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ABSTRACT 
Globally, over 200 million people suffer from lower extremity arterial disease 
(LEAD). The population is aging and with it the prevalence of LEAD is increasing 
especially in developing countries. The number of revascularization procedures for 
LEAD has also increased significantly in Western countries. The most severe form 
of LEAD is chronic limb threatening ischemia (CLTI). The prognosis for patients 
with CLTI is poor and patients with CLTI require a revascularization procedure to 
avoid lower limb extremity amputation (LEA). 

Current guidelines state that patients with a life expectancy of more than two 
years should undergo an open revascularization procedure for CLTI. Bypass surgery 
is however major surgery that causes significant post-operative morbidity. Ischemic 
wound healing and surgical incision healing in the ischemic limb is impaired and 
challenging. For example, wound dehiscence and infections frequently occur. In 
addition to open bypass surgery, the development of endovascular techniques 
enables less invasive treatment of LEAD. 

This thesis explores the current trends in the numbers of open- and endovascular 
revascularization procedures and major LEA in Finland 2007–2017 inclusive. The 
study also reports certain challenges and pitfalls after open revascularization 
procedures. The vein harvest wound (VHW) healing time after surgery was assessed 
as were the rates of inguinal surgical incision infections. 

The rates of vascular procedures increased significantly during the study period. 
The increase was most prominent in endovascular procedures. The overall rate of 
major LEA remained constant for all study participants. However, the number of 
amputations decreased in the oldest population cohort. VHW dehiscence was 
frequently reported after revascularization. The VHW healing was remarkably 
slower after revascularization surgery in patients with an ischemic foot ulcer than for 
those without ischemic ulcers. The infection rates of inguinal surgical incisions were 
lower when the skin was closed using intradermal absorbable sutures compared to 
transdermal sutures. 

The increasing prevalence of LEAD due to an aging population, is a major 
burden on the healthcare system. Our finding is that the number of revascularization 
procedures is increasing rapidly. This is associated with a decrease in the number of 
major LEAs. However, the morbidity and mortality after open bypass surgery has to 
be taken into account when making the decision on which patients can be offered a 
revascularization procedure, and which patients are best served with a primary LEA. 

KEYWORDS: lower extremity arterial disease, chronic limb threatening ischemia, 
open revascularization, endovascular revascularization, major lower extremity 
amputation, wound dehiscence, wound infection 
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TURUN YLIOPISTO 
Lääketieteellinen tiedekunta 
Verisuonikirurgia 
Kirurgia 
VEIKKO NIKULAINEN: Alaraajojen tukkivan valtimotaudin kajoava hoito – 
Kansalliset toimenpidemäärät ja haavanparanemisen haasteet 
Väitöskirja, 96 s. 
Turun kliininen tohtoriohjelma 
Tammikuu 2021 

TIIVISTELMÄ 
Alaraajojen tukkivalla valtimotaudilla (LEAD, lower extremity arterial disease) 
tarkoitetaan alaraajojen ateroskleroosia. Maailmanlaajuisesti yli 200 miljoonaa 
ihmistä kärsii LEAD:sta, määrä on nousussa väestön ikääntymisen seurauksena 
varsinkin kehitysmaissa. Länsimaissa alaraajojen verenkiertoa palauttavien toimen-
piteiden määrä kasvaa jyrkästi. LEAD:n pitkälle edenneen muodon, eli kriittiseen 
iskemian ennuste on erittäin huono ja potilaat tarvitsevat verenkiertoa palauttavan 
toimenpiteen välttyäkseen alaraaja-amputaatiolta. 

Nykyiset hoitolinjat suosittelevat ohitusleikkausta potilaille, joilla on kriittinen 
iskemia ja joiden eliniänennuste on yli kaksi vuotta. Alaraajojen ohitusleikkaukset 
ovat suuria ja raskaita toimenpiteitä, joihin liittyy usein pitkittynyt parantuminen ja 
usein myös komplisoitunut toipuminen. Verenkierron vajeesta kärsivässä raajassa 
kroonisten haavojen paraneminen on hidasta, myös kirurgiset leikkaushaavat 
paranevat hitaasti ja haavatulehdukset ovat yleisiä. Suonensisäiset hoitomenetelmät 
ovat viime vuosikymmenten aikana kehittyneet nopeasti ja tarjoavat uusia vaihto-
ehtoja LEAD:n hoitoon. 

Tämän väitöskirjan tarkoitus oli selvittää nykyisiä trendejä LEAD:n hoidossa. 
Tutkimuksessa analysoitiin ohitusleikkausten, suonensisäisten hoitomenetelmien ja 
alaraaja-amputaatioiden määriä Suomessa 2007–2017. Tämän lisäksi tarkasteltiin 
yksityiskohtaisemmin leikkaushaavojen paranemista ja leikkaushaavatulehduksia 
ohitusleikkausten jälkeen. 

LEAD:n vuoksi tehtyjen toimenpiteiden määrä Suomessa nousi merkittävästi 
tarkastelujakson aikana. Kaikkein selvin määrän nousu todettiin suonensisäisten 
hoitomenetelmien kohdalla. Samalla tarkastelujaksolla alaraaja-amputaatioiden 
kokonaismäärä pysyi vuosi vuodelta samana. Kun alaraaja-amputaatioiden määrää 
suhteutettiin ikääntyvään väestön määrään, todettiin että vanhimpien ikäryhmien 
alaraaja-amputaatioiden määrä väheni merkittävästi. Ohitusleikkaushaavat paranivat 
hitaasti. Erityisen hidasta paraneminen oli potilailla, joilla leikkauksen aikana oli 
niin syvä verenkierron vajaus jalassa, että se ilmeni kudospuutoksina. Nivusalueen 
leikkaushaavojen infektoiden ilmaantuvuutta saatiin vähennettyä sulkemalla iho 
sulavalla ompeleella. 

LEAD yleistyy väestön ikääntymisen seurauksena aiheuttaa suurta kuormitusta 
terveydenhoitojärjestelmälle, lisääntyneiden hoitopäivien ja toimenpiteiden vuoksi. 
Tutkimuksemme löydösten perusteella verenkiertoa palauttavien toimenpiteiden 
määrä on vähentänyt alaraaja-amputaatioita merkittävästi vanhimmissa ikäryhmissä. 
Kuitenkin sairastuvuus ja kuolleisuus näihin toimenpiteisiin liittyen pitää ottaa 
huomioon, kun tehdään päätöksiä siitä ketkä potilaat hyötyvät verenkiertoa palautta-
vista toimenpiteistä ja kenelle alaraaja-amputaation on paras ensilinjan hoito. 

AVAINSANAT: LEAD, kriittinen iskemia, ohitusleikkaus, amputaatio, haava-
komplikaatio 
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Abbreviations 

AAA abdominal aortic aneurysm 
ABI ankle brachial index 
AKA above the knee amputation 
ALI acute limb ischemia 
AP ankle pressure 
ASA acetylsalicylic acid  
BASIL Bypass versus Angioplasty in Severe Ischemia of the Leg trial 
BEST-CLI Best Endovascular Versus Best Surgical Therapy for Patients 

with Critical Limb Ischemia Trial 
BMI body mass index 
BKA below the knee amputation 
CABG coronary artery bypass grafting 
CAD coronary artery disease 
CAPRIE a randomized, blinded, trial of clopidogrel versus aspirin in 

patients at risk of ischemic events 
CDC Centre for Disease Control and Prevention 
CFAe common femoral artery endarterectomy 
CI 95% Confidence Interval 
CLTI chronic limb threatening ischemia 
COMPASS Cardiovascular Outcomes for People Using Anticoagulation 

Strategies trial 
CTA computed tomography angiography 
CVD cerebrovascular disease 
DAPT dual anti-platelet therapy 
DSA digital subtraction angiography 
DU duplex ultrasonography 
ESC European Society of Cardiology 
ESVS European Society for Vascular Surgery 
EVAR endovascular aneurysm repair 
Finnvasc National vascular registry of vascular procedures from Finland 

collected in 1991-1995 



 9 

GLASS Global Limb Anatomic Staging System 
GSV great saphenous vein 
IC intermittent claudication  
ISCVS International Society of Cardiovascular Surgery 
LEA lower extremity amputation 
LEAD lower extremity arterial disease 
MRA magnetic resonance angiography 
NNIS The National Nosocomial Infection Surveillance 
NPWT negative pressure wound therapy 
OR odds ratio 
PAD peripheral arterial disease  
PREVENT Edifoligide for Prevention of Infrainguinal Vein Graft Failure 

trial 
PTA percutaneous transluminal angioplasty 
PTFE polytetrafluoroethylene (synthetic vascular graft material) 
RCT randomized controlled trial   
REACH Reduction of Atherothrombosis for Continued Health (registry) 
SAP systolic ankle pressure 
SIRS systemic inflammatory response syndrome 
SSI surgical site infection 
SSV small saphenous vein 
StatFin online database governed by Statistics Finland 
STP systolic toe pressure 
SVS Society for Vascular Surgery 
TAP optimal target arterial path 
TASC Trans-Atlantic Inter-Society Consensus (for management of 

peripheral arterial disease) 
TcPO2 transcutaneous partial oxygen pressure 
THL The Finnish National Institute for Health and Welfare 
TUH Turku University Hospital 
VHW vein harvest wound 
(Voyager-PAD) Rivaroxaban in Peripheral Artery Disease after 

Revascularization trial 
WHO World Health Organization 
WIfI Society for Vascular Surgery Lower Extremity Threatened 

Limb Classification System (based on wound, ischemia and 
foot infection) 
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1 Introduction 

Atherosclerosis is the most common cause of lower extremity arterial disease 
(LEAD), coronary artery disease (CAD) and cerebrovascular disease (CVD) 
(Aboyans et al. 2006). Patients with LEAD commonly have a more widespread 
burden of atherosclerosis than patients with CAD or CVD (Bhatt et al. 2006). 

LEAD patients can either be asymptomatic or have symptoms of intermittent 
claudication (IC) or chronic limb threatening ischemia (CLTI). IC patients can be 
managed conservatively, whereas patients with CLTI require a revascularization 
procedure to avoid amputation (Norgren et al. 2007). However, patients with 
extensive comorbidities and poor functional status may be best served by undergoing 
a primary amputation (Aboyans et al. 2018). 

The treatment of LEAD should always include the management of 
cardiovascular risk in order to reduce the overall cardiovascular mortality and 
improve the results of invasive revascularization procedures (Conte et al. 2006, 
Hirsch et al. 2006, Eikelboom et al. 2017, Aboyans et al. 2018). 

Historically, open surgery has been the treatment of choice for LEAD (Shah et 
al. 1995, Adam et al. 2005). The advancement of endovascular techniques over the 
last three decades has enabled more complex arterial lesion to be treated without 
major surgery (Sachs et al. 2011, Bosiers et al. 2012). The effect on limb salvage and 
cost-effectiveness of endovascular procedures has however been questioned (Stoner 
et al. 2008, Forbes et al. 2010, Childres et al. 2019). 

Current recommendation based on the Bypass versus Angioplasty in Severe 
Ischemia of the Leg (BASIL) trial (Adam et al. 2005) is that patients with a life 
expectancy of more than two years should undergo open surgery for CLTI (Aboyans 
et al. 2018). Infrainguinal bypass surgery is major surgery and predisposes the 
initially ischemic tissues to major surgical trauma. The healing process in such 
patients is slow and causes major post-operative morbidity (Eid et al. 2014, Santo et 
al. 2014, Santo et al. 2014). 

In addition to delayed surgical wound healing, patients with LEAD have an 
increased risk of developing surgical site infections (SSI) after revascularization 
procedures. The rate of SSIs after peripheral vascular surgery is considerably higher 
than in other clean surgery (Turtiainen et al. 2010). The elevated risk is both patient 
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and procedure related. SSIs cause major morbidity and mortality. They have a 
negative effect on the outcome of revascularization procedures and have major 
financial implications (Giles et al. 2010, Turtiainen et al. 2010, Greenblatt et al. 
2011). 

LEAD is the least studied and most poorly known of the atherosclerotic diseases 
despite having the worst outcomes (Hirsch et al. 2001, Fowkes et al. 2014). This 
thesis aims to explore the clinical challenges and pitfalls in the treatment of LEAD 
in order to guide treatment modalities and resources in the future. 
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2 Review of the Literature 

2.1 Atherosclerotic disease 
Atherosclerosis is the most common cause of CAD, LEAD and CVD (DeBakey et 
al. 1985, Aboyans et al. 2006). These diseases cause major morbidity and mortality 
especially in Western countries.  

The current understanding is that atherosclerosis is a systemic inflammatory 
disease of the arterial wall (Ross 1999), in which a large number of inflammatory 
mediators contribute to the accumulation of lipids and immune cells within the 
arterial intima (Libby and Hansson 2015). The lipid and leucocyte accumulation 
causes arterial wall thickening, which can lead to occlusion of the artery either from 
a gradual thickening of the arterial wall, or from local thrombosis i.e. 
atherothrombotic disease (Ross 1993). The inflammatory process starts many years 
before clinical symptoms occur (Raitakari et al. 2003). The clinical symptoms may 
progress gradually over many years, but a thrombosis can cause sudden and acute 
symptoms (van der Wal et al. 1994). 

There is considerable overlap in the clinical manifestations of the atherosclerotic 
disease. Patients with LEAD tend to have a more widespread burden of 
atherosclerosis compared to CAD and CVD patients. Two studies, the Reduction of 
Atherothrombosis for Continued Health (REACH) registry study and the 
Randomized, blinded, trial of clopidogrel versus aspirin in patients at risk of 
ischemic events study (CAPRIE) (Gent et al. 1996, Bhatt et al. 2006) found that 
approximately 60% of patients with LEAD have either CAD, CVD or both (Norgren 
et al. 2007) see Figure1. More recent data showed that 11% to 12% of patients with 
stable symptomatic LEAD suffered myocardial infarction, stroke or cardiovascular 
death, and 2% to 4% were hospitalized for acute limb ischemia over a 36 month 
follow-up (Bonaca et al. 2013). 
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Figure. 1.  Overlap of atherosclerotic diseases based on the REACH registry data, from TASC II 

(Norgren et al. 2007). Reproduced with the permission of Elsevier Ltd.  

The percentages have been obtained from those REACH registry patients that had 
symptomatic atherosclerotic disease (81.8%). In the REACH registry dataset 18.2% of 
patients were asymptomatic but had over three major cardiovascular risk factors, thus 
data from this group of patients are excluded from the percentages in the figure above. 

2.2 Lower extremity arterial disease 
LEAD is defined as a partial or complete obstruction of one or more peripheral 
arteries (Hiatt et al. 2008).  

It is estimated that > 240 million people worldwide have LEAD (Criqui and 
Aboyans 2015, Song et al. 2019). The overall incidence of LEAD has increased from 
approximately 164 million in 2000 to 202 million in 2010. As a result of the aging 
of populations, the prevalence of LEAD increased by 13% in high-income countries 
and by 29% in low-income countries between 2000 and 2010. A growing proportion 
of LEAD patients in low-income countries are women (Fowkes et al. 2013).  

It has been predicted that the prevalence on LEAD will continue to increase in 
the future due to aging of the global population and to the increase of the major risk 
factors; especially diabetes and tobacco smoking (Mendez et al. 2013, Guariguata et 
al. 2014, Song et al. 2019). 

Despite this, LEAD is less known to the public and even healthcare professionals 
than coronary artery disease and cerebrovascular disease (Hirsch et al. 2001, Hirsch 
et al. 2007). 

 Risk factors for LEAD 
The risk factors and comorbidities among patients with different manifestations of 
atherosclerotic disease are very similar. These include the following Odds Ratios 
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(ORs) for the risk factors: diabetes 1.89, smoking 2.82, hypertension  1.67, 
dyslipidaemia 1.51, age  1.55 per 10-year increment, obesity 1.55, chronic kidney 
disease 1.79, chronic inflammation 1.89 (Murabito et al. 1997, Vartiainen et al. 2000, 
Manjunath et al. 2003, Norgren et al. 2007, Gabriel 2008, Song et al. 2019). 

Among the risk factors diabetes and cigarette smoking are considered to be most 
strongly associated with LEAD. Cigarette smoking is the single most significant 
risk-factor for developing LEAD in both men and women (Murabito et al. 1997). 
The severity of LEAD is proportional to the number of cigarettes smoked and 
smoking cessation is associated with a risk reduction for developing LEAD (Powell 
et al. 1997, Huxley and Woodward 2011). The risk of developing LEAD is greater 
as it depends on the severity and duration of diabetes. The prevalence of LEAD is 
up to 30% higher in patients with diabetes than for the general population 
(Wattanakit et al. 2005, Marso and Hiatt 2006).  

The incidence of LEAD increases with age (OR 1.55 per 10-year increment). 
Globally the age groups that contribute the largest share of patients are aged 60–69 years 
in high income countries and 45-55 years in low-income countries (Song et al. 2019). 

Different arterial segments are affected by different risk factors for LEAD. 
Young age, smoking and dyslipidaemia are more often associated with proximal, 
above the knee arterial segments. Old age, diabetes and chronic kidney disease are 
more commonly associated (Figure 2.) with tibial disease (Diehm et al. 2006).  

 
Figure. 2.  Anatomical distribution on LEAD according to known risk factors (Diehm et al. 2006). 

Reproduced with the permission from Elsevier Ltd. 
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 Classification of LEAD 
Historically two different classification systems have been used to grade the severity 
of LEAD according to clinical symptoms. The first is the Fontaine classification 
(Fontaine et al. 1954), which is purely based on symptoms and does not include any 
haemodynamic measurements. The second is the Society of Vascular 
Surgery/International Society of Cardiovascular Surgery (SVS/ ISCVS) standards 
for reporting lower limb ischemia, which were first published in the Journal of 
Vascular Surgery (Rutherford 1986) and included a classification that is currently 
known as the Rutherford classification (Rutherford et al. 1997). The Rutherford 
system involves, inter alia, ankle pressure (AP) and toe pressure (TP) measurements 
as objective criteria. These two classifications are presented in Table 1. 

Table 1.  Historical classification on LEAD according to the Fontaine and the Rutherford 
classification systems. Modified from (Fontaine et al. 1954, Rutherford et al. 1997). AP 
= Ankle pressure, TP = Toe pressure  

FONTAINE RUTHERFORD 

STAGE Clinical 
presentation 

GRADE CATEGORY Clinical 
presentation 

Objective 
criteria 

I Asymptomatic 0 0 Asymptomatic Normal exercise 
tolerance 

IIA Mild claudication 1 Mild claudication AP after exercise 
> 50 mmHg 

IIB Moderate-severe 
claudication 

I 2 Moderate 
claudication 

Between 1 and 3 

III Ischemic rest pain 3 Severe 
claudication 

Diminished 
exercise 
tolerance, AP < 
50 mmHg after 
exercise 

IV Ulceration / 
gangrene 

II 4 Ischemic rest pain AP < 40 mmHg 
TP< 30 mmHg 

  III 5 Minor tissue loss Ulcers on digits 
TP < 50 mmHg 

  6 Major tissue loss Severe ulcers/ 
gangrene 
TP < 50 mmHg 

 
The Trans-Atlantic Inter-Society Consensus Document on Management of 
Peripheral Arterial Disease (TASC and the updated TASC II) is a system that 
classifies the lower limb atherosclerotic lesions according to length and severity in 
the different anatomical segments (Dormandy and Rutherford 2000, Norgren et al. 
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2007). The TASC classification categorizes the occlusive lesion from A to D and 
aims to provide a practical guideline to assess different treatment modalities for 
specific lesions. 

More recently, the Society for Vascular Surgery (SVS) Lower Extremity 
Threatened Limb Classification System (WIfI- classification), has been introduced 
(Mills et al. 2014) and is based on wound ischemia and foot infection. WIfI-
classification was developed by merging the existing LEAD and diabetic foot ulcers 
classifications, which are stratified according to the risk for major amputation for 
three major factors: wound, ischemia and foot infection. The SVS WIfI-
classification shown in Table 2 has since been validated by numerous studies that 
predict limb salvage and ischemic wound healing after endovascular and open 
revascularization (Cull et al. 2014, Zhan et al. 2015, Darling et al. 2016).  

Table 2.  Society for Vascular Surgery (SVS) Wound, Ischemia, and foot Infection (WIfI) grades. 
Modified from (Mills et al. 2014).  

GRADE  WOUND ISCHEMIA INFECTION 

0 No wound STP > 60 mmHg 
SAP > 100 mmHg 
ABI > 0.8 

No infection 

1 Small, shallow ulcer 
No exposed bone 
No gangrene 

STP 40–59 mmHg 
SAP 70–100 mmHg 
ABI 0.6–0.79 

Local skin infection 

2 Deep wound 
Exposed bone / joint /tendon 
Shallow heel ulcer 
Gangrene limited to digits 

STP 30–39 mmHg 
SAP 50–70 mmHg 
ABI 0.4–0.59 

Local infection involving 
structures deeper than 
skin (e.g. abscess, 
osteomyelitis) 

3 Extensive deep ulcer with 
bone involvement 
Full thickness heel necrosis 

STP < 30 mmHg 
SAP < 30 mmHg 
ABI < 0.39 

Local infection in 
combination with SIRS 

ABI = Ankle-brachial index 
SAP = Systolic ankle pressure 
STP = Systolic toe pressure 
SIRS = Systemic inflammatory response syndrome 

A new Global Limb Anatomic Staging System (GLASS) was incorporated in the 
Global Vascular Guidelines published in 2019 (Conte et al. 2019). The GLASS 
system relies on high quality images of the lower limb arteries. It grades the inflow 
(femoro-popliteal) and outflow (infrapopliteal or inframalleolar) arteries from 0 to 4 
depending on the lesion severity. The aim is to provide the most optimal target 
arterial path (TAP) to ensure best possible technical success and graft patency. The 
system has not yet been validated in large trials (Conte et al. 2019). 
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 Diagnosis of LEAD 
Patient history and clinical examination are essential in the diagnosis of LEAD. It is 
important to examine whether the distal pulses are absent and to examine the limb 
closely for sensory and motor-function deficits. In addition, the limb should be 
inspected for ischemic or gangrenous tissue. The deficit in arterial circulation can be 
measured by an abnormally low ankle-brachial-index (ABI), systolic toe pressure 
(STP) measurements or transcutaneous partial oxygen pressure measurements 
(TcPO2) (Aboyans et al. 2018). 

2.2.3.1 Peripheral pressure measurements 

Insufficient blood flow to the lower limb is measured by ABI. This entails measuring 
the systolic pressure of the ankle and dividing this by the systolic pressure of the 
arm. The normal value range for ABI is 0.9-1.3. Values below 0.9 are considered 
insufficient blood flow and diagnostic for LEAD, whereas values over 1.3 are 
considered falsely high due to non-compressible arteries. The false measurements 
caused by the non-compressibility of the ankle arteries can be eliminated by 
measuring STPs, as digital arteries in the toes do not generally suffer from non-
compressibility (Bhamidipaty et al. 2015). When evaluating the toe pressure 
measurement, the absolute systolic value in mmHg is more accurate (Table 1) than 
the toe-brachial-index (Holtman and Gahtan 2008). 

In addition to being measures of LEAD severity, ABI and STP are independent 
predictors of cardiovascular mortality among LEAD patients, thus, low ABI and STP 
measurements predict increased cardiovascular mortality (Dormandy and Murray 
1991, Mehler et al. 2003, Wickstrom et al. 2019). An abnormally high ABI (over 
1.3) is similarly associated with poor overall survival (Suominen et al. 2010). 

2.2.3.2 Imaging techniques 

Imaging of the lower limb arteries is indicated when it has been established that the 
patient has LEAD and the symptoms require treatment. 

There are several options including: duplex ultrasonography (DU), computed 
tomography angiography (CTA), magnetic resonance angiography (MRA) and 
digital subtraction angiography (DSA). The choice of imaging depends on 
availability, local practice, cost and patient related factors (Collins et al. 2007). Full 
leg digital subtraction angiography (DSA) is often needed to evaluate the 
revascularization options to treat the tibial lesions (Teraa et al. 2016). 
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 Clinical presentation of LEAD 
The symptoms from LEAD determine the severity of the disease. It can be 
asymptomatic or present as intermittent claudication (IC) or chronic limb threatening 
ischemia (CLTI) (Norgren et al. 2007). 

2.2.4.1 Intermittent claudication 

IC is the most common presentation of LEAD. The prevalence is approximately 7% 
in individuals over 60 years (Sigvant et al. 2007). IC is defined as limb pain distal to 
the arterial occlusion. The pain is provoked by exercise and it subsides when exercise 
ceases (Sidawy et al. 2019). 

The natural course of IC is relatively benign and marked by slow progression to 
shorter walking distances. In only about a quarter of patients with IC do the symptoms 
progress to CLTI (Norgren et al. 2007). Risk factor control and walking exercises are 
essential in order to prevent disease progression. A study of 224 nondiabetic patients 
with IC that was followed for 6 years noted that only 8% of patients who stopped 
smoking progressed to CLTI, whereas 79% of those who continued to smoke developed 
signs of CLTI (Jonason and Ringqvist 1985).  The overall risk for major amputation in 
IC patients is low, only 1–3% (Kannel et al. 1970, Dormandy et al. 1999). 

2.2.4.2 Chronic Limb Threatening Ischemia 

Chronic limb threatening ischemia is the most severe form of LEAD. It is 
characterized by rest pain or tissue loss and defined by ischemic rest pain with AP < 
50 mmHg and STP < 30 mmHg or ischemic tissue loss with AP < 70 mmHg or STP 
< 50 mmHg (Table 1). Typically, the tissue loss presents as gangrene in the distal 
parts of the digits or in more advanced cases as gangrene and non-healing ulcers of 
the heel and foot at the metatarsal level. 

CLTI is a result of widespread and advanced LEAD. It is unlikely to be related 
to only the aorto-iliac lesions or femoro-popliteal lesions, it is rather, a combined 
involvement of different arterial segments and often involves the tibial arteries 
(Jalkanen et al. 2016). The prognosis for patients with CLTI is poor, without 
revascularization up to 40% of patients undergo major lower extremity amputation 
(LEA) and 20% die within 6 months of the diagnosis (Norgren et al. 2007). 

The mortality rates in CLTI exceed those for every other form of atherosclerotic 
disease, including symptomatic CAD, which highlights the systemic atherosclerotic 
burden of CLTI see Figure 1. (Steg et al. 2007, Fowkes et al. 2014). Furthermore, it 
has been demonstrated that LEAD is associated with significantly increased 
cardiovascular mortality and this is especially case for LEAD in the tibial vessels  
(Jalkanen et al. 2016, Wickstrom et al. 2017).   
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2.3 Treatment of LEAD 
The treatment of LEAD consists of medical therapy, lifestyle modification 
including walking exercises and smoking cessation in addition to revascularization 
procedures. The revascularization procedures can be either endovascular or open 
surgical procedures. The aim of the treatment of CLTI is the preservation of the 
limb, healing of the ischemic ulcers and the elimination of the ischemic rest pain 
in order to facilitate independent living. For patients with claudication, the aim is 
the improvement of the quality of life (Norgren et al. 2007, Aboyans et al. 2018). 

 Conservative management 
Medical management of cardiovascular risk factors in order to reduce adverse 
cardiovascular events is a cornerstone in the treatment of LEAD. This treatment 
regime includes medical treatment with antithrombotic agents, treatment of 
hypercholesterolaemia, hypertension, diabetes mellitus and coronary artery disease 
in combination with exercise therapy and cessation of smoking (Hirsch et al. 2006, 
Eikelboom et al. 2017, Aboyans et al. 2018). 

In addition to reducing cardiovascular adverse events (Burns et al. 2003), the 
appropriate medical therapy is essential to achieve satisfactory results after 
endovascular and open revascularization procedures (Conte et al. 2006, White and 
Gray 2007, Schanzer et al. 2008). 

 Operative management 
Operative management is often indicated for CLTI and for IC when the functional 
status is severely compromised. Revascularizations can be either open surgical, 
endovascular or hybrid procedures that combine open and endovascular procedures 
(Aboyans et al. 2018). 

2.3.2.1 Femoral endarterectomy 

Endarterectomy is a vascular procedure that involves the removal of the 
atherosclerotic plaque along with the thickened intima and inner media that 
compromise the arterial lumen. Endarterectomy is almost exclusively used in the 
femoral bifurcation for the treatment of LEAD. 

Common femoral artery endarterectomy (CFAe) involves an incision in the 
inguinal area in order to gain proximal and distal control of the femoral bifurcation 
(Figure 3a). CFAe is usually done under general or spinal anaesthesia but the 
exposition of the femoral vessels can also be done under local anaesthesia (Kang et al. 
2008, Ballotta et al. 2010). The literature supports the use of local anaesthesia when 
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appropriate, especially in the elderly population (Uhl et al. 2020). In the traditional 
open endarterectomy technique, the vessels are clamped, a longitudinal arteriotomy is 
made and the thickened intima and atherosclerotic plaque is removed (Figure 3b).  

 

 
Figure 3a. Common femoral artery 
endarterectomy (CFAe). Vertical skin incision in 
the inguinal area exposing the common 
femoral, superficial femoral and profunda 
arteries (Copyright Saara Nikulainen).  

 

 
Figure 3b. The common femoral artery, 
superficial femoral artery and profunda arteries 
were exposed in the groin. A longitudinal 
arteriotomy was made and the atherosclerotic 
plaque is being removed from the artery using 
forceps (Copyright Veikko Nikulainen). 

CFAe can be used as a sole procedure or in combination with a bypass or an 
endovascular intervention in a hybrid procedure in order to secure outflow or inflow. 
The safety and efficacy of CFAe has been demonstrated in several studies (Kang et 
al. 2008, Wieker et al. 2016, Uhl et al. 2020). The revascularization results after 
femoral endarterectomy are good, however the inguinal incision is one of the most 
frequently infected surgical incisions, infection rates up to 27% have been reported 
(Piano 1995, Turtiainen et al. 2010).  

2.3.2.2 Infrainguinal bypass surgery 

Historically bypass surgery has been the treatment of choice for peripheral arterial 
occlusive disease. The principle of infrainguinal bypass surgery is that there is 
unimpeded inflow at the proximal anastomosis and that the least diseased artery with 
the best distal out-flow is selected as a site for distal anastomosis (Conte 2009). 
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Bypass procedures can be performed using autologous vein grafts or prosthetic 
vascular grafts. The superiority of autologous vein grafts over prosthetic grafts in 
below-the-knee procedures has long been recognized (Veith et al. 1986).  The recent 
European Society of Cardiology (ESC)/European Society for Vascular Surgery 
(ESVS) guidelines have also emphasised the superiority of the autologous Great 
Saphenous Vein (GSV) graft over polytetrafluoroethylene  (PTFE) graft in the 
above-the-knee reconstructions (Aboyans et al. 2018). 

2.3.2.3 Vein graft harvesting 

The ipsilateral GSV graft has been considered the gold standard for below-the-knee 
bypass surgery (Bergan et al. 1982). The current treatment guidelines state that 
patients presenting with CLTI with a life expectancy of over two years benefit from 
a bypass procedure with an autologous vein (Adam et al. 2005, Aboyans et al. 2018). 
However, revascularization surgery with harvested GSV exposes an initially 
ischemic tissue to major surgical trauma (Figure 4). 

Pre-operative vein mapping with DU is recommended pre-operatively. If the 
ipsilateral GSV is insufficient to be used as a graft the contralateral GSV, Small 
Saphenous Vein or arm veins can be harvested. An adequately sized single-segment 
GSV is reported to have the best patency rates, deviation from this increases the risk 
of graft failure (Conte et al. 2006, Schanzer et al. 2007).  

 
Figure 4.  Vein harvest wounds of a patient that had a tibial bypass procedure with a converted 

saphenous vein graft from the ipsilateral limb. The indication of the procedure was CLTI 
with tissue loss (Copyright Veikko Nikulainen).  
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There are different surgical techniques for harvesting the GSV. It can be harvested 
from a continuous incision, skip incisions or endoscopically. The open vein harvest 
technique, from either continuous or skip incisions, is associated with better primary 
graft patency and fewer re-intervention, but the number of surgical site infections 
and wound dehiscence is also 5-15% higher. However, all of these vein harvest 
techniques are associated with similar limb salvage and secondary patency (Eid et 
al. 2014, Santo et al. 2014, Teixeira et al. 2015).  

The vein graft orientation can be converted or non-converted. In the non-converted 
orientation, the valves have to be destroyed in order to achieve flow. No significant 
differences in the long-term outcomes of these different techniques has been 
demonstrated (Wengerter et al. 1991, Belkin et al. 1996, Mamode and Scott 2000).  

The technique of the open vein harvest method using converted ipsilateral vein 
is illustrated in Figure 5. 

 
Figure 5.  Ipsilateral GSV harvesting for femoro-popliteal bypass procedure with GSV. a) The vein 

graft is harvested from a continuous incision and the side branches are ligated. After 
this, the skin over the long incision is closed. b) The vein graft is pressurized with saline 
and checked for leaks. c) The converted vein is tunneled in an anatomical or sub-fascial 
position after which the proximal and distal anastomosis are constructed (Copyright 
Saara Nikulainen).  
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 Endovascular revascularization procedures 
Endovascular revascularization has historically been simple percutaneous 
transluminal angioplasty (PTA) with selective adjunctive stenting. Over the last 
decades endovascular techniques have evolved by introducing drug eluting stents 
and balloons, atherectomy, shock-wave balloons and stent-grafts. This has enabled 
more complex arterial lesions in CLTI to be treated with endovascular techniques. 
Outcomes of treatment of femoro-popliteal lesions are good, but infrapopliteal 
lesions remain challenging (Sachs et al. 2011, Goodney et al. 2015, Mustapha et al. 
2016, Teraa et al. 2016, Bjorkman et al. 2018).  

It is recognized that endovascular procedures can require several redo-
procedures (Baer-Bositis et al. 2018, Mohapatra et al. 2018). The larger number of 
redo-procedures becomes apparent in cost-effectiveness analysis that compare 
endovascular to open surgery (Stoner et al. 2008, Forbes et al. 2010). 

 Application of different treatment modalities 
Historically the treatment of infrainguinal LEAD has been open bypass surgery and 
it is associated with good limb salvage and clinical durability (Shah et al. 1995, 
Adam et al. 2005). However, an infrainguinal bypass surgery remains a high-risk 
surgical procedure with significant morbidity and mortality. 

The endovascular procedures are traditionally associated with lower peri-
procedural mortality and morbidity and therefore can be offered to high-risk surgical 
patients. This has lowered the threshold for invasive treatment especially for 
claudication (O'Brien-Irr et al. 2012).  

2.3.4.1 Intermittent claudication 

The primary treatment of IC is conservative.  Revascularization may be considered 
in combination with conservative management when daily life activities are severely 
compromised (Greenhalgh et al. 2008, Fakhry et al. 2015, Gerhard-Herman et al. 
2017). 

Aorto-iliac occlusive disease commonly presents as varying degrees of IC. 
However, due to a large number of collaterals, aorto-iliac occlusive disease seldom 
presents as CLTI. The current guidelines state that an ‘endovascular first’ strategy is 
recommended for patients with short occlusive lesions or when the patient has 
multiple comorbidities that are unfit for open surgery (Jongkind et al. 2010, Ye et al. 
2011, Fakhry et al. 2015, Aboyans et al. 2018). Primary stenting has become the first 
line of endovascular therapy rather than PTA with selective stent placement, because 
of the high frequency of distal embolization after PTA alone. If there is combined 
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occlusive disease in the femoral bifurcation a hybrid procedure with a femoral 
endarterectomy is recommended (Aboyans et al. 2018). 

Endovascular therapy has become the first line of therapy for isolated femoro-
popliteal lesions in patients with IC (Schillinger et al. 2007). Drug eluting balloons 
and stents have become new treatment options in the femoro-popliteal segment, 
especially in restenosis of a previously treated segment (Tosaka et al. 2012, Geraghty 
et al. 2013). Bypass surgery with autologous GSV is the first-line therapy in long 
lesions of the femoro-popliteal segment, followed by PTFE grafting but only when 
there is no usable GSV in either leg. IC the treatment is focused on supra-popliteal 
lesions, thus tibial bypass and endovascular procedures are not indicated (Aboyans 
et al. 2018). 

Recent prospective RCTs have however demonstrated a lack of long-term 
benefit and cost-effectiveness from an invasive treatment strategy for IC. The 
positive effect on pain free walking distance and quality of life improvement was 
lost 5 years after the revascularization procedure (Djerf et al. 2020). 

2.3.4.2 Chronic Limb Threatening Ischemia 

The initial choice of treatment for patients with CLTI in not easily made. It depends 
on several procedure- and patient-related factors such as: age, comorbidities, 
presence of a usable vein graft, extent and location of the arterial occlusive disease, 
and severity of the ischemia. 

 
Figure 6.  Fate of patients presenting with CLTI (Norgren et al. 2007). Reproduced with the 

permission of Elsevier Ltd. 
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The BASIL trial concluded that patients who present with CLTI with a life 
expectancy of more than two years should be offered a bypass procedure as a first 
line of therapy rather than an endovascular intervention (Adam et al. 2005). In the 
Edifoligide for Prevention of Infrainguinal Vein Graft Failure trial (PREVENT III), 
the researchers developed a system that stratifies CLTI patients into low-, medium- 
and high-risk categories based on end-stage renal failure, tissue loss, advanced age 
(75 years), presence of CAD and low haematocrit i.e. < 30% (Conte et al. 2006). 
According to this classification, high-risk patients have extremely poor amputation 
free survival after open bypass surgery and therefore surgery is contraindicated 
(Schanzer et al. 2008, Schanzer et al. 2009). 

The existing randomized trials have not provided uniform consensus on 
whether a surgical or an endovascular revascularization strategy should be 
undertaken as a first line of treatment for CLTI (van der Zaag et al. 2004, Adam 
et al. 2005, Kedora et al. 2007, McQuade et al. 2009, Bradbury et al. 2010). 
Moreover, the treatment protocols and guidelines are largely based on RCTs that 
are over 10 years old.  

Patients with CLTI often have multi-segment disease: usually femoro-
popliteal disease combined with aorto-iliac disease or tibial disease. Up to 40% 
of CLTI patients that have femoro-popliteal disease also need inflow treatment 
in the aorto-iliac segment (Zeller et al. 2014). Tibial occlusive disease in CLTI 
is often associated with end-stage renal disease and diabetes making patients with 
CLTI often medium to high risk patients according to the PREVENT III trial 
(Conte et al. 2006). 

Current literature indicate it is not easy to defend an endovascular-first or bypass- 
first approach treatment of tibial disease in CLTI. The 2017 ESC/ESVS guidelines 
state that a bypass surgery with GSV is indicated for limb salvage and that 
endovascular therapy should also be considered (Aboyans et al. 2018, Conte et al. 
2019).  

The Best Endovascular Versus Best Surgical Therapy for Patients with Critical 
Limb Ischemia (BEST-CLI) study is a RCT designed to compare treatment efficacy, 
quality of life and cost accrued to patients undergoing an endovascular or surgical 
revascularization (Menard et al. 2016). BEST-CLI aims to answer the question 
whether an endovascular-first or surgical-first approach should be taken. 

 Postoperative antithrombotic therapy 
The TASC II guidelines state that patient should be started on antiplatelet therapy 
preoperatively and this should be continued indefinitely as a secondary prevention 
of thrombosis (Norgren et al. 2007). The more recent Cardiovascular Outcomes for 
People Using Anticoagulation Strategies (COMPASS) trial suggested that all 
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patients should be treated indefinitely with a combination of rivaroxaban and 
acetylsalicylic acid (ASA) (Eikelboom et al. 2017).  

The Rivaroxaban in Peripheral Artery Disease after Revascularization -trial 
(Voyager PAD) was published in May 2020. It investigated adverse cardiovascular 
and limb events after revascularization procedures for LEAD in patients with ASA 
alone versus ASA in combination with rivaroxaban. Patients that had a combination 
of rivaroxaban and ASA had significantly (hazard ratio 0.85, 95% CI 0.76-0.96, 
P=0.009) lower number of cardiovascular and limb adverse events than those 
patients who received ASA alone (Bonaca et al. 2020). 

The risk for non-fatal myocardial infarction, ischemic stroke or cardiovascular 
death after revascularization procedures for LEAD is as high as 34% for CLTI 
patients 36 months post-operatively (Sigvant et al. 2016). The risk of acute limb 
ischemia (ALI) is also increased after infrainguinal revascularization procedures, 
compared to patients with stable LEAD. These risks are further elevated with redo-
revascularization procedures (Sigvant et al. 2016). This highlights the importance of 
secondary prevention, including appropriate antithrombotic therapy (Gent et al. 
1996, Bhatt et al. 2006, Eikelboom et al. 2017, Bonaca et al. 2020).  

2.4 Wound healing 

 Skin anatomy and physiology 
Human skin is the largest organ in the body. It has several important functions such 
as thermoregulation, sensory-, metabolic- and immune functions it also acts as a 
dynamic barrier for the underlying organs. The skin is composed of two layers: 
epidermis and dermis, which are separated by a basement membrane. Beneath these 
two skin layers is the subcutaneous tissue. The anatomy of the normal skin is 
illustrated in Figure 7. (Bryant et al. 2016). 

The outer-most layer of the epidermis is composed of dead keratinocytes and is 
avascular. The epidermis is composed of keratinocytes, which mature in the deep 
layers of the epidermis and migrate outwards. The dermis underlies the epidermis 
and it is made from dense collagenous tissue. The dermis provides the blood, nerve 
and lymphatic supply to the skin. It has a complex vascular network of arterioles and 
venules, which are responsible for the thermoregulation of the skin by 
vasoconstriction of vasodilatation. The bulk of the subcutaneous tissue is 
subcutaneous fat. It has fibrous septae through which the vessels, lymphatics and 
nerves pass to and from the skin (Bryant et al. 2016). 
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Figure 7.  The anatomy of the normal skin. (Copyright Saara Nikulainen).  

 Wound healing physiology 
Skin wound healing is a complex process that requires optimal circumstances to 
occur. The normal physiology of wound healing can be divided into three phases: 1. 
haemostasis and inflammation, 2. proliferation and 3. maturation and remodelling 
(Schilling 1976).  

The normal function of haemostasis and inflammation in an acute wound is to 
prepare the wound bed for healing and removal of all necrotic tissue, the process is 
normally not active for more than 72 hours. The proliferation phase consists of 
repairing the wound site by restoring different parts of the skin that have been 
damaged i.e. the epidermis, dermis and other structures (such as glands). During the 
remodelling and maturation phase the extra-cellular matrix, epidermal thickness and 
cellular content will normalize (Bryant et al. 2016). 

 Pathologic wound healing 
Non-healing, chronic wounds are a significant problem, that are a major burden to, 
and incur additional costs for the healthcare system. The increasing prevalence of 
diabetes and LEAD combined with the aging population is expected to increase the 
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number of patients with non-healing chronic wounds in the future (Gottrup 2008, 
Markakis et al. 2016). 

The whole process of wound healing requires sufficient blood and nutrient 
supply. In order for a wound to heal properly, the transition from the inflammatory 
phase to the proliferation phase must occur rapidly (Strecker-McGraw et al. 2007). 

In chronic wounds this process is disturbed, and the inflammation phase is 
prolonged. The inflammatory process is upregulated, and neutrophils are present 
throughout the healing process. The persistent recruitment of neutrophils can be due 
to ischemic-reperfusion injury, bacterial growth or tissue trauma (Menke et al. 2007). 
Tobacco smoke is also known to be harmful for wound healing, as it contains inter 
alia carbon monoxide, which causes hypoxia, and nicotine which causes 
vasoconstriction in the skin arterioles. Nicotine also has other biological effects that 
inhibit wound healing (Sorensen 2012). 

2.4.3.1 Wound healing in CLTI 

The aim of revascularization in CLTI is to provide sufficient perfusion for the 
ischemic ulcers to heal or for rest pain to subside. Often this involves a bypass 
procedure that predisposes the initially ischemic tissue to major surgical trauma. 
These surgical incisions may take as long a time to heal post-operatively as the initial 
ischemic ulcers (Chung et al. 2006).  

In CLTI the macrovascular arterial disease has several consequences for the 
microcirculation of the skin and skeletal muscles. The primary compensatory 
mechanism for ischemia is vasodilatation of the arterioles, which leads to a reduction 
in the peripheral vascular resistance (Coats and Hillier 2000). The chronic 
vasodilator stimuli lead to arteriolar dysfunction due to chronic exposure to 
vasorelaxant factors. This leads to the paradoxical finding of oedema in the ischemic 
limb, despite persistent hypo pressure and hypoperfusion. The oedema in CLTI 
further impairs the metabolic function by compressing the capillaries, which in turn 
impairs the diffusion of nutrients (McEwan and Ledingham 1971). In addition to the 
oedema CLTI is associated with haemostasis and micro thrombosis in the capillaries, 
this leads to endothelial dysfunction and increased vascular permeability (Maier and 
Bulger 1996). 

Significant oedema occurs after the revascularization procedures when higher 
perfusion pressures are re-introduced in the limb. The oedema often complicates the 
healing process of the ischemic wounds in addition to the surgical incisions. Even 
after successful revascularization surgery the surgical incision can take considerable 
time to heal and wound dehiscence is reported in up to 20% of cases (Chung et al. 
2006, Eid et al. 2014, Santo et al. 2014, Santo et al. 2014, Teixeira et al. 2015). The 
status of the microcirculation in the ischemic foot is proposed to be a key factor in 
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the healing of wounds after successful revascularization especially for diabetic 
patients (Akbari and LoGerfo 1999, Rother et al. 2017). 

2.5 Surgical site infection after peripheral vascular 
surgery 

 Incidence of SSI in vascular surgery 
The majority of vascular surgery procedures are considered clean surgery (Bandyk 
2008). According to the National Nosocomial Infection Surveillance (NNIS) the rate 
of SSI after clean surgery is approximately 2.1% (Culver et al. 1991).  

Reported rates of SSIs after vascular surgery differ according to procedure types, 
carotid surgery is reported to have the lowest rate of SSI between 0.2-0.5%, whereas 
lower limb revascularization the highest between 3.5-32.0% (Knight and Tait 2009, 
Turtiainen et al. 2010, Turtiainen et al. 2012). The incidence of SSI is especially high 
in the inguinal area for the commonly used groin incision that is required for femoral 
artery exposure. The reported infection rates in the inguinal wound are from 5% up 
to 27%. This is considerably higher than in other clean surgery (Derksen et al. 2009, 
Turtiainen et al. 2010).  

 Classification of SSI in vascular surgery 
The Centre for Disease Control and Prevention (CDC) infection grading 
differentiates between superficial and deep infections without putting emphasis on 
the vascular graft involvement (Horan et al. 2008). Vascular SSIs are traditionally 
graded using the Szilagyi or Samson grading system (Szilagyi et al. 1972, Samson 
et al. 1988). According to the Szilagyi grading system, grade I is a superficial 
infection of the skin, grade II an infection involving the subcutaneous tissues and 
grade III an infection involving the vascular graft. The extent of the graft infection 
can be graded using the Bunt grading system (Bunt 1983).  

Most reported infections associated with peripheral vascular procedures are 
superficial and the percentage incidence of deep infections in considerably lower, 
between 0% and 3.1% (LaMuraglia et al. 1989, Kimmel et al. 1994, Piano 1995, 
Giacometti et al. 2002). Gram positive bacteria (Enterococci, Staphylococcus aureus 
and coagulase negative Staphylococcus) are responsible for 58% of vascular SSIs 
and graft infections, whereas Gram negative bacteria account for 34% and anaerobes 
for 8% (Chakfe et al. 2020). These bacteria colonize normal skin, but when they 
invade the tissues, they can cause infections (Homer-Vanniasinkam 2007). 
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 Risk factors for SSI after vascular surgery  
The high infection rates are both patient and procedure related. The patient-related 
risks for SSI are the multiple co-morbidities associated with  LEAD patients,  which 
are reported as follows: CLTI (OR 4.1), obesity (OR 2.1), COPD and renal failure 
(Greenblatt et al. 2011, Ott et al. 2013). 

The procedure-related risks include long operating time, site of the surgical 
incision, blood loss, hypothermia, retractor related trauma to the wound edges and 
breaks in sterility (Greenblatt et al. 2011, Tan et al. 2013). Redo-surgery or previous 
angiography procedure with a puncture to the inguinal area in addition to wound 
drainage are also procedure-risk factors for developing SSI (Derksen et al. 2009, 
Turtiainen et al. 2010, Ott et al. 2013). 

 Prevention of SSI in vascular surgery 
Numerous studies have been carried out to investigate the best infection prevention 
schemes. Stewart el al. conducted a meta-analysis to determine the effectiveness of 
perioperative strategies in infection prevention. They reviewed 34 RCTs, of these, 
22 were trials on the prophylactic systemic antibiotics, 3 rifampicin-bonded grafts, 
3 preoperative skin antisepsis, 2 suction wound drainage, 2 of minimally invasive in 
situ bypass techniques and the remaining 2 individual trials on intraoperative glove 
change and wound closure technique. Using ORs with 95% Confidence Intervals 
(CI) they concluded that systemic prophylactic antibiotics reduced the risk for wound 
infection (OR 0.25, 95% CI 0.17-0.38) and early graft infection (OR 0.31 95% CI 
0.11-0.85, P=0.02) but no significant reduction for other infection prevention 
methods was discovered (Stewart et al. 2007). 

Meticulous surgical technique and haemostasis of the operated area with 
preferably a two-team approach in order to reduce the operating time is a feasible 
option for the prevention of SSI (Chang et al. 2003, Greenblatt et al. 2011). The groin 
incision for femoral artery exposure can be done either horizontally crossing through 
the lymphatic tissues or vertically sparing the lymphatics.  

Incisional negative pressure wound therapy (NPWT) is a newer approach in the 
prevention of surgical site complications. It is hypothesised that negative pressure 
aids the wound healing by reducing haematoma and seroma formation by fluid 
removal across the wound edges (Kilpadi and Cunningham 2011). In a recent RCT, 
a significantly lower number of SSIs and other wound complications in the inguinal 
wound were detected 90 days post-operatively when NPWT was used (Hasselmann 
et al. 2020). 
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 Impact of SSI on outcome 
SSIs cause major morbidity and mortality after revascularization procedures. 
Fortunately, most are superficial (Szilagyi I) and heal with an appropriate antibiotic 
therapy (Turtiainen et al. 2010). The deeper infections and especially infections 
that involve the vascular graft increase the risk of graft failure (Giles et al. 2010) 
amputation (Nguyen et al. 2007) and 30-day mortality (Greenblatt et al. 2011). 

It is reported that SSIs lengthen the hospital stay between 2-14 days (Giles et al. 
2010) and a Finnish study estimated that the cost of a single SSI after vascular 
surgery is 3320€, this amount does not include the cost of the antibiotic treatment 
(Turtiainen et al. 2010). 

2.6 Major lower extremity amputations 
Major LEA refer to above-the-knee (AKA) i.e. transfemoral amputations and below-
the-knee (BKA) i.e. transtibial amputations and, in rare cases, hip joint 
disarticulation procedures. In contrast minor amputation refer to amputations of the 
foot and toes. 

Major LEA continue to be a part of treatment in vascular surgical patients despite 
the advancements in revascularization procedures. The Finnvasc registry data from 
Finland of the early to mid-nineties (1991–1995) reported the rate of major LEA to 
be 22/100,000 for the whole population (Luther et al. 2000). Another Finnish study 
from the city of Turku that covered the period between 1998-2002 reported the 
incidence of major LEA 24.1/100,000 (Remes et al. 2008). 

The prevalence of major LEAs in the U.S. between 2007 and 2009 was 
89/100,000 for Medicare patients > 65 years old (Goodney et al. 2013). In a more 
recent Danish study of data obtained from 2002 to 2014, this number varied between 
70/100,000 and 130/100,000 patients > 50 years old (Londero et al. 2019).  

It has been reported that up to 90% of all LEAs are related to diabetes and that 
patients with diabetes have a 10-fold increase in the risk of amputation compared to 
those without (De Frang et al. 1991). Advanced diabetes predisposes patients to 
infections, neuropathy and especially tibial LEAD (Diehm et al. 2006). Despite the 
increased prevalence of diabetes, an overall decrease in the number of major LEAs 
has been reported (Goodney et al. 2009). In Finland, the annual number of major 
LEAs in diabetic patients decreased from 477 to 424 between 1997 and 2007 (Winell 
et al. 2013). The decreased number of major LEAs could be explained by the more 
effective treatment of patient comorbidities and podiatric care and also an increased 
number of revascularizations (Golomb et al. 2006, Hirsch et al. 2006, Goodney et al. 
2013, Aboyans et al. 2018). 

Significant differences in the numbers of major LEAs and vascular procedures 
have been reported across different regions and it has been suggested that increasing 
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the number of vascular specialists in underserved areas may reduce these regional 
differences (Ho et al. 2005, Goodney et al. 2013). Numerous studies have found an 
inverse correlation between the numbers of bypass procedures, especially tibial 
bypass procedures and major LEAs (Luther et al. 2000, Eskelinen et al. 2004, 
Goodney et al. 2013).  

The increased numbers of endovascular procedures have not had a significant 
effect on the number of major LEAs (Goodney et al. 2013). Aggressive 
revascularization attempts (especially endovascular revascularizations) have led to 
limb salvage attempts in higher risk patients. This has resulted in data that show a 
lower number of primary amputations, although the number of secondary 
amputations has correspondingly increased (Khan et al. 2009). 

 Preservation of functional status 
The aim of revascularization in CLTI is to prevent amputation and preserve the 
patient’s functional status in order to facilitate independent living (Taylor et al. 
2006). The most important decision in treating CLTI is whether to attempt limb 
salvage or proceed with a primary amputation. 

An amputation shouldn’t always be considered a failure of therapy, but an 
important treatment option. This has been demonstrated in a study of patients under 
60 years of age for whom functional outcomes of BKAs were similar to those 
patients undergoing successful revascularization (Taylor et al. 2005). 

Despite good results with revascularization, there are groups of patients that are 
best served by a primary amputation. The current guidelines state that advanced 
diabetes, end-stage renal disease, tissue loss and poor functional status have been 
considered predictors of treatment with amputation, rather than revascularization 
(Aboyans et al. 2018).  

The indications for major amputations can be divided into acute ischemia, 
chronic ischemia and severe foot infection. The goal of an amputation is to remove 
all ischemic and infected tissue and leave the patient with the longest functional limb 
possible. When evaluating the level of the LEA, the vascular surgeon must consider 
the elimination of all necrotic and ischemic tissue and achieve uncomplicated wound 
healing while trying to leave an appropriate remnant stump to accommodate a 
possible prosthesis (Aboyans et al. 2018). 

The ambulation rate after AKA is significantly lower than for BKA. Prosthetic use 
after major LEA is reported 50-100% after BKA but only 10-30% after AKA 
(Toursarkissian et al. 2002, Nehler et al. 2003). These studies included all major LEA 
patients, not only LEAD patients. A too optimistic BKA is revised to an AKA in 15-
25% of patients and the revision procedures are associated with a mortality rate greater 
than 5% (De Frang et al. 1991, Abou-Zamzam et al. 2003, Nehler et al. 2003). 
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Apart from the remediation of ischemia and infection, the objective of a BKA is 
that patients can ambulate with prosthetics. Taylor et al. documented that patients 
over the age 70 had a threefold chance of not using a prosthetic and a 3.1-fold chance 
of death, 2.3-fold chance of being non-ambulatory and a 4-fold chance of losing 
independent functional status compared to patients younger than 50 years. According 
to this same study, patients over 70 years old with multiple comorbidities, and poor 
functional status should be offered an AKA as a definitive treatment (Taylor et al. 
2005). 
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3 Aims 

The main purpose of the present study was to assess clinical perspectives involved 
in the treatment of patients presenting with LEAD. 

 
The specific aims were: 

1. To assess the national trends in different types of revascularization 
procedures and analyse their effect on the prevalence of major 
amputations in the aging population in Finland (I) 

2. To determine the risk factors for delayed vein harvest wound healing after 
infrainguinal bypass surgery for CLTI (II) 

3. To evaluate whether the number of SSIs can be reduced in the inguinal 
incisions with an intradermal wound closure method in comparison to the 
more commonly used metal stapleskin closure. (III) 
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4 Materials and Methods 

The data in the original publications described in this thesis were obtained from three 
different patient cohorts which are summarized in Table 3. One nationwide patient 
cohort obtained from The Finnish National Institute for Health and Welfare (THL). 
In addition, two different retrospective patient cohorts comprised patients operated 
in Turku University Hospital (TUH) Vascular Surgery Department. Approvals for 
these studies were obtained from the Ethics committee of the Hospital District of 
South-west Finland. 

Table 3.  Summary of patient cohorts and study methodology described in original publications 
included in this dissertation. 

ORIGINAL 
PUBLICATION 

COHORT  COHORT SIZE STUDY 
METHODOLOGY 

I National THL registry 
cohort from all 
revascularizations and 
amputations in Finland 
between Jan 1st 2007 
and December 31st 
2017 

69,523 
revascularizations 
 
11,851 major 
amputations 

Evaluation of numbers 
and types of vascular 
procedures and their 
effect on major lower 
extremity amputations 

II A retrospective cohort 
of all patients that 
underwent an 
infrainguinal bypass 
operation in the TUH 
Vascular Surgery 
Department between 
Jan 1st 2015 and Dec 
31st 2017 

195 patients Evaluation of the vein 
harvest wound healing 
time after 
revascularization 
surgery.  
Evaluation of risk 
factors that affect vein 
harvest wound healing. 

III Retrospective cohort of 
all vascular surgery 
patients operated in 
the TUH Vascular 
Surgery Department 
that had an isolated 
inguinal surgical 
incision between Jan 
1st 2015 and Dec 31st 
2016. 

256 patients on whom 
330 inguinal incisions 
were performed 

Retrospective analysis 
of SSIs in the inguinal 
incision after vascular 
surgery 
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4.1 Patients 

 Nationwide Vascular Procedure Cohort I 
The Finnish National Institute for Health and Welfare (THL) is a state funded 
organization that operates under the auspices of the Social Affairs and Health 
political ministry. THL holds a database on all treatment periods and procedures 
conducted by official healthcare providers in Finland, both public and private. All 
data are coded according to the ICD-10 system. 

A data search for all revascularizations and amputations between January 1st 
2007 and December 31st 2017 listed in the THL registry was conducted, the search 
was executed according to operation codes (operation codes were:  PDH, PEE, PEF, 
PEN, PEH, PFA, PFN, PFH, PD3AT, PD3BT, PD3YT, PE1AT, PE1BT, PE1YT, 
PF1AT, PF1BT and PF1YT, NFQ20, NGQ20). A total of 69,523 revascularizations 
and 11,851 major LEAs were included in the cohort.  

Statistics Finland is a public Finnish organization established as repository to 
provide statistics. Statistics Finland provides an online database (StatFin). The 
SatFin database was utilized in this cohort to determine the age and gender 
distribution in the Finnish population between January 1st, 2007 and December 31st, 
2017. 

 Turku University Hospital Bypass Cohort II 
All consecutive patients between January 1st, 2015 and December 31st, 2017 that 
underwent an infrainguinal bypass procedure with autologous vein for CLTI in the 
Vascular Surgery Department of TUH were retrospectively included in this cohort. 
A total of 195 patients were included. 

 Turku University Hospital Groin Incision Cohort III 
Consecutive patients that underwent a vascular surgery operation including an 
isolated groin incision during a two-year time period between January 1st, 2015 and 
December 31st, 2016 in the Vascular Surgery Department of TUH were 
retrospectively included in this cohort. A total of 256 patients comprised the cohort 
and a total of 330 isolated groin incisions were performed for these patients. The 
patients of this cohort had undergone the following operations: femoral 
endarterectomies, embolectomies and femoral access procedures for endovascular 
aneurysm repair (EVAR) in addition to femoro-femoral bypass procedures and 
femoropopliteal bypass procedures with prosthetic graft. The exclusion criteria were 
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that the groin incision was a part of a larger wound as in bypass procedures using the 
autologous converted GSV. 

4.2 Data Collection 

 Nationwide Vascular Procedure Cohort I 
The THL database was searched for revascularization procedures and amputation 
that took place over an 11-year period between January 1st, 2007 and December 31st, 
2017. The open and endovascular revascularization procedures were categorized 
according to the vascular segment into iliac (PDH, PD3AT, PD3BT, PD3YT), 
femoropopliteal (PEE, PEF, PEN, PEH, PE1AT, PE1BT, PE1YT) and tibial 
procedures (PFA, PFN, PFH, PF1AT, PF1BT, PF1YT). The amputations included 
in the data were major amputations and they were divided into AKA (NFQ20) and 
BKA (NGQ20). Patients were divided into four cohorts according to age at the time 
of the index procedure (< 65y, 65–74y, 75-84y and > 85y).  

The StatFin database was utilized for background data in study III with regard to 
the gender and end age distribution of the Finnish population between 2007 and 
2017. The database was searched in order to assess the growth and age distribution 
of the Finnish population. 

 Turku University Hospital Bypass Cohorts II and III 
The data of the TUH cohorts were collected retrospectively by using the operation 
monitoring system Opera , General Electric (GE) Medical and the patient record 
system Uranus CGI. In study III a part of the information was collected 
prospectively for quality control purposes. Additional data from January 1st and 
March 31st, 2017 was collected and entered in the file retroactively. 

Both patient related and operation related risk factors for (SSI were recorded as 
listed below: patient age, gender, body mass index (BMI), presence of LEAD, CLTI, 
diagnosis of hypertension, diabetes mellitus or rheumatoid disease and smoking). 
Indication and urgency of the operation, vein harvest site, inflow and outflow vessels 
according to the surgeon’s evaluation after the surgery and skin closure methods 
were recorded. LEAD was verified as ABI measurements below 0.9, CLTI was 
verified as STP measurements below 30 mmHg or 50 mmHg when the patient had 
an ischemic ulcer.  In study II, the WIfI classification and Rutherford classification 
of the CLTI was evaluated retrospectively based on patient records.  

The number of SSIs were recorded. SSI was defined as an infection occurring 30 
days post-operatively, the CDC criteria for nosocomial infections was used (Yangco 
1989). The severity of SSI was determined from the patient charts and classified 
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according to the Szilagyi classification of vascular surgical site infections. The 
follow-up data for study II was collected until February 28, 2018. 

4.3 Surgical protocol at Turku University Hospital 
(Study II and III) 

All vascular surgery operations were performed in the Vascular Surgery Department 
of TUH for all the patients in studies II and III. 

 Pre-operative assessment 
Routine planning before bypass included the following scanning modalities: CTA, 
MRA or DSA. In select cases only the choice of inflow and outflow vessels was 
based solely on DU. The appropriate revascularization in addition to inflow and 
outflow vessels were determined by the findings in these images. ABI and STP 
measurements were also routinely taken. Ultrasonography was routinely used for 
vein mapping preoperatively. The ipsilateral GSV was the first choice of vein graft, 
followed by contralateral GSV and finally composite vein / arm vein / small 
saphenous vein (SSV). A diameter of 3 mm was usually considered sufficient for the 
vein to be used as a bypass graft. 

 Peri-operative technique 
The peri-operative skin preparation used in the TUH entailed hair removal from the 
operation area (if necessary) 2 hours prior to the operation. The surgeon marks the 
place of the incision. The area is disinfected using denatured 70% alcohol (either 
Dermades or Betadine). The area is disinfected three times, starting from the 
middle and moving towards the edges of the operation area. If there is an infected 
area of skin on the operation area, it is first washed using Desinfektol H and normal 
saline.  

Antibiotic prophylaxis was routinely given 30-60 minutes pre-operatively with 
an additional dose after three hours. Intravenous cefuroxime 1.5g or 3.0g was used 
as the primary prophylactic antibiotic. Alternatively, intravenous clindamycin 900 
mg was used for patients with renal failure. World Health Organization (WHO) 
surgical safety checklist (Haynes et al. 2009) was routinely used in the operating 
theatre. 

The bypass operative techniques in study II were chosen by the operating 
vascular surgeon. Bypass with converted autologous vein were favoured over 
nonconverted devalvulated vein. Veins were harvested from continuous incisions. 
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Subcutaneous tissues were routinely closed using running multifilament sutures 
(Vicryl™, Ethicon Inc.) and the skin was closed using metal staples 

All groin wounds in study III were made vertically with the skin incision slightly 
lateral to the artery. The majority of EVAR patients in the study period were operated 
by open femoral artery cutdown. The skin incisions were closed according to the 
operating surgeons’ preferences either with intradermal absorbable sutures, 
transdermal sutures or metal staples. The closure techniques for the subcutaneous 
tissues were not recorded. 

 Post-operative follow-up 
On the basis of our graft surveillance program in the TUH routine outpatient follow-
up visits after bypass surgery with autologous graft were conducted at 1, 3, 9 and 12 
months after the bypass operation or latest graft intervention. The grafts were 
followed up with ultrasonography, which was performed by a sonographer. The 
femoral endarterectomies and bypass operations with prosthetic graft material are 
routinely followed up at the outpatient clinic 4–6 weeks post-operatively. The 
patients are encouraged to be in contact with the vascular unit, if infection in the 
operation wound occurred. 

4.4 Outcome measures 
Study I. The overall number of revascularization procedures and amputations 
performed in Finland was analysed in order to define the annual vascular workload. 
The growing number of vascular procedures were compared with annual numbers of 
major amputations in order to assess whether there has been a reduction in the rate 
of amputation procedures. 

Study II. Vein harvest wound healing after infrainguinal bypass surgery for CLTI 
was evaluated. The vein harvest wound healing (VHW) time, defined as the 
complete epithelialization of the incisional wound. The effect of the patient’s 
comorbidities and preoperative manifestation of the CLTI WIfI-classification (Mills 
et al. 2014) and Rutherford classification (Rutherford et al. 1997) on complete 
incisional wound healing time were used in the analysis of patients. Patients that died 
or had an amputation prior to incisional wound healing were considered never to 
have achieved wound healing. 

Study III. The relationships of SSI and wound closure method and with patient 
co-morbidities were assessed. The SSIs were retrospectively identified from the 
patient record system data and were classified according to the Szilagyi classification 
system (Szilagyi et al. 1972). An infection was considered an SSI when it occurred 
within 30 days of the index operation. 
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4.5 Statistical methods 
In study I, the patients were divided into four cohorts of: < 65y, 65–74y, 75–84y and 
> 85y. The rates of vascular procedures and amputations in each age group where 
calculated using the number of revascularizations as the numerator and the number 
of inhabitants in Finland in that same age group as the denominator. The rates where 
expressed as the number of vascular procedures or amputations per 100,000 
inhabitants of the defined age group. The association between patient counts and 
time was studied using regression analysis. The normality assumption was checked 
using standardized residuals 

For study II, the survival analyses were assessed by constructing Kaplan-Meier 
curves. In order to assess the predictive value of factors affecting survival, univariate 
Cox regression analysis was performed for continuous variables. 

For study III, a multivariable logistic regression model where the subject was 
taken into account (GEE-model) was used to analyse the data. The following 
variables were included in the final model: skin closure technique, diabetes mellitus, 
critical limb ischemia, gender, age and BMI. 

The statistical analyses were performed using the Statistical Package for the 
Social Sciences (SPSS), version 25 (IBM SPSS Statistics for Windows, IBM 
Corporation, Armonk, NY). 

Categorical variables were expressed using frequency and percentage. 
Associations between categorical variables were analysed using the Chi-Square test 
or the Fisher’s Exact test when appropriate (II, III). The normality of distributions 
was established with the Shapiro-Wilk test. Continuous variables were expressed as 
median or mean ± standard deviation. Continuous variables were compared using 
independent sample T-tests as variables were distributed normally in each group. 

Statistically significant differences were assumed for p-values < 0.05. For 
multivariable analyses in study III, risk factors with P < 0.2 in univariate analysis 
were forced into a Cox proportional hazard model. Multivariable analysis was 
carried out to assess the risk for delayed wound healing. 
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5 Results 

5.1 National numbers in revascularization 
procedures and amputations (I) 

The population growth in Finland data were obtained from the Statfin database. In 2007 
the population of Finland was 5,300,484, this had increased to 5,513,130 in 2017. 

During the study period from 2007 to 2017, a total of 69,523 revascularizations 
were performed in Finland. The annual number of procedures increased from 3496 
in 2007 to 9506 in 2017. The annual numbers of vascular procedures were expressed 
as rates per 100,000 inhabitants, these rates were 66/100,000 in 20017 and 
172/100,000 in 2017 (P<0.01). There was a significant annual increase in this rate 
of 10 procedures per year (95% CI 8.6–12.3, P<0.01). These rates were further 
analyzed for different age cohorts and the most significant increase was in the oldest 
population cohort (patients over 85 years old), in which approximately a 2.5-fold 
increase was detected. (Figure 8) 

 
Figure 8.  The numbers of revascularization procedures per 100,000 inhabitants in different age 

groups between 2007 and 2017. Modified from (Nikulainen et al. 2019) 
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 Revascularization procedures 
The total number of open revascularizations was 2705 in 2007, and this increased to 
3992 operations in 2017. An annual increase of 141 operations (95% CI 110–174, 
P<0.01) between 2007 and 2017 was recorded, this increase was most evident in 
younger patients (<65 years), followed by the 65–74-year-old patients (Figure 9a). 

Among revascularization procedures, the most considerable increase was seen 
when the endovascular procedures in 2007 were compared with those in 2017, the 
total number of endovascular procedures in 2007 was 791 and in 2017 this had 
increased to 5514 procedures. A mean annual increase of 491 (95% CI 433–550, 
P<0.01) procedures between 2007 and 2017 was recorded (Figure 9a). The 
proportion of endovascular revascularization procedures increased from 22.6% in 
2007 to 60.5% in 2017. The endovascular procedures were further analysed in order 
to investigate the use of primary stenting versus PTA in different arterial segments. 
Primary stenting procedures increased from 0 in 2007 to 1810 in 2017. 

 Revascularizations according to arterial segments  
The procedure numbers in different arterial segments varied considerably during the 
study period. There was a considerable decrease in the rate of open aorto-iliac bypass 
procedures giving an annual decrease of 11 per year, (95% CI -14 to -7, P<0.01) and 
also a decrease in the rate of extra-anatomic bypass procedures giving an annual 
decrease of 8 per year, (95% CI -10 to -5, P<0.01). The rate of endovascular 
procedures in the same aorto-iliac arterial segment showed a substantial annual 
increase of 154 procedures (95% CI 129–178, P<0.01). In 2007, the number of 
primary stenting procedures was close to zero, but by the end of the 11-year study 
period stenting had become the first line of endovascular treatment. In 2017, 62.7% 
of iliac artery lesions were treated with primary stenting (Figure 9b.). 

When the femoro-popliteal arterial segment was analysed, the annual rate of 
endarterectomies grew by an annual increase of 168 per year, (95% CI 139–195, 
P<0.01), whereas the annual rate of femoro-popliteal bypass procedures remained 
almost unchanged at a negligible annual decrease of 3 per year (95% CI -10 to 5, 
P=0.39). The overall number of femoro-popliteal open revascularization increased. 
Again, the annual rate of endovascular revascularization procedures in the femoro-
popliteal segment increased significantly by 229 procedures (95% CI 195–260, 
P<0.01). Primary stenting in the femoro-popliteal segment had also increased. For 
example, during 2017 as many as 777 (29.9%) femoropopliteal lesions were treated 
with primary stenting (Figure 9c). 

The annual rate of tibial bypass procedures remained relatively unchanged 
during the study period, although a slight decrease was detected giving an annual 
decrease of 4 per year, (95% CI -8 to 0. P=0.03). The annual rate of endovascular 
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procedures in the tibial segment increased at 113 procedures (95% CI 94–131, 
P<0.01), but the increase was not as marked as in the other arterial segments. PTA 
without stenting is still the first line of treatment in the tibial segment (Figure 9d).  

 
Figure 9a. The annual numbers of open- and endovascular revascularization from 2007 to 2017. 

Modified from (Nikulainen et al. 2019). 

 
Figure 9b. The annual numbers of aorto-iliac open and endovascular revascularization procedures 

from 2007 to 2017. Modified from (Nikulainen et al. 2019). 
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Figure 9c. The annual numbers of open and endovascular femoro-popliteal revascularization 

procedures from 2007 to 2017. Modified from (Nikulainen et al. 2019). 

 
Figure 9d. Numbers of open and endovascular tibial revascularization procedures from 2007 to 

2017. Modified from (Nikulainen et al. 2019). 

The increase in the number of procedures is most dramatic for the endovascular 
group.  

0

500

1000

1500

2000

2500

3000

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

N
um

be
r o

f p
ro

ce
du

re
s

YEAR

Endo revasc. Endarterectomies Open bypass

0

200

400

600

800

1000

1200

1400

1600

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

N
um

be
r o

f p
ro

ce
du

re
s

YEAR

Endo revasc. Open revasc.



Veikko Nikulainen 

 46 

 Major LEAs 
During the 11-year study period 11,851 major LEAs were performed in Finland. The 
mean annual rate of major LEA in the whole Finnish population varied slightly by 
18–20/100,000 during 2007–2017. The mean rate of amputations was 42 in 65–74 
year-old patients, 103 in 75–84 year-old patients and 233 in >85 year-old patients. 
When these three population cohorts (65-74, 75-84 and 85< cohorts) were pooled 
together, the rate on amputations decreased from 93 to 72 during the 2007–2017 
period (P<0.03). The reduction in the rate was most evident in the oldest age group 
(> 85 years): 262 in 2007, which decreased to 185 in 2017. 

 
Figure 10.  The annual numbers of major lower extremity amputations per 100,000 inhabitants in 

different age groups between 2007 and 2017. Modified form (Nikulainen et al. 2019). 
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0.89 (SD 0.31). The mean STP pre-operatively was 24.2 mmHg (SD 20.5) and post-
operatively 64.1 mmHg (SD 26.6). The mean ABI improvement was 0.49 (P=0.04) 
and STP improvement 39.9 mmHg (P=0.01) after revascularization. During follow-
up 21 (10.7%) underwent a major amputation. 

The median time it took for the vein harvest wound (VHW) to completely heal 
was 65.0 days (95% CI, 41.2-88.8). The VHW had healed by the first post-operative 
follow-up visit at 1 month after the operation for 40 patients (20.5%). VHW healing 
was complete for 132 (67.7%) patients, 183 (93.8%) patients, and 189 (96.9%) 
patients by the 3-month, 9-month, and 12-month follow-up visits, respectively. The 
VHW failed to heal in 6 patients (3.1%) during the one-year follow-up time 

Table 4.  Median vein harvest wound healing times after infrainguinal revascularization surgery 
for CLTI. Modified from (Nikulainen et al. 2020). 

  N MEDIAN HEALING 
TIME IN DAYS 

95% CI P-VALUE 

RUTHERFORD 
CATEGORY 

Rutherford 5 
and 6 

130 82 60.1–103.9 0.03* 

 Rutherford 4 65 48 40.3–55.7  

CAD Yes 70 68 37.1–96.9 0.06* 
 No 125 65 34.1–95.9  

DIABETES Yes 87 65 36.6–90.4 0.80* 
 No 108 69 39.4–98.5  

HYPERTENSION Yes 152 69 45.8–92.2 0.37* 
 No 43 49 20.1–104.9  
RHEUMATOID 
DISEASE 

Yes 25 49 39.7–58.3 0.87* 

 No 170 68 44.1–91.9  

RENAL 
DYSFUNCTION 

Yes 176 129 36.6–221.4 0.87* 

 No 19 56 35.2–76.8  
URGENT 
PROCEDURE 

Yes 62 82 26.9–137.1 0.20* 

 No 133 65 38.9–91.1  

BYPASS TARGET*** Popliteal 62 62 22.9–93.0 0.02** 
 Tibial 132 132 48.0–98.0  
ALL PATIENTS      

CAD = coronary artery disease 
95% CI = 95% confidence interval 
*P-Value calculated using Log-Rank test 
** P-Value value calculated using the Student’s T-test 
*** Popliteal vs. Tibial artery bypass procedure 
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The VHW healing was significantly slower in patients with Rutherford 5 and 6 
lesions (82.0 days, 95% CI, 60.1–103.9) compared to those with Rutherford 4 
ischemic rest pain 40.8 days, (95% CI, 40.3–55.7, P=0.04) (Table 4). Significant 
improvement in both ABI and STP were recorded after revascularization surgery, 
this however did not correlate with the time of VHW healing 

5.3 Groin incision healing (III) 
A total of 330 groin incisions were performed on 256 patients, and the groin incisions 
were bilateral for 74 of these patients. The most common indication for the 
operations were arterial aneurysms treated by EVAR procedures (152 wounds, 
46.1%); followed by peripheral arterial disease femoral endarterectomies and bypass 
operations (144 wounds, 43.6%). The rest of the operations were for arterial embolus 
(34 wounds, 10.3%).  In most of the cases where the indication was arterial 
aneurysm, the incisions were bilateral. Moreover, 76 incisions were performed in an 
urgent operation setting. 

The majority of the incisions were closed using intradermal absorbable sutures 
(262 wounds, 79.6%). Transdermal sutures were used in 68 incisions (20.4%). 
Incisions in hybrid and EVAR procedures were more often closed using intra-dermal 
sutures (90.5%) and urgent operation incisions were usually closed using 
transdermal sutures (60.5%). 

The peri-operative death rate was 3.9% (9 patients). All cases of peri-operative 
death were due to cardiovascular causes.  

A total of 41 (12.4%) SSIs were detected in the study period. Of these infections, 
16 (39.0%) were in urgent operations. There were 24 (9.2%) infections in the group 
in which the incision was closed using intradermal sutures and 17 (25.0%) infections 
in the transdermal incision closure group. Multivariable analysis revealed that 
incisions with transdermal closure were 3.5 times as likely to develop an SSI 
compared to intradermal closure OR 3.2 (CI 95% 1.6–7.6, P= 0.02) (Table 3.) There 
were 10 deep infections (Szilagyi II and III) in total. The following pathogens were 
detected in wound cultures taken from infected incisions: Staphylococcuss aureus (4 
cases), Escherichia coli (2 cases), Pseudomonas aeruginosa (1 case), Streptococcuss 
agalactie (1 case). The rest were mixed infection with Staphylococcus aureus, 
Escherichia coli and Enterococcus faecalis.  
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Table 5.  Results from a multivariable analysis evaluating different risk factors for the 
development of SSI (Nikulainen et al. 2019). 

  OR 95% CI P-VALUE 

WOUND 
CLOSURE 

Transdermal vs. 
Intradermal 

3.48 1.6–7.60 0.002 

AGE  0.95 0.91–1.00 0.034 

BMI  1.01 0.94–1.09 0.740 

SEX Female vs. Male 1.08 0.50–2.33 0.840 

DIABETES Yes vs. No 0.56 0.23–1.39 0.214 

CLTI Yes vs. No 0.84 0.25–2.78 0.780 
*A multivariate (GEE) model was used to analyze these data. 
OR = Odds ratio 
CI = 95% confidence interval. 
CLTI= Chronic Limb Threatening Ischemia 
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6 Discussion 

The original publications presented in this dissertation demonstrate a growing 
vascular workload placing an increasing burden on the national healthcare system. 
The Finnish population is aging consequently, a growing number of vascular 
procedures are being performed annually in order to prevent major LEAs. 
Revascularization operations are major surgery and recovery from it often 
complicated. 

6.1 Nationwide trends in revascularization 
procedures and amputations 

The present study demonstrated an increase in the rate of vascular procedures in the 
study period. The rate of vascular procedures increased from 66/100,000 inhabitants 
in 2007 to 172/100,000 inhabitants in 2017. This is mainly due to an increase in the 
number endovascular procedures and, to a lesser extent, an increase in the number 
of open surgical revascularizations. The increased number of procedures is most 
likely due to the aging population and that the prevalence of diabetes is increasing. 
The number of vascular specialists has also increased in Finland. Endovascular 
techniques have evolved significantly during the study period and more complex 
arterial lesions can be treated with endovascular procedures. Similar results have 
been observed in other countries as well (Goodney et al. 2009, Goodney et al. 2015). 
In the same study period, the rate of major LEA in the whole population remained 
relatively constant 18-20/100,000 inhabitants. However, a decrease in the rate of 
major LEAs in the older age groups (> 65 years) from 93/100,000 in 2007 to 
72/100,000 in 2017 was detected. The effect on the oldest age group is, however, 
diluted by the size of the whole population.  

The national vascular registry of vascular procedures in Finland data for the 
period 1991-1995 (Finnvasc) were collected. In this registry dataset the rate of major 
LEAs was 22/100,000 and the rate of vascular procedures was 20/100,000 (Luther 
et al. 2000). In our present study, the number of vascular procedures had increased 
significantly from this. The number major of LEAs in the whole population has 
remained relatively constant. Unfortunately, the Finnvasc investigators did not 
report age-standardized rates of amputations or vascular procedures.  
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When comparing the Finnvasc registry data to those of the present study, it 
should be kept in mind that the population in Finland has grown older and the 
percentage of > 65-year-old people has increased. This same aging trend is seen 
globally thus, the population is aging and the prevalence of LEAD is increasing due 
to the known increased prevalence found in older age groups. In high-income 
countries the life expectancy is close to 80 years, whereas in lower income countries 
increasing numbers of people reach the age of 55 when the risk for developing LEAD 
starts to increase (Fowkes et al. 2013). It was estimated in 2008 that over 200 million 
people worldwide have LEAD and up to 45 million of these patients will die from 
CAD or CVD within a 10-year period (Fowkes et al. 2008). In 2015, this number 
had risen to 236 million, of which 73% were in low income countries (Song et al. 
2019). 

Revascularization techniques have evolved significantly over the last three 
decades. Previously patients that were deemed too unfit for revascularization surgery 
were treated conservatively with appropriate medical therapy and pain medication 
or offered a primary amputation. Endovascular revascularization techniques in 
particular have evolved, and they can now be used to treat more complex arterial 
lesions in higher surgical-risk patients (Sachs et al. 2011, Goodney et al. 2015). On 
the other hand, patients with IC might more frequently be offered a minimally 
invasive endovascular procedure instead of conservative management and walking 
exercises (Keeling et al. 2006), which could explain the increase in these numbers in 
endovascular procedures. The Finnvasc registry data indicate that 32% of all 
revascularizations were endovascular and 68% open surgical (Salenius et al. 1993). 
The present study showed a very different distribution; 60.5% of all 
revascularizations in 2017 were endovascular and 39.5% open surgical. Using this 
comparison, the proportion of endovascular procedures of all vascular procedures 
has therefore doubled in over three decades.  

The population is aging and the incidence of diabetes is increasing in high 
income countries, at the same time LEAD is affecting younger people and especially 
more women in low income countries (Song et al. 2019).  New and less invasive 
endovascular treatment modalities are being developed constantly. When taking into 
consideration the changing population demographic and the development of new 
treatment modalities, it is not difficult to see why the numbers of revascularizations, 
both open and endovascular, are increasing. These increases cause a major burden 
on healthcare systems globally.  

A clear inverse correlation between the increase of the number of infrapopliteal 
bypass procedures and major amputations has been reported, and so far, no inverse 
correlation has been reported for endovascular procedures (Luther et al. 2000, 
Goodney et al. 2013, Mustapha et al. 2016). The number of these procedures is still 
increasing at a very high rate. In our study, a significant increase in the number of 
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infrapopliteal revascularization procedures was detected, but at the same time, a 
slight decrease in the number of open infrapopliteal revascularization procedures 
was also found. 

Existing randomized trials have not been able to provide a consensus on whether 
an open- or endovascular-first strategy should be undertaken in CLTI (Aboyans et 
al. 2018, Conte et al. 2019). Unfortunately, no correlation between either 
endovascular or open infrapopliteal revascularizations and the number of major 
LEAs could be investigated because our data did not contain information about the 
patients on an individual level. Current guidelines are largely based on studies that 
are over 10 years old (Adam et al. 2005). Endovascular procedures are associated 
with a lower peri-operative mortality and morbidity, but often require redo-
procedures. Thus, the cost-effectiveness of endovascular procedures has been 
questioned (Stoner et al. 2008). The on-going BEST-CLI trial aims to provide 
answers to these questions.  

6.2 Vein harvest wound healing after bypass 
surgery for chronic limb threatening ischemia 

The present study demonstrated that although the blood flow to the ischemic limb 
will have been restored successfully with open bypass surgery, the VHW and other 
surgical wounds in the limb take a considerable time to heal depending on the 
severity of the ischemic lesion. For instance, the median healing time for Rutherford 
4 score lesions was 48 days, whereas for Rutherford 5 and 6 lesions it was 82 days 
in our study. The surgical wound healing time thus, was found to correlate to the 
severity of ischemia in the operated limb. The surgical wounds healed faster in 
patients with Rutherford grade 4 ischemia than those with Rutherford grade 5 and 6 
ischemia. 

The reported wound dehiscence rates after infrainguinal bypass surgery range 
from 5% to 20% (Eid et al. 2014, Teixeira et al. 2015). In the vascular surgery field, 
numerous studies have been conducted that evaluated open vs. endoscopic vein 
harvesting techniques. It is generally recognized that open vein harvesting is 
associated with better graft patency but also with more wound dehiscence than 
endoscopic vein harvesting (Eid et al. 2014, Jauhari et al. 2014, Santo et al. 2014). 

In an earlier study, the prevalence of VHW dehiscence after coronary artery 
bypass grafting (CABG) was 12% (Athanasiou et al. 2003). Those authors also 
reported that with minimally invasive techniques this can be reduced to as low as 
5%. The REACH data demonstrated that the atherosclerotic burden is substantially 
greater in the LEAD patients compared to CAD and CVD patients (Bhatt et al. 2006) 
(Figure 1). Our interpretation is that the lower rate of wound dehiscence compared 
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to lower limb revascularization surgery, could be explained by the absence of LEAD 
at the site of VHW.  

Up to 10% of patients with CLTI also have persistent ischemic ulcers despite a 
successful revascularization procedure (Berceli et al. 1999, Dorros et al. 2001).  In 
the present study, patients with Rutherford 5 and 6 ischemia lesions at the time of 
operation were associated with longer VHW healing than patients with Rutherford 4 
ischemia. This is most likely due to the microcirculation of the limb being more 
severely compromised in patients with Rutherford 5 and 6 ischemia (Coats and 
Hillier 2000, Rother et al. 2017). We hypothesize that the patients who have delayed 
healing and non-healing ischemic ulcers will also have slow wound healing of 
surgical wounds. 

Defects in the microcirculation of the capillaries of the ischemic foot has been 
proposed to be a key factor in ischemic wound healing after revascularization 
procedures (Rother et al. 2017). Chronic ischemia causes over activation of 
vasodilatation of the capillaries, this causes edema in the ischemic limb. The edema 
further impairs the metabolic function and distorts the diffusion of nutrients. This 
situation is exacerbated by a sudden increase in the perfusion pressure achieved by 
the revascularization procedure (McEwan and Ledingham 1971, Coats and Hillier 
2000). 

In addition to CLTI, diabetes is known to have adverse effects on the 
microcirculation. It causes dysfunction of the arterioles and capillaries of the skin, 
retina, kidneys and peripheral nerves (Malik et al. 1989, Rayman et al. 1995, Akbari 
and LoGerfo 1999). In the present material, diabetes was not associated with slower 
surgical wound healing. 

Although recent guidelines emphasise the better long-term patency and better 
cost-effectiveness of infrainguinal bypass surgery over endovascular techniques, the 
time of surgical wound healing should be kept in mind before making the final 
decision on the preferred revascularization strategy (Aboyans et al. 2018, Conte et 
al. 2019). 

6.3 Surgical site infections in vascular surgical 
groin incisions  

The present study demonstrated that the number of inguinal wound infections after 
femoral artery exposure procedures in vascular surgery was lower when the skin was 
closed using intradermal sutures compared to transdermal sutures. The overall 
observed rate of inguinal wound infections was 12.4% in the present study. In the 
intradermal closure group, the rate of infections was 9.4% and in the transdermal 
closure group 25%. Multivariable analysis revealed an OR of 3.48 (95% CI 1.6–7.6, 
P=0.002) for the skin closure method and an OR 0.95 (95% CI 0.91–1.00, P=0.034) 
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for age, which were independent risk factors for SSI, whereas diabetes, sex, obesity 
and CLTI were not. The prevalence of groin wound infections reported in the 
literature varies substantially from 5% to up to 27% (Childress et al. 2007, Derksen 
et al. 2009, Turtiainen et al. 2011).The infection rates reported in our study are in 
line with those earlier studies.   

The prevalence of SSI in vascular surgery is related to the patient’s condition 
and to the procedure used. The procedures are long, which predispose patients to 
hypothermia, blood loss and breaks in sterility (Greenblatt et al. 2011). In addition 
to this, the patients very often have multiple co-morbidities that predispose them to 
SSI (Ott et al. 2013). The anatomical location of the inguinal wound also predisposes 
it to infections. The patient related risk-factors cannot be influenced, but with better 
surgical technique some of the procedure related risk factors can be reduced. It has 
already been demonstrated that shorter exposure times and meticulous haemostasis 
of the operated area can have a beneficial effect on the prevalence of SSI (Greenblatt 
et al. 2011). 

The skin closure method has been studied extensively in cardiac surgery (Risnes 
et al. 2001, Risnes et al. 2002) and open gastro-intestinal surgery (Tsujinaka et al. 
2013). In these well-designed studies no favourable results were found with 
intracutaneous wound closure compared with the often used metal staples. 

The skin closure method used on the inguinal wound after vascular surgery has 
only been reported in one prospective study setting (Murphy et al. 1995). In the 
Murphy et al study, 114 patients undergoing femoro-popliteal bypass surgery were 
randomized to four different wound closure methods and no difference in the rates 
of wound infections were found between them. Obviously, their study had 
insufficient statistical power to be capable of providing statistically robust results. 

Incisional NPWT has had promising results in reducing groin wound infections. 
In a recent RCT, 139 patients were randomized to equal sized groups to receive either 
NPWT or standard wound dressings post-operatively (Hasselmann et al. 2020). They 
found that the incidence of SSIs reduced in the NPWT group (11.9%) compared to 
(29.5%) for the standard dressing group. The sample size in that study was based on 
an assumption that the infection rate would be reduced from 30% to 10%, at 80% 
power. This resulted in relatively small sample sizes.  

6.4 Strengths and limitations of our studies 

 Study I 
The first original publication of this dissertation is a registry based “big data” 
nationwide study. Despite the national coverage of the register it has several 
limitations. The register does not contain information about the patients on an 
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individual level. As a consequence, no outcome analysis of individual procedures 
can be evaluated. Moreover, due to the nature of the data, no analysis of time between 
revascularization and major amputation can be made. It is not possible to know 
whether the patients that had undergone a major LEA were the same patients that 
had previously been revascularized and how many of the patients that underwent an 
amputation were deemed too unfit or not ambulatory to undergo a revascularization 
procedure. The reliability of the entire registry is dependent on the quality of the data 
that are entered into the registry. Nevertheless, this is a study based on a national 
registry that covers all official healthcare providers in Finland and is representative 
of the official health sector in a developed western country.   

 Study II 
The original publication was a retrospective single centre study with a moderately 
sized cohort. Due to the retrospective nature of the study, not all factors that affected 
wound healing could accurately be included in the analysis because these were not 
mentioned in the patient records. The follow-up visits were at 1, 3, 9 and 12 months 
post-operatively, as a consequence the exact date when the wound had healed could 
not be determined. However, patients that had problems with wound healing were 
followed up more intensely. Despite these limitations, the study addressed an issue 
that has not been reported before, and which is therefore essential when making 
decisions about the best revascularization strategy for each patient. 

 Study III 
The original publication had several limitations. It is a retrospective single centre 
study that had a relatively small cohort. The closure of the wounds was not 
randomized but closed according to the operator’s preferences. Transdermal sutures 
were used in urgent operations, whereas wounds made in elective operations were 
closed using intradermal sutures. The patients included in the analysis were mostly 
LEAD patients but also a substantial number (46.1%) were abdominal aortic 
aneurysm (AAA) patients. It is recognised that patients with PAD have a more 
substantial burden of co-morbidities and are more at risk for developing SSI than 
AAA patients (Turtiainen et al. 2010). However, patient selection in each group was 
evenly divided considering common risk factors for SSI. 
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7 Conclusions 

The findings of the present studies lead to the following conclusions: 

1. The rate of both open and endovascular revascularization procedures has 
increased during the 11-year study period of 2007 to 2017. The rate of 
open revascularization increased especially in the two younger patient 
cohorts (<74 years), whereas endovascular procedures increased in all age 
groups. The overall rate of major LEA remained constant, however the 
rate of major LEA decreased in the > 65-year-old population significantly. 

2. Rutherford 5 and 6 ischemic lesions at the time of revascularization 
surgery are risk factors for delayed vein harvest wound healing after the 
revascularization procedure.  

3. The number SSIs in the inguinal incision after femoral artery exposure 
can be reduced with an intradermal skin closure technique. 
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