomy (CEA) and CAS in the incidence of ipsilateral stroke. (2, 33) However, 

literature data on restenosis are quite contradictory: while randomized clinical trials 

have shown that CAS has a higher rate of restenosis, (33, 46) observational studies have 

noted that CEA has a higher rate of restenosis. (47–49) 

 

1.2. Popliteal artery steno-occlusive disease 

1.2.1. Incidence, etiology, risk factors, and symptoms 

Lower extremity arterial disease (LEAD) affects approximately 40 million people in 

Europe; prevalence increases with age. Patients with untreated LEAD have increased 

rates of amputation and mortality. (50) Isolated PA stenosis/occlusion is rare, occurring 

in only about 1% of all LEADs. (51) 

 Similar to ICA stenoses, the background of PA steno-occlusive disease is usually the 

atherosclerotic process, but entrapment syndrome, FMD, or cystic adventitial disease 

can also lead to isolated PA stenosis/occlusion. (52, 53) 

 The risk factors of popliteal atherosclerosis are practically identical to the risk factors 

listed in connection with carotid artery stenosis (see subsection 1.1.1.). 

 Roughly 20–50% of LEAD patients are asymptomatic. (54) In the case of poor 

collateralization, insufficient blood flow causes sural intermittent claudication, rest pain, 

and in severe cases non-healing ulcers and gangrene. Symptoms can be categorized 

using the Rutherford and Fontaine classification. (55) (Table 1) 
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Table 1. Rutherford and Fontaine classification of chronic peripheral artery 

disease (55) 

Rutherford category Fontaine stage Clinical presentation 

0 I No symptoms 

1 IIa Claudication: mild (>200 m) 

2 IIb Claudication: moderate 

3 IIb Claudication: severe 

4 III Ischemic rest pain 

5 IV Tissue loss: minor 

6 IV Tissue loss: major 

 

1.2.2. Diagnosis 

Diagnostic workup includes palpation of peripheral pulses and measurement of ankle-

brachial or toe-brachial index. In LEAD, peripheral pulses are weak or absent distal to 

the stenosis/occlusion. An ankle-brachial index (ABI) value of <0.90 and >1.40 and a 

toe-brachial index value of <0.70 is considered pathological. (50) The pencil probe 

Doppler blood flow detector can reveal sounds characteristic of tardus-parvus-like flow 

in the arteries below the knee. (50) Duplex US provides additional information on the 

location, morphology, and severity of steno-occlusive disease, however, alone it is 

usually not sufficient to comprehensively map the vascular anatomy and plan invasive 

treatment. (50) Computed tomography angiography is often the first-line imaging 

modality with extensive calcification and low spatial resolution (especially in the 

below-knee region), being the main limitation in assessing lesions. (50) A new, non-

contrast quiescent-interval single-shot MRA technique is gaining ground in daily 

clinical practice, but this method also does not have the best diagnostic value in terms of 

evaluating calcification and the stented segments; (56) furthermore, the benefits of this 

technique have not yet been proven in randomized controlled trials. However, digital 

subtraction angiography with iodinated or (in CKD) CO2 contrast from a puncture of the 

radial artery or other artery is still performed today because of the excellent visibility of 

the arteries below the knee. (57) 
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1.2.3. Treatment 

1.2.3.1. Best medical treatment 

Conservative therapy consists of exercise training, modification of cardiovascular risk 

factors (see subsection 1.1.3.1.), and statin and antiplatelet therapy. (50) In patients with 

intermittent claudication, exercise training can significantly improve walking distance 

by 50–200%. (50) Statin therapy targeting serum LDL-cholesterol <1.8 mmol/L also 

has beneficial effects on cardiovascular events and all-cause mortality, even in 

asymptomatic patients. (50) Current evidence supports the efficacy of antiplatelet 

therapy only in symptomatic patients. (50) Dual antiplatelet therapy is justified only 

after endovascular interventions for at least 1 month. (50) In patients without heart 

failure, the use of cilostazol should also be considered. (50) Invasive therapy can be 

recommended to the patient if exercise training does not bring sufficient results or the 

symptoms significantly affect the quality of life. (50) 

 

1.2.3.2. Open surgical reconstruction 

Open surgical reconstruction is indicated for TransAtlantic Inter-Society Consensus 

(TASC) type D lesions in patients with a life expectancy greater than 2 years and an 

average surgical risk. (50) (TASC type D lesion: chronic occlusion of the PA and 

trifurcation arteries >25 cm in length.) (55) For short PA stenoses/occlusions, the 

following open surgical options exist: conventional or eversion endarterectomy with 

direct suture or patch angioplasty, interposition grafting, or popliteal bypass grafting. 

(58–60) 

 

1.2.3.3. Endovascular intervention 

Endovascular intervention is performed in patients with TASC type A–C lesions and 

high-surgical risk TASC type D lesions. (50) Several techniques have been described 

for endovascular procedures from contralateral retrograde femoral or ipsilateral 

antegrade femoral, or ipsilateral retrograde (dorsal pedal, distal posterior tibial, anterior 

tibial, or peroneal) access. (61) Dedicated guidewires can be used to attempt 

intraluminal crossing of chronic total occlusions through their microchannels. (62) If the 

intraluminal crossing fails, subintimal recanalization should be done. (62) Return from 

the subintimal space to the true lumen is often difficult, however, there are many 
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methods and devices to facilitate this (e.g., SAFARI technique, RENDEZVOUS 

technique, and GoBack catheter). (62–64) Plain balloon angioplasty is usually not 

sufficient as a stand-alone treatment; in the case of a high-grade residual stenosis or 

flow-limiting dissection, implantation of self-expanding stents becomes inevitable. (65) 

Plain balloon angioplasty is even less likely to provide satisfactory morphological 

results in patients with heavily calcified PA lesions. Intraluminal lithotripsy and 

atherectomy devices offer great options for plaque debulking. (66, 67) Drug-coated 

technology is also spreading and shows good short- and mid-term patency rates in the 

femoropopliteal artery segment. (68) 

 

1.2.3.4. Possible early complications of endovascular interventions 

Adverse events related to the access site and device manipulation have already been 

discussed in subsection 1.1.3.4.2. Distal embolization and resulting acute ischemia 

occur in approximately 1–2% of lower extremity interventions and require endovascular 

or open surgical embolectomy in the vast majority of cases. (69, 70) 

 

1.2.3.5. Possible late complications of endovascular interventions 

The two most important late complications are restenosis and stent fracture (SF). (71, 

72) The pathophysiology of PA restenosis, which includes local thrombus formation, 

remodelling, intimal hyperplasia, and “neoatherosclerosis”, is analogous to that of ICA 

restenosis. Due to its location, among the arteries of the lower extremity, the 

femoropopliteal segment is the most deformed by biomechanical forces (torsion, axial 

compression, and bending) during movement. (73) Loss of elasticity of the vessel after 

stent implantation reduces axial compressibility, resulting in kinking at the ends of the 

stents during knee flexion. (74) Excessive kinking leads to microtrauma, intimal injury, 

restenosis, and consequent loss of patency. (74–76) Increased biomechanical forces also 

contribute to the development of SF, but there is conflicting evidence regarding the 

extent to which SF plays a role in inducing restenosis. (77–80) Of the five types of SF, 

(81) (Table 2) only complex type III–V fractures are likely to be associated with an 

extra risk of restenosis. (77) 
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Table 2. Types of stent fracture (80) 

Type Fluoroscopic appearance 

I Fracture of one strut 

II Focal fracture of multiple struts 

III Complete fracture of the stent with preserved alignment 

IV Complete fracture of the stent with malalignment 

V Trans-axial spiral fracture of the stent 
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2. Objectives 

 

2.1. Study I (Restenosis rates in patients with ipsilateral carotid endarterectomy and 

contralateral carotid artery stenting – Institutional Review Board Approval No. 

222/2017) 

Because there are two ICAs, it is possible to evaluate the short- and long-term success 

of CEA and CAS in the same patient (ipsilateral CEA versus contralateral CAS). Since 

there are few such publications (we found a total of four), with a small sample size (up 

to 63 subjects), (82–85) we considered it worthwhile to conduct an intra-patient 

comparison of restenosis on a larger sample size. 

 

2.2. Study II (Short- and mid-term outcomes of stenting in patients with isolated distal 

internal carotid artery stenosis or post-surgical restenosis – Institutional Review Board 

Approval No. 222/2017) 

Atherosclerosis and restenosis rarely affect the distal part of the ICA. Distal ICA lesions 

can only be approached with great difficulty through open surgery, either from the 

retromandibular fossa or in other ways (e.g., mobilization of the parotid gland, double 

mandibular osteotomy, or mandibular subluxation with styloidectomy). This makes 

stenting an invasive alternative to open surgery in these patients, even those who are 

symptomatic. Since there is no available literature data on the short- and mid-term 

efficacy of stenting in atherosclerotic or post-surgical restenotic distal ICA stenosis, we 

aimed to provide information on this topic. 

 

2.3. Study III (Mid-term results and predictors of restenosis in patients undergoing 

endovascular therapy for isolated popliteal artery steno-occlusive disease – Institutional 

Review Board Approval No. 138/2013) 

In the majority of studies, atherosclerotic PA stenosis was defined as isolated if the 

patient did not have ipsilateral femoral artery stenosis requiring invasive therapy. 

However, the publications are heterogeneous with respect to the arterial runoff and the 

type of radiological intervention used. Studies also seem to be inconsistent on the 

structure of the deployed (mainly self-expanding) stents. Therefore, we aimed to 

examine the mid-term results of PA endovascular techniques and to identify predictors 
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of restenosis in a single-center, homogeneous population in terms of arterial runoff and 

type of stent implanted. 
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3. Methods 

 

3.1. Study I (Restenosis rates in patients with ipsilateral carotid endarterectomy and 

contralateral carotid artery stenting) 

3.1.1. Study design 

In this single-center (Heart and Vascular Center, Semmelweis University) retrospective 

study, 117 consecutive patients who underwent CEA on one side and CAS on the other 

side between January 2001 and January 2019 were included. 

 

3.1.2. Procedure characteristics 

Indications for CEA and CAS were based on international guidelines that were in force 

at the time of the intervention. (50, 86–88) In general, asymptomatic patients with ≥70% 

ICA stenosis and symptomatic patients with ≥50% ICA stenosis were treated invasively. 

(50, 86–88) Following the guidelines, a team of vascular surgeons, interventional 

radiologists, and angiologists decided on the type of invasive therapy. 

 The type of open surgery was an eversion endarterectomy without routine shunt use, 

which was carried out under general anesthesia. The indication for the use of the shunt 

was at the discretion of the operating surgeon. If the patient had not previously taken 

platelet aggregation inhibitor drug regularly, antiplatelet therapy was initiated at least 7 

days before the procedure and continued indefinitely post-surgically. Technical success 

was defined as the absence of visible plaque remnants and successful restoration of 

blood flow at the completion of the endarterectomy. (89) 

 Antegrade CAS, which meant the deployment of a self-expanding stent, was 

executed in a standard manner via the common femoral, brachial, or radial artery. 

Embolic protection systems were routinely used, and postdilation of the stent was 

inevitable. The puncture sites were treated with a pressure bandage, compressed 

manually, or sealed with a closure device. If not already administered, patients were 

premedicated with dual antiplatelet therapy for 5 days before the intervention and up to 

3 months after the procedure. If the patient did not have heart disease, monotherapy was 

sufficient thereafter. Technical success was achieved if no extravasation, dissection, or 

>30% residual stenosis was seen on the final angiographic images. (90) 
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3.1.3. Follow-up visits 

The follow-up assessments consisted of interviewing the patient and US examination of 

the cervical arteries. Carotid US was due 6 weeks, 6 months, and 12 months after the 

procedure, and then once a year. These dates were changed in the event of 

symptoms/complaints or contralateral invasive carotid artery treatment. On the operated 

side, restenosis was considered 50–69% when the peak systolic velocity (PSV) was 

210–270 cm/s and ≥70% when the PSV was >270 cm/s, (91) while on the stented side, 

restenosis was considered 50–69% when the PSV was 225–350 cm/s and ≥70% when 

the PSV was >350 cm/s. (92) 

 

3.1.4. Evaluated parameters and their definitions 

Symptoms were categorized as amaurosis fugax, transient ischemic attack (TIA), minor 

stroke, major stroke, or no symptoms. (89) 

 Information on the presence and duration of atherosclerotic risk factors (93) and the 

type and duration of medications was obtained from the medical record archiving 

system (MedSol; T-Systems Hungary Ltd., Budapest, Hungary) or directly from 

patients who were contacted by phone. 

 The grade of stenosis, the length of the lesion, and the severity of plaque calcification 

were evaluated on reformatted CT/CTA images. The percentage of ICA stenosis was 

determined according to the North American Symptomatic Carotid Endarterectomy 

Trial criteria. (94) Lesion length was defined as the distance between the proximal and 

distal point where the degree of stenosis decreased to 80% of its maximum. (95) In 

terms of calcification, the following groups were distinguished: absent, mild (thin, 

discontinuous), moderate (thin, continuous or thick, discontinuous), and severe (thick, 

continuous). (96) Plaque echogenicity was assessed by computer-assisted quantification 

of gray-scale median (GSM) values by using Adobe Photoshop software (CS3; Adobe 

System, San Jose, CA, USA). According to the modified Geroulakos classification, 

depending on the percentage of pixels in the plaque area with GSM values >25, the 

plaques were categorized as type 1: uniformly echolucent (<15%), type 2: 

predominantly echolucent (15–50%), type 3: predominantly echogenic (51–85%), type 

4: uniformly echogenic (>85%), and type 5: indeterminable due to the acoustic shadow. 

(97) 
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3.1.5. Statistical analysis 

Statistical analysis was performed with the software Stata 16.0 (StataCorp. 2019. Stata 

Statistical Software: Release 16. College Station, TX: StataCorp LLC). The distribution 

of continuous variables in the two treatment groups was compared with paired t-tests, 

while categorical data were compared with Fisher's exact tests. The probability of being 

free from restenosis was estimated by the Kaplan–Meier method. Restenosis was 

considered failure in the analysis, while death and the end of observation were 

considered censoring. As only one death occurred during the 11-year follow-up, the 

competing risk problem was not considered. The maximum follow-up time was set at 

11 years on both sides. Event-free survival curves were compared by using the log-rank 

test. 

 First, the crude hazard ratio (HR) comparing the two procedures was estimated by 

the Cox proportional hazards model. Then, the prognostic factors that could be related 

to the indication of the procedures were adjusted stepwise. First, age, symptoms, and 

lesion characteristics, which were significantly associated with procedures at the P≤0.20 

level in univariate analysis, were considered. To improve estimation efficiency, 

potential confounders of the treatment effect were stepwise removed from the initial 

model, starting with those with the largest P-values in the Wald-test. The decision rule 

for elimination was to remove covariates not significant at the P<0.05 level if the 

treatment effect coefficient estimate did not change by more than 10% from the initial 

model of elimination. Next, the lesion characteristics that were not previously included 

in the model were added back individually and kept in the model if the adjustment to 

them changed the treatment effect coefficient by more than 10%. Finally, the length of 

history of smoking, hypertension, diabetes mellitus (DM), and hyperlipidemia were 

added to the model and the same process of elimination was done. 

 

3.2. Study II (Short- and mid-term outcomes of stenting in patients with isolated distal 

internal carotid artery stenosis or post-surgical restenosis) 

3.2.1. Study design 

This single-center (Heart and Vascular Center, Semmelweis University) retrospective 

study analyzed patients (N=66) who underwent stenting for atherosclerotic or post-

surgical restenotic isolated distal ICA stenosis between January 2001 and January 2020. 
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3.2.2. Procedure characteristics 

The vascular team of our center decided on the necessity of stenting for all patients 

based on the guidelines of the European Society for Vascular Surgery in force at the 

time. (50, 86–88) Patients were considered symptomatic if they had any ischemic 

neurological event (amaurosis fugax, TIA, minor or major stroke) in the ipsilateral 

carotid territory within 6 months prior to the intervention. (89) 

 Stenting was performed in the standard manner (2) by three interventional 

radiologists with more than 10 years of experience, with the implantation of self-

expanding stents and embolic protection. If the patient did not receive antiplatelet 

therapy or only received monotherapy, then 100–300 mg of acetylsalicylic acid and/or 

75 mg of clopidogrel per day were started at least 5 days before the procedure. In urgent 

cases, a loading dose of 250–500 mg of acetylsalicylic acid and/or 300–600 mg of 

clopidogrel was given. In the absence of cardiological or other indications, the dual 

antiplatelet therapy was continued for a maximum of 3 months after the intervention, 

followed by monotherapy for an indefinite period. (50, 86–88) Stenting was technically 

successful if there was no extravasation, dissection, or >30% residual stenosis on the 

final DSA images. (89) 

 

3.2.3. Follow-up visits 

A follow-up check-up was planned for the 6th week, 6th and 12th months after the 

intervention, and then once a year. However, due to complaints, contralateral invasive 

carotid artery procedure, or other reasons, these dates may have changed. Follow-up 

visits consisted of a patient interview and an US examination of the cervical arteries. 

Restenosis was defined as 50–69% if PSV was 225–350 cm/s inside the stent or at 

either end of the stent, and ≥70% if PSV was >350 cm/s. (92) If the distal part of the 

stent was not visible by US, but indirect signs (ICA flow volume <159 mL/min, ICA 

PSV <33 cm/s, and/or CCA PSV <42 cm/s) suggested ≥70% in-stent restenosis (ISR), 

(98) the patient was submitted to CTA. 

 

3.2.4. Evaluated parameters and their definitions 

Cardiovascular risk factors and comorbidities (female sex, age ≥80 years, hypertension,  

DM, hyperlipidemia, and CKD), (99) previous invasive vascular therapies, lesion- and 

DOI:10.14753/SE.2024.3065



24 

 

intervention-related parameters, neurological events (amaurosis fugax, TIA, minor or 

major stroke) before and after stenting, ISR characteristics, and primary patency and 

mortality rates were assessed. Lesion parameters (localization, grade and length of 

stenosis, presence and severity of plaque calcification) were determined on pre-

procedural CTA images. By localization, the affected side and the distance of the 

narrowest part of the ICA stenosis from the carotid bifurcation was meant. The grade of 

stenosis, the length of the lesion, and the severity of plaque calcification were defined as 

described in subsection 3.1.4. Among the intervention-related parameters, the site of the 

puncture, the type of the embolic protection device, the manufacturer, diameter, and 

length of the balloons and stents, and the complications were collected. Regarding the 

definition of neurological events, reference is made to a guideline. (50, 86–89) 

Characteristics of ISR included ultrasonographic grade, localization (in-stent, peristent, 

or both), and pattern (focal or diffuse) of restenotic lesions. In-stent restenosis was 

considered focal if it was shorter than 10 mm. Primary patency was defined as freedom 

from ≥50% ISR or occlusion. 

 

3.2.5. Statistical analysis 

Statistical analyses were performed by using SPSS Statistics for Windows (Version 

25.0.; IBM Corp., Armonk, NY, USA) and GraphPad Prism 7.01 (GraphPad Software 

Inc., La Jolla, CA, USA) software. Continuous data were presented as median and 

interquartile range (IQR) and compared by using the Mann–Whitney U test. Categorical 

data were expressed as numbers (percentages) and compared by using Fisher's exact 

test. Kaplan–Meier analysis was performed to determine primary patency and mortality 

rates. Follow-up was maximized at 48 months. Survival curves were compared by using 

the log-rank test. All statistical tests were two-tailed. The threshold for statistical 

significance was P≤0.05. 

 

3.3. Study III (Mid-term results and predictors of restenosis in patients undergoing 

endovascular therapy for isolated popliteal artery steno-occlusive disease) 

3.3.1. Study design 

Sixty-one patients from a single institution (Heart and Vascular Center, Semmelweis 

University) who had intervention between June 2011 and June 2018 for symptomatic 
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isolated PA de novo steno-occlusive disease (no ipsilateral iliofemoral stenosis and at 

least two patent crural arteries) were retrospectively analyzed. 

 

3.3.2. Procedure characteristics 

Endovascular interventions were executed through the femoral artery. The choice of 

approach (antegrade or retrograde) was left to the discretion of the interventional 

radiologist performing the procedure. All interventions were carried out by three 

experienced interventional radiologists with more than 10 years of experience in the 

treatment of peripheral artery occlusive disease. Patients underwent percutaneous 

transluminal angioplasty (PTA) or stenting (selective or primary). Selective stenting 

was defined as the placement of a stent after PTA with suboptimal results (>30% 

residual stenosis or extensive intimal dissection). Primary stenting was defined as the 

placement of a stent after predilation of the lesion, irrespective of the PTA outcome. 

(100) In general, PTA was favored for patients with non-occlusive short lesions, while 

primary stenting was chosen in patients with heavily calcified long lesions or total 

occlusions. The punctured arteries were compressed manually. In uncomplicated cases, 

patients were discharged 1–2 days after the procedure. Patients received dual 

antiplatelet therapy for 1 month, followed by lifelong acetylsalicylic acid or clopidogrel 

monotherapy. Technical success was defined as <30% residual stenosis without 

extravasation or flow-limiting dissection. (101) Clinical success was measured as 

patient-reported subjective betterment and/or improvement in at least one Rutherford 

category. 

 

3.3.3. Follow-up visits 

Patients were followed up at 6 weeks, 6 months, and 12 months after the intervention, 

and annually thereafter, or sooner if symptoms developed. Follow-up examinations 

included evaluation of symptoms/complaints (Rutherford stage), (55) palpation of 

peripheral pulses, measurement of ABI, and US scanning. Significant restenosis was 

defined as PSV ≥250 cm/s in the treated PA segment. 
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3.3.4. Evaluated parameters and their definitions 

Two groups of patients were distinguished according to the type of invasive therapy 

(PTA versus stenting). Both the PTA and stenting groups were divided into restenotic 

and non-restenotic subgroups and compared in terms of pre-procedural, imaging, 

procedural, and post-procedural data. The pre-procedural data were as follows: sex, age, 

anthropometric parameters (weight and height), atherosclerotic risk factors and 

comorbidities (smoking, hypertension, DM, hyperlipidemia, and CKD), (99) previous 

medical history (coronary, supra-aortic, and/or lower extremity endovascular 

interventions and/or open surgical reconstructions), Rutherford grade, (55) ABI values, 

and medication regimen. Imaging data included lesion parameters (localization [P1: 

from the intercondylar fossa to the proximal edge of the patella, P2: from the proximal 

edge of the patella to the center of the knee joint, P3: from the center of the knee joint to 

the origin of the anterior tibial artery, and multi-segment disease: the above 

combination], [102] the grade and length of stenosis, and the presence and severity of 

plaque calcification). The localization of the lesion and the grade and length of the 

stenosis were assessed on DSA images, while the plaque calcification was detected on 

the baseline mask DSA images. Lesions were classified as mildly calcified if single or 

multiple punctate calcifications were present, moderately calcified if single or multiple 

linear calcifications were seen, and heavily calcified if continuous calcifications were 

observed without visible breaks. (103) Rutherford category, (55) ABI values, and US 

findings were collected as post-procedural data. Primary patency was defined as patent 

PA without further intervention. Secondary patency was defined as open PA after 

endovascular reintervention or open surgical reconstruction for restenosis/reocclusion. 

 

3.3.5. Statistical analysis 

Statistical analyses were performed by using StatSoft Statistica 13.4 (Moonsoft Oy, 

Espoo, Finland) and GraphPad Prism 7.01 software. Continuous data were expressed in 

median and IQR (Q1–Q3), and categorical data were expressed in numbers 

(percentages). Significant differences between groups/subgroups for continuous and 

categorical data were evaluated with Mann–Whitney U and Fisher's exact tests. Patency 

was calculated by using Kaplan–Meier analysis. Kaplan–Meier curves were compared 

by the log-rank test. Significant predictors of restenosis were determined by using Cox 
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regression analysis; HR was presented with 95% confidence interval (CI). The threshold 

for statistical significance was P≤0.05. 
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4. Results 

 

4.1. Study I (Restenosis rates in patients with ipsilateral carotid endarterectomy and 

contralateral carotid artery stenting) 

4.1.1. Patient data 

The study group consisted of 39 women and 78 men (median age at CEA, 64.4 years 

[IQR, 57.8–72.2 years]; median age at CAS, 68.8 years [IQR, 61–76 years]). 

Neurological symptoms were significantly more frequent (P<0.001) before CEA than 

before CAS. Except for age ≥80 years (P=0.033), there was no significant difference in 

the presence of atherosclerotic risk factors/comorbidities at the time of CEA and CAS. 

The duration of smoking (P<0.001), hypertension (P<0.001), DM (P<0.001), and 

hyperlipidemia (P=0.001) was significantly shorter at the time of CEA than at the time 

of CAS. (Table 3) 

 

4.1.2. Lesion characteristics 

With the exception of one stented stenosis (0.9%) presumably caused by radiotherapy, 

the other lesions (99.1%) were of atherosclerotic origin. There was no difference in the 

grade and length of stenosis, however, the majority of lesions (79.5%) in the CAS group 

were mildly or moderately calcified, compared with a balanced distribution of lesions in 

the CEA group according to the four categories of calcification. In terms of plaque 

echogenicity, most lesions in both groups were types 3 and 4, however, there were 

significantly more types 3 and 4 lesions in the CAS group than in the CEA group. The 

majority of lesions in both groups were in the bulb; suprabulbar lesions were mostly 

treated with stenting. (Table 4) 
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Table 3. Pre-procedural symptoms and the presence and duration of 

atherosclerotic risk factors/comorbidities at the time of the intervention 

Patient-related parameters 
CEA 

(N=117) 

CAS 

(N=117) 

P-

value 

Pre-procedural symptoms, N (%) 49 (41.9) 19 (16.2) <0.001 

Amaurosis fugax, N (%) 3 (2.6) 2 (1.7) >0.999 

TIA, N (%) 27 (23.1) 9 (7.7) 0.002 

Minor stroke, N (%) 11 (9.4) 6 (5.1) 0.314 

Major stroke, N (%) 8 (6.8) 2 (1.7) 0.102 

Presence of atherosclerotic risk 

factors/comorbidities 
   

Age ≥80 years, N (%) 5 (4.3) 15 (12.8) 0.033 

Obesity (BMI ≥30 kg/m2), N (%) 18 (15.4) 13 (11.1) 0.335 

Smoking, N (%) 80 (68.4) 65 (55.6) 0.059 

Hypertension, N (%) 108 (92.3) 109 (93.2) >0.999 

DM, N (%) 44 (37.6) 45 (38.5) 0.896 

Hyperlipidemia, N (%) 58 (49.6) 56 (47.9) >0.999 

CKD, N (%) 3 (2.6) 6 (5.1) 0.499 

Duration of atherosclerotic risk 

factors/comorbidities 
   

*Smoking (years), mean (SD) 30.2 (22.2) 31.8 (23.4) <0.001 

†Hypertension (years), mean (SD) 10.1 (9.8) 13.4 (9.1) <0.001 

†DM (years), mean (SD) 3.9 (6.9) 5.7 (8.9) <0.001 

†Hyperlipidemia (years), mean (SD) 3.6 (6.6) 5 (7.3) 0.001 

†CKD (years), mean (SD) 0.1 (1.2) 0.2 (1.7) 0.107 

*Duration: cumulative period of active smoking before the intervention. 

†Duration: period between detection of hypertension, DM, hyperlipidemia, or CKD and 

intervention. 

BMI, Body mass index; CAS, carotid artery stenting; CEA, carotid endarterectomy; 

CKD, chronic kidney disease; DM, diabetes mellitus; SD, standard deviation; TIA, 

transient ischemic attack. 
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Table 4. Lesion characteristics 

Lesion-related parameters CEA (N=117) CAS (N=117) P-value 

Etiology    

Atherosclerosis, N (%) 117 (100) 116 (99.1) >0.999 

Radiation-induced arteriopathy, N (%) 0 (0) 1 (0.9) >0.999 

Stenosis grade (%), mean (SD) 85.9 (6) 85.8 (6.2) >0.999 

Lesion length (mm), mean (SD) 10.5 (4.9) 10.2 (4.6) 0.523 

Calcification    

Mild, N (%) 28 (23.9) 63 (53.8) <0.001 

Moderate, N (%) 29 (24.8) 30 (25.6) >0.999 

Heavy, N (%) 30 (25.6) 8 (6.8) <0.001 

Echogenicity    

Types 1 and 2, N (%) 20 (17.1) 10 (8.5) 0.077 

Types 3 and 4, N (%) 62 (53) 82 (70.1) 0.011 

Type 5, N (%) 35 (29.9) 25 (21.4) 0.178 

Location    

Bifurcation, N (%) 23 (19.7) 16 (13.7) 0.293 

Bulb, N (%) 92 (78.6) 75 (64.1) 0.020 

Suprabulbar segment, N (%) 2 (1.7) 26 (22.2) <0.001 

CAS, Carotid artery stenting; CEA, carotid endarterectomy; SD, standard deviation. 

 

4.1.3. Procedures 

Carotid endarterectomy was the first invasive therapeutic method in 95 patients. The 

median time interval between the two procedures was 50 months (IQR, 8.5–102 

months) if the first procedure was CEA and 2.5 months (IQR, 1–12.8 months) if the 

first procedure was CAS. The clamping time during CEA was 22.7±8 minutes. A shunt 

was placed in four patients (3.4%). For CAS, access sites were femoral in 77 patients 

(65.8%), radial in 37 patients (31.6%), and brachial in three patients (2.6%). In two 

cases (1.7%) a proximal Mo.Ma (Medtronic Inc., Minneapolis, MN, USA) was used, 

while in the other patients (98.3%) a distal embolic protection device (FilterWire EZ; 

Boston Scientific Corp., Marlborough, MA, USA) was used. Predilation was carried out 
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in six cases (5.1%). The parameters of the balloons and stents are listed in Table 5. The 

technical success rate of the patients was 100%. 

 

Table 5. Parameters of balloons and stents 

 

 

Balloons/stents Manufacturer 

Size (mm), diameter 

(min–max) × length 

(min–max) 

Balloons used for 

predilation (N=6) 
  

Sterling (N=3) 
Boston Scientific Corp., 

Marlborough, MA, USA 
3–4 × 15–25 

Trek Rx (N=1) 
Abbott Vascular Inc., Santa 

Clara, CA, USA 
3.5 × 25 

Emerge (N=1) Boston Scientific Corp. 3.5 × 20 

Pantera Pro (N=1) 
Biotronik AG, Bülach, 

Switzerland 
3 × 25 

Stents (N=117)   

Wallstent (N=102) Boston Scientific Corp. 7–9 × 30–50 

Exact (N=7) Abbott Vascular Inc. 7–9 × 30–40 

Precise Pro (N=6) 
Cordis Corp., Johnson & 

Johnson Co., Miami, FL, USA 
7–8 × 30–40 

Cristallo Ideale (N=1) 
Invatec S.p.A., Roncadelle, 

Italy 
7 × 40 

Roadsaver (N=1) Terumo Corp., Tokyo, Japan 7 × 30 

Balloons used for 

postdilation (N=117) 
  

Sterling (N=53) Boston Scientific Corp. 4–6 × 20–40 

Maverick (N=32) Boston Scientific Corp. 4–6 × 20 

Ultra-Soft SV (N=21) Boston Scientific Corp. 4–6 × 20–25 

Viatrac 14 Plus (N=11) Abbott Vascular Inc. 4–6 × 20–40 
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4.1.4. Early (≤30 days) post-procedural period 

No one died during the early follow-up. The following complications occurred after 

CEA: four wound hematomas (3.4%), two of which required surgical evacuation, five 

cranial nerve injuries (4.3%), two cases of hemodynamic instability (1.7%; hypotension, 

N=1; hypertension, N=1), one myocardial infarction (0.9%), and five neurological 

ischemic events (4.3%; TIA, N=1; ipsilateral minor stroke, N=1; ipsilateral major 

stroke, N=3). Two of the five neurological ischemic events were due to acute occlusion 

of the operated ICA; both patients underwent reoperation. 

 The following complications were observed after CAS: one post-puncture 

pseudoaneurysm (0.9%), which was eliminated by thrombin injection, four cases of 

hemodynamic instability (3.4%; hypotension, N=3; hypertension, N=1), and six ocular 

or neurological ischemic events (5.1%; amaurosis fugax, N=1; TIA, N=5). One of the 

six neurological ischemic events was caused by acute stent occlusion; the patient had 

the stent surgically removed. There was no significant difference (P=0.683 and 

P>0.999, respectively) between CEA and CAS in either hemodynamic instability or 

early post-procedural neurological complications. 

 

4.1.5. Follow-up 

Median follow-up was 10 years (IQR, 5.5–14 years) after CEA and 6 years (IQR, 3–10 

years) after CAS. One death occurred during the follow-up period. The cause of death 

was ventricular fibrillation. Ocular or neurological ischemic events corresponding to the 

operated side were reported in five patients (4.3%; amaurosis fugax, N=1; TIA, N=2; 

minor stroke, N=2), and neurological symptoms corresponding to the stented side were 

reported in one patient (0.9%; TIA, N=1). The difference between the two sides was not 

statistically significant (P=0.213). 

 After CEA, there were eight cases of 50–69% restenosis (6.8%; symptomatic 

restenosis, N=0), 30 cases of 70–99% restenosis (25.6%; symptomatic restenosis, N=5), 

and two cases of occlusion (1.7%; symptomatic occlusion, N=0). Of the 30 patients 

with 70–99% restenosis, 24 patients underwent radiological intervention (Wallstent 

implantation [N=24]; Boston Scientific Corp., Marlborough, MA, USA), while the other 

patients remained on best medical treatment. Three patients (2.6%; symptomatic re-
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restenosis, N=1) developed 70–99% re-restenosis; radiological reintervention (PTA) 

was performed in one of these three patients. 

 After CAS, there were 12 cases of 50–69% restenosis (10.3%; symptomatic 

restenosis, N=0), five cases of 70–99% restenosis (4.3%; symptomatic restenosis, N=0), 

and one case of occlusion (0.9%; symptomatic occlusion, N=1). Of the five patients 

with 70–99% restenosis, four patients underwent radiological reintervention (PTA), 

while the others remained on best medical treatment. None had 70–99% re-restenosis. 

 Nine patients developed bilateral restenosis and one of them had bilateral ICA 

occlusion. The probability of restenosis is displayed in Table 6. The risk of restenosis 

was the same in the first year after the two procedures, followed by a lower risk 

throughout the follow-up in the CAS group. (Figure 1) There was a statistically 

significant difference between the two groups; the P-value of the log-rank test was 

0.045. The crude incidence rate of restenosis was 2.5/100 person-years in the CAS 

group and 4.2/100 person-years in the CEA group, while the crude HR estimated by 

Cox regression was 1.80 (95% CI, 1.05–3.10; P=0.030). Figure 2 shows the observed 

and predicted probabilities of being free from restenosis with treatment. The adjusted 

HR (1.85; 95% CI, 0.95–3.60; P=0.070) differed little from the crude HR. The final 

model included all important covariates (those that were either significant in the model 

or whose omission would have changed the effect size by more than 10% [smoking, 

hypertension, DM, level of calcification and echogenicity, location of lesions, and type 

of treatment]). 

 All patients received antiaggregants, 60 of them received long-term dual antiplatelet 

therapy. Cilostazol therapy was noted in 13 patients (11.1%). Ninety-three patients 

(79.5%) received statin therapy, 51 of them were on high-intensity therapy. Other lipid-

lowering medications (fibrates and ezetimibe) were prescribed to 14 patients (12%). 
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Table 6. Probability of restenosis 

 
1 year 2 years 3 years 5 years 11 years 

CEA 

% 10.4 16.6 18.4 22.3 33.7 

No. at risk 104 93 89 76 41 

95% CI 
6.07–

17.64 

10.90–

24.72 

12.40–

26.81 

15.64–

31.22 

25.11–

44.24 

 

CAS 

 

% 11.4 11.4 12.4 14.7 17.2 

No. at risk 101 94 80 62 15 

95% CI 
6.79–

18.84 

6.79–

18.84 

7.54–

20.07 

15.64–

31.22 

25.11–

44.24 

CAS, Carotid artery stenting; CEA, carotid endarterectomy; CI, confidence interval. 

 

 

Figure 1. Risk of restenosis by the treatment group (CAS, Carotid artery stenting; 

CEA, carotid endarterectomy.) 
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Figure 2. Observed and model-predicted probabilities of freedom from restenosis 

after treatment (CAS, Carotid artery stenting; CEA, carotid endarterectomy.) 

 

4.2. Study II (Short- and mid-term outcomes of stenting in patients with isolated distal 

internal carotid artery stenosis or post-surgical restenosis) 

4.2.1. Patient data 

The 66 patients (women, N=13; men, N=53) had a median age of 66 years (IQR, 61–73 

years). Patients were divided into two etiological groups, atherosclerotic (AS, N=40 

[60.6%]; median age, 67 years [IQR, 61–74 years]) and post-surgical restenotic (RES, 

N=26 [39.4%]; median age, 64.5 years [IQR, 60.5–71 years]). There was no significant 

difference (P=0.541) in median age between the AS and RES groups. Carotid surgery 

was eversion endarterectomy in all patients. The median time between CEA and CAS 

was 80 months (IQR, 22–148 months). Nine patients were stented within 48 months of 

CEA. Patient-related parameters are shown in Table 7. Of the 66 patients, 15 patients 

(22.7%) had some neurological symptoms before CAS. There was no significant 

difference (P>0.999) between the two groups in terms of pre-procedural neurological 
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events. In the RES group, there were significantly more women (P=0.003) and 

significantly more patients with hypertension (P=0.010), patients who underwent 

contralateral carotid invasive treatment (P=0.015), and patients who had lower 

extremity arterial reconstruction (P=0.046). 

 

Table 7. Pre-procedural neurological events, cardiovascular risk factors, 

comorbidities, and previous invasive vascular therapies 

Patient-related parameters 

AS 

group 

(N=40) 

RES 

group 

(N=26) 

P-

value 

Pre-procedural neurological events, N (%) 9 (22.5) 6 (23.1) >0.999 

Amaurosis fugax, N (%) 3 (7.5) 0 (0) 0.273 

TIA, N (%) 3 (7.5) 6 (23.1) 0.139 

Minor stroke, N (%) 3 (7.5) 0 (0) 0.273 

Cardiovascular risk factors, comorbidities    

Female sex, N (%) 3 (7.5) 10 (38.5) 0.003 

Age ≥80 years, N (%) 5 (12.5) 2 (7.7) 0.695 

Hypertension, N (%) 28 (70) 25 (96.2) 0.010 

DM, N (%) 8 (20) 8 (30.8) 0.384 

Hyperlipidemia, N (%) 13 (32.5) 8 (30.8) >0.999 

CKD, N (%) 2 (5) 4 (15.4) 0.202 

Previous invasive vascular therapies    

Coronary artery invasive treatment, N (%) 11 (27.5) 3 (11.5) 0.217 

Contralateral ICA invasive treatment, N (%) 8 (20) 13 (50) 0.015 

Subclavian artery invasive treatment, N (%) 0 (0) 1 (3.8) 0.394 

Visceral artery invasive treatment, N (%) 1 (2.5) 2 (7.7) 0.557 

Aortic invasive treatment, N (%) 0 (0) 1 (3.8) 0.394 

Lower extremity arterial invasive treatment, N (%) 7 (17.5) 11 (42.3) 0.046 

AS, Atherosclerotic; CKD, chronic kidney disease; DM, diabetes mellitus; ICA, internal 

carotid artery; RES, restenotic; TIA, transient ischemic attack. 
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4.2.2. Lesion characteristics 

Lesion characteristics can be found in Table 8. The narrowest part of the ICA stenosis 

was at least 20 mm from the bifurcation in all patients. Among lesion-related 

parameters, only the length was significantly different between the two groups; AS 

lesions were significantly longer (P=0.002) than RES lesions. 

 

Table 8. Lesion characteristics 

Lesion-related parameters 
AS group 

(N=40) 

RES group 

(N=26) 

P-

value 

Right side, N (%) 15 (37.5) 14 (53.8) 0.214 

Distance from the bifurcation (mm), 

median (IQR) 

20.4 (20.1–

21.4) 

21.5 (20.1–

24) 
0.126 

Stenosis grade (%), median (IQR) 90 (80–90) 90 (85–95) 0.099 

Stenosis length (mm), median (IQR) 8.1 (6.1–12) 5.1 (4.1–7.5) 0.002 

Calcification, N (%) 25 (62.5) 11 (42.3) 0.133 

Mild, N (%) 14 (35) 8 (30.8) 0.794 

Moderate, N (%) 8 (20) 1 (3.8) 0.077 

Heavy, N (%) 3 (7.5) 2 (7.7) >0.999 

AS, Atherosclerotic; IQR, interquartile range; RES, restenotic. 

 

4.2.3. Procedure data 

In the AS group, the access site was femoral in 28 cases (70%) and radial in 12 cases 

(30%), while in the RES group, the access site was femoral in 13 cases (50%), radial in 

10 cases (38.5%), and brachial in three cases (11.5%). In the AS group, embolic 

protection was distal type (FilterWire EZ) in 38 patients (95%) and proximal type 

(Mo.Ma) in two patients (5%). In the RES group, all patients had distal type embolic 

protection. Six cases (15%) in the AS group and one case (3.8%) in the RES group 

required predilation. Five different types of self-expanding stents were used. Twenty-

eight (42.4%) of the stents were located only in the ICA and did not extend into the 

bifurcation and CCA. All stents were postdilated. Technical success was achieved in 

100% of the cases. The types, diameters, and lengths of balloons and stents are listed in 

Table 9. 
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Table 9. Parameters of balloons and stents 

AS, Atherosclerotic; RES, restenotic. 

 

Balloons/stents 

AS 

group 

(N=40) 

RES 

group 

(N=26) 

Balloons used for predilation   

Maverick (Boston Scientific Corp., Marlborough, MA, USA), 

N (%) 
4 (10) 0 (0) 

Emerge (Boston Scientific Corp.), N (%) 1 (2.5) 0 (0) 

Pantera Pro (Biotronik AG, Bülach, Switzerland), N (%) 1 (2.5) 0 (0) 

Sprinter Legend Rx (Medtronic Inc., Minneapolis, MN, USA), 

N (%) 
0 (0) 1 (3.8) 

Diameter (mm), range 2.5–4 2.5 

Length (mm), range 20–40 12 

Stents   

Wallstent (Boston Scientific Corp.), N (%) 32 (80) 25 (96.2) 

Exact (Abbott Vascular Inc., Santa Clara, CA, USA), N (%) 4 (10) 0 (0) 

Roadsaver (Terumo Corp., Tokyo, Japan), N (%) 1 (2.5) 1 (3.8) 

Precise Pro (Cordis Corp., Johnson & Johnson Co., Miami, FL, 

USA), N (%) 
2 (5) 0 (0) 

Exponent (Medtronic Inc.), N (%) 1 (2.5) 0 (0) 

Diameter (mm), range 5–9 5–9 

Length (mm), range 25–50 30–50 

Balloons used for postdilation   

Sterling (Boston Scientific Corp.), N (%) 25 (62.5) 12 (46.2) 

Maverick (Boston Scientific Corp.), N (%) 8 (20) 5 (19.2) 

Viatrac 14 Plus (Abbott Vascular Inc.), N (%) 5 (12.5) 6 (23.1) 

Ultra-Soft SV (Boston Scientific Corp.), N (%) 2 (5) 3 (11.5) 

Diameter (mm), range 4–6 4–5 

Length (mm), range 20–40 20–40 
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4.2.4. Early (≤30 days) post-procedural period 

There were five intervention-related complications: one inguinal haematoma (1.5%) that 

did not require evacuation and four neurological events (6.1%; AS group, one TIA and 

one major stroke; RES group, two TIAs). Parameters of patients with post-procedural 

neurological complications can be seen in Table 10. Transient ischemic attacks 

presented as contralateral upper and/or lower limb paresis or dysarthria and lasted no 

longer than 15 minutes. None of the TIA patients had acute ischemic or hemorrhagic 

brain lesions on post-stenting CT or MR images. The time between CEA and CAS was 

103 months in patient 3 and 178 months in patient 4. The patient with major stroke lost 

consciousness 2 hours after an uneventful stenting procedure. Emergency CT scan 

showed extensive bleeding in the ipsilateral frontal and parietal lobes. The patient died 

on day 37 after stenting. 

 

Table 10. Parameters of patients with post-procedural neurological complications 

Parameters 
Patient 1 

with TIA 

Patient 2 with 

major stroke 

Patient 3 

with TIA 

Patient 4 

with TIA 

Sex Male Male Female Female 

Age 59 years 87 years 67 years 86 years 

Etiological group AS AS RES RES 

Pre-procedural 

symptom 
No TIA 

Minor 

stroke 
TIA 

Contralateral ICA 

stenosis/occlusion 
Occlusion No Stenosis Stenosis 

Ipsilateral pre-

procedural stenosis 

grade and length 

90%, 

6.2 mm 

95%, 

16.8 mm 

90%, 

3.3 mm 

95%, 

4.5 mm 

Calcification Mild Absent Absent Mild 

Predilation No Yes No No 

Stent type Wallstent Wallstent Wallstent Wallstent 

Post-procedural US Patent stent Patent stent Patent stent Patent stent 

AS, Atherosclerotic; RES, restenotic; TIA, transient ischemic attack; US, ultrasound. 
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4.2.5. Follow-up 

The median follow-up time was 34 months (IQR, 15–87 months) in the AS group and 

41 months (IQR, 28–74 months) in the RES group. There was no significant difference 

(P=0.708) in the follow-up time between the two groups. Two cases (5%) of ISR 50–

69% and one case (2.5%) of ISR ≥70% were detected in the AS group. All ISRs were 

located within the stent and were of focal type. Patients with ISR were asymptomatic. 

The patient with ≥70% ISR underwent reintervention with a plain balloon (Trek Rx; 

Abbott Vascular Inc., Santa Clara, CA, USA; size, 4 mm × 20 mm). No one in the RES 

group had ISR. 

 The primary patency rate was 97.2% at 6 months, 94.4% at 12 and 24 months, and 

89.7% at 36 and 48 months in the AS group, and 100% during the entire follow-up 

period in the RES group. The primary patency rates of the two groups were not 

significantly different (P=0.528). (Figure 3 and Table 11) During follow-up, three 

patients (7.5%) in the AS group and seven patients (26.9%) in the RES group died. The 

cause of death was myocardial infarction in three patients, heart failure in two patients, 

malignancy in two patients, major stroke in one patient, chronic obstructive pulmonary 

disease in one patient, and gastrointestinal bleeding in one patient. The survival 

proportion was 97.4% at 6, 12, and 24 months and 84.1% at 36 and 48 months in the AS 

group and 100% at 6, 12, and 24 months, 83.8% at 36 months, and 61.5% at 48 months 

in the RES group. The survival proportions of the two groups were not significantly 

different (P=0.289). (Figure 4 and Table 12) 
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Figure 3. Primary patency (AS, Atherosclerotic; RES, restenotic.) 

 

Table 11. Primary patency 

 

6  

months 

12 

months 

24 

months 

36 

months 

48 

months 

All 

patients 

% 98.3 96.5 96.5 94 94 

No. at 

risk 
58 52 45 35 26 

95% CI 
88.42–

99.78 

86.77–

99.12 

86.77–

99.12 

82.11–

98.06 

82.11–

98.06 

AS group 

% 97.2 94.4 94.4 89.7 89.7 

No. at 

risk 
36 31 25 18 16 

95% CI 
81.87–

99.60 

79.56–

98.58 

79.56–

98.58 

70.25–

96.72 

70.25–

96.72 

 

RES group 

 

% 100 100 100 100 100 

No. at 

risk 
22 22 21 17 11 

95% CI - - - - - 

AS, Atherosclerotic; CI, confidence interval; RES, restenotic. 
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Figure 4. Survival proportions (AS, Atherosclerotic; RES, restenotic.) 

 

Table 12. Survival proportions 

 

6  

months 

12 

months 

24 

months 

36 

months 

48 

months 

All 

patients 

% 98.4 98.4 98.4 83.9 73.9 

No. at 

risk 
58 54 46 37 28 

95% CI 
89.42–

99.78 

89.42–

99.78 

89.42–

99.78 

68.92–

92.04 

55.71–

84.72 

AS group 

% 97.4 97.4 97.4 84.1 84.1 

No. at 

risk 
37 33 26 20 18 

95% CI 
83.16–

99.64 

83.16–

99.64 

83.16–

99.64 

62.37–

93.89 

62.37–

93.89 

 

RES group 

 

% 100 100 100 83.8 61.5 

No. at 

risk 
22 22 21 17 11 

95% CI - - - 
57.69–

94.49 

35.68–

79.47 

AS, Atherosclerotic; CI, confidence interval; RES, restenotic. 
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4.3. Study III (Mid-term results and predictors of restenosis in patients undergoing 

endovascular therapy for isolated popliteal artery steno-occlusive disease) 

4.3.1. Patient data 

Twenty-six patients (42.6%) were in the PTA group, while 35 patients (57.4%) were in 

the stenting group. The median age in the PTA group was 65.1 years (IQR, 60.7–71.9 

years). The indication for radiological intervention was severe claudication (Rutherford 

grade 3) in 12 cases (46.2%) and critical limb ischemia (Rutherford grade 4–6) in 14 

cases (53.8%). Six patients (23.1%) were obese, 22 patients (84.6%) were smokers, 22 

patients (84.6%) had hypertension, 13 patients (50%) had DM, 10 patients (38.5%) had 

hyperlipidemia, and three patients (11.5%) had CKD. (Table 13) Six patients (23.1%) 

had coronary artery bypass grafting and/or percutaneous coronary intervention, one 

patient (3.8%) had supra-aortic surgical and/or endovascular reconstruction, and three 

patients (11.5%) had contralateral lower extremity open and/or percutaneous 

revascularization. 

 The median age in the stenting group was 63.5 years (IQR, 56.9–71 years). The 

indication for radiological intervention was severe claudication in 21 cases (60%) and 

critical limb ischemia in 14 cases (40%). Eleven patients (31.4%) were obese, 30 

patients (85.7%) were smokers, 30 patients (85.7%) had hypertension, 15 patients 

(42.9%) had DM, 20 patients (57.1%) had hyperlipidemia, and one patient (2.9%) had 

CKD. (Table 14) Six patients (17.1%) had coronary artery bypass grafting and/or 

percutaneous coronary intervention, three patients (8.6%) had supra-aortic surgical 

and/or endovascular reconstruction, and 14 patients (40%) had contralateral lower 

extremity open and/or percutaneous revascularization. 
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Table 13. Treatment indication, atherosclerotic risk factors, and comorbidities in 

the percutaneous transluminal angioplasty group 

Indication, atherosclerotic risk 

factors, comorbidities 

RES subgroup 

(N=9) 

Non-RES subgroup 

(N=17) 

P-

value 

Critical limb ischemia, N (%) 4 (44.4) 10 (58.8) >0.999 

Female gender, N (%) 5 (55.6) 11 (64.7) 0.692 

Age (year), median (IQR) 70.3 (63–75.5) 63.5 (56.2–69.9) 0.124 

Obesity (BMI ≥30 kg/m2), N (%) 2 (22.2) 4 (23.5) >0.999 

Smoking, N (%) 9 (100) 13 (76.5) 0.263 

Hypertension, N (%) 9 (100) 13 (76.5) 0.263 

DM, N (%) 4 (44.4) 9 (52.9) >0.999 

Hyperlipidemia, N (%) 3 (33.3) 7 (41.2) 0.206 

CKD, N (%) 1 (11.1) 2 (11.8) >0.999 

BMI, Body mass index; CKD, chronic kidney disease; DM, diabetes mellitus; IQR, 

interquartile range; PTA, percutaneous transluminal angioplasty; RES, restenotic. 
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Table 14. Treatment indication, atherosclerotic risk factors, and comorbidities in 

the stenting group 

Indication, atherosclerotic risk 

factors, comorbidities 

RES subgroup 

(N=12) 

Non-RES subgroup 

(N=23) 

P-

value 

Critical limb ischemia, N (%) 6 (50) 8 (34.8) 0.477 

Female gender, N (%) 3 (25) 9 (39.1) 0.477 

Age (year), median (IQR) 63.3 (57.9–70.2) 63.5 (56.9–71.5) 0.794 

Obesity (BMI ≥30 kg/m2), N (%) 2 (16.7) 9 (39.1) >0.999 

Smoking, N (%) 11 (91.7) 19 (82.6) 0.640 

Hypertension, N (%) 10 (83.3) 20 (87) >0.999 

DM, N (%) 5 (41.7) 10 (43.5) >0.999 

Hyperlipidemia, N (%) 6 (50) 14 (60.9) 0.721 

CKD, N (%) 0 (0) 1 (4.3) >0.999 

BMI, Body mass index; CKD, chronic kidney disease; DM, diabetes mellitus; IQR, 

interquartile range; PTA, percutaneous transluminal angioplasty; RES, restenotic. 

 

4.3.2. Lesion, balloon, and stent characteristics 

The pathological background in all cases was atherosclerosis. The ipsilateral antegrade 

approach was chosen in 42 patients (68.9%), while the contralateral approach was used 

in 19 cases (31.1%). In the PTA group, lesions were left-sided in 12 patients (46.2%). 

The steno-occlusive disease affected the P1 segment in 13 cases (50%) and so did the 

P2 segment in eight cases (30.8%). Multi-segment disease within the PA was observed 

in five cases (19.2%). The median degree of stenosis was 95% (IQR, 90–100%), the 

median lesion length was 26.7 mm (IQR, 11.6–72.9 mm), and calcification was 

observed in 13 patients (50%). The median balloon diameter was 5 mm (IQR, 5–5 mm), 

and the median balloon length was 40 mm (IQR, 40–80 mm). (Table 15) 

 In the stenting group, lesions were left-sided in 15 patients (42.9%). The steno-

occlusive disease affected the P1 segment in 14 cases (40%) and so did the P2 segment 

in 12 cases (34.3%). Multi-segment disease within the PA was present in nine cases 

(25.7%). The median degree of stenosis was 100% (IQR, 90–100%), the median lesion 
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length was 52.8 mm (IQR, 23.4–80.6 mm), and calcification was observed in 22 

patients (62.9%). In all cases, a self-expanding Astron Pulsar stent (Biotronik AG, 

Bülach, Switzerland) was deployed. The median stent diameter was 6 mm (IQR, 6–7 

mm) and the median stent length was 60 mm (IQR, 40–120 mm). (Table 16) Primary 

stenting was performed in 15 patients (42.9%) and selective stenting in 20 patients 

(57.1%). 

 

Table 15. Lesion and balloon parameters in the percutaneous transluminal 

angioplasty group 

Parameters 
RES subgroup  

(N=9) 

Non-RES 

subgroup (N=17) 
P-value 

Lesion    

Left-sided, N (%) 5 (55.6) 7 (41.2) 0.683 

P1 segment, N (%) 6 (66.7) 7 (41.2) 0.411 

P2 segment, N (%) 2 (22.2) 6 (35.3) 0.667 

P3 segment, N (%) 0 (0) 0 (0) NA 

Multi-segment disease, N (%) 1 (11.1) 4 (23.5) 0.628 

Stenosis grade (%), median (IQR) 100 (90–100) 90 (90–100) 0.293 

Occlusion, N (%) 6 (66.7) 7 (41.2) 0.411 

Length (mm), median (IQR) 49.6 (17.3–72.6) 24.9 (11.6–60.9) 0.666 

Calcification, N (%) 4 (44.4) 9 (52.9) >0.999 

Heavy calcification, N (%) 1 (11.1) 1 (5.9) >0.999 

Balloon    

Diameter (mm), median (IQR) 5 (5–5) 5 (4–5) 0.686 

Length (mm), median (IQR) 40 (40–80) 40 (40–80) 0.225 

IQR, Interquartile range; NA, not applicable; P1–3, popliteal; PTA, percutaneous 

transluminal angioplasty; RES, restenotic. 
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Table 16. Lesion and stent parameters in the stenting group 

Parameters 
RES subgroup 

(N=12) 

Non-RES 

subgroup (N=23) 
P-value 

Lesion    

Left-sided, N (%) 5 (41.7) 10 (43.5) >0.999 

P1 segment, N (%) 1 (8.3) 13 (56.5) 0.010 

P2 segment, N (%) 6 (50) 6 (26.1) 0.261 

P3 segment, N (%) 0 (0) 0 (0) NA 

Multi-segment disease, N (%) 5 (41.7) 4 (17.4) 0.220 

Stenosis grade (%), median (IQR) 100 (100–100) 100 (90–100) 0.357 

Occlusion, N (%) 10 (83.3) 15 (65.2) 0.434 

Length (mm), median (IQR) 58.3 (30.6–82.7) 49.6 (17.3–72.6) 0.289 

Calcification, N (%) 9 (75) 13 (56.5) 0.463 

Heavy calcification, N (%) 2 (16.7) 4 (17.4) >0.999 

Stent    

Diameter (mm), median (IQR) 6 (6–7) 6 (6–7) 0.972 

Length (mm), median (IQR) 60 (60–120) 60 (40–80) 0.476 

IQR, Interquartile range; NA, not applicable; P1–3, popliteal; RES, restenotic. 

 

4.3.3. Early (≤30 days) post-procedural period 

Technical success was achieved in 100% of patients. In one stented patient, a 

retroperitoneal hematoma was observed, but no evacuation of the hematoma was 

necessary. The patient was discharged after 2 days of observation. None of the patients 

had distal embolization. The 30-day all-cause mortality rate was zero. 

 

4.3.4. Follow-up 

At 6 weeks, the clinical success rate was 92% in the PTA group and 89% in the stenting 

group. The median resting ABI in the PTA group improved significantly (P<0.001) 

DOI:10.14753/SE.2024.3065



48 

 

from 0.40 (IQR, 0.28–0.52) before the procedure to 0.90 (IQR, 0.84–1.02) at 6-week 

follow-up. For the stenting group, the ABI also improved significantly (P<0.001) from 

0.37 (IQR, 0.24–0.51) to 0.89 (IQR, 0.80–1.0). 

 The median follow-up time was 29 months (IQR, 16–47 months) in the PTA group 

and 26.5 months (IQR, 6–47 months) in the stenting group. Follow-up time was not 

significantly different (P=0.435) between groups. Nine patients (34.6%) in the PTA 

group (stenosis, N=7; occlusion, N=2) and 12 patients (34.3%) in the stenting group 

developed restenosis (stenosis, N=5; occlusion, N=7). Nine cases (100%) in the PTA 

group (PTA with plain balloon, N=5; stenting with Astron Pulsar stent, N=4) and eight 

cases (66.7%) in the stenting group required reintervention (PTA with plain balloon, 

N=6; stenting with Astron Pulsar stent, N=1; femoropopliteal bypass grafting, N=1). 

 The primary patency rate was 85.7% at 6 months, and 71.4% at 12 and 24 months in 

the PTA group, while in the stenting group it was 91.2% at 6 months, 88.2% at 12 

months, and 68.9% at 24 months. There was no significant difference (P=0.629) in 

primary patency rates between groups. The primary patency rate in the pooled patient 

group was 89.1% at 6 months, 81.8% at 12 months, and 70% at 24 months. (Figure 5 

and Table 17) 

 Re-restenosis was observed in three patients (3/9; 33.3%) in the PTA group and in 

six patients (6/8; 75%) in the stenting group. In the PTA group, two out of three patients 

underwent invasive therapy (PTA with plain balloon, N=1; femoropopliteal bypass 

grafting, N=1), whereas in the stenting group, four out of six patients underwent 

repeated revascularization (PTA with plain balloon, N=2; stenting with Astron Pulsar 

stent, N=1; femorocrural bypass grafting, N=1). 

 The secondary patency rate was 100% at 6 months, and 90% at 12 and 24 months in 

the PTA group, while in the stenting group it was 100% at 6 months, 97.1% at 12 

months, and 90.6% at 24months. There was no significant difference (P=0.603) in 

secondary patency rates between groups. The secondary patency rate in the pooled 

patient group was 100% at 6 months, 96.3% at 12 months, and 90.4% at 24 months. 

(Figure 6 and Table 18) Restenosis and re-restenosis were treated invasively only in 

patients with Rutherford stages 3–6. 
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Figure 5. Primary patency rate of percutaneous transluminal angioplasty and 

stenting groups (PTA, Percutaneous transluminal angioplasty.) 

 

Table 17. Primary patency rate of percutaneous transluminal angioplasty and 

stenting groups 

 
6 months 12 months 24 months 

All patients 

% 89.1 81.8 70 

No. at risk 51 44 36 

95% CI 77.32–4.95 68.84–89.78 55.73–80.47 

PTA group 

% 85.7 71.4 71.4 

No. at risk 20 16 15 

95% CI 85.7 71.4 71.4 

Stenting group 

 

% 91.2 88.2 68.9 

No. at risk 32 29 22 

95% CI 75.09–97.1 71.63–95.41 49.84–81.98 

CI, Confidence interval; PTA, percutaneous transluminal angioplasty. 
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Figure 6. Secondary patency rate of percutaneous transluminal angioplasty and 

stenting groups (PTA, Percutaneous transluminal angioplasty.) 

 

Table 18. Secondary patency rate of percutaneous transluminal angioplasty and 

stenting groups 

 
6 months 12 months 24 months 

All patients 

% 100 92.6 90.4 

No. at risk 55 49 42 

95% CI - 81.46–97.15 78.49–95.52 

PTA group 

% 100 90 90 

No. at risk 21 19 17 

95% CI - 65.60–97.40 65.60–97.40 

Stenting group 

 

% 100 94.1 90.6 

No. at risk 35 31 26 

95% CI - 78.47–98.50 73.57–96.90 

CI, Confidence interval; PTA, percutaneous transluminal angioplasty. 
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4.3.5. Predictors of restenosis 

In the PTA group, neither atherosclerotic risk factors nor lesion and balloon parameters 

were significantly different between the RES and non-RES subgroups. (Tables 13 and 

15) In the stenting group, stents implanted in the P1 segment were significantly less 

likely (P=0.010) to develop restenosis compared with P2 plus multi-segment stents. The 

primary patency rate was 100% at 6 and 12 months and 90.9% at 24 months for P1 

segment stents compared with 85.7% at 6 months, 81% at 12 months, and 55.7% at 24 

months for P2 plus multi-segment stents. Primary patency rates were significantly 

improved (P=0.018) in patients with P1 stents compared with patients with P2 and 

multi-segment stents. (Figure 7 and Table 19) 

 The secondary patency rate at 6, 12, and 24 months was 100% in patients with a P1 

segment lesion, while in patients with a P2 plus multi-segment lesion it was 100% at 6 

months, 90.5% at 12 months, and 84.8% at 24 months. There was no significant 

difference (P=0.253) in the secondary patency rate of the stented segments. (Figure 8 

and Table 20) 

 Cox regression analysis identified lesion location as a predictor of ISR (HR, 2.54; 

95% CI, 1.16–5.54; P=0.019). 
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Figure 7. Primary patency rate of different popliteal artery segments (P1–2, 

Popliteal.) 

 

Table 19. Primary patency rate of different popliteal artery segments 

 
6 months 12 months 24 months 

P1 segment 

% 100 100 90.9 

No. at risk 13 12 11 

95% CI - - 50.81–98.67 

P2 and multi-segment 

 

% 85.7 81 55.7 

No. at risk 19 17 13 

95% CI 61.97–95.16 56.89–92.39 31.97–74.00 

 CI, Confidence interval; P1–2, popliteal. 
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Figure 8. Secondary patency rate of different popliteal artery segments (P1–2, 

Popliteal.) 

 

Table 20. Secondary patency rate of different popliteal artery segments 

 
6 months 12 months 24 months 

P1 segment 

% 100 100 100 

No. at risk 14 13 12 

95% CI - - - 

P2 and multi-segment 

 

% 100 90.5 84.8 

No. at risk 21 20 15 

95% CI - 67.00–97.53 59.75–94.87 

CI, Confidence interval; P1–2, popliteal. 
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5. Discussion 

 

5.1. Study I (Restenosis rates in patients with ipsilateral carotid endarterectomy and 

contralateral carotid artery stenting) 

The outcome of CEA and CAS for ICA stenosis in the same patient was previously 

investigated in four retrospective studies. (82–85) De Borst et al. compared restenosis 

rates in 63 patients who first underwent CEA followed by CAS. The median follow-up 

time was 54.4±39.5 months for CEA and 28.7±16.9 months for CAS. The rate of ≥50% 

restenosis was not significantly different between CEA and CAS and was 10%, 19%, 

and 24% for CEA and 23%, 31%, and 34% for CAS at 1, 2, and 3 years, respectively. 

(83) Martelli et al. revealed ≥50% restenosis in 31% of CEAs (median follow-up, 

67.3±51.6 months) and 21% of CASs (median follow-up, 24.6±16.9 months). In their 

study, the restenosis-free survival rate was 85% after CEA and 66% after CAS. Since 

the definition of restenosis-free survival rate is not found in the article by Martelli et al., 

and patient loss to follow-up was not reported, the survival rates mentioned by this 

group should be taken with a grain of salt. (82) Ciccone et al. evaluated 45 patients 

treated with CEA on one side and CAS on the contralateral side, and none of the 

patients had ≥50% restenosis on either side, but the carotid diameter stenosis was on 

average 10% higher at 6 months and 16% higher at 1 year with CEA than with CAS (P-

value not shown in the article). (85) Xu et al. carried out CEA and CAS simultaneously 

in eight patients and detected no restenosis at 6-month follow-up. (84) 

 In our study, the risk of ≥50% restenosis was the same in the first year after both 

procedures, and then it was significantly higher throughout the follow-up in the CEA 

group. For CEA, we noted restenosis rates similar to those documented by de Borst et 

al., (83) but approximately 10% better 5-year restenosis rates than Martelli et al. (82) In 

the latter study, the majority of CEAs were performed with direct suturing, which is 

known to have a higher rate of restenosis than patching and eversion endarterectomy. 

(104) Regarding CAS, de Borst et al. published significantly worse ISR rates at 1, 2, 

and 3 years than our results, but nearly 20% of their CAS lesions were post-surgical 

restenosis, (83) previously identified as an independent risk factor for ISR. (82, 105) 

Moreover, de Borst et al. used the same US cut-off values to determine the grade of 

stenosis after stenting as before stenting. This is incorrect because an inserted stent 
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reduces the elasticity of that artery segment, resulting in higher flow velocities 

compared to native artery segments. Therefore, in our opinion, the incidence of ISR was 

overestimated in the study by de Borst et al. (83, 91) 

 A recently updated Cochrane meta-analysis of randomized clinical trials comparing 

restenosis rates between CAS and CEA in asymptomatic and symptomatic patients 

showed a significantly higher risk of ≥50% restenosis after CAS (OR, 2.00; 95% CI, 

1.12–3.60; P=0.02; I²=44%), however, no significant difference was observed in the 

pooled data for severe (≥70%) restenosis (OR, 1.26; 95% CI, 0.79–2.00; P=0.33; 

I²=58%). (33) Four of the randomized clinical trials included in the Cochrane meta-

analysis reported data on ≥50% restenosis. In three of four randomized clinical trials, 

≥50% restenosis occurred more frequently after CAS than after CEA. (33) The 

Endarterectomy Versus Angioplasty in Patients with Symptomatic Severe Carotid 

Stenosis (EVA-3S) trial compared 242 patients treated with CAS and 265 patients 

treated with CEA. At 3 years, 12.5% of patients after CAS and 5% of patients after CEA 

developed a ≥50% restenosis (OR, 2.65; 95% CI, 1.31–5.35). (106) In the Regensburg 

2008 trial, eight (25%) of 32 patients randomized to CAS and one (3.4%) of 29 patients 

randomized to CEA had ≥50% restenosis (OR, 9.33; 95% CI, 1.09–80.06). (107) In the 

International Carotid Stenting Study (ICSS), ≥50% restenosis was detected in 274 of 

737 CASs and 217 of 793 CEAs; the 5-year cumulative risk of ≥50% restenosis was 

40.7% after CAS and 29.6% after CEA (HR, 1.43; 95% CI, 1.21–1.72; P<0.001). (108) 

In the Basel Carotid Artery Stenting Study (BACASS), 10 patients were enrolled to 

both groups. Only one restenosis occurred and it was not in the CAS group but in the 

CEA group. (109) Nine randomized clinical trials with a secondary endpoint of ≥70% 

restenosis were included in the meta-analysis. None of the nine randomized clinical 

trials found a significant difference in the rate of severe (≥70%) restenosis between the 

CAS and CEA groups. (33) 

In our study, the majority of restenosis was 50–69% on the stented side and ≥70% on 

the operated side. Even after adjusting for differences between the two groups, an HR of 

1.86 was estimated favoring CAS for restenosis. A possible explanation for the better 

patency of CAS could be that in most randomized clinical trials, patients had a similar 

baseline prognosis due to randomization, whereas our patients had different lesion 

characteristics on the two sides. Another explanation may be that the differences in 
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restenosis rates in our study were more accentuated at later stages of the follow-up, and 

none of the randomized clinical trials had as long a follow-up as our study. 

 Two main processes play a role in the pathomechanism of restenosis. One is 

neointimal hyperplasia, which appears in the early stages, and the other is 

“neoatherosclerosis”, which usually develops only 2–3 years after the intervention. (43) 

In our study, no significant difference in 1-year restenosis rates was noted between CEA 

and CAS, and almost half of the restenoses in the CEA group occurred after 2 years. In 

our opinion, this underlines the importance of the duration of atherosclerotic risk 

factors, since the average duration of hypertension, DM, and hyperlipidemia was 

significantly longer at the end of the follow-up on the side where CEA was performed. 

 One of the limitations of our study is its retrospective nature. Additional limitations 

are the inevitable selection bias, as guidelines recommend different interventional 

techniques for different types of lesions. Although the most important risk factors have 

been adjusted, the persistence of the residual confounding factors cannot be ruled out. 

 

5.2. Study II (Short- and mid-term outcomes of stenting in patients with isolated distal 

internal carotid artery stenosis or post-surgical restenosis) 

Most studies analyzed the short- and mid/long-term outcomes of CAS separately for 

atherosclerosis and post-surgical restenosis, (33, 110) but we found nine studies that did 

so comparatively. (111–119) The two main indicators of the short-term success of CAS 

are the rate of new or recurrent neurological events and mortality. The rate of stroke 

within 30 days after stenting is between 0% and 9.8%, while the rate of all-cause 

mortality within 30 days after stenting is between 0% and 1.3% for atherosclerotic ICA 

stenoses. (33) The same rates for post-surgical ICA restenosis stenting are 0–18% and 

0–2%, respectively. (110) Peri- and post-procedural neurological complications were 

more frequent in patients stented for atherosclerotic ICA stenosis in five of the nine 

comparative studies. (111, 112, 114, 115, 117) AbuRahma et al. evaluated 68 patients 

undergoing ICA stenting for atherosclerosis and 121 patients undergoing ICA stenting 

for post-CEA restenosis; the median follow-up time was 19 months (range, 1–73 

months) and 22.6 months (range, 1–78 months), respectively. Any type of stroke was 

significantly more common in the atherosclerotic group than in the post-surgical 

restenotic group (7.4% versus 3.3%, P=0.029). Five of the six patients with peri-
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procedural stroke had pre-procedural symptoms. All-cause mortality differed 

significantly between the two groups only when the composit endpoints of stroke and 

death were compared (7.4% versus 0.9%, P=0.029). (111) White et al. examined three 

groups of stented patients with different etiologies, namely atherosclerotic, post-surgical 

restenotic, and radiation-induced ICA stenosis. In this study, a subgroup analysis of 871 

atherosclerotic and 341 post-surgical restenotic patients showed significantly more TIAs 

in the atherosclerotic group than in the post-surgical restenotic group (2.8% versus 

0.3%, P=0.005), however, after regression analysis adjusted for confounding factors, the 

difference no longer remained significant. The 30-day all-cause mortality was 6% in the 

atherosclerotic group and 4.5% in the post-surgical restenotic group (P=0.230). (112) 

Kahlberg et al. enrolled 158 matched patients in both the atherosclerotic and post-

surgical restenotic groups. The rate of 30-day combined neurological events (TIA, 

amaurosis fugax, and all types of stroke) was significantly higher in the atherosclerotic 

group than in the post-surgical restenotic group (7.6% versus 1.9%, P=0.017). None of 

the patients died within 30 days of the procedure. (114) Hynes et al. also performed a 

propensity-matched study with 1,756 patients per group. There was a significant 

difference between the two groups in the rate of in-hospital combined neurological 

events, which was higher in the atherosclerotic group (3.6% versus 2.2%, P<0.001). The 

rate of stroke in the first 30 days after the intervention was similar in the two groups 

(3.2% versus 4.5%, P=0.077). In-hospital mortality rates were also significantly higher 

in the atherosclerotic group (0.7% versus 0.3%, P=0.012). (115) Arhuidese et al. 

compared three groups of patients: such as patients stented for primary ICA stenosis, 

patients stented for post-CEA restenosis, and patients re-stented for ICA ISR. A 

subgroup analysis including 8,519 patients stented for primary ICA stenosis and 2,645 

patients stented for post-CEA restenosis was published. Both ipsilateral stroke (2.2% 

versus 1.6%, P=0.044) and mortality (1.8% versus 0.9%, P=0.002) were more frequent 

in the primary ICA stenosis group than in the post-CEA restenosis group in the first 30 

days after stenting. (117) 

Four studies showed no significant difference in neurological events within 30 days 

after stenting between the two etiological groups. (113, 116, 118, 119) 

To the best of our knowledge, no study has specifically investigated the outcome of 

CAS in distal ICA lesions. In our AS group, the rate of neurological complications 
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within 30 days after stenting was 5%, as a result of one TIA and one hemorrhagic 

stroke; the hemorrhagic stroke patient died on the 37th day after the intervention. The 

underlying cause of the hemorrhagic stroke was presumably the hyperperfusion 

syndrome. After CAS, hyperperfusion syndrome occurs in 0–21.2% of cases, and 

consequent hemorrhagic stroke in 0.7–1.1% of cases. (120) There are two hypotheses as 

to how the hyperperfusion syndrome results in hemorrhagic stroke after CAS. (121) 

One hypothesis is that the sudden increase in blood flow and pressure due to impaired 

neurovascular autoregulation leads to rupture of vulnerable arterioles and capillaries in 

the chronically ischemic brain parenchyma. (121) According to another hypothesis, the 

background of the process is the malfunction of the baroreceptor reflex, which is caused 

by intense stimulation of the carotid body during the insertion of the stent and/or the 

inflation of the balloon. An ineffective baroreceptor reflex cannot respond to acute 

changes in the systemic blood pressure, which leads to a long-lasting increase in 

pressure in the neurovascular bed and then to the development of a hemorrhagic stroke. 

(121) In our RES group, compared to our AS group, neurological symptoms were seen 

in a non-significantly higher proportion, 7.7%, within 30 days after stenting, but no 

deaths were recorded in the early post-procedural period. Thus, the short-term success 

rate of stenting distal ICA (re)stenoses is not worse than stenting ICA (re)stenoses in 

general (without determining the location of the lesion). 

 The mid/long-term outcome of CAS is best characterized by ISR and the mortality 

rates. Some publications include both ≥50% ISR and ≥70% ISR, (107–109) while others 

only include ≥70% ISR. (122–126) Based on literature data, the prevalence of ≥50% 

ISR after stenting for atherosclerotic ICA lesions is between 0% and 37%, (107–109) 

while the prevalence of ≥70% ISR is between 0% and 9.8%. (122–126) For post-

surgical ICA restenosis stenting, these incidences range from 0% to 15% (127, 128) and 

0% to 9.5%, (129, 130) respectively. Only three of the nine comparative studies 

examined ISR. (111, 116, 119) AbuRahma et al. reported no significant difference in 

≥50% ISR, which occurred in 10.6% of patients after CAS for atherosclerosis versus 

8.2% of patients after CAS for post-surgical restenosis (P=0.761). At 1, 2, 3, and 4 

years, the freedom from ≥50% ISR was 94%, 83%, 83%, and 66% in the atherosclerotic 

group and 96%, 91%, 83%, and 72% in the post-surgical restenotic group (P=0.471). 

Two patients (3%) in the atherosclerotic group and seven patients (6.3%) in the post-

DOI:10.14753/SE.2024.3065



59 

 

surgical restenotic group had ≥80% ISR. At 1, 2, 3, and 4 years, the freedom from 

≥80% ISR was 100%, 98%, 98%, and 78% in the atherosclerotic group and 99%, 96%, 

92%, and 87% in the post-surgical restenotic group (P=0.701). (111) Mousa et al. also 

investigated ISR as an endpoint in 196 patients undergoing CAS for atherosclerosis and 

189 patients undergoing CAS for post-surgical restenosis, defining ISR as ≥70% 

stenosis by US. The rate of ISR was 9.6% in the atherosclerotic group and 15.3% in the 

post-surgical restenotic group (P=0.112). The mean follow-up time was 27.7±30.9 

months in the atherosclerotic group and 41.8±33.3 months in the post-surgical restenotic 

group. In this study, exact primary patency rates at specific follow-up times were not 

published, and Kaplan–Meier curves were compared in four subgroups of asymptomatic 

and symptomatic patients with atherosclerosis and post-surgical restenosis. (116) 

Tanaskovic et al. assessed 440 atherosclerotic and 342 post-surgical restenotic patients 

after CAS with a mean follow-up time of 34.6±18 months. The pooled rates of ≥50% 

ISR were 7.9% in all patients, 8.7% in patients with atherosclerosis, and 7.2% in 

patients with post-surgical restenosis (P=0.406). The incidence of severe (≥70%) ISR 

was 5.6% in the entire study group and was also not significantly different between the 

two subgroups (atherosclerotic versus post-surgical restenotic subgroup, 6.4% versus 

4.7%, P=0.351). (119) 

In our patient population, the incidence of ISR was not significantly higher in the AS 

group (≥50% ISR, 7.5% and ≥70% ISR, 2.5%) than in the RES group (≥50% ISR, 0% 

and ≥70% ISR, 0%). Thus, ISR rates for stenting of distal ICA (re)stenoses (e.g., short-

term results) are not inferior to stenting of ICA (re)stenoses in general (without 

specifying the location of the lesion). 

 Only a few publications were found that included mid/long-term mortality rates for 

CAS. For CAS performed for atherosclerotic ICA stenoses, the mid/long-term mortality 

rate ranges from 12.1% to 35%, (108, 109, 130, 131) while for CAS performed for post-

surgical ICA restenoses, the mid/long-term mortality rate ranges from 9.6% to 11.8%. 

(110, 129, 132) Of the nine comparative studies, only one study by AbuRahma et al. 

aimed to determine the mid-term (4-year) mortality rate. In this study, there was no 

significant difference in mid-term mortality (none related to stroke) between CAS for 

atherosclerosis (12.1%) and CAS for post-surgical restenosis (11.8%). Survival rates at 

1, 2, 3, and 4 years were 91%, 86%, 80%, and 80% in the atherosclerotic group and 
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96%, 91%, 85% and 80% in the post-surgical restenotic group, respectively (P=0.510). 

(111) 

The mid-term mortality rate of 7.5% in our AS group is low, while the mid-term 

mortality rate of 26.9% in our RES group is quite high in the light of the literature. 

However, it is important to note that none of the deaths in our RES group were directly 

related to CAS itself; deaths were due to other serious comorbidities of the patients. 

 Our study has two main limitations: its retrospective nature and the relatively small 

number of patients. 

 

5.3. Study III (Mid-term results and predictors of restenosis in patients undergoing 

endovascular therapy for isolated popliteal artery steno-occlusive disease) 

Several studies have investigated the results of endovascular treatment of atherosclerotic 

steno-occlusive disease of PA. (51, 75, 133–146) The majority of studies were 

heterogeneous not only in terms of treatment type, but also inflow and/or outflow 

involvement. Most studies included not only patients with isolated PA 

stenosis/occlusion, but also patients who underwent inflow and/or outflow repair in 

addition to PA intervention. (133–141, 143, 144, 146) 

 Only four studies reported the results of PTA and stenting in truly isolated de novo 

atherosclerotic PA stenosis/occlusion. (51, 75, 142, 145) Spiliopoulos et al. studied 46 

patients treated with PTA or stenting in a retrospective multicenter trial, and the overall 

primary patency rate was 84.2% at 1 year and 59.1% at 2 years. Subgroup analysis 

showed no significant difference between primary patency after PTA and primary 

patency after stenting at 1 year (80% versus 84.6%; P=0.17). (51) A prospective 

multicenter trial was conducted by Rastan et al. Primary and selective stenting were 

compared with PTA in a subset of patients with PA occlusion (N=185). The primary 

patency rate at 2 years was 56.1% after PTA and 64.2% after stenting and the secondary 

patency rate was 78.4% after PTA and 77.8% after stenting, with no significant 

difference (P=0.45 and P>0.999, respectively). (142) Chang et al. assessed the short-

term outcome of stenting in the P2 and P3 segments and found a relatively low primary 

patency rate of 44% at 6 months. (75) Troisi et al. evaluated six different types of 

treatment for isolated atherosclerotic stenosis/occlusion of the PA. These six 

intervention types were: PTA with plain balloon, PTA with drug-coated balloon, 
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stenting for dissection, stenting for residual stenosis or extensive calcification, 

atherectomy alone, and atherectomy combined with anti-restenotic endovascular 

therapy. At 5 years of follow-up, the primary patency rate of 50.7% in the PTA group 

was significantly lower than the primary patency rate of 56.6% in the stenting group and 

other groups, after adjusting for confounding factors. However, the secondary patency 

rates did not show a significant difference between the individual groups. (145) 

 In our study cohort, the mid-term (24 months) primary patency rates were similar to 

the primary patency rates reported in the aforementioned articles: primary patency rates 

were 70% in the entire patient group, 71.4% in the PTA group, and 68.9% in the 

stenting group. The secondary patency rate was 90.4% in the entire patient group, 90% 

in the PTA group, and 94.1% in the stenting group. Consistent with three of the four 

studies mentioned above, patency rates were not significantly different between the 

PTA and stenting groups (when selective stenting was not considered a loss of patency). 

Our slightly better primary patency rate may be due in part to the fact that all previous 

studies were heterogeneous in terms of the number of runoff arteries and included 

patients with zero or only one patent crural runoff. (136, 140) Because poor runoff has 

previously been identified as a predictor of restenosis, (147) our study included only 

patients with at least two patent crural runoff arteries. 

 In addition to poor runoff, other known predictors of restenosis in patients treated 

endosurgically for isolated PA stenosis/occlusion are: smoking, chronic limb-

threatening ischemia, long lesion (>60 mm), baseline occlusion, multilevel disease, 

subintimal recanalization, and stent placement in the P3 segment. (51, 136, 137) In our 

study, restenosis occurred less frequently in patients with P1 segment stenting than in 

patients with P2 segment and multi-segment stenting. In the popliteal region, the vessels 

must adapt to the mechanical forces induced by movement (e.g., axial compression and 

bending). (73) Stent deployment disrupts the elastic capabilities of arteries and reduces 

axial compressibility, which may cause increased kinking at the marginal sections of the 

stents, leading to chronic vessel microtrauma, intimal injuries, hyperplasia, and 

restenosis. (74) Furthermore, stented PAs exhibit additional bending compared to bare 

arteries. During knee flexion, bare PAs are smooth C-shaped, while stented PAs are 

“three-shaped”, which generates increased stress both inside and at the marginal 

sections of the stents. (74) The mechanical forces induced by movement affect the 
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individual popliteal segments differently. Axial compression and bending are most 

pronounced behind the knee, suggesting that stents implanted in the P2 segment are 

exposed to greater mechanical forces than stents placed in the P1 segment. (148) Thus, 

patients with P1 segment stenting have a lower chance of restenosis than patients with 

P2 segment or multi-segment stenting. 

 The main limitation of our study is its retrospective nature. Additionally, SF (an 

important cause of restenosis) was not examined. 
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6. Conclusions 

 

6.1. Study I (Restenosis rates in patients with ipsilateral carotid endarterectomy and 

contralateral carotid artery stenting) 

The intra-patient comparison of CEA and CAS tilts the balance towards CAS with 

respect to restenosis (especially ≥70% restenosis). 

 

6.2. Study II (Short- and mid-term outcomes of stenting in patients with isolated distal 

internal carotid artery stenosis or post-surgical restenosis) 

Early complications and ISR rates of distal ICA stenting are acceptable and are not 

influenced by the etiology of the lesion. However, the mid-term mortality rate of the 

RES group is high. The lower survival is probably not due to the stenting procedure but 

to the more complex comorbidity profile of the RES population. 

 

6.3. Study III (Mid-term results and predictors of restenosis in patients undergoing 

endovascular therapy for isolated popliteal artery steno-occlusive disease) 

Mid-term patency of PA interventions is good. Stenting is not superior to PTA (if 

selective stenting is not considered a loss of patency). Lesions located in the P2 segment 

or in multiple segments are more prone to restenosis, therefore, patients undergoing 

stenting in these segments or undergoing PTA should be followed more closely. 

DOI:10.14753/SE.2024.3065



64 

 

7. Summary 

 

The two main invasive therapeutic options for extracranial carotid artery stenosis are 

CEA and CAS, of which CEA remains the gold standard due to a lower rate of 

periprocedural neurological complications, but there is conflicting literature on long-

term outcomes such as restenosis. Given the bilateral nature of ICA, it is possible to 

examine the rate of restenosis within the same patient (CEA on one side, CAS on the 

other). In our study, there was significantly more 70–90% restenosis after CEA than 

after CAS, especially in the later stages of follow-up; Cox regression analysis showed 

an HR of 1.80 in favor of CAS. The adjusted HR (1.85), which took into account 

smoking, hypertension, DM, calcification and echogenicity levels, lesion location, and 

treatment type, was barely different from the crude HR, supporting the importance of 

the duration of atherosclerotic risk factors. 

There are many data on the short- and long-term success of CAS for extracranial 

ICA stenosis, but most studies have not analyzed lesions by location. We found a 

periprocedural neurological complication rate of 6.1% in patients who underwent CAS 

for isolated distal extracranial ICA stenosis. The primary patency rate was 97.2% at 6 

months, 94.4% at 12 and 24 months, and 89.7% at 36 and 48 months in the 

atherosclerotic etiology group, and 100% during the entire follow-up period in the 

restenotic etiology group (P=0.528). The mortality rate at 48 months was relatively high 

(61.5%) in the group with restenotic etiology, however, this is probably not related to 

the stenting procedure itself, but to the more complex comorbidity profile of the 

restenotic population. 

 Peripheral artery disease usually involves multiple segments, which makes it difficult 

to assess the short- and mid-term success of endovascular interventions in a given 

arterial segment because of the inflow and outflow pathologies that influence treatment 

outcome. We aimed to investigate the success of PTA and/or stent implantation in truly 

isolated PA steno-occlusive disease. Primary patency rates were not significantly 

different (P=0.629) between the PTA and stenting groups. Restenosis was significantly 

less frequent (P=0.010) in patients with P1 stents than in patients with P2 plus multi-

segment stents. Cox regression analysis identified the lesion location as a predictor of 

ISR (HR, 2.54). 
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Abstract

Purpose

We aimed to evaluate the long-term outcome of carotid endarterectomy (CEA) and carotid

artery stenting (CAS) in patients who underwent both procedures on different sides.

Methods

In this single-center retrospective study (2001–2019), 117 patients (men, N = 78; median

age at CEA, 64.4 [interquartile range {IQR}, 57.8–72.2] years; median age at CAS, 68.8

[IQR, 61.0–76.0] years) with�50% internal carotid artery stenosis who had CEA on one

side and CAS on the other side were included. The risk of restenosis was estimated by treat-

ment adjusted for patient and lesion characteristics.

Results

Neurological symptoms were significantly more common (41.9% vs 16.2%, P<0.001) and

patients had a significantly shorter mean duration of smoking (30.2 [standard deviation

{SD}, 22.2] years vs 31.8 [SD, 23.4] years, P<0.001), hypertension (10.1 [SD, 9.8] years vs

13.4 [SD, 9.1] years, P<0.001), hyperlipidemia (3.6 [SD, 6.6] years vs 5.0 [SD, 7.3] years, P

= 0.001), and diabetes mellitus (3.9 [SD, 6.9] years vs 5.7 [SD, 8.9] years, P<0.001) before

CEA compared to those before CAS. While the prevalence of heavily calcified stenoses on

the operated side (25.6% vs 6.8%, P<0.001), the incidence of predominantly echogenic/

echogenic plaques (53.0% vs 70.1%, P = 0.011) and suprabulbar lesions (1.7% vs 22.2%,

P<0.001) on the stented side was significantly higher. Restenosis rates were 10.4% at 1

year, 22.3% at 5 years, and 33.7% at the end of the follow-up (at 11 years) for CEA, while

these were 11.4%, 14.7%, and 17.2%, respectively, for CAS. Cox regression analysis

revealed a significantly higher risk of restenosis (hazard ratio [HR], 1.80; 95% confidence

interval [CI], 1.05–3.10; P = 0.030) for CEA compared to that for CAS. After adjusting for rel-

evant confounding factors (smoking, hypertension, diabetes mellitus, calcification severity,
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and Balázs Bence Nyárádi). Name of the funder:

HRDOP (Human Resource Development

Operational Programme) Website: https://www.

palyazat.gov.hu/human_resource_development_

operational_programme.

DOI:10.14753/SE.2024.3065

https://orcid.org/0000-0001-6323-892X
https://orcid.org/0000-0003-2984-2642
https://doi.org/10.1371/journal.pone.0262735
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262735&domain=pdf&date_stamp=2022-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262735&domain=pdf&date_stamp=2022-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262735&domain=pdf&date_stamp=2022-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262735&domain=pdf&date_stamp=2022-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262735&domain=pdf&date_stamp=2022-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262735&domain=pdf&date_stamp=2022-02-11
https://doi.org/10.1371/journal.pone.0262735
https://doi.org/10.1371/journal.pone.0262735
http://creativecommons.org/licenses/by/4.0/
https://www.palyazat.gov.hu/human_resource_development_operational_programme
https://www.palyazat.gov.hu/human_resource_development_operational_programme
https://www.palyazat.gov.hu/human_resource_development_operational_programme


plaque echogenicity, and lesion location), the estimate effect size materially did not change,

although it did not remain statistically significant (HR, 1.85; 95% CI, 0.95–3.60; P = 0.070).

Conclusion

Intra-patient comparison of CEA and CAS in terms of restenosis tilts the balance toward

CAS.

Introduction

Among invasive interventions, those performed for carotid artery stenosis are one of the most

common in the field of vascular medicine [1]. To date, carotid artery stenting (CAS) still

occurs primarily when the patient is at “high” risk for open surgery [2]. Patients with high or

low placed stenosis, non-atherosclerotic lesions, contralateral carotid artery occlusion, contra-

lateral laryngeal nerve palsy, previous radical neck surgery, cervical radiation therapy, and/or

severe cardiopulmonary comorbidities are considered to be at “high” risk for open surgery [2,

3]. In all other cases, carotid endarterectomy (CEA) is preferable, especially if the patient has

crescendo symptoms, aortic arch anomaly, aortic arch atheroma, tortuous common carotid

artery (CCA), angulated internal carotid artery (ICA) origin, angulated distal ICA, severely

diseased CCA/external carotid artery, pinhole or long ICA stenosis, and if the ICA lesions are

thrombotic, heavily calcified, or sequential [2, 4, 5]. Age requires special attention when choos-

ing the type of invasive therapy; the outcome of older patients is better with CEA than with

CAS [6, 7]. The dominance of CEA over CAS is mainly because the perioperative death and

stroke rate of CEA is lower than that of CAS [2, 6–13]. A meta-analysis of data from four ran-

domized clinical trials (RCTs) revealed a 30-day death/stroke rate of 1.6% after CEA versus

2.7% after CAS in asymptomatic patients at “average” risk for surgery [2, 8–11]. The Endarter-

ectomy versus Stenting in Patients with Symptomatic Severe Carotid Stenosis (EVA-3S) study,

the Stent-Protected Angioplasty versus Carotid Endarterectomy (SPACE) trial, the Interna-

tional Carotid Stenting Study (ICSS), and the Carotid Revascularization Endarterectomy Ver-

sus Stenting Trial (CREST) have reported even stronger trends in symptomatic patients [2, 6,

7, 12, 13].

According to the results of large RCTs, it can be clearly stated that, among the long-term

outcomes, there is no significant difference between CEA and CAS in the incidence of ipsilat-

eral stroke [2, 6, 7, 12, 13]. However, concerning restenosis, the literature data are rather con-

tradictory; while RCTs have shown that CAS has a higher rate of restenosis [2, 14, 15],

observational studies have noted that CEA has a higher rate of restenosis [16–18].

Because there are two ICAs, it is possible to evaluate the short- and long-term outcomes of

CEA and CAS in the same patient (ipsilateral CEA versus contralateral CAS). As the number

of such publications is few (we found four in total) with small sample sizes (63 subjects the

most) [19–22], we considered it worthwhile to perform an intra-patient comparison of reste-

nosis on a larger sample size.

Patients and methods

Study characteristics

In this single-center retrospective study, 117 patients who underwent CEA on one side and

CAS on the other side between January 2001 and January 2019 were included. The study was

approved by the institutional ethics committee (Approval No: 222/2017). Due to the
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retrospective nature of the study, patient informed consent for analysis of data was not

obtained. All data were fully anonymized before we accessed them.

Procedure characteristics

The indications for CEA and CAS were based on international guidelines that were in force at

the time of the intervention [23–25]. In general, asymptomatic patients in the presence of

�70% ICA stenosis and symptomatic patients in the presence of�50% ICA stenosis were

treated invasively. Following the guidelines, a team of vascular surgeons, interventional radiol-

ogists, and angiologists decided on the type of invasive therapy [23–25].

The type of open surgery was eversion endarterectomy (EEA) without routine shunt use,

which was carried out under general anesthesia. The indication for the use of shunt was left to

the discretion of the operating surgeon. The technical details of EEA can be found in the publi-

cation by Hirschberg et al. [16]. If the patient had not previously taken a platelet aggregation

inhibitor drug regularly, antiplatelet therapy was initiated at least 7 days before the procedure

and was continued indefinitely postsurgically. Technical success was defined as the absence of

visible plaque remnants and successful restoration of blood flow at the completion of EEA [26].

CAS, which meant the deployment of a self-expanding stent, was executed in a standard

manner via the common femoral, brachial, or radial artery. Embolic protection systems were

routinely used and stent postdilation was inevitable. Puncture sites were manually compressed

or sealed with a closure device. If they were not already administered, patients were pretreated

with dual antiplatelet therapy for 5 days before the intervention and were administered post-

procedurally for up to 3 months. If the patient did not have heart disease, monotherapy was

sufficient thereafter. Technical success was achieved if no extravasation, dissection, or>30%

residual stenosis was seen on the final angiographic images [23–27].

Control ultrasonography

The carotid ultrasonography was due 6 weeks, 6 months, and 12 months after the procedure,

and then once a year. In the event of symptom/complaint or contralateral invasive treatment,

these dates were changed. On the operated side, a restenosis was considered 50–69% when the

peak systolic velocity (PSV) was 210–270 cm/s and�70% when the PSV was >270 cm/s [28],

while on the stented side, a restenosis was considered 50–69% when the PSV was 225–350 cm/

s and�70% when the PSV was>350 cm/s [29].

Evaluated parameters and their definitions

Symptoms were categorized as amaurosis fugax, transient ischemic attack (TIA), minor stroke,

major stroke, or no symptoms [26].

Information on the presence and duration of atherosclerotic risk factors and the type and

duration of medications was obtained from the medical record archiving system (MedSol;

T-Systems Hungary Ltd., Budapest, Hungary) or directly from the patients, who were called by

phone. Definitions of atherosclerotic risk factors can be found in one of the articles by Vértes

et al. [30].

Stenosis grade, lesion length, and the severity of plaque calcification were evaluated on the

reformatted computed tomography (CT)/CT angiography images. The percentage of ICA ste-

nosis was determined according to the North American Symptomatic Carotid Endarterectomy

Trial (NASCET) criteria [31]. Lesion length was defined as the distance between the proximal

and the distal point where the degree of stenosis decreased to 80% of its maximum [32]. In

terms of calcification, the following groups were distinguished: absent, mild (thin, discontinu-

ous), moderate (thin, continuous or thick, discontinuous), and severe (thick, continuous) [33].
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Plaque echogenicity was assessed by computer-assisted quantification of the gray-scale median

(GSM) values using Adobe Photoshop software (CS3; Adobe System, San Jose, CA, USA) [34].

According to the modified Geroulakos classification, depending on the percentage of pixels in

the plaque area with GSM values>25, plaques were categorized as type 1: uniformly echolu-

cent (<15%), type 2: predominantly echolucent (15–50%), type 3: predominantly echogenic

(50–85%), type 4: uniformly echogenic (>85%), and type 5: indeterminable due to acoustic

shadow [35].

Statistical analysis

Statistical analysis was performed with the software Stata 16.0 (StataCorp. 2019. Stata Statistical

Software: Release 16. College Station, TX: StataCorp LLC). Distributions of the continuous vari-

ables in the two treatment groups were compared with paired t-tests, while categorical data were

compared with Fisher exact tests. The probability of being free from restenosis was estimated by

the Kaplan-Meier method. Restenosis was considered as failure in the analysis, while death and

end of observation were considered as censoring. As only one death occurred during the 11-year

follow-up, a competing risk problem was not considered. The maximum follow-up time was set

at 11 years on each side. The event-free survival curves were compared by the log-rank test.

The crude hazard ratio (HR) comparing the two procedures was estimated by Cox propor-

tional-hazards model. Then, we adjusted for prognostic factors that could be related to the

indication of the procedures in a stepwise manner. First, we considered age, symptoms, and

lesion characteristics, which were significantly associated with the procedures at the level of

P�0.20 in the univariate analysis. To improve the efficiency of the estimation, we eliminated

the potential confounders of treatment effect in a stepwise manner from the initial model start-

ing with the ones having the largest P-value in the Wald-test. The decision rule of elimination

was that covariates non-significant at the level of P<0.05 were eliminated if the estimate of the

coefficient of the treatment effect from the initial model did not change more than 10% by the

elimination. After this process, lesion characteristics that were not previously included in the

model were added back individually and were kept in the model if the adjustment for them

changed the coefficient of treatment more than 10%. Finally, the length of history of smoking,

hypertension, hyperlipidemia, and diabetes mellitus were added to the model, and the same

elimination process was performed.

Results

Patient data

There were 39 women and 78 men in the study group (median age at CEA, 64.4 [interquartile

range {IQR}, 57.8–72.2] years; median age at CAS, 68.8 [IQR, 61.0–76.0] years). Neurological

symptoms were significantly more common (P<0.001) before CEA compared to those before

CAS. Except for age�80 years (P = 0.033), there was no significant difference in the presence

of atherosclerotic risk factors/comorbidities at the time of CEA and CAS. The duration of

smoking (P<0.001), hypertension (P<0.001), hyperlipidemia (P = 0.001), and diabetes melli-

tus (P<0.001) was significantly shorter at the time of CEA compared to that at the time of

CAS. (Table 1)

Lesion characteristics

Except for one stented stenosis (0.9%), which was presumably caused by radiation therapy, all

other lesions (99.1%) were of atherosclerotic origin. There was no difference in the grade and

length of the stenosis, but the majority of the lesions (79.5%) were mildly or moderately
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calcified in the CAS group compared to the balanced distribution of the lesions along the four

categories of calcification in the CEA group. In terms of plaque echogenicity, most of the

lesions were types 3 and 4 in both groups; however, significantly more lesions were types 3 and

4 in the CAS group compared to those in the CEA group. The majority of the lesions were in

the bulb in both groups; suprabulbar lesions were mostly treated with stenting. (Table 2)

Procedures

In 95 patients, CEA was the first invasive therapeutic method. The median time interval

between the two procedures was 50.0 (IQR, 8.5–102.0) months if the first procedure was CEA

and 2.5 (IQR, 1.0–12.8) months if the first procedure was CAS.

During CEA, the clamping time was 22.7±8.0 minutes. A shunt was inserted in four

patients (3.4%).

In the case of CAS, access sites were femoral in 77 patients (65.8%), radial in 37 patients

(31.6%), and brachial in three patients (2.6%). In two cases (1.7%), a proximal Mo.Ma (Med-

tronic Inc., Minneapolis, MN, USA) was used, while in the other patients (98.3%), a distal

embolic protection device (FilterWire EZ; Boston Scientific Corp., Marlborough, MA, USA)

was used. Predilation was carried out in six cases (5.1%). Balloon and stent parameters can be

found in Table 3.

The technical success rate among the patients was 100%.

Early (�30 days) postprocedural period

No one died during the early stages of the follow-up.

The following complications occurred after CEA: four wound hematomas (3.4%), with two

requiring surgical evacuation; five cranial nerve injuries (4.3%); two cases of hemodynamic

instability (1.7%; hypotension, N = 1; hypertension, N = 1); one myocardial infarction (0.9%);

and five neurological ischemic events (4.3%; TIA, N = 1; ipsilateral minor stroke, N = 1; ipsilat-

eral major stroke, N = 3). Two of five neurological ischemic events were due to acute occlusion

of the ICA that was operated on; both patients underwent reoperation.

The following complications were observed after CAS: one postpuncture pseudoaneurysm

(0.9%), which was eliminated by thrombin injection; four cases of hemodynamic instability

(3.4%; hypotension, N = 3; hypertension, N = 1); and six ocular or neurological ischemic

events (5.1%; amaurosis fugax, N = 1; TIA, N = 5). One of six neurological ischemic events was

due to acute stent occlusion; the patient underwent surgical stent removal.

There was no significant difference (P = 0.683 and P = 1.000, respectively) between CEA

and CAS neither for hemodynamic instability nor for early postprocedural neurological

complications.

Follow-up

The median follow-up time was 10.0 (IQR, 5.5–14.0) years after CEA and 6.0 (IQR, 3.0–10.0)

years after CAS. One death occurred during the follow-up period. The cause of death was ven-

tricular fibrillation.

Ocular or neurological ischemic events corresponding to the operated side were reported in

five patients (4.3%; amaurosis fugax, N = 1; TIA, N = 2; minor stroke, N = 2) and neurological

symptoms corresponding to the stented side in one patient (0.9%; TIA, N = 1); the difference

between the two sides was statistically non-significant (P = 0.213).

After CEA, 50–69% restenosis was detected in eight cases (6.8%; symptomatic restenosis,

N = 0), 70–99% restenosis in 30 cases (25.6%; symptomatic restenosis, N = 5), and occlusion in

two cases (1.7%; symptomatic occlusion, N = 0). Twenty-four of 30 patients with 70–99%
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restenosis underwent radiological intervention (Wallstent implantation [N = 24]; Boston Sci-

entific Corp., Marlborough, MA, USA), while all the other patients remained on best medical

treatment (BMT). Three patients (2.6%; symptomatic re-restenosis, N = 1) developed 70–99%

re-restenosis; radiological reintervention (percutaneous transluminal angioplasty [PTA]) was

performed in one of these three patients.

After CAS, 50–69% restenosis was detected in 12 cases (10.3%; symptomatic restenosis,

N = 0), 70–99% restenosis in five cases (4.3%; symptomatic restenosis, N = 0), and occlusion in

one case (0.9%; symptomatic occlusion, N = 1). Four of five patients with 70–99% restenosis

underwent radiological reintervention (PTA), while all the others remained on BMT. No one

had 70–99% re-restenosis.

Nine patients developed restenosis on both sides, with one patient having bilateral ICA

occlusion.

Restenosis probabilities are displayed in Table 4. The risk of restenosis was the same in the

first year after both procedures, followed by a lower risk in the CAS group throughout the fol-

low-up. (Fig 1) There was a statistically significant difference between the two groups; the P-

value from the log-rank test was 0.045. The crude incidence rate of restenosis was 2.5/100 per-

son-years in the CAS group and 4.2/100 person-years in the CEA group; the crude HR esti-

mated by Cox regression was 1.80 (95% CI, 1.05–3.10; P = 0.030). Fig 2 shows the observed

and predicted probabilities of being free from restenosis by treatment. The adjusted HR hardly

differed from the crude being 1.85 (95% CI, 0.95–3.60; P = 0.070). The final model, which con-

tained all important covariates (either being significant in the model or their omission would

have changed the effect size more than 10%), included smoking, hypertension, diabetes melli-

tus, level of calcification and echogenicity, and location of the lesions, besides the type of

treatment.

All patients received an antiaggregant, 60 of whom were on long-term dual antiplatelet

therapy. Cilostazol therapy was noted in 13 patients (11.1%). Ninety-three patients (79.5%)

received statin therapy, 51 of whom were on high-intensity therapy. Other lipid-lowering med-

ications (fibrates and ezetimibe) were prescribed to 14 patients (12.0%).

Discussion

The outcomes of CEA and CAS performed for ICA stenosis on the same patient have been

previously investigated in four retrospective studies [19–21]. De Borst et al. compared the

restenosis rates of 63 patients who underwent CEA first, followed by CAS. The median follow-

up time was 54.4±39.5 months for CEA and 28.7±16.9 months for CAS. The�50% restenosis

rates were not significantly different between CEA and CAS and were 10%, 19%, and 24% for

CEA and 23%, 31%, and 34% for CAS at 1, 2, and 3 years, respectively [19]. Martelli et al.

revealed a�50% restenosis rate of 31% for CEA, with a median follow-up time of 67.3±51.6

months, and 21% for CAS, with a median follow-up time of 24.6±16.9 months. In their study,

the restenosis-free survival rate was 85% after CEA and 66% after CAS. As the definition of

restenosis-free survival rate cannot be found in the article by Martelli et al. and the loss to fol-

low-up is not reported either, survival rates mentioned by this group should be taken with a

grain of salt [20]. Ciccone et al. evaluated 45 patients treated with CEA on one side and CAS

on the contralateral side and did not observe restenosis�50% on either side of the patients

[21]. Xu et al. carried out simultaneous CEA and CAS on eight patients and did not detect

restenosis during the 6-month follow-up [22].

In our study, the risk of�50% restenosis after both procedures were the same in the first

year, then it was significantly higher in the CEA group throughout the follow-up. Regarding

CEA, we noted similar restenosis rates to those documented by De Borst et al. [19] but
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approximately a 10% better 5-year restenosis rate compared to that for Martelli et al. [20]. In

the latter study, the majority of CEAs were performed with direct suturing, which is known to

have higher restenosis rates compared to that in patching and EEA [36]. Regarding CAS, De

Borst et al. published significantly worse restenosis rates at 1, 2, and 3 years compared to our

results, but almost 20% of their CAS lesions were postsurgical restenoses [19], which has been

previously identified as an independent risk factor for restenosis after CAS [20, 37].

According to a recently updated Cochrane meta-analysis, RCTs comparing restenosis rates

of CEA and CAS showed a significantly higher risk for�50% restenosis after CAS (OR, 2.00;

95% CI, 1.12–3.60; P = 0.02; I2 = 44%); however, in terms of severe (�70%) restenosis, no sig-

nificant difference was observed in the pooled data (OR, 1.26; 95% CI, 0.79–2.00; P = 0.33; I2 =

58%) [38]. In the present study, most of the restenoses were 50–69% on the stented side and

�70% on the operated side. Even after adjustment for differences in the two groups, a 1.86 HR

was estimated favoring CAS with respect to restenosis. A possible explanation for our better

patency rates for CAS could be that, in most of the RCTs, patients had a similar prognosis at

baseline due to randomization, while our patients had different lesion characteristics on the

two sides. Another explanation could be that differences in restenosis rates in our study were

accentuated in the later stages of the follow-up, and none of the RCTs had as long a follow-up

as our study.

Two main processes are playing roles in the pathomechanism of restenosis. One of them is

neointimal hyperplasia, which occurs at the early stages, and the other one is neoatherosclero-

sis, which does not develop until 2 to 3 years after the intervention [39]. No significant differ-

ence was noted in terms of restenosis rate at 1 year between CEA and CAS, and almost half of

the restenoses were found after 2 years in the CEA group. In our opinion, this underlies the

importance of the duration of atherosclerotic risk factors, such as the average durations of

hypertension, hyperlipidemia, and diabetes mellitus were significantly longer at the end of the

follow-up on the side where CEA was performed.

One of the limitations is the retrospective nature of our study. Other limitations are the

inevitable selection bias, as guidelines suggest different interventional techniques for different

types of lesions. Although we adjusted the most important risk factors, residual confounding

could not be excluded.

In conclusion, late restenosis is more frequent after CEA in patients undergoing both CEA

and CAS on different sides for atherosclerotic bilateral carotid artery stenosis.
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Abstract: The aim was to evaluate the outcome of stenting in patients with isolated distal internal
carotid artery (ICA) stenosis or post-surgical restenosis, as no data are currently available in the
literature. Sixty-six patients (men, N = 53; median age: 66 [IQR, 61–73] years) with ≥50% distal
ICA (re)stenosis were included in this single-center retrospective study. The narrowest part of the
(re)stenosis was at least 20 mm from the bifurcation in all patients. Patients were divided into
two etiological groups, atherosclerotic (AS, N = 40) and post-surgical restenotic (RES, N = 26).
Postprocedural neurological events were observed in two patients (5%) in the AS group and in
two patients (7.7%) in the RES group. The median follow-up time was 40 (IQR, 18–86) months.
Three patients (7.5%) in the AS group had an in-stent restenosis (ISR) ≥ 50%, but none in the RES
group. Three patients (7.5%) in the AS group and seven patients (26.9%) in the RES group died.
None of the deaths in the RES group were directly related to stenting itself. The early neurological
complication rate of stenting due to distal ICA (re)stenoses is acceptable. However, the mid-term
mortality rate of stenting for distal ICA post-surgical restenoses is high, indicating the vulnerability
of this subgroup.

Keywords: internal carotid artery; atherosclerosis; restenosis; stenting; outcome; stroke; in-stent
restenosis; patency; mortality; survival

1. Introduction

The most common sites of atherosclerotic lesions of the carotid arteries are the bi-
furcation, the 10–15 mm proximal segment of the internal carotid artery (ICA), and the
origin/proximal third of the left common carotid artery (CCA). Atherosclerosis rarely
affects the distal part of the ICA [1]. Invasive therapy for atherosclerotic carotid stenoses
includes open surgery, stenting, or a combination of both [2,3]. Distal ICA lesions can
only be approached with great difficulty by open surgery, either from the retromandibular
fossa or by other means (e.g., the mobilization of the parotid gland, double mandibular
osteotomy, or mandibular subluxation with styloidectomy) [4–7]. For this reason, stenting
rather than open surgery is the invasive option for these patients, even for those who are
symptomatic [2].

After open carotid surgery, restenosis occurs in 0.3–9% of cases [8]. Like atherosclerotic
stenoses, restenoses can localize to the distal ICA [9]. Stenting is also the main invasive
therapy for distal ICA restenoses [2].

Since there are no literature data on the short- and mid-term efficacy of stenting in
atherosclerotic or post-surgical restenotic distal ICA stenoses, our aim was to provide
information on this topic.
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2. Materials and Methods
2.1. Study Design

This single-center retrospective study analyzed patients (N = 66) who underwent
stenting for atherosclerotic or post-surgical restenotic isolated distal ICA stenosis between
January 2001 and January 2020.

2.2. Stenting Process

For each patient, the vascular team at our center decided on the need for stenting based
on the European Society for Vascular Surgery guidelines in force at the time. Patients were
considered symptomatic if they had any ischemic neurological event (amaurosis fugax,
transient ischemic attack [TIA], minor or major stroke) in the ipsilateral carotid territory
within 6 months before the intervention [10].

Stenting was performed in the standard manner [11] by three interventional radiolo-
gists with more than 10 years of experience, with the implantation of self-expanding stents
and embolic protection. If the patient was not on antiplatelet therapy or was on monother-
apy only, 100–300 mg acetylsalicylic acid and/or 75 mg clopidogrel daily was started at
least 72 h before the procedure. In urgent cases, a loading dose of 250–500 mg acetylsalicylic
acid and/or 300–600 mg clopidogrel was given. In the absence of cardiological or other
indications, dual antiplatelet therapy was continued for 1 month after the intervention,
followed by monotherapy for an indefinite period [12].

Stenting was technically successful if no extravasation, dissection, or >30% residual
stenosis was seen on final digital subtraction angiography (DSA) images [11].

2.3. Follow-Up Visits

Follow-up visits were scheduled for the 6th week after the intervention, the 6th and
12th month, and then once a year. However, due to complaints, contralateral invasive
carotid procedure, or other reasons, these dates could be changed. Follow-up visits con-
sisted of interviewing the patient and ultrasound examination of the cervical arteries.
Restenosis was defined as 50–69% if the peak systolic velocity (PSV) inside the stent or
at either end of the stent was 225–350 cm/s and ≥ 70% if PSV was >350 cm/s [13]. If
the distal part of the stent was not visible by ultrasound but indirect signs (ICA flow
volume <159 mL/min, ICA PSV < 33 cm/s, and/or CCA PSV < 42 cm/s) suggested a
≥70% in-stent restenosis (ISR) [14], the patient was submitted to computed tomography
angiography (CTA).

2.4. Analyzed Parameters

Cardiovascular risk factors and comorbidities (female sex, age ≥ 80 years, hyperten-
sion, hyperlipidemia, diabetes mellitus, and chronic kidney disease), previous invasive
vascular therapies, lesion- and intervention-related parameters, neurological events (amau-
rosis fugax, TIA, minor or major stroke) before and after the stenting, ISR characteristics
and primary patency and mortality rates were assessed. For a definition of cardiovascular
risk factors and comorbidities, see another publication by our research group [15]. The
parameters of the lesions (localization, grade and length of stenosis, presence, and severity
of calcification) were determined on preprocedural CTA scans. By localization, the affected
side and the distance of the narrowest part of the ICA stenosis from the bifurcation was
meant. The percentage of stenosis was calculated using the formula in the North American
Symptomatic Carotid Endarterectomy Trial [16]. The length of the lesion was defined as the
distance between the proximal and distal points where the grade of stenosis decreased to
80% of its maximum [17]. The severity of calcification was classified according to Woodcock
and four types, such as absent, mild (thin, discontinuous), moderate (thin, continuous or
thick, discontinuous), and severe (thick, continuous), were distinguished [18]. Among the
intervention-related parameters, the puncture site, the type of embolic protection device,
the manufacturer, diameter and length of the balloons and stents, and the complications
were collected. Regarding the definition of neurological events, reference is made to a
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guideline [19]. ISR characteristics included the ultrasonographic grade, localization (in-
stent, peristent, or both), and pattern (focal or diffuse) of restenotic lesions. The ISR was
considered focal if it was shorter than 10 mm. Primary patency was defined as freedom
from ≥50% ISR or occlusion.

2.5. Statistical Analysis

Statistical analysis was performed using SPSS Statistics for Windows (Version 25.0.;
IBM Corp., Armonk, NY, USA) and GraphPad Prism 7.01 (GraphPad Software Inc., La Jolla,
CA, USA) software. Continuous data were presented as median and interquartile range
(IQR) and compared using Mann–Whitney U test. Categorical data were expressed as
numbers (percentages) and compared using Fisher’s exact test. Kaplan–Meier analysis was
performed to determine primary patency and mortality rates. Follow-up was maximized at
48 months. Survival curves were compared using a log-rank test. All statistical tests were
two-tailed. The threshold for statistical significance was p ≤ 0.05.

3. Results
3.1. Patient Data

The median age of the 66 patients (women, N = 13; men, N = 53) was 66 years (IQR,
61–73 years). Patients were divided into two etiological groups, atherosclerotic (AS, N = 40
[60.6%]; median age: 67 years [IQR, 61–74 years]) and post-surgical restenotic (RES, N = 26
[39.4%]; median age: 64.5 years [IQR, 60.5–71 years]). There was no significant difference
(p = 0.541) in median age between the AS and RES groups. The carotid surgery in all
patients was an eversion endarterectomy. The median time between carotid surgery and
stenting was 80 months (IQR, 22–148 months). Stenting was carried out in nine patients
within 48 months after endarterectomy. Patient-related parameters are shown in Table 1.
Of the 66 patients, 15 (22.7%) had some neurological symptoms before stenting. There
was no significant difference (p > 0.999) in preprocedural neurological events between the
two groups. The RES group had significantly more women (p = 0.003) and significantly more
patients with hypertension (p = 0.010), contralateral carotid invasive treatment (p = 0.015),
and lower extremity arterial reconstruction (p = 0.046).

Table 1. Preprocedural neurological events, cardiovascular risk factors, comorbidities, and previous
invasive vascular therapies.

Patient-Related Parameters AS Group
(N = 40)

RES Group
(N = 26) p-Value

Preprocedural neurological events, N (%) 9 (22.5) 6 (23.1) >0.999
Amaurosis fugax, N (%) 3 (7.5) 0 (0) 0.273

TIA, N (%) 3 (7.5) 6 (23.1) 0.139
Minor stroke, N (%) 3 (7.5) 0 (0) 0.273

CV risk factors, comorbidities
Female sex, N (%) 3 (7.5) 10 (38.5) 0.003

Age ≥ 80 years, N (%) 5 (12.5) 2 (7.7) 0.695
Hypertension, N (%) 28 (70) 25 (96.2) 0.010

Hyperlipidemia, N (%) 13 (32.5) 8 (30.8) >0.999
Diabetes mellitus, N (%) 8 (20) 8 (30.8) 0.384

Chronic kidney disease, N (%) 2 (5) 4 (15.4) 0.202
Previous invasive vascular therapies

Coronary artery invasive treatment, N (%) 11 (27.5) 3 (11.5) 0.217
Contralateral carotid artery invasive treatment, N (%) 8 (20) 13 (50) 0.015

Subclavian artery invasive treatment, N (%) 0 (0) 1 (3.8) 0.394
Visceral artery invasive treatment, N (%) 1 (2.5) 2 (7.7) 0.557

Aortic invasive treatment, N (%) 0 (0) 1 (3.8) 0.394
Lower extremity arterial invasive treatment, N (%) 7 (17.5) 11 (42.3) 0.046

AS, Atherosclerotic; CV, cardiovascular; N, number; RES, restenotic; TIA, transient ischemic attack.
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3.2. Lesion Data

Lesion characteristics can be found in Table 2. The narrowest part of the ICA stenosis
was at least 20 mm from the bifurcation in all patients. Among lesion-related parameters,
only length was significantly different between the two groups; AS lesions were significantly
longer (p = 0.002) than RES lesions.

Table 2. Lesion characteristics.

Lesion-Related Parameters AS Group
(N = 40)

RES Group
(N = 26) p-Value

Right side, N (%) 15 (37.5) 14 (53.8) 0.214
Distance from the bifurcation (mm), median (IQR) 20.4 (20.1–21.4) 21.5 (20.1–24) 0.126

Stenosis grade (%), median (IQR) 90 (80–90) 90 (85–95) 0.099
Stenosis length (mm), median (IQR) 8.1 (6.1–12) 5.1 (4.1–7.5) 0.002

Calcification, N (%) 25 (62.5) 11 (42.3) 0.133
Mild, N (%) 14 (35) 8 (30.8) 0.794

Moderate, N (%) 8 (20) 1 (3.8) 0.077
Heavy, N (%) 3 (7.5) 2 (7.7) >0.999

AS, Atherosclerotic; IQR, interquartile range; N, number; RES, restenotic.

3.3. Procedure Data

In the AS group, the access site was femoral in 28 cases (70%) and radial in 12 cases
(30%), while in the RES group, the access site was femoral in 13 cases (50%), radial in 10 cases
(38.5%), and brachial in three cases (11.5%). In the AS group, embolic protection was distal
type (FilterWire EZ; Boston Scientific Corp., Marlborough, MA, USA) in 38 patients (95%)
and proximal type (Mo.Ma; Medtronic Inc., Minneapolis, MN, USA) in two patients (5%).
In the RES group, all patients had distal type embolic protection. Six cases (15%) in the
AS group and one case (3.8%) in the RES group required predilation. Five different types
of self-expanding stents were used. Twenty-eight (42.4%) of the stents were located only
in the ICA and did not extend into the bifurcation and CCA. All stents were postdilated.
Technical success was achieved in 100% of cases. The types, diameters, and lengths of
balloons and stents are listed in Table 3.

Table 3. Balloon and stent characteristics.

Balloon- and Stent-Related Parameters AS Group
(N = 40)

RES Group
(N = 26)

Predilation balloons
Maverick (Boston Scientific Corp., Marlborough, MA, USA), N (%) 4 (10) 0 (0)

Emerge (Boston Scientific Corp.), N (%) 1 (2.5) 0 (0)
Pantera Pro (Biotronik SE & Co. KG, Berlin, Germany), N (%) 1 (2.5) 0 (0)

Sprinter Legend Rx (Medtronic Inc., Minneapolis, MN, USA), N (%) 0 (0) 1 (3.8)
Diameter (mm), range 2.5–4 2.5
Length (mm), range 20–40 12
Postdilation balloons

Sterling (Boston Scientific Corp.), N (%) 25 (62.5) 12 (46.2)
Maverick (Boston Scientific Corp.), N (%) 8 (20) 5 (19.2)

Viatrac 14 Plus (Abbott Vascular Inc., Santa Clara, CA, USA), N (%) 5 (12.5) 6 (23.1)
Ultra-Soft SV (Boston Scientific Corp.), N (%) 2 (5) 3 (11.5)

Diameter (mm), range 4–6 4–5
Length (mm), range 20–40 20–40

Stents
Wallstent (Boston Scientific Corp.), N (%) 32 (80) 25 (96.2)

Xact (Abbott Vascular Inc.), N (%) 4 (10) 0 (0)
Roadsaver (Terumo Corp., Tokyo, Japan), N (%) 1 (2.5) 1 (3.8)

Precise Pro Rx (Cordis Corp., Johnson & Johnson Co., Miami, FL, USA), N (%) 2 (5) 0 (0)
Exponent (Medtronic Inc.), N (%) 1 (2.5) 0 (0)

Diameter (mm), range 5–9 5–9
Length (mm), range 25–50 30–50

AS, Atherosclerotic; N, number; RES, restenotic.
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3.4. Early (≤30 Days) Postprocedural Period

There were five intervention-related complications: one inguinal haematoma (1.5%)
not requiring evacuation and four neurological events (6.1%; AS group, one TIA and one
major stroke; RES group, two TIAs). The parameters of patients with postprocedural
neurological complications can be seen in Table 4. TIAs presented as contralateral upper
and/or lower limb paresis or dysarthria and lasted no longer than 15 min. None of the TIA
patients had an acute ischemic or hemorrhagic brain lesion on post-stenting CT or magnetic
resonance images. The time between carotid surgery and stenting was 103 months in
Patient 3 and 178 months in Patient 4. The major stroke patient became unconscious 2 h
after an uneventful stenting procedure. The emergency CT scan showed extensive bleeding
in the ipsilateral frontal and parietal lobes. The patient died on day 37 after stenting.

Table 4. Parameters of patients with postprocedural neurological complications.

Parameters
Patient 1 with

Postprocedural
TIA

Patient 2 with
Postprocedural
Major Stroke

Patient 3 with
Postprocedural

TIA

Patient 4 with
Postprocedural

TIA

Sex Male Male Female Female
Age 59 years 87 years 67 years 86 years

Etiological group AS AS RES RES
Preprocedural symptom No TIA Minor stroke TIA

Contralateral ICA stenosis/occlusion Occlusion No Stenosis Stenosis
Ipsilateral preprocedural stenosis grade 90% 95% 90% 95%
Ipsilateral preprocedural stenosis length 6.2 mm 16.8 mm 3.3 mm 4.5 mm

Calcification Mild Absent Absent Mild
Predilation No Yes No No
Stent type Wallstent Wallstent Wallstent Wallstent

Postprocedural ultrasound Patent stent Patent stent Patent stent Patent stent

AS, Atherosclerotic; RES, restenotic; TIA, transient ischemic attack.

3.5. Follow-Up Period

The median follow-up time was 34 months (IQR, 15–87 months) in the AS group and
41 months (IQR, 28–74 months) in the RES group. There was no significant difference
(p = 0.708) in follow-up time between the two groups. In the AS group, two cases (5%) of
50–69% ISR and one case (2.5%) of ≥70% ISR were detected. All ISRs were located within
the stent and were of the focal type. Patients with ISR were asymptomatic. The patient
with ≥70% ISR underwent reintervention with a plain balloon (Trek; Abbott Vascular
Inc., Santa Clara, CA, USA; size, 4 mm × 20 mm). No one in the RES group had ISR.
The primary patency rate was 97.2% at 6 months, 94.4% at 12 and 24 months, and 89.7%
at 36 and 48 months in the AS group and 100% over the entire follow-up period in the
RES group. The primary patency rates of the two groups were not significantly different
(p = 0.528) (Figure 1 and Table 5). During follow-up, three patients (7.5%) in the AS group
and seven patients (26.9%) in the RES group died. The cause of death was myocardial
infarction in three patients, heart failure in two patients, malignancy in two patients,
major stroke in one patient, chronic obstructive pulmonary disease in one patient, and
gastrointestinal bleeding in one patient. The survival proportion was 97.4% at 6, 12, and 24
months and 84.1% at 36 and 48 months in the AS group and 100% at 6, 12, and 24 months,
83.8% at 36 months, and 61.5% at 48 months in the RES group. The survival proportions of
the two groups were not significantly different (p = 0.289) (Figure 2 and Table 6).
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Table 5. Primary patency.

6 Months 12 Months 24 Months 36 Months 48 Months

All patients
% 98.3 96.5 96.5 94 94

95% CI 88.4–99.7 86.8–99.1 86.8–99.1 82.1–98.1 82.1–98.1

Number at risk 58 52 45 35 26

AS group
% 97.2 94.4 94.4 89.7 89.7

95% CI 81.9–99.6 79.5–98.5 79.5–98.5 70.2–96.7 70.2–96.7

Number at risk 36 31 25 18 16

RES group
% 100 100 100 100 100

95% CI - - - - -

Number at risk 22 22 21 17 11

AS, Atherosclerotic; CI, confidence interval; RES, restenotic.

Table 6. Survival proportions.

6 Months 12 Months 24 Months 36 Months 48 Months

All patients
% 98.4 98.4 98.4 83.9 73.9

95% CI 89.4–99.7 89.4–99.7 89.4–99.7 68.9–92.1 55.7–84.7

Number at risk 58 54 46 37 28

AS group
% 97.4 97.4 97.4 84.1 84.1

95% CI 83.1–99.6 83.1–99.6 83.1–99.6 62.3–93.8 62.3–93.8

Number at risk 37 33 26 20 18

RES group
% 100 100 100 83.8 61.5

95% CI - - - 57.7–94.5 35.7–79.5

Number at risk 22 22 21 17 11

AS, Atherosclerotic; CI, confidence interval; RES, restenotic.
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4. Discussion

Most studies have separately analyzed the short- and mid-/long-term outcomes of
carotid artery stenting (CAS) for atherosclerosis and post-surgical restenosis [19,20], but
we found eight studies that did so comparatively [21–28]. The two main indicators of
the short-term success of CAS are the rate of new or recurrent neurological events and
mortality. The rate of stroke within 30 days after stenting ranges from 0% to 9.8%, while
the rate of all-cause mortality within 30 days after stenting ranges from 0% to 1.3% for
atherosclerotic ICA stenoses [19]. The same rates for post-surgical ICA restenosis stenting
range from 0% to 18% and 0% to 2%, respectively [20]. In three of the eight comparative
studies, peri- and postprocedural neurological complications were more frequent in patients
undergoing stenting for atherosclerotic ICA stenoses [22–24]. The other five studies showed
no significant difference in neurological events within 30 days after stenting between the
two etiological groups [21,25–28]. The etiology of ICA lesions had no effect on CAS 30-day
mortality in any of the comparative studies [21–28]. However, to the best of our knowledge,
no study has specifically investigated the outcome of CAS in distal ICA lesions. In our
AS group, the rate of neurological complications within 30 days after stenting was 5%,
resulting from one TIA and one hemorrhagic stroke; the patient with hemorrhagic stroke
died on day 37 after the intervention. The underlying cause of the hemorrhagic stroke was
presumably hyperperfusion syndrome. After CAS, hyperperfusion syndrome occurs in
0–21.2% of cases and consequential hemorrhagic stroke in 0–100% of cases [29]. In our
RES group, compared to our AS group, a non-significantly higher proportion of patients,
7.7%, developed neurological symptoms within 30 days after stenting, but no deaths were
recorded in the early postprocedural period. Thus, the short-term success rates for stenting
distal ICA (re)stenoses are not worse than the rates reported for stenting ICA (re)stenoses
in general (without defining the lesion location).

The mid-/long-term outcome of CAS is best characterized by ISR and mortality rates.
In some publications, both the ISR ≥ 50% rate and the ISR ≥ 70% rate are given [30–32],
while in others, only the ISR ≥ 70% rate is mentioned [33–38]. Based on literature data,
the prevalence of ISR ≥ 50% after stenting for atherosclerotic ICA lesions is between 0%
and 37% [30–32], while the prevalence of ISR ≥ 70% is between 0% and 9.8% [33–38]. For
post-surgical ICA restenosis stenting, these incidences range from 0% to 15% [39,40] and
0% to 9.5% [41,42], respectively. Of the eight comparative studies, only two examined ISR
(one considered ISR ≥ 50% [21], the other considered ISR ≥ 70% as the endpoint [26]), and
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none revealed a significant difference in the prevalence of ISR between the two etiological
groups [21,26]. In our patient population, the incidence of ISR was non-significantly higher
in the AS group (ISR ≥ 50%, 7.5% and ISR ≥ 70%, 2.5%) than in the RES group (ISR ≥ 50%,
0% and ISR ≥ 70%, 0%). Thus, the ISR rates for stenting distal ICA (re)stenoses (such as the
short-term results) are not worse than the rates reported for stenting ICA (re)stenoses in
general (without defining the lesion location).

Only a few publications were found that included mid-/long-term mortality rates for
CAS. For CAS performed for atherosclerotic ICA stenoses, the mid-/long-term mortality
rate ranges from 12.1% to 35% [18,20,30,32,42,43], while for CAS performed for post-surgical
ICA restenoses, the mid-/long-term mortality rate ranges from 9.6% to 11.8% [20,41,44]. Of
the eight comparative studies, only one study aimed to determine the mid-term (4-year)
mortality rate [21]. In this study, there was no significant difference in the 4-year mor-
tality rate between CAS for atherosclerosis (12.1%) and CAS for post-surgical restenosis
(11.8%) [21]. The mid-term mortality rate of 7.5% in our AS group is low, while the mid-
term mortality rate of 26.9% in our RES group is quite high in light of the literature. It is
important to note, however, that none of the deaths in our RES group were directly related
to CAS itself; the deaths were the result of other serious comorbidities in the patients.

Our study has two main limitations: its retrospective nature and the relatively small
number of patients.

5. Conclusions

The early complication and ISR rates of distal ICA stenting are acceptable and are not
influenced by the etiology of the lesion. However, the mid-term mortality rate of the RES
group is high. The lower survival is probably not due to the stenting procedure but rather
to the more complex comorbidity profile of the RES population.
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ABSTRACT

Background and aim: There is only a limited number of major publications on the outcome of
interventions for isolated popliteal artery stenosis. The purpose of this study was to report our results
on mid-term patency and predictors of restenosis.
Patients and methods: This single-center retrospective study included 61 symptomatic patients

(males, N 5 33; median age, 65.1 years [IQR, 60.7–71.9 years]; Rutherford grade 4–6, N 5 14) with at
least two patent crural arteries, whose atherosclerotic stenoses/occlusions were treated with percu-
taneous transluminal angioplasty (PTA) or stenting (using self-expanding bare-metal Astron Pulsar
stents) between 2011 and 2018.
Results: Twenty-six patients had PTA, while 35 underwent stenting. The median follow-up was 29

months (IQR, 10–47 months). The primary patency rates were not significantly different (P 5 0.629)
between PTA and stenting groups. Restenosis developed in nine patients (34.6%) in the PTA group,
and in 12 (34.3%) in the stenting group. Restenotic lesions required re-intervention in nine cases
(100%) in the PTA group, and in eight (66.7%) in the stenting group. Restenosis developed signifi-
cantly less frequently (P 5 0.010) in patients with a popliteal/P1 stent; the primary patency rates were
also significantly better (P 5 0.018) in patients with a popliteal/P1 stent when compared to popliteal/
P2 plus multi-segment stents. Cox regression analysis identified lesion location as a predictor of in-
stent restenosis (HR, 2.5; 95% CI, 1.2–5.5; P 5 0.019).
Conclusion: Stenting was not superior when compared to PTA (if selective stenting was not

considered as loss of patency). Follow-up should be more thorough in patients undergoing popliteal/
P2 or multi-segment stenting.

KEYWORDS

popliteal artery, endovascular therapy, PTA, stenting, restenosis, patency

Introduction

Popliteal artery steno-occlusive disease could be truly isolated if no stenosis or occlusion were
present elsewhere in the ipsilateral lower extremity. Atherosclerosis is usually a multilevel
pathological process, therefore the probability of an isolated popliteal manifestation is
minimal. In many cases, the cause of a truly isolated popliteal artery luminal narrowing is
from external compression due to e.g. entrapment syndrome or cystic adventitial disease.

In the majority of studies, a presumed atherosclerotic popliteal artery stenosis is
considered isolated if the patient has no ipsilateral femoral artery stenosis, requiring invasive
therapy. However, publications are heterogeneous in terms of arterial runoff and the type of
radiological intervention used [1–7]. Although percutaneous transluminal angioplasty (PTA)
with a plain or drug-coated balloon plus or minus bare-metal stenting is the most commonly
applied treatment method [1, 2, 4, 7–11], reports have outlined stentgraft implantation [12]
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and atherectomy [3, 4, 13]. However, studies also appear to
be inconsistent in terms of the composition of deployed
(mainly self-expanding) stents [1, 2, 5, 7–9, 11].

The mid- and long-term efficacy of endovascular pro-
cedures can be characterized by the restenosis rate.
Depending on radiological intervention types, the restenosis
rate of popliteal endovascular therapy is approximately 5–
70% [1–6], which is slightly better than the restenosis rate of
femoropopliteal interventions (40–70%; most likely because
femoral lesions are almost always longer than popliteal le-
sions, and the longer the treated lesion, the greater the
probability of restenosis) [14, 15].

Therefore, the goal of this study was to examine mid-
term results of endovascular methods and identify predictors
of restenosis in a single-center, homogeneous population in
terms of crural runoff arteries and implanted stent type.

Patients and methods

Patient selection

Sixty-one patients from a single institution, who underwent
an intervention for symptomatic isolated popliteal artery de
novo steno-occlusive disease (no ipsilateral iliofemoral ste-
nosis, two patent crural run-off arteries) between June 2011
and June 2018, were retrospectively analyzed. The study
procedures were carried out in accordance with the Decla-
ration of Helsinki. Institutional review board approval was
granted (Approval No: 138/2013). Due to the retrospective
nature of the study, no informed consent for analysis of data
was obtained from patients.

Pre-procedural data

The following clinical data were collected from our medical
record archiving system (MedSol; T-Systems Hungary Ltd.,
Budapest, Hungary): age; gender; anthropometric parame-
ters (e.g. weight, height); atherosclerotic risk factors and
comorbidities (smoking, hypertension, hyperlipidemia, dia-
betes mellitus, chronic kidney disease); past medical history
(coronary, supra-aortic, and/or lower extremity radiological
interventions or surgical reconstructions); Rutherford grade
[16]; ankle-brachial index (ABI); and medication regimen.

Procedural information

Radiological interventions were executed through the com-
mon femoral artery. The choice of approach (antegrade
versus retrograde) was left to the discretion of the inter-
ventional radiologist performing the procedure. Patients
underwent either PTA or stenting (selective or primary).
Selective stenting was defined as stent placement after PTA
with suboptimal results (residual stenosis of ≥30%, flow-
limiting dissection). Primary stenting was defined as stent
placement after predilation of the lesion, regardless of the
PTA outcome [17]. Generally, in patients with non-occlu-
sive, short lesions, PTA was favored, while in the presence of
heavily calcified, long lesions or total occlusions, primary

stenting was chosen. All procedures were performed by
three experienced interventional radiologists with more than
10 years of experience in the treatment of peripheral arterial
occlusive disease.

Technical success was defined as <30% residual stenosis
without dissection or extravasation [16]. Punctured arteries
were manually compressed. In uncomplicated cases, patients
were discharged 1–2 days after the procedure. Patients were
on dual antiplatelet therapy for 1 month, followed by a
lifelong acetylsalicylic acid or clopidogrel monotherapy.

Post-procedural data

According to international and in-house guidelines, patients
were scheduled for a follow-up visit at 6 weeks, 6 months,
and 12 months after the intervention, and yearly thereafter,
or sooner if symptoms arose. The following follow-up data
were collected: Rutherford grade [16], ABI, and duplex ul-
trasound (DUS) results. Significant restenosis was defined as
peak systolic velocity of ≥250 cm/s as measured by DUS in
the treated popliteal segment. Primary patency was defined
as a patent popliteal artery, without further intervention.
Secondary patency was defined as an open popliteal artery
after endovascular re-intervention or surgical reconstruction
due to restenosis. Clinical success was defined as subjective
improvements as reported by the patient, and/or at least one
stage improvement in Rutherford grade.

Imaging data

Digital subtraction angiography data were extracted from
picture archiving and communication systems (PACS; GE
Healthcare Inc., Chicago, IL, USA). Lesion parameters
consisted of localization (P1: from the intercondylar fossa to
the proximal edge of the patella; P2: from the proximal edge
of the patella to the center point of the knee joint; P3: from
the center of the knee joint to the origin of the anterior tibial
artery, and multi-segment disease: combinations of the
above) [18], stenosis grade and length, calcification presence
and grade, and residual stenosis grade.

Calcification was evaluated on the baseline fluoroscopic
images. Lesions were mildly calcified if single or multiple
punctate calcifications were present, moderately calcified if
single or multiple linear areas of calcification were seen, and
heavily calcified if continuous calcification with no visible
breaks was observed [19].

Analyzed parameters

Both PTA and stenting groups were divided into restenotic
and non-restenotic subgroups, and were compared for pre-
procedural, imaging, procedural, and post-procedural data.

Statistical analysis

Statistical analyses were performed using StatSoft Statistica
13.4 (Moonsoft Oy, Espoo, Finland) and GraphPad Prism
7.01 (GraphPad Software Inc., La Jolla, CA, USA) software.
Continuous data were expressed as medians and inter-
quartile ranges (IQR, Q1–Q3); categorical data were
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represented as counts (percentages). Significant differences
in groups/subgroups for continuous and categorical data
were evaluated using Mann-Whitney U and Fisher’s exact
tests, respectively. Patency was calculated using Kaplan-
Meier analysis. Kaplan-Meier curves were compared using a
log-rank test. Cox regression analysis was used to determine
significant predictors of restenosis; the hazard ratio (HR)
was presented together with its 95% confidence interval (CI).
The threshold for statistical significance was P < 0.05.

Results

Patient data

Twenty-six patients (42.6%) were in the PTA group, while
35 patients (57.4%) were in the stenting group.

The median age was 65.1 years (IQR, 60.7–71.9 years) in
the PTA group. Indications for radiological intervention
were severe claudication (Rutherford grade 3) in 12 cases
(46.2%), and critical limb ischemia (CLI; Rutherford grade
4–6) in 14 cases (53.8%). Twenty-two patients (84.6%)
smoked, 22 (84.6%) had hypertension, 10 (38.5%) had
hyperlipidemia, 13 (50%) had diabetes mellitus, six (23.1%)
were obese, and three (11.5%) had chronic kidney disease
(Table 1). Six patients (23.1%) had coronary artery bypass
grafting and/or percutaneous coronary intervention, one

patient (3.8%) had supra-aortic surgical and/or endovascular
reconstruction, and three patients (11.5%) had contralateral
lower extremity open and/or percutaneous revascularization.

In the stenting group, the median age was 63.5 years
(IQR, 56.9–71 years). Indications for radiological interven-
tion were severe claudication in 21 cases (60%), and CLI in
14 cases (40%). Thirty patients (85.7%) smoked, 30 (85.7%)
had hypertension, 20 (57.1%) had hyperlipidemia, 15
(42.9%) had diabetes mellitus, 11 (31.4%) were obese, and
one (2.9%) had chronic kidney disease (Table 2). Six patients
(17.1%) had coronary artery bypass grafting and/or percu-
taneous coronary intervention, three patients (8.6%) had
supra-aortic surgical and/or endovascular reconstruction,
and 14 patients (40%) had contralateral lower extremity
open and/or percutaneous revascularization.

Lesion, balloon, and stent characteristics

For all cases, the pathological background was atheroscle-
rosis. The ipsilateral antegrade approach was chosen in 42
patients (68.9%), while the contralateral approach was used
in 19 cases (31.1%).

In the PTA group, lesions were left-sided in 12 patients
(46.2%). Steno-occlusive disease affected the P1 segment in
13 cases (50%), and the P2 in eight cases (30.8%). Multi-
segment disease within the popliteal artery was observed in
five cases (19.2%). The median degree of stenosis was 95%

Table 1. Indication for treatment, atherosclerotic risk factors, and comorbidities in the PTA group

Indication, atherosclerotic risk factors,
comorbidities

PTA group (N 5 26)

RR subgroup (N 5 9) Non-RR subgroup (N 5 17) P value

CLI, N (%) 4 (44.4) 10 (58.8) >0.999
Age (year), median (IQR) 70.3 (63–75.5) 63.5 (56.2–69.9) 0.124
Female gender, N (%) 5 (55.6) 11 (64.7) 0.692
Smoking, N (%) 9 (100) 13 (76.5) 0.263
Hypertension, N (%) 9 (100) 13 (76.5) 0.263
Hyperlipidemia, N (%) 3 (33.3) 7 (41.2) 0.206
Diabetes mellitus, N (%) 4 (44.4) 9 (52.9) >0.999
Obesity (BMI≥30 kg/m2), N (%) 2 (22.2) 4 (23.5) >0.999
Chronic kidney disease, N (%) 1 (11.1) 2 (11.8) >0.999

BMI, Body mass index; CLI, critical limb ischemia; IQR, interquartile range; PTA, percutaneous transluminal angioplasty; RR, restenotic.

Table 2. Indication for treatment, atherosclerotic risk factors, and comorbidities in the stenting group

Indication, atherosclerotic risk factors,
comorbidities

Stenting group (N 5 35)

RR subgroup (N 5 12) Non-RR subgroup (N 5 23) P value

CLI, N (%) 6 (50) 8 (34.8) 0.477
Age (year), median (IQR) 63.3 (57.9–70.2) 63.5 (56.9–71.5) 0.794
Female gender, N (%) 3 (25) 9 (39.1) 0.477
Smoking, N (%) 11 (91.7) 19 (82.6) 0.640
Hypertension, N (%) 10 (83.3) 20 (87) >0.999
Hyperlipidemia, N (%) 6 (50) 14 (60.9) 0.721
Diabetes mellitus, N (%) 5 (41.7) 10 (43.5) >0.999
Obesity (BMI≥30 kg/m2), N (%) 2 (16.7) 9 (39.1) >0.999
Chronic kidney disease, N (%) 0 (0) 1 (4.3) >0.999

BMI, Body mass index; CLI, critical limb ischemia; IQR, interquartile range; RR, restenotic.
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(IQR, 90–100%), the median lesion length was 26.7 mm
(IQR, 11.6–72.9 mm), and calcification was observed in 13
patients (50%). The median balloon diameter and the me-
dian balloon length were 5 mm (IQR, 5–5 mm) and 40 mm
(IQR, 40–80 mm), respectively (Table 3).

In the stenting group, lesions were left-sided in 15 pa-
tients (42.9%). Steno-occlusive disease affected the P1
segment in 14 cases (40%), and the P2 in 12 cases (34.3%).
Multi-segment disease within the popliteal artery was pre-
sent in nine cases (25.7%). The median degree of stenosis
was 100% (IQR, 90–100%), the median lesion length was
52.8 mm (IQR, 23.4–80.6 mm), and calcification was
observed in 22 patients (62.9%) (Table 4). In all cases, a self-
expanding Astron Pulsar stent (Biotronik AG, B€ulach,
Switzerland) was deployed. The median stent diameter was 6
mm (IQR, 6–7 mm), while the median stent length was 60
mm (IQR, 40–120 mm). Primary stenting was performed in

15 patients (42.9%), while selective stenting was chosen for
20 cases (57.1%).

Early post-procedural period (within 30 days)

Technical success was achieved in 100% of patients. In one
of the stented patients, a retroperitoneal hematoma was
observed, but did not require evacuation. After observation
for 2 days, the patient was discharged. None of the patients
had distal embolization. The 30-day all-cause mortality rate
was zero.

Follow-up period

At 6 weeks, the clinical success rate was 92% in the PTA
group, while it was 89% in the stenting group. In the PTA
group, the median resting ABI was significantly improved (P
< 0.001) from 0.40 (IQR, 0.28–0.52) before the procedure to

Table 3. Lesion and balloon parameters in the PTA group

Parameters

PTA group (N 5 26)

RR subgroup (N 5 9) Non-RR subgroup (N 5 17) P value

Lesion
Left-sided, N (%) 5 (55.6) 7 (41.2) 0.683
P1 segment, N (%) 6 (66.7) 7 (41.2) 0.411
P2 segment, N (%) 2 (22.2) 6 (35.3) 0.667
P3 segment, N (%) 0 (0) 0 (0) NA
Multi-segment disease, N (%) 1 (11.1) 4 (23.5) 0.628
Stenosis grade (%), median (IQR) 100 (90–100) 90 (90–100) 0.293
Occlusion, N (%) 6 (66.7) 7 (41.2) 0.411
Length (mm), median (IQR) 49.6 (17.3–72.6) 24.9 (11.6–60.9) 0.666
Calcification, N (%) 4 (44.4) 9 (52.9) >0.999
Heavy calcification, N (%) 1 (11.1) 1 (5.9) >0.999

Balloon
Diameter (mm), median (IQR) 5 (5–5) 5 (4–5) 0.686
Length (mm), median (IQR) 40 (40–80) 40 (40–80) 0.225

IQR, Interquartile range; NA, not applicable; P1–3, popliteal; PTA, percutaneous transluminal angioplasty; RR, restenotic.

Table 4. Lesion and stent parameters in the stenting group

Parameters

Stenting group (N 5 35)

RR subgroup (N 5 12) Non-RR subgroup (N 5 23) P value

Lesion
Left-sided, N (%) 5 (41.7) 10 (43.5) >0.999
P1 segment, N (%) 1 (8.3) 13 (56.5) 0.010
P2 segment, N (%) 6 (50) 6 (26.1) 0.261
P3 segment, N (%) 0 (0) 0 (0) NA
Multi-segment disease, N (%) 5 (41.7) 4 (17.4) 0.220
Stenosis grade (%), median (IQR) 100 (100–100) 100 (90–100) 0.357
Occlusion, N (%) 10 (83.3) 15 (65.2) 0.434
Length (mm), median (IQR) 58.3 (30.6–82.7) 49.6 (17.3–72.6) 0.289
Calcification, N (%) 9 (75) 13 (56.5) 0.463
Heavy calcification, N (%) 2 (16.7) 4 (17.4) >0.999

Stent
Diameter (mm), median (IQR) 6 (6–7) 6 (6–7) 0.972
Length (mm), median (IQR) 60 (60–120) 60 (40–80) 0.476

IQR, Interquartile range; NA, not applicable; P1–3, popliteal; RR, restenotic.
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0.90 (IQR, 0.84–1.02) at the 6-week follow-up. For the
stenting group, it significantly improved (P < 0.001) from
0.37 (IQR, 0.24–0.51) to 0.89 (IQR, 0.80–1.0).

The median follow-up time was 29 months (IQR, 16–47
months) for the PTA group, and 26.5 months (IQR, 6–47
months) for the stenting group. Follow-up times did not
significantly differ (P 5 0.435) between groups. Restenosis
developed in nine patients (34.6%) in the PTA group (ste-
nosis, N 5 7; occlusion, N 5 2), and in 12 patients (34.3%)
in the stenting group (stenosis, N 5 5; occlusion, N 5 7).
Restenotic lesions required re-intervention in nine cases
(100%) in the PTA group (PTA with a plain balloon, N 5 5;
stenting with an Astron Pulsar stent, N 5 4), and in eight
cases (66.7%) in the stenting group (PTA with a plain
balloon, N 5 6; stenting with an Astron Pulsar stent, N 5 1;
femoropopliteal bypass grafting, N 5 1).

The primary patency rate was 86% at 6 months, and 71%
at 12 and 24 months in the PTA group, while the rate was 91%
at 6 months, 88% at 12 months, and 69% at 24 months in the
stenting group. There were no significant differences (P 5
0.629) in the primary patency rates between groups (Fig. 1A).
The primary patency rate in the pooled patient group was 89%
at 6 months, 82% at 12 months, and 70% at 24 months.

Recurrent restenosis was observed in three patients (3/9;
33.3%) in the PTA group, and in six patients (6/8; 75%) in the
stenting group. Two of three patients received invasive therapy
in the PTA group (PTA with a plain balloon, N 5 1; femo-
ropopliteal bypass grafting, N 5 1), while four of six patients
underwent repeat revascularization in the stenting group (PTA
with a plain balloon, N 5 2; stenting with an Astron Pulsar
stent, N 5 1; femorocrural bypass grafting, N 5 1).

The secondary patency rate was 100% at 6 months, and
90% at 12 and 24 months in the PTA group, while the rate
was 100% at 6 months, 94% at 12 months, and 90% at 24

months in the stenting group. There were no significant
differences (P 5 0.603) in the secondary patency rates be-
tween groups. The secondary patency rate in the pooled
patient group was 100% at 6 months, 93% at 12 months, and
90% at 24 months.

Restenoses and recurrent restenoses were treated inva-
sively only in patients with Rutherford stage 3–6.

Predictors of restenosis

In the PTA group, neither atherosclerotic risk factors nor
lesion and balloon parameters significantly differed between
restenotic and non-restenotic subgroups (Tables 1 and 3).

In the stenting group, restenosis developed significantly
less frequently (P 5 0.010) in stents implanted into the P1
segment when compared to P2 plus multi-segment stents.
The primary patency rate was 100% at 6 and 12 months, and
91% at 24 months in patients with a P1 segment lesion
location, while it was 86% at 6 months, 81% at 12 months,
and 56% at 24 months in patients with P2 plus multi-
segment lesion locations. The primary patency rates were
significantly improved (P 5 0.018) in patients with a P1
stent when compared to P2 and multi-segment stents
(Fig. 1B). The secondary patency rate was 100% at 6, 12, and
24 months in patients with a P1 segment lesion location,
while it was 100% at 6 months, 91% at 12 months, and 65%
at 24 months in patients with P2 plus multi-segment lesion
locations. The secondary patency rates were significantly
improved (P 5 0.025) in patients with a P1 stent when
compared to P2 and multi-segment stents. Cox regression
analysis identified lesion location as a predictor of in-stent
restenosis (HR, 2.5; 95% CI, 1.2–5.5; P 5 0.019).

Discussion

Among single-center studies, ours has the largest number of
patients. The other studies included 18 to 46 patients [1, 3, 5,

Fig. 1A. Primary patency rates of PTA and stenting groups. No.,
Number; PTA, percutaneous transluminal angioplasty; SE, standard
error

Fig. 1B. Primary patency rates of different popliteal artery seg-
ments. No., Number; P1–2, popliteal; SE, standard error

IMAGING 13 (2021) 1, 69–75 Dat Tin Nguyen et al. 73

Unauthenticated | Downloaded 03/01/24 08:25 PM UTC

DOI:10.14753/SE.2024.3065



6, 10, 11]. We have shown that the mid-term (24-month)
primary patency of endovascular procedures performed on
isolated popliteal artery stenosis was good (71% in the PTA
group, 69% in the stenting group, 70% in the pooled group),
and did not significantly differ between PTA and stenting
groups (when selective stenting was not considered as loss of
patency). In the stenting group, lesion location was identi-
fied as a predictor of restenosis.

As previously outlined, studies investigating patients with
isolated popliteal artery steno-occlusive disease were hetero-
geneous in terms of patent crural runoff arteries. No studies
were found where all crural arteries were patent. Our litera-
ture review revealed two studies where patients with no patent
crural arteries were included [2, 10]. Other studies consisted
of patients with at least one patent crural artery [1, 3–7, 13,
20]. To our knowledge, our study was the only investigation
based on patients with at least two patent crural arteries.

The following treatment methods were used in these
studies: (1) angioplasty with plain balloons, (2) PTA with drug-
coated balloons, (3) stenting with bare-metal stents, (4) sten-
tgraft implantation, (5) directional atherectomy, and (6) com-
binations of the above [1–7, 13]. For the majority of studies
(similar to this study), PTA with plain balloons and stenting
(either primary or selective) with bare-metal stents was the
technique of choice [1, 2, 5–7, 10]. The type of stents implanted
varies from study to study [1, 2, 5–11]. In the present patient
population, only Astron Pulsar stents have been deployed,
which has the advantage over other stents that in most cases
the intervention can be executed through a 4F sheath.

In our study, the primary patency rate was 82% at 12
months, and 70% at 24 months in the pooled patient group.
Other research studies have observed similar or worse
patency rates [1, 2, 5, 7]. For example, in an article, pub-
lished in 2020, similar rates (72%) [20], while in another
article, published in 2018, worse 24-month primary patency
rates (59%) [6] can be found when compared to our data. It
should be noted that procedures performed with novel
endovascular methods (atherectomy alone or combined with
PTA with a drug-coated balloon) resulted in improved 12-
month primary patency rates (atherectomy alone: 85%,
atherectomy combined with PTA with a drug-coated
balloon: 95%) [3, 4] when compared to plain balloon an-
gioplasty with or without bare-metal stenting (PTA with
bare-metal stenting: 68%, PTA without bare-metal stenting:
59%) [1]. In accordance with our findings, no studies eval-
uating the patency of PTA and stenting in patients with
isolated popliteal artery stenosis showed any significant
difference between the two radiological intervention types
(when selective stenting was not considered as loss of
patency) [1, 2, 5, 7].

Known predictors of restenosis in patients treated endo-
surgically for isolated popliteal artery stenosis include the
following: body mass index (BMI), anemia, reference vessel
diameter, long lesion (>60 mm), baseline occlusion, stent
placement into the P3 segment, and high-grade residual
stenosis [2, 5, 6]. In our study, restenosis occurred less
frequently in patients with P1 segment stenting when
compared to those with P2 segment and multi-segment

stenting. The popliteal region is critical in that vessels must
adapt to movement-induced mechanical forces (e.g. axial
compression and bending) [21–23]. Stent deployment dis-
rupts artery elastic capabilities and results in reduced axial
compressibility, which may cause extreme kinking at the
marginal sections of the popliteal stents, leading to chronic
vessel micro-trauma, intimal injuries, hyperplasia, and loss
of patency [11, 21, 24]. Furthermore, stented popliteal ar-
teries exhibit additional bending when compared to bare
arteries. During knee flexion, bare popliteal arteries have a
smooth C shape, while stented popliteal arteries adopt a
‘three-shape’ configuration, generating increased stress both
inside and at marginal sections of the stents [23]. Move-
ment-induced mechanical forces also affect each popliteal
segment differently. Axial compression and bending are
most pronounced behind the knee, suggesting that stents
implanted into the P2 segment are exposed to greater me-
chanical forces than those placed into the P1 segment [21–
23, 25]. Thus, patients with P1 segment stenting have
reduced chances of restenosis when compared to those with
P2 segment or multi-segment stenting.

The main limitation of the study was its retrospective
nature. Additionally, stent fracture (an important cause of
restenosis) was not examined.

In conclusion, mid-term patency of the popliteal artery
interventions was good. Stenting exhibited no superiority
when compared to PTA (if selective stenting was not
considered as loss of patency). Lesions located in the P2
segment or at multi-segments were more prone to reste-
nosis, therefore follow-up should be more thorough in pa-
tients undergoing stenting in these segments.
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