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ABSTRACT 

 

The aim of the present thesis was to assess the occurrence of early lower extremity 
arterial disease (LEAD) in patients with diabetes and to assess novel potential risk 
markers for development or worsening of LEAD in the same patients.  In parallel 
different measures of impaired peripheral circulation were evaluated. 

The measurement of ankle-to- brachial blood pressure index (ABI) to screen for 
asymptomatic LEAD in diabetic subjects is unreliable since a large proportion of patients 
have stiff ankle arteries (mediasclerosis) and thus may display a too high ABI. We 
studied type 1-, type 2 diabetic and non-diabetic subjects without a previous history of 
LEAD and a composite variable of ankle – plus toe blood pressures and indices was 
compared to ABI alone in detecting LEAD. Significantly more subjects with reduced 
peripheral circulation were detected using the composite variable compared to ABI 
alone. This was particularly true in diabetic subjects, about 30% of whom had signs of 
impaired peripheral circulation. Thus, it was found that toe blood pressure 
measurements, alone or in combination with ankle blood pressure measurements, 
increase the sensitivity for finding early asymptomatic LEAD in diabetic subjects. No 
significant difference in reproducibility between measurements of absolute ankle- and 
toe blood pressure and indices was found, but a correlation between systemic (brachial) 
and toe blood pressure variations over time may suggest that indices are more correct in 
assessing peripheral arterial circulation. Furthermore, toe blood pressure 
measurements can be performed using either the great toe or dig II and a strong 
concordance is found between these measurements. In addition, since the pole-test, 
another non-invasive method to measure peripheral blood pressure which is less 
sensitive to the presence of mediasclerosis compared to ABI, correlated significantly 
with toe blood pressure measurements this method may be used as an alternative 
screening method in subjects with previously known LEAD. 

Age, hypertension and glycemic control are well known risk factors and, in 
addition, high tissue plasminogen activator (tPA) activity turned out to be a novel early 
marker for asymptomatic LEAD in diabetic subjects, particularly in patients with type 2 
diabetes. Age and hyperglycemia are the most important risk factors for development 
and progression of subclinical lower extremity arterial disease in type 2 diabetic 
subjects.  No independent associations between markers of inflammation, such as CRP, 
interleukin-6 and TNF-α and early asymptomatic LEAD were seen among non-diabetic 
or diabetic subjects.  

In conclusion, impaired arterial circulation in the lower extremities is common in 
diabetic subjects even in the absence of symptoms. Including toe blood pressure 
measurement when screening for asymptomatic LEAD in diabetic subjects improves the 
ability to detect reduced peripheral circulation and this method avoids falsely elevated 
blood pressures readings due to mediasclerosis in the ankle arteries. Moreover, an 
altered fibrinolytic activity should be further evaluated as an early marker of 
atherosclerosis and LEAD.  

 
Keywords: Diabetes mellitus, ankle blood pressure, toe blood pressure, screening, risk 
markers, mediasclerosis, macroangiopathy, fibrinolysis, inflammation. 
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SAMMANFATTNING PÅ SVENSKA 

 
Diabetes innebär ökad risk för åderförkalkning (arterioskleros) i kroppens 

blodkärl och kan orsaka hjärtinfarkt, stroke eller perifer benartärsjukdom (BAS). Syftet 
med denna avhandling var att värdera två enkla mätmetoder för att tidigt upptäcka 
benartärsjukdom (BAS) och undersöka olika riskmarkörer för utveckling av BAS hos 
patienter med diabetes  

Vanligaste symptomet på BAS är smärtor i benen, ofta i samband med promenader. 
Patienter med diabetes har ofta nedsatt känsel i benen pga. nervskador och då kan ett 
fotsår vara första tecknet på BAS. Ca 1/3 av alla patienter med BAS har diabetes och 
risken att utveckla BAS ökar 2-4 gånger vid samtidig diabetes. Vid BAS hittar man ofta 
arterioskleros även i andra blodkärl och patienter med BAS har en ökad risk att insjukna 
i hjärtinfarkt och stroke. De flesta med BAS har inga symtom och det är därför viktigt att 
ta fram enkla mätmetoder för att hitta dessa patienter. Genom att upptäcka BAS tidigt 
skulle man kunna påbörja behandling tidigare. Dessutom skulle man hitta personer med 
ökad risk för annan hjärt-kärlsjukdom.  

Oftast använder man blodtrycksmätning på överarmen och vid ankeln för att 
upptäcka BAS. Om det uppmätta blodtrycket i överarmen delat med det i ankeln, s.k. 
ankel-brachial index (ABI) är <0.9 ställer man diagnosen BAS. Patienter med diabetes 
har ofta ”förstyvad kärlvägg”, s.k. mediaskleros, i benens större blodkärl. Mediaskleros 
innebär att blodkärlen inte kan tryckas ihop vid blodtrycksmätning och att man då 
uppmäter ett blodtryck som är högre än det sanna. Hos patienter med diabetes och 
normalt blodtryck i benen kan därför ett falskt förhöjt ankelblodtryck uppmätas.  Ännu 
viktigare är att en försämring av blodtrycket i benen kan maskeras. En alternativ metod 
att mäta blodtrycket i benen är mätning av tåblodtryck. Mätning av tåblodtryck påverkas 
inte av mediaskleros i samma utsträckning som vid mätning av ankelblodtryck.  

I det första delarbetet mättes arm-, ankel, och tåblodtryck hos 437 personer (134-
icke-diabetiker, 166 typ 1- och 137 typ 2 diabetiker). Vi jämförde en kombination av 
ankel-, tåtryck och index med att enbart mäta ankel-brachial index (ABI) och vi fann då 
en större andel patienter med nedsatt cirkulation i benen (24 och 31 % vs. 9 och 11 % 
vid typ 1- resp. typ 2-diabetes). Onormalt låga tåblodtryck och tå-brachial index (TBI) 
var vanligare än låga ankelblodtryck och ankel-brachial index hos patienter med 
diabetes. Tåblodtryck ensamt eller i kombination med ankelblodtryck ökar möjligheten 
att hitta patienter med tidig BAS.  

Normalt varierar blodtrycket både i kroppen och i benen, vilket gör att man kan 
uppmäta olika ankel- eller tåblodtryck vid olika tillfällen. Att använda sig av 
blodtrycksindex i stället för absoluta blodtryck anses minska denna variation. Vi hittade 
ingen tydlig skillnad mellan index och absoluta tryck men eftersom vi fann ett samband 
mellan förändringen i system- och tåblodtryck över tid talar det ändå för att användning 
av blodtrycksindex skulle kunna minska variationen mellan olika mättillfällen. 

Trots fördelarna med mätning av tåblodtryck lämpar sig inte denna metod för alla. 
Hos personer med en tjock eller kort tåbas, sår eller amputation av stortån kan det 
ibland vara svårt att använda en tåtrycksmanchett. I det andra delarbetet fann vi att dig 
II kan användas för mätning av tåtryck.  

En annan metod som inte påverkas nämnvärt av mediaskleros är hydrostatisk 
blodtrycksmätning, den s.k. pole-test eller ”pole-pox”metoden, där patientens ben lyfts 
till dess att cirkulationen i foten upphör och pulsen inte längre kan registreras med en 
doppler penna eller pulsoximeter. Ju högre blodtryck i benet desto högre kan patientens 
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ben lyftas innan pulsen försvinner. Blodtrycket i tårna kan då beräknas med en formel. I 
andra delarbetet jämförde vi pole-test metoden med ankel- och tåblodtryck uppmätta 
med blodtrycksmanschett hos patienter med diabetes och känd BAS och fann då att de 
båda metoderna överensstämde väl och att pole-test metoden därför kan användas hos 
patienter med diabetes och känd BAS.   

Hög ålder, rökning, diabetes, höga blodfetter och högt blodtryck är välkända 
riskfaktorer för att utveckla BAS . Även störningar i kroppens förmåga att lösa upp 
blodproppar (fibrinolys) och ökad inflammation skulle kunna öka risken att utveckla 
BAS. I tredje delarbetet undersökte vi om aktiviteten i fibrinolyssystemet var kopplad till 
förekomst av BAS. Vi fann att fibrinolysaktivteten var ökad hos patienter med typ 2-
diabetes och BAS jämfört med de som inte hade BAS. Detta trots att patienter med typ 2-
diabetes som grupp betraktat hade en nedsatt blodproppslösande förmåga.  

I fjärde delarbetet studerade vi faktorer av betydelse för utveckling och försämring 
av BAS och fann att ålder och blodsockerkontroll är de viktigaste riskfaktorerna för 
utveckling eller försämring av tidig, symptomfri BAS bland patienter med typ 2 diabetes. 

Sammanfattningsvis hittar man fler patienter med nedsatt cirkulation i benen 
genom att mäta tåblodtryck och detta gäller framförallt hos patienter med diabetes. Hos 
de patienter där stortån inte kan användas för att mäta tåtryck kan man istället använda 
dig II. Trots att blodtrycksindex teoretiskt borde minska variationen i mätningar mellan 
olika mättillfällen fann vi ingen skillnad mellan att använda index och absoluta tryck i 
vår studie. Den s.k. pole-test metoden är en alternativ metod att undersöka BAS hos 
patienter med diabetes och känd BAS. En ökad aktivitet i kroppens blodproppslösande 
system kan vara ett tidigt tecken på nedsatt cirkulation i benen hos patienter med typ 2 
diabetes men ålder och blodsockerkontroll är de viktigaste riskfaktorerna för utveckling 
eller försämring av tidig, symptomfri BAS. 
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ABBREVIATIONS  

 

ABI= Ankle brachial index 
ABP = Ankle blood pressure 
ATA= Anterior tibial artery 
ATP=Posterior tibial artery 
CHD=coronary heart disease  
CLI= Critical leg ischemia 
CVD= Cardiovascular disease 
IC= Intermittent claudication 
LEAD=Lower extremity arterial disease 
ND=Non-diabetic subjects 
PAI-1=plasminogen activator inhibitor-1  
PTA = Percutaneous transluminal angioplasty 
T1D=Type 1 diabetic patients 
T2D=Type 2 diabetic patients 
TBI= Toe brachial index 
TBP = Toe blood pressure 
tPA=tissue plasminogen activator  
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INTRODUCTION 

Lower extremity arterial disease (LEAD) 

LEAD is often one of the first signs of a generalized atherosclerotic disease and is 
characterized by reduced blood pressure in the lower extremities [1]. Coronary heart 
disease (CHD), cerebrovascular disease (CVD) and lower extremity arterial disease 
(LEAD) are all manifestations of atherosclerosis and patients with intermittent 
claudication (IC) or critical leg ischemia (CLI) often have other atherosclerotic 
manifestations as well [2-5].  

LEAD is common, but the prevalence varies between studies due to differences in 
classification of LEAD and clinical characteristics of the populations studied. In large 
population-based studies LEAD is present in 3-10% of adults and the prevalence 
increases to 15- 20% in subjects older than 70 years [6-8]. Due to a growing elderly 
population, an increase in the prevalence of diabetes but also as a result of better 
diagnostic methods and an overall improved awareness, the number of patients 
diagnosed with LEAD is expected to rise [9].  

LEAD is a significant socio-economic burden to society and a severe impairment to 
quality of life in patients affected. Health care costs in Sweden due to this condition have 
been estimated to around 1 billion Swedish crowns (SEK) [10]. A diabetic foot ulcer 
leading to amputation has been estimated to cause direct costs for medical care of about 
300 000 SEK [11] but a marked reduction in the number of major amputations is 
feasible by a multidisciplinary team approach for screening, prevention and treatment of 
diabetic foot problems [12].  
 

Classification and clinical stages of LEAD 

LEAD is a manifestation of atherosclerosis, thrombosis or emboli causing 
obstruction of the large arteries in the lower extremities. LEAD can be either 
asymptomatic or symptomatic. The Fontaine classification (table 1), introduced by Dr 
René Fontaine in 1954, was the first classification of LEAD and is still in use, dividing the 
disease into four clinical stages. Stage 1 includes asymptomatic patients where LEAD is 
verified by objective testing; i.e. absence of foot pulse, reduction of peripheral blood 
pressure, abnormal pulsoxymeter readings, and imaging of reduced arterial blood flow 
or reduced artery lumen area or clinical signs of paraesthesia or cold extremities. In 
stage II symptoms of intermittent claudication (pain, weakness or numbness in the 
muscle group distal to the diseased arterial segment) triggered by exercise evolve. 
Depending on how far a patient is able to walk without experiencing discomfort they are 
further divided into IIa (>200m) and IIb (<200m). In stage III rest pain and poor wound 
healing capability is present and in stage IV patients have critical leg ischemia with 
ulceration and/or gangrene.  
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I Asymptomatic, absence of foot pulse, ABI < 0.9 

IIa Mild intermittent claudication, walking distance >200m 

IIb 
 

Moderate/severe intermittent claudication, walking distance <200m 

III Daily rest pain 

IV Critical leg ischemia with ulceration and/or gangrene. Focal tissue necrosis 

LEAD = Lower extremity arterial disease; ABI = ankle-to-brachial index. 

Table 1. 
The Fontaine Stage Classification of LEAD 
 

LEAD can also be classified into non-critical and critical limb ischemia (CLI). CLI is 
equivalent to Fontaine stage III-IV with ischemic rest pain or ischemic skin lesions, 
either ulcers or gangrene. CLI is only used in chronic disease (>2 weeks of symptoms), 
and is not applied to acute ischemia [13].  
 

Natural course of LEAD 

Since most patients with known LEAD receive prevention or active treatment, the 
natural course of LEAD is difficult to study [13]. It is assumed that LEAD progresses from 
asymptomatic to claudication and from claudication to critical ischemia (CLI), but as 
many as 1/3 of the patients with CLI have had no symptoms prior to diagnosis of CLI 
and especially in patients with diabetes a foot ulcer may be the first sign of advanced 
LEAD [14]. The prognosis is correlated to the severity of LEAD, defined by walking 
distance before onset of claudication and by physical findings.  Patients with ischemic 
ulcers or rest pain and diabetes or persistent smoking have the worst prognosis [15]. In 
a study by Leng et al only 10% of patients with asymptomatic LEAD progressed to 
claudication or CLI over a 5-year period [16]. 25% of patients with intermittent 
claudication had a worsening of symptoms and 4-7% required active treatment, i.e. 
revascularization or amputation [16]. For patients with CLI the prognosis is poor. At 6 
months of follow-up 35 % were leg-amputated and 20% had died [17].  Smoking 
cessation is by far the most effective action to avoid an amputation since almost none of 
the patients that ceased smoking, but > 10% of those who continued were amputated. 
Not surprisingly, most amputations occur in the high risk group, but even so, nearly 70% 
remained stable or improved and altogether only 15% needed an amputation [18-20].  

But, mortality rates, both overall and cardiovascular, are high in patients with 
LEAD. Interestingly, patients with asymptomatic LEAD have a similar increase in 
cardiovascular risk as those with intermittent claudication [21, 22]. The 15-year survival 
is low, 22 % as compared to 78 % in age-matched control subjects [17, 23]. Compared to 
patients with CHD or CVD those with LEAD had a similar incidence of myocardial 
infarction or stroke, but a higher incidence of critical limb ischemia, amputation and 
death [20].  
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Asymptomatic LEAD 

The relation between asymptomatic and symptomatic LEAD is approx 4:1 [13]. 
The prevalence of early, asymptomatic LEAD, defined as an ABI<0.9, varies between 9-
25% in different studies [8, 24, 25] with the highest prevalence in the elderly [13, 24, 26, 
27]. In other studies of subjects aged 44-74 and 18-83 years, respectively, the 
prevalence was lower, approx 9% [6, 7, 25]. Since asymptomatic LEAD is based on the 
absence of subjective symptoms it is not necessarily related to the severity of 
atherosclerotic process but to the patient’s degree of activity.  

 

Symptomatic LEAD (Intermittent claudication) 

Pain, numbness or muscle cramps precipitated by exercise and resolved after rest, 
i.e. intermittent claudication, are the most common symptom of LEAD. Symptoms are 
often localized to the calf, but may also affect the thigh, buttocks or foot [13]. Since 
oxygen demand at rest remains relatively low even pronounced atherosclerotic changes 
give little symptoms until oxygen demand increases due to exercise [28, 29].  

The prevalence of symptomatic LEAD varies between 2-7% in different studies [7, 
8, 24, 25, 30]. Pasternak et al reported that the prevalence of intermittent claudication 
was 1% in the age-group 40-59 years, 4% in 60-69 years and 10% in those older than 80 
years, thus showing an increase in prevalence with age [31]. A recent Swedish 
epidemiological study have shown an overall prevalence of symptomatic LEAD of 1.5% 
in subjects 50-59 years, 3.2% in subjects 60-69 years, 7.1% in subjects 70-79 years and 
14.3% in subjects 80-90 years (fig 1) [32]. 

There are several reasons for the differences in prevalence between studies. Apart 
from differences in clinical characteristics between the populations studied, i.e. age, 
occupation, ethnicity and co-morbidities, different ways of diagnosing intermittent 
claudication have been used. Many studies have used questionnaires [6, 8, 13], a method 
that may be too insensitive  since as many as 87% of patients with intermittent 
claudication have been reported to have atypical claudication [33]. A surprising finding 
in population-based studies is that between 10-50% of patients with intermittent 
claudication never have consulted a doctor for their symptoms [13, 34]. 

 

Critical leg ischemia  

Severe LEAD and critical leg ischemia is associated with rest pain or ulceration and 
occurs when ABI is <0.4 or the absolute ankle blood pressure is below 50-70 mmHg or 
toe pressure below 30-50 mmHg [13]. The term “critical limb ischemia” is used for all 
patients with chronic ischemic rest pain, ulcers, or gangrene attributable to objectively 
proven LEAD [35]. Without any intervention 40% will have an amputation [13]. Similar 
to other forms of LEAD the prevalence of critical leg ischemia increases with age. In a 
large Norwegian population-based study the prevalence among subjects aged 40-69 
years was approx 0.2% [36].  
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Fig. 1. 
Prevalence of different stages of LEAD at different ages in a Swedish population-based 
cohort. 
 

Pathophysiology of LEAD 

Atherosclerosis is characterized by plaque formation with an accumulation of 
macrophages (white blood cells) containing phagocyted low density lipoproteins (LDL) 
[37], impaired vascular endothelial function [38], aggregation of thrombocytes and 
disturbances in the local fibrinolytic system [39-41].  

Circulating inflammatory cytokines such as TNF-α, IL-6, CRP stimulate the 
expression of endothelium adhesion molecules (ICAM-1, VCAM-1 and E-selectin) that 
promote the migration of macrophages into the sub-endothelium and endothelial intima 
[42]. These macrophages accumulate lipoproteins via their scavenger receptors and 
transform into “foam cells”. Endothelial foam cells are found in advanced stages of LEAD 
[43, 44]. Endothelial dysfunction is present at all stages of the atherosclerotic process. 
Normally, endothelial cells release several vasoactive substances including nitric oxide, 
prostacyclins and tissue plasminogen activator (tPA) [45] but in a atherosclerotic vessel 
oxygen radicals inactivate nitric oxide and inhibit prostanoid synthesis and thus acting 
as vasoconstrictors. Increased production of endothelin-1, angiotensin II, plasminogen 
activator inhibitor-1 (PAI-1) and von Willebrand factor, promotes thrombosis formation 
[46-48].  
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Initially fatty streaks evolve and, with time, an atherosclerotic plaque is formed 
and protrudes into the vascular lumen obstructing the blood flow. In the centre of the 
atherosclerotic plaque dead macrophages accumulate extracellular lipids. Covering this 
lipid formation is a fibrous cap with an outer layer of a thin endothelial membrane. 
Degenerative processes in combination with changes in “shear stress” may eventually 
make the plaque rupture thereby exposing the central lipid store. Without the protective 
endothelium, clot formation is promoted and a thrombus is formed [49, 50].  
 

Patients with diabetes 

           In many chronic diseases, such as diabetes, obesity, renal failure, and smoking, 
various growth factors and inflammatory cytokines (IL-6, IL-1, IL-8, TNF-alpha and CRP) 
are released. These factors are related to an increased risk of plaque formation and 
rupture [51]. Hyperglycemia interferes with the endothelial production of nitric oxide 
(NO).  NO stimulates vasodilatation, limits inflammation and platelet activation, inhibits 
vascular smooth muscle cell migration/proliferation and  PAI-1 production, thus the loss 
of normal NO homeostasis may be important in inducing atherosclerosis and LEAD [52]. 
Fibrinolysis is reduced in type 2 diabetes [53] and hyperglycemia also increases the 
production of vasoconstricting substances, especially endothelin [54]. The atherogenesis 
of the intima (innermost part of the arterial wall), is similar to the atherosclerosis found 
in non-diabetic subjects but tend to develop at an earlier age and the course is often 
more aggressive with more distal and wide-spread lesions which may be more difficult 
to circumvent with by surgical means [52, 55]. 
 

Mediasclerosis 

Mediasclerosis or Mönckeberg sclerosis is often found in patients with diabetes. 
This is a calcification of the tunica media layer of the arterial wall [56]. It commonly 
affects medium size muscular arteries and has been described in femoral, tibial, radial, 
coronary, cerebral, and visceral arteries [57].  

Isolated mediasclerosis does not cause narrowing of the blood vessel [58] and the 
disease is usually asymptomatic [59]. Although mediasclerosis in itself seldom causes 
occlusion it complicates the diagnosis of LEAD since it causes the arteries to stiffen and 
they then gradually become more incompressible making ankle blood pressure 
measurements unreliable in patients with diabetes since a high proportion have stiff 
ankle arteries and thus may display a too high ABI [60].  
 

Diagnostic methods 

Diagnostic methods can be divided into clinical examination, non-invasive blood 
pressure measurements, imaging or functional diagnostic methods, microcirculation 
assessment, and exercise tolerance tests (see table 2).  
 
Patient history/questionnaires 

Patient questionnaires used in screening for LEAD are often highly specific but 
only moderately sensitive, since asymptomatic LEAD is more common than 
symptomatic in the general population and thus, the ability to identify patients at risk of 
LEAD is poor. The most commonly used questionnaires are the WHO questionnaires and 
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the Edinburgh Claudication Questionnaire, an improved version of the WHO/Rose 
Questionnaire for use in epidemiological surveys [61].  

 
Clinical examination 

Clinical signs of LEAD are cold feet, decreased hair growth, hypertrophied/slow-
growing nails, muscle/skin atrophy, absence of foot pulse and poor wound healing 
capacity. The TASC guidelines recommend that patients at risk for LEAD or patients with 
reduced limb function should have a vascular examination evaluating peripheral pulses 
and those patients with a history or examination suggestive of LEAD should proceed to 
objective testing including an ankle-to-brachial index (ABI) to confirm diagnosis [13]. 
Palpation of peripheral pulse is easily done and requires no extra equipment, but the 
examination is skill-dependent and studies have shown that even with 2 detectable foot 
pulses, the peripheral blood pressure can be reduced in ~10% of patients with diabetes 
[62, 63]. In addition, congenital absence of the dorsalis pedis pulse is found in 4-12% in 
the general population [63]. 
 
Non-invasive blood pressure measurements 

Blood pressure can be measured at different levels but ankle- and toe blood 
pressure measurements are most commonly used to confirm the diagnosis of LEAD.  
 
Ankle blood pressure 

Ankle-to-brachial blood pressure index (ABI) is used as an objective measure of 
lower extremity arterial perfusion. ABI is considered to be the “gold-standard” for non-
invasive detection  of LEAD [64]. ABI is painless, highly reproducible, and cost-efficient 
and provides strong evidence of systemic atherosclerosis and increased risk for 
myocardial infarction, stroke or cardiovascular death [2-4, 65]. Most epidemiological 
studies have used an ABI <0.9 to define LEAD [6-8, 21, 34, 63, 66-70]. This method is 
approx 95% sensitive in detecting arteriogram-positive LEAD and almost 100% specific 
in identifying LEAD in healthy subjects [13, 71]. 

Ankle blood pressure measurements both at rest and after exercise (walking speed 
until symptoms occur) may detect patients with high demands of functionality who have 
symptoms of claudication without having a ABI<0.9 at rest [24]. A decrease in ABI of 15–
20% after exercise is diagnostic for LEAD [13]. 

The variability and reproducibility of ankle blood pressure measurements are 
observer-dependent. It has been shown that up to 30% of measurements performed by 
inexperienced observers lie outside the accepted range of variability (15%) for ABI 
measurements [72, 73]. Kaiser et al reported that the inter-observer variability among 
clinicians was 12%, but could be improved by training [74]. ABI is also affected by 
gender, choice of artery (tibialis ant/post) and choice of extremity (left/right) such that 
male gender, tibialis posterior and right leg giving slightly higher blood pressure 
readings [75].   

Calcification of the media layer in the arterial vessel, i.e. mediasclerosis, with 
resulting non-compressible arteries should be suspected in subjects with abnormally 
and falsely elevated ankle blood pressure readings. The definition of incompressible 
arteries varies somewhat but is often defined as a systolic BT ≥250 mmHg or an ankle-
to-brachial blood pressure index (ABI) >1.3 or 1.4 [35, 76]. Thus a person with manifest 
mediasclerosis may have an elevated or normal ankle blood pressure or ABI 
measurement but in fact have impairment of peripheral circulation. Patients with 
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diabetes and/or renal failure or heavy smokers have the highest risk of developing 
mediasclerosis [77, 78]. As mentioned previously, resting ABI may be insensitive for 
mild LEAD [79] and in order to enhance ABI sensitivity treadmill tests (6 minute) are 
sometimes used [80], but this test is more cumbersome for the patient and unsuitable 
for obese patients or patients having difficulty maintaining walking speed due to other 
medical reasons, i.e. arthrosis.   

 
Toe blood pressure 

Toe blood pressure measurements are done in a similar manner as ankle blood 
pressure measurements. A smaller cuff suited for the toe circumference is used in 
combination with a pulse oximetry probe for pulse detection as shown in figure 2.  The 
recommended blood pressure cuff-dimension has been evaluated in a recent study and 
found to be 2,5x13 cm [81]. Toe blood pressure readings probably better reflect the 
peripheral circulation in the lower extremities as they are less affected by 
mediasclerosis [57, 78]. The toe blood pressure is normally approx 30 mmHg less than 
the ankle blood pressure and a toe-to-brachial blood pressure (TBI< 0.7) indicates 
LEAD. The main limitation of the method is inability to fasten the toe cuff due to a short 
and wide toe or lesions on the great toe.  
 

 
 
Fig. 2.  
Toe blood pressure measurement using a small blood pressure cuff and pulse oximetry 
for pulse detection.  
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Absolute blood pressures vs. blood pressure indices 
Usually, the arterial blood pressure is slightly higher in the legs than in the arms 

[82].  A stenotic lesion causes a decrease in blood pressure distal to the lesion and will 
thus decrease the index between the systemic and the peripheral blood pressure. An 
ankle-to-brachial blood pressure index (ABI) <0.9 [70] or a toe-to-brachial blood 
pressure index (TBI) <0.7 [83] indicates a significantly reduced blood pressure in the 
lower extremities.  

A single absolute peripheral blood pressure is of relatively small clinical use, 
instead the comparison between the systemic and the peripheral blood pressure is of 
importance.  
 
Microcirculatory assessments 

Tissue microcirculation can be assessed by different non-invasive methods, such as 
capillaroscopy, laser Doppler (LD) fluxmetry and transcutaneous measurement of 
oxygen tension (tcPO2) [84, 85]. Studies have shown that these methods can be used to 
assess tissue viability and be prognostic of wound-healing (Ubbink 1999, Wahlberg 
1993). Currently, these methods are used in research settings and not in clinical practice 
[10].   

 
Angiography 

Angiographic imaging is commonly considered as the “gold-standard”, especially 
prior to invasive therapy. A catheter is placed proximal to the suspected occlusion. A 
contrast agent is injected and the vessels are then visualized by different x-ray 
techniques (conventional x-ray, magnetic resonance imaging or processing computed 
tomography information). The extent of vessel occlusion is graded by comparing the 
affected vessel to adjacent non-occluded vessels. A reduced intraluminal area of 50% is 
considered as significant.  

The invasiveness, relatively high cost, the required iodine -contrast which can 
induce contrast-nephropathy (especially in the elderly or diabetic patients with renal 
impairment),  bleeding in conjunction to arterial puncture and vessel occlusion after 
localized injuries of the catheter on the vessel wall are the limitations with this 
technique. Adverse events coupled to angiography are found in approx 3% of 
investigations performed [86, 87].    
 
Duplex Doppler  

Duplex-Doppler is a non-invasive technique to visualize and calculate flow 
velocities in blood vessels. The narrowing of the artery will produce an increased flow-
velocity making it possible to grade the degree of occlusion. A significant arterial 
stenosis increases the flow velocity 2-2.5-fold. This technique is skill-dependent with 
acceptable reproducibility in the hands of experienced technicians [88].  The role of 
duplex-Doppler has expanded as a diagnostic and preoperative method in favor of 
angiographic investigations [89].  
 
Stress tests 

Some patients with poor wound healing, exercise related pains or even rest pains 
may have a normal ABI at rest. Stein et al. showed that 1 in 3 patients with symptoms of 
LEAD but normal ABI at rest had a post-exercise ABI<0.9 [79].  Subsequently, in patients 
with atypical symptoms or a normal ABI with typical symptoms of claudication, 
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functional testing with a graded treadmill may help to diagnose LEAD [79]. Patients with 
claudication will typically exhibit a 20-mmHg drop in ankle pressure after exercise. 
Treadmill testing may also be used to evaluate efficacy of different treatments and 
assess physical function [79]. 
 

Method Cost Invasiveness 

Reliability 

General 
population 

Patients with 
diabetes 

History/ questionnaires Low No Low-Medium Low 

Clinical examination 
with pulse palpation 

Low No Medium Medium 

Ankle blood pressure 
index (ABI) 

Low No High Medium 

Toe blood pressure 
index (TBI) 

Low No High High 

Microcirculatory 
measurement 

Medium No Medium Medium 

Angiography High Yes High High 

Duplex Doppler High No High High 

Stress tests Medium No Medium-High Medium-High 

 
Table 2.  
Pros and cons of different diagnostic techniques in LEAD. 
 

Risk markers and risk factors for LEAD  

Information on risk markers and risk factors emerge from epidemiologic and 
clinical experimental studies of potential mechanisms. In epidemiological studies risk 
markers are identified as statistical associations between an outcome such as LEAD and 
a given variable such as smoking, blood pressure, age etc. If a risk marker can be linked 
to a potential mechanism involved in disease development or if altering the factor 
(intervention) influences the development or course of LEAD it is defined as a risk 
factor.  

Risk factors for LEAD are similar to those for other manifestations of 
atherosclerosis, i.e. coronary heart disease (CHD) and stroke, but differences in impact 
can be detected as shown in fig. 3. For instance, smoking is a relatively stronger risk 
factor for LEAD as compared to CHD [13, 90, 91] and, in contrast, hypertension a 
relatively stronger predictor for CHD than for LEAD [13, 91]. Several studies have shown 
that hypertension, smoking, diabetes and dyslipidemia are the major risk factors for 
LEAD. A study by Selvin et al showed that 95% of individuals with LEAD (ABI <0.9) had 
at least one, and 70 % at least two, of these risk factors [92].    
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Modifiable risk factors 

Diabetes 
30-40% of all patients with LEAD have diabetes  and diabetes increases the risk of 

developing symptomatic LEAD 2-4-fold [93]. Glycemic control is of importance and in 
the UKPDS an increase in HbA1c by 1% increased the risk of LEAD by 28% [94]. No 
differences in risk factor pattern for LEAD were found between type 1- and type 2 
diabetic subjects [95]. In Sweden, approx half of the amputations performed on the 
lower extremities are done in people with diabetes [96, 97].  
 
Smoking 

Smoking is the single most important modifiable risk factor for the development of 
LEAD [52] and several studies have shown that smoking is a strong risk factor for LEAD 
[24, 98-100]. Smokers present with LEAD at an earlier age compared to non- smokers 
and the severity of LEAD is related to the amount of cigarettes consumed [99, 101]. 
Heavy smokers have a 4-8-fold risk of developing symptomatic LEAD as compared to 
non-smokers [13]. Smoking increases the risk of atherosclerosis but is 2-3 times more 
likely to cause LEAD than CHD [13, 90, 91].  
 
Hypertension  

Hypertension is associated with a 2-3-fold increased risk of developing LEAD but 
the association is not as strong as for the development of CHD [13]. LEAD and 
hypertension often coincide and 50-80% of patients with LEAD have hypertension [102, 
103]. Numerous studies show an association between hypertension and LEAD even 
when adjusting for age, smoking and diabetes [21, 104].  

Elevated systemic systolic blood pressure in patients with LEAD is often due to 
increased arterial stiffness [105, 106]. In addition, Esteban at al showed that 15% of 
patients with severe LEAD also had a renal artery stenosis of > 60% but there was no 
difference in prevalence of hypertension between those with or without renal artery 
stenosis [107].  
 
Hyperlipidemia 
Several studies have confirmed the relationship between dyslipidemia and LEAD. 
Increased triglycerides, LDL-cholesterol, total cholesterol and decreased HDL-
cholesterol contribute to the development of LEAD [108-110]. The risk of developing 
LEAD is increases by approx 5-10% for each 10 mg/dL (0.3 mmol/L) rise in total 
cholesterol [75] and in the Framingham study, a fasting cholesterol level > 7 mmol/L was 
associated with a doubling of the incidence of IC [104]. Patients with IC generally have 
higher levels of total and LDL-cholesterol and lower levels of HDL-cholesterol compared 
to those without LEAD [109, 111, 112]. But, total cholesterol levels are often only 
marginally elevated. The lipoprotein profile in patients with LEAD is characterized by 
more prominent elevations in triglycerides and decreased levels of HDL-cholesterol 
[113, 114]. In addition, studies have suggested that in patients with CHD dietary and 
pharmacological normalization of LDL-cholesterol can slow the progression of femoral 
arterial atherosclerosis and reduce symptomatic claudication [112, 115, 116]. 
Dyslipidemia is also associated with hypercoagulability and increased platelet activity 
[117]. 
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Impaired fibrinolysis  
Impaired fibrinolysis has been described as a risk marker or risk factor for LEAD 

[118-121] and both tPA and PAI-1 mass levels have been suggested as indicators of 
vascular damage [120, 122, 123]. In addition, studies have indicated an association 
between the presence or development LEAD and an impaired fibrinolytic potential [119, 
124-128]. An increase in tPA mass level and a decrease in tPA-activity have been 
correlated to increased severity of LEAD [119] and low levels of tPA-mass at baseline 
have been correlated with the development of LEAD [126]. The relationship between 
fibrinolytic factors and LEAD is influenced by other risk factors [122] and after 
adjustment for other risk factors and risk markers, i.e age, tPA-PAI-1 complex, and 
fibrinogen, no independent association was found between fibrinolytic factors and LEAD 
by Maser et al [127].  

In addition to being a risk marker of vascular damage, altered or impaired 
fibrinolysis has also been suggested to contribute to the progression of atherosclerotic 
lesions [129] and it has also been shown that elevated fibrinogen levels in high risk 
patients with LEAD indicate an increased risk for poor outcome, particularly for fatal 
cardiovascular complications [54]. 
 
Inflammation  

Circulating inflammatory markers (IL-6, CRP and fibrinogen) correlate to risk of 
cardiovascular events [130]. Plasma levels of inflammatory markers, such as CRP, are 
higher in patients with LEAD than in healthy control subjects and CRP seems to be a 
strong predictor for future development of LEAD [131]. Ridker et al. showed that CRP 
was elevated in subjects who later developed LEAD. The risk of developing LEAD  in the 
highest quartile of baseline CRP was more than twice that in the lowest quartile [131]. 
Interestingly, studies have shown that inflammatory markers (CRP, fibrinogen, white 
blood cell count) increase during exercise related pain [132].  

In addition, elevated plasma levels of fibrinogen may predict the future risk of 
death and myocardial infarction in patients with stable LEAD [133]  and the severity of 
LEAD has been shown to increase with the level of fibrinogen [134].  

 

Non-modifiable risk factors  

In younger age-groups LEAD is more common among men [13] but this difference 
is not found in older subjects  as postmenopausal women seem to be at equal risk 
compared to men [135]. 

Age is a well established and independent risk factor for LEAD (as previously 
mentioned).  

Several studies have assessed the impact of ethnicity on the development of LEAD 
[67, 136, 137].  The Cardiovascular Health Study (CHS) showed that African-Americans 
have a higher risk for LEAD compared to whites even after adjusting for several other 
risk factors such as age, diabetes, current smoking, pack-years of smoking, hypertension, 
total cholesterol, HDL-cholesterol, creatinine, BMI, and forced vital capacity [138]. Other 
studies have found similar results [67, 139]. In contrast other studies have not found 
ethnic differences in development of LEAD [136, 140]. 

It is of interest to note that Aboyans et al found ethnic and gender-related 
differences in ABI also in healthy subjects and concluded that such differences, although 
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small in magnitude, are highly significant and can influence population estimates of 
LEAD [141]. 
  

Screening, prevention and clinical management of LEAD 

Screening 
Studies have shown that while patients are often asked concerning cardiac 

symptoms many physicians neglect asking for LEAD-related symptoms [142].  
The Trans-Atlantic Inter-Society Consensus Document on Management of 

Peripheral Arterial Disease (TASC)[13], recommends screening in patients who have 
exercise-related leg symptoms, in patients between the age of 50–69 with 
cardiovascular risk factors (particularly diabetes or smoking), in patients aged ≥70 
years regardless of risk factor profile and in patients with a Framingham risk score 
>10%–20%. The Framingham risk score [143] is based on age, blood lipids, blood 
pressure, and presence of smoking or diabetes.  

The American diabetes association (ADA) [144] recommends routine screening of 
LEAD in all patients with diabetes >50 years of age. Diabetes and atherosclerosis 
(including LEAD, CHD and stroke) share a similar risk factor profile and subsequently 
clinical guidelines for prevention are almost identical.  

Screening in the general population is not recommended as studies show that 95% 
of individuals with LEAD (defined by an ABI <0.9) will have at least one, and 70 % will 
have at least two, of the following classical risk markers for LEAD; hypertension, 
smoking, diabetes and dyslipidemia [92] and thus already be eligible for prevention.    

 
 

Prevention 
Prevention and risk factor modification includes smoking cessation, optimizing 

blood glucose and lipid levels, and treatment of hypertension, but the National Diabetes 
Register (NDR) in Sweden have shown that only about 50% of patients with diabetes 
reach target levels of HbA1c or recommended lipid levels and even less (38%) have a 
blood pressure <130/80mmHg [145].  

 
 

Clinical management 
In patients with diabetes and LEAD, the aim is to aggressively modify 

cardiovascular risk factors, relieve symptoms of intermittent claudication, improve 
function, and to treat and prevent foot ulcers and thus reduce the risk of critical 
ischemia and tissue loss, however, studies have shown that <50% of patients with 
diabetes and LEAD in the United States receive treatments according to accepted and 
published guidelines [146].  

Dedicated “diabetic multidisciplinary foot-teams” involving a diabetologist, a 
infectious disease specialist, a vascular surgeon, an orthopaedic surgeon, a podiatrist 
and a nurse specialized in foot care have reduced the number of amputations [147] . The 
indications for revascularization are disabling claudication or critical limb ischemia  
(rest pain or tissue loss) refractive to conservative therapy [52]. 

For asymptomatic LEAD there is no treatment recommendation beyond the 
preventive measures mentioned above. Exercise have been shown to be beneficial 
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among patients with intermittent claudication but regular training for at least three 
month are needed to achieve significant results [148-150].  
 

RESEARCH QUESTIONS AND SPECIFIC AIMS  

 
LEAD is common and prevalence is expected to rise further in the future. Patients 

with diabetes are more prone to develop LEAD and the clinical consequences of LEAD in 
patients with diabetes are especially severe. In Sweden, half of the lower extremity 
amputations carried out annually is made on patients with diabetes. Not only does LEAD 
contribute to severe foot complications but it also reflects the state of generalized 
atherosclerosis serving as a potential risk marker for cardiovascular and 
cerebrovascular disease. At the base of all scientific research as well as for improvement 
and validation of clinical management lies our ability to detect, measure and quantify 
LEAD disease in all its manifestations.   

The aim of the present thesis was to evaluate non-invasive diagnostic methods for 
detection of early lower extremity arterial disease (LEAD) among diabetic patients and 
to assess novel, potential risk markers for development or worsening of LEAD.  
 
Specific aims 
1: To evaluate if the use of toe blood pressure (TBP) compared to the use of ankle blood 
pressure (ABP) improve sensitivity in finding lower extremity arterial disease in 
diabetic patients, and whether TBP should be included in the clinical screening for LEAD 
(study I). 
 
2: To compare the reproducibility of absolute blood pressure measurements and blood 
pressure indices taken in the lower extremities among non-diabetic and diabetic 
patients without previously known LEAD (study II).  
 
3: To compare the sensitivity of using pulse palpation vs. peripheral blood pressure 
readings to detect people with early asymptomatic LEAD (study I). 
 
4: To evaluate the pole-test method in patients with diabetes and previously known 
LEAD (study II). 
 
5: To assess the concordance between toe blood pressure measurements at the great toe 
and dig II, and to study how change in systemic blood pressure over time correlate to 
change in toe blood pressure (study II). 
 
6: To assess the relationship between asymptomatic impairment of peripheral 
circulation in the lower extremities, i.e. signs of early, asymptomatic LEAD, and markers 
of fibrinolysis (study III). 
 
7: To study the relationship between development and progression of impairment of 
peripheral circulation in the lower extremities (LEAD) over time and clinical, metabolic 
and inflammatory characteristics at baseline (study IV). 
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METHODS 

Study cohorts  

Study I: 437 subjects (134 ND, 166 T1D, and 137 T2D) without previously known 
LEAD were recruited in Umeå and Gothenburg. Inclusion of subjects began in 1997and 
ended in 1999 and participants were scheduled for regular visits every 2 years for a 
total of 10 years. Inclusion criteria were age between 30-70 years and no previously 
known or suspected LEAD.  Eligible patients with T1D or T2D were consecutively asked 
by their ordinary physician whether they wished to participate. All patients gave a 
positive response. Non-diabetic subjects were recruited among hospital staff and by 
advertisements in local newspapers. 
 

Study IIa: The reproducibility between indices and absolute blood pressure and 
concordance between the great toe and dig II was studied in 25 subjects; 13 healthy, 
non-diabetic subjects and 12 patients with diabetes (10 with T2D and 2 with T1D). 
Inclusion criteria and inclusion procedures were identical to study I.  

Study IIb: The pole-test was evaluated in 11 patients with diabetes and previously 
diagnosed LEAD (8 T2D and 3 T1D) were recruited from the “foot clinic” at the 
outpatient clinic, Diabetes Unit at Umeå University Hospital. 

Study III: Only participants recruited from Umeå were included (74 T1D, 69 T2D 
and 80 ND). 

Study IV: Subjects included in study III were re-examined after approx 6 years of 
follow-up, 179 subjects (57 type 1-, 55 type 2- and 67 non-diabetic subjects) were 
included.  
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Fig. 3. 
Schematic illustration of study cohorts in studies I-IV. 
 

Blood pressure measurements (study I- IV) 

Blood pressures were measured in the supine position after a five minutes rest. 
Systolic and diastolic (Korotkoff phase V) blood pressures were assessed in the right 
arm. Systolic ankle blood pressures (ABP) were assessed with a cuff placed just above 
the ankle. Thereafter a Doppler pen (Hadeco MiniDoppler ES-100X and a 5 MHz probe; 
Arima, Miyamae-Ku, Kawasaki-Shi, Japan) was used to detect the dorsalis pedis/tibialis 
anterior (ATA) and the tibialis posterior arteries (ATP), respectively. 

To  determine toe blood pressure (TBP) a 2.5 x 13 cm blood pressure cuff  was put 
on the proximal part of the toe and a sensor of a pulse oximeter (Biox 3700™, BOC 
Ohmeda, Helsingborg, Sweden) was placed on the tip of the great toe.  Before measuring 
toe blood pressures, the skin temperature was assessed. The cuff was connected to a 
Tycos™ sphygmomanometer (Levimed AB, Höganäs, Sweden). When an appropriate 
pulse signal was obtained with the pulse oximeter, the cuff was inflated until the pulse 
signal had completely disappeared. Then, the cuff pressure was gradually released and it 
was continuously monitored. When the regular pulse signal reappeared, a pressure 
reading was performed to the nearest 2 mmHg, and this was considered to represent the 
systolic toe blood pressure. If the temperature was below 27.0°C, the feet were gently 
warmed with a heating pad. 
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At all the locations, e.g. arm, ankle and toe, the mean of two blood pressure 
readings was calculated. Indices were obtained by dividing each pressure by the 
systemic systolic blood pressure in the right arm.  

Repeated measurements of ankle blood pressure (ABP), ankle-to-brachial index 
(ABI), toe blood pressure (TBP) and toe blood pressure index (TBI) have shown a 
coefficients of variation (CV%) between 4-9%[151].  

Reduced peripheral blood pressure, i.e. signs of LEAD, was defined as at least one 
ankle (ABP) or toe blood pressure (TBP) or one ankle- to-brachial (ABI) or toe-to-
brachial blood pressure index (TBI) below the normal range, defined as ankle <98 
mmHg, toe <79 mmHg or ABI  (ATA) < 0.90, ABI (ATP) <0.95, TBI <0.74 [62].  

 
  
The modified pole-test (the “pole-pox method”) (study II) 

The pole test is a non-invasive method to measure ankle blood pressures without 
interference of mediasclerosis. This method has previously been described in detail by 
Smith et al [152]. In brief, the leg is elevated until the blood pressure at ankle level falls 
to zero and no pulse can be detected with pulse oxymetry, at this point, the gravitational 
pull on the blood column is equal to the systolic blood pressure and the height to which 
the foot is raised can be translated into the systolic arterial blood pressure by using the 
following formula: systolic blood pressure (mmHg) = [(Height (cm)-18)/1.3], 18 being a 
proxy for the distance between the bench and the patient’s heart in cm and 1.3 a 
correction coefficient for the relative density of blood and gravity (fig. 4). This method 
can only be used in patients with an ankle blood pressure <60 mmHg, equivalent to an 
elevation of about 100 cm, since a higher elevation of the leg usually is not feasible due 
to anatomical limitations. In this study measurements were performed in eleven 
patients. However, due to various reasons, i.e. amputation and technical difficulties, 
measurements were unachievable in three legs. In two of the patients measurements 
were done on two separate occasions and both values are used in the analysis. 
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Fig. 4.  
Schematic drawing of the modified pole-test technique 
 
 
Physical foot examination (study I- IV) 

Physical foot examination was performed according to a standardized protocol. 
Foot pulses (a. dorsalis pedis and a. tibialis posterior), vibration perception thresholds 
and plantar reflexes as well as skin color, temperature, hair growth, nails and foot 
deformities were assessed.  

 

Blood and urine chemistry (study I-IV) 

Venous blood samples were collected in the morning between 7.00 and 9.00 am 
after an over-night fast (at least10 h). Plasma was obtained by centrifugation at 2500 g 
for 15 minutes, aliquot, and stored frozen at –80° C until analysis.   

Blood glucose was determined using the HemoCue glucose system (HemoCue AB, 
Ängelholm, Sweden). HbA1c was measured by high-pressure liquid chromatography 
(Integral 4000, BioRad, Anaheim, CA, USA) (normal range 3.6-5.0%). Analyses of 
markers of fibrinolysis were made within one year of sampling in stored, frozen 
samples. Venous blood samples for haemostatic assays were drawn without stasis into 
Biopool stabilyte  tubes. Mass concentrations of PAI-1 and tPA-PAI-1 complex were 
determined by ELISA, Imulyse™ PAI-1 for PAI-1 and sTintElize™ tPA/PAI-1 for tPA-PAI-
1 complex. tPA mass was determined by Imulyse™ t-PA or TintElize™ tPA. Activity of tPA 
and PAI-1 were determined by a bio immunoassay (BIA), Chromolize™ t-PA for tPA and 
Chromolize™ PAI-1 for PAI-1.  All reagent kits were purchased from Biopool AB (Umeå, 
Sweden).  
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Plasma TNF-α and IL-6 levels were determined using highly sensitive commercial 
immunoassay kits (Qantikine HS Human TNF-α Immunoassay and Qantikine HS Human 
IL-6 Immunoassay, R&D Systems Inc., Minneapolis, USA). High sensitive c-reactive 
protein (hs-CRP) was measured by using CRP (Latex) HS Tina-quant  from 
Roche/Hitachi (Roche Diagnostics, Mannheim, Germany). Plasma adiponectin levels 
were determined using a commercial human adiponectin ELISA kit of sandwich type 
(Linco Research, St Charles, Missouri, USA).  

Albumin excretion rate (AER) was measured in a timed overnight urine sample at 
study entry. The urine collection was performed without any changes in ongoing 
medication. Urine albumin concentration was measured with immune turbidimetry 
(Hitachi 911 multianalyser, Boeringer Mannheim Diagnostica, Mannheim, Germany). 

Analyses of serum triglycerides and cholesterol were performed by routine 
methods at the Department of Clinical Chemistry, University Hospital of Umeå. 
 

Statistical analyses  

Statistical analyses were performed using StatView® statistics software (SAS 
Institute Inc.) (study I), SPSS v 10.0.7 (SPSS Inc., Chicago, IL, USA) (study II), SPSS 
v12.0.1 (study II, III and IV).  

Data are presented as mean ± standard deviation or standard error of the mean 
[117] as indicated. The Kolmogorow-Smirnov test was used to assess the normality of 
distribution of data for individual subgroups and for all participants taken together. 
Differences in mean values between groups were analysed using the Student’s two-
tailed t-test for normally distributed data. For variables not normally distributed the 
non-parametric Mann-Whitney U test was used. Differences in proportions were tested 
using Fisher’s exact test.  

In study III and IV univariate logistic regression was used to assess relationships 
between measured variables and presence, development or worsening of LEAD. 
Alterations within individuals over time were assessed using Paired Samples T-Test for 
normally distributed variables and 2 Related Samples Test (Wilcoxon rank test) for 
variables not normally distributed. To assess linear relationships Pearson's Linear 
Correlation Coefficient were used for normally distributed and Spearman's rank 
correlation coefficient for not normally distributed variables. If not otherwise 
specifically stated a p-value less than 0.05 was considered statistically significant. 

 To examine the coefficients of variation (CV) we obtained ABP and TBP with 
corresponding indices on two occasions one week apart. Measurements were made by 
the same investigator in the manner described above. Individual CVs were calculated for 
the right and left leg, respectively and a mean was then computed. The formula used for 
calculating the CV were: CV% =sd/(mean*100), where sd were calculated from [  (x-
m)2/n] and where x-m is the pressure difference between visit 1 and 2 and n is the total 
number of measurements performed at these two occasions 
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SUMMARY OF RESULTS  

 
Paper I  

In this study we evaluated a screening program for lower extremity arterial 
disease (LEAD) in diabetic patients and focused on the value of toe blood pressure 
assessment.  

The proportion of patients with reduced peripheral blood pressures or indices 
below normal (< mean –2 SD for controls) was higher among diabetic patients; (24% of 
T1D and 31% of T2D), as compared to non-diabetic subjects (6%). These subjects were 
mainly identified by using the toe-to-brachial index (TBI). TBI was independently and 
negatively associated with fasting blood glucose in both patient groups, and with 
smoking, age, and diabetes duration in T1D. The mean ABP was higher in the T1D and 
T2D compared to ND, whereas overall TBP, TBI, and ABI were similar in the groups.  

Low TBI was significantly more common than low ABI among diabetic subjects 
(p<0.001), and this was true also for TBP vs. ABP (p<0.05). also In addition, it was 
shown that 8–10% of the lower extremities of diabetic patients but only 1–2% of control 
subjects exhibited a low TP or TI despite normal AP and AI, whereas the opposite, e.g.  a 
low AP or AI combined with a normal TP and TI, was seen in only ~2% in all groups. 
Furthermore, low peripheral pressures or indices in combination with 2 normal foot 
pulses were found in 9–12% of the lower limbs of diabetics compared to 5% among 
controls, and in combination with at least 1 normal pulse in 18–19% vs. 5%.  

Main conclusions: Especially among diabetes patients, LEAD may exist despite two 
palpable foot pulses. It is beneficial to include assessment of toe blood pressure and toe-
to-brachial blood pressure index (TBI) to detect early, asymptomatic LEAD in diabetic 
subjects. Ankle blood pressure and indices alone are less efficient, probably due to 
mediasclerosis in diabetic subjects. Up to 30% of diabetic subjects with no ischemic 
symptoms may have signs of impaired or reduced lower extremity arterial circulation.  
 
Paper II  

No significant difference in reproducibility between absolute blood pressure 
measurements and indices (coefficients of variation (CV %) <9%) was found. A non-
significant improvement with 4-8% in the sensitivity in detecting LEAD was seen when 
blood pressure indices were used instead of absolute blood pressure. Our data showed a 
significant correlation in the variation over time between systemic blood pressure and 
toe blood pressure, (r=0.34, p=0.015). There was a strong concordance between TBP 
measured at toe 1 and 2, respectively (r=0.99, p<0.001). TBP measured with a modified 
pole-test, i.e. the so-called pole-pox method were significantly correlated with 
measurements made by the ordinary cuff technique (r=0.75, p<0.001). 

Main conclusions: The use of toe and ankle blood pressure indices instead of 
absolute blood pressure does not improve the reproducibility but may improve the 
sensitivity to detect LEAD, especially in subjects with diabetes. The pole-pox method 
may be used as an alternative screening method in patients with diabetes and 
previously known LEAD.  

 
Paper III 

In this study we assessed the relationship between early, asymptomatic reduction 
of peripheral circulation in the lower extremities, i.e. signs of early LEAD, and markers of 
fibrinolysis. In univariate logistic regression analyses age, glycemic level (HbA1c), male 
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gender (only in type 1 diabetic subjects), hypertension and tPA activity (only in type 2 
diabetic subjects) were positively associated with LEAD. When markers of fibrinolysis 
were entered into a multivariate model adjusting for age, hypertension, and HbA1c, only 
tPA activity remained independently associated with LEAD (p=0.01) and this was also 
found in type 2 diabetic subjects (p=0.05). In type 1 diabetic subjects the increase in 
odds ratio was non-significant. 

 Main conclusions: Tissue plasminogen activator (tPA) activity may be an 
independent and early marker for asymptomatic lower extremity arterial disease in 
diabetic subjects, particularly in type 2 diabetes. Thus an altered fibrinolytic activity 
could be an early marker of atherosclerosis development in the lower extremities but 
the cause-effect relationship remains unclear. 
 
Paper IV  

31 (17%) subjects developed subclinical LEAD or a progression of previously 
known LEAD during follow-up (8 ND, 12 T1D and 11 T2D subjects). In all subjects taken 
together age (p<0.001), weight (p=0.04), height (p=0.003) and female gender (p=0.04) 
were significantly associated with the development or progression of LEAD (WLEAD). 
Significant or near-significant associations between HbA1c (p=0.01), LDL-cholesterol 
(p=0.06), IL-6 (p=0.02), adiponectin (p=0.03), leptin (p=0.04) and WLEAD were also 
found. When entering all these variables into a multivariate model, adjusting for age and 
gender, only age and glycemic control (HbA1c) were significantly and independently 
associated with development or progression of LEAD among patients with type 2 
diabetes. 

Main conclusions: In this study we confirm that age and glycemic control was 
independently associated with the development or progression of early and subclinical 
LEAD in type 2 diabetic subjects. 

DISCUSSION  

Different definitions of LEAD 

Different definitions of LEAD have been used in clinical studies.  A commonly used 
definition of LEAD is an ABI <0.9 [6-8, 13, 21, 34, 63, 68-70, 153, 154] and this definition 
correlates well with angiographic signs of LEAD [13, 71].  

In this thesis (study I-IV) we use a novel definition of LEAD, i.e. at least one ABP or 
TBP or ABI or TBI below the normal range, as assessed in healthy control subjects [62]. 
Since this definition of LEAD is based on a normal distribution in non-diabetic subjects 
(mean -2sd) it does not necessarily equal clinical disease but rather indicate that the 
blood pressure deviates from presumed “normality”. In these studies we have not 
validated our definition of LEAD against a golden standard, i.e. angiography or doppler 
investigation. Nor have we been able to correlate our definition to development of 
clinical symptoms since only 4 subjects developed symptomatic LEAD after 6 years of 
follow up. However, in support of this definition is that the cut-off value for the indices 
of the anterior tibial artery is similar as the most commonly used definition, i.e. ABI<0.9.  

A recent study assessed the relation between a low ABI and high-grade stenoses in 
the pelvic and leg arteries in the general elderly population [155] and concluded that an 
ABI <0.9 may underestimate the prevalence of LEAD. In another study it was shown that 
a large portion (31%) of individuals with symptoms of LEAD but a normal ABI will 
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decrease significantly in ABI during a treadmill test, a clear indication of impairment of 
the peripheral circulation [79]. In summary there is no consensus on how to define 
asymptomatic LEAD and the definition of asymptomatic LEAD used in this thesis seems 
reasonable and may hopefully be clinical relevant in future studies. 

 
The use of toe blood pressure in screening for LEAD 

In study I diabetic subjects with impaired toe and ankle blood pressures or indices 
were identified despite the presence of one or two foot pulses. Almost 20% of diabetic 
subjects and 5% in the control group presented with at least one normal pulse even 
though a low pressure or index was measured at least one ankle artery or on the toe. 
Even in subjects with two detectable foot pulses reduced peripheral blood pressure was 
found in, ~10 % of diabetic subjects. Thus, in comparison to using foot pulses alone, 
absolute toe blood pressure or index markedly improved the sensitivity to detect LEAD 
in diabetic subjects, especially in type 2 diabetes. However, it is currently not known if 
the screening methods used in this study are superior to a simpler physical examination. 
This has to be further evaluated. In addition, it should be acknowledged, that no patient 
had a critically low peripheral blood pressure, and all subjects had a TBP above 50 
mmHg.  

The findings in study I also suggest that assessments of toe blood pressures offer 
significant advantages compared to ankle blood pressure measurements and be more 
efficient in detecting diabetic subjects with early, subclinical LEAD. The relationships 
between toe- and ankle blood pressure indices are shown in fig. 6. This is probably 
explained by an overestimation of ankle blood pressure due to the presence of 
mediasclerosis, which is more common and widespread in the ankle than in toe arteries 
[156, 157]. These findings are slightly contradictory to those reported by Brooks et al 
[158] where toe-to-brachial index did not seem to add clinical information beyond that 
obtained by using ankle-to-brachial index as long as the ABI is not abnormally high, i.e. 
above 1.3.  However, in that study not separate analysis was done in subjects with 
impaired peripheral circulation. In study I a significant proportion of diabetic patients 
had a low TBI despite normal ABI (fig. 5). Moreover, an abnormally low intraluminal 
pressure coupled with a moderately advanced mediasclerosis must not result in an 
abnormally high ABI (i.e. 1.3) since ABI may be within the normal range (fig. 5). Our 
results are supported by Johansson et al ([159] who found that ankle Doppler blood 
pressure measurements overestimated LEAD in a primary care population. In addition, 
they showed that toe blood pressure measurements provided significantly more 
pathological indices as compared to ankle blood pressure measurements with Doppler 
[159]. 

Furthermore, Aso et al [160] have shown that a low TBI has a stronger association 
with markers of cardiovascular disease and vascular inflammation than a low ABI in 
type 2 diabetic patients. The differences between ankle and toe blood pressure 
measurement, with respect to cardiovascular risk, may not only be due to less 
mediasclerosis in arteries at the toe level but there could also be potential differences in 
the pathology in small vs. larger arteries [161].  

Study I also indicates that TBI is better than the absolute TBP in identifying 
diabetic subjects with impaired peripheral circulation. This could be due to a higher 
systemic blood pressure in diabetic that would result in a higher TBP, and that this 
elevation in blood pressure is adjusted for by using the toe-to-brachial index. In clinical 
practice, the use of both TBP and TBI may be recommended. 
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Fig. 5.  
Diagram showing the relationship between toe- and ankle blood pressure indices artery 
in non-diabetic (n=134), type 1 -(n=166) and type 2-diabetic  subjects (n=137) in study 
I. aSahli et.al 2004, bNorgren et al. 2007, c Brooks et al. 2001. 
 

 
Even though the techniques to measure ankle- and toe blood pressure are similar, 

i.e. both are cheap, quickly performed and non-invasive methods, measurement of toe 
blood pressure requires fastening of a blood pressure cuff on the great toe. This may be 
cumbersome in patients with short/wide toe base, ulcerations or amputation of the 
great toe. In study II we show that it is feasible to use dig II. These results are further 
supported by data from Hirai et al. who showed that in limbs with claudication but not 
gangrene, there is only a small variation in toe blood pressure between the five toes, 
suggesting that any of the five toes could be used for toe blood pressure measurements 
[162].  
 

Reproducibility of absolute blood pressures vs. indices 

Blood pressure indices are used instead of absolute blood pressures to correct for 
high systemic blood pressure and variations in the systemic blood pressure over time. 
However, in study II no difference in reproducibility was found between absolute blood 
pressures and indices at the ankle and toe level measured one week apart. This is in 
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accordance with a previous study by Faccenda et al [163]. However, since the systemic 
systolic blood pressure variation in our material was small and none of these patients 
had previously known LEAD it cannot be ruled out that index may contribute to a better 
reproducibility in such patients. This can be supported by the correlation found between 
the difference in systemic and toe blood pressures over time. In addition, it is 
noteworthy that the reproducibility for blood pressure measurements was similar at the 
ankle and toe level. Moreover, both the absolute blood pressures and indices were 
reproducible over a wide span of systemic blood pressures, indicating that this method 
could be used for screening purposes in the general population. The reproducibility (CV 
<9%) found in our study is reasonable and comparable with other previous studies 
[163, 164], but it is well-known that that  reproducibility is influenced by the 
investigator’s experience [165] and the mode of calculation [166]. Inter-observer 
variability may also influence reproducibility; however, this was not examined in this 
study. 

Modified elevation test (“Pole –test”) 

A strong correlation was found between the pole-test and toe blood pressure 
measurements by ordinary cuff technique. In contrast, no significant correlation was 
found between the pole-test and ankle blood pressure measurements. This finding is 
most likely due to the fact that there were three patients with very high ankle pressures 
values obtained through cuff technique (mediasclerosis).  

The usefulness of the pole-test is limited by the fact that a patients leg cannot be 
raised more than about 1 meter this corresponds to a pressure of <60–70 mmHg. 
Therefore the pole-test is limited to patients with leg ischemia. Our findings suggest that 
“pole-test” can be used, as an alternative to toe blood pressure measurements in 
diagnosing and following patients with CLI without the risk of obtaining falsely elevated 
pressure readings due to mediasclerosis.  
 

Novel clinical and biochemical biomarkers as predictors of LEAD 

High age, hyperglycemia, smoking, hypertension, male gender, obesity and 
dyslipidemia are well known risk factors and predictors for development and 
progression of LEAD [167]. In addition, inflammation and haemostatic alterations have 
been suggested as novel risk markers or predictors for LEAD [118-120, 128, 132, 160, 
168-170]. In a cross-sectional study (study III) we assessed the relationship between 
fibrinolysis markers and the presence or absence of early asymptomatic LEAD and in a 
prospective study (study IV), the relationship between baseline risk markers and 
development or progression of LEAD was evaluated. 

In study III we found an association between elevated tPA-activity and early signs 
of LEAD. tPA-activity remained an independent risk marker also after adjusting for the 
“classic” risk factors; i.e. age, hypertension and glycemic control. This was seen 
especially in type 2 diabetic subjects (T2D) where the relationship was significant 
despite a general hypofibrinolysis, as indicated by higher overall tPA-mass, PAI-1 
activity and tPA-PAI-1 complex than in type 1- and non-diabetic subjects.  Somewhat in 
contrast, previous studies have indicated an association between the presence or 
development LEAD and impaired fibrinolytic potential [119, 124-128, 167]. In addition, 
to being a risk marker of vascular damage, altered or impaired fibrinolysis has also been 
suggested to contribute to the progression of atherosclerotic lesions [129].  
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A highly speculative explanation for the elevation in tPA-activity found in subjects 
with early, asymptomatic, signs of LEAD might be that this is a compensatory 
mechanism to sustain circulation in compromised subjects and that this may be found 
early on in disease progression when the endothelium still is a major source of tPA [167, 
171]. It remains unclear whether tPA has a direct effect on thrombotic risk or if acts as 
an inflammation or endothelial damage marker. It should be noted that systemic levels 
of fibrinolytic markers were measured and that these levels might not be representative 
for the actual levels in proximity to an atherosclerotic lesion. However, the finding that 
the elevation of tPA-activity was detectable in the systemic circulation could indicate a 
more general alteration in the vascular response.  Despite our findings we could not 
confirm any association between tPA-activity and development or progression of LEAD 
in this cohort after 6 years of follow-up, as presented in study IV. 

Despite numerous reports on associations between LEAD and inflammatory 
markers (CRP, IL-6 and TNF-α) [131, 132, 169, 170, 172] no such independent 
association was found in study IV. In this study age and hyperglycemia, were the main 
independent risk factors associated with development or progression of early, 
asymptomatic and subclinical LEAD among patients with type 2 diabetes. This finding is 
further supported by the fact that age and hyperglycemia also were independent 
predictors of reduction in toe blood pressure index (TBI) over time. Similar to the 
findings in this study, the Edinburgh Artery Study, a prospective longitudinal 
population-based study, showed a weak association between IL-6 and the development 
of LEAD, but this correlation was attenuated when adjusting for other CVD risk factors 
such as cholesterol, diabetes, hypertension, smoking and BMI [172]. Most previous 
studies have focused on elderly subjects with symptomatic LEAD whereas this study 
included middle-aged diabetic and non-diabetic subjects without previous signs or 
symptoms of LEAD. This is of importance since previous studies have suggested that 
inflammatory markers are elevated in subjects with symptomatic and critical leg 
ischemia, but not in subjects with less severe forms of LEAD [169]. The fact that we were 
able to confirm that the well known risk factors age and hyperglycemia in T2D were 
associated with development or progression of LEAD in this relatively small study 
indicate that the type 2 diabetic study population is representative and, in addition, 
supports the importance of these risk factors in development and progression of early, 
asymptomatic LEAD.  
 

Aspects on screening for early, asymptomatic LEAD using toe blood pressure 

One aim of this thesis was to evaluate the feasibility of a potential screening 
program for diabetic subjects based on a use of ankle blood pressure (ABP), toe blood 
pressure (TBP) measurements and blood sampling to assess risk factors related to 
LEAD. A screening program for early, asymptomatic and subclinical LEAD can be 
evaluated from both a cost-benefit and an ethical viewpoint. The World Health 
Organization (WHO) guidelines state that the condition screened for should be an 
important health problem and that there should be treatment for the condition. 
Facilities for diagnosis and treatment should be available and there should be a latent 
stage of the disease and, in addition, there should be a test or examination for the 
condition and the test should be acceptable to the population. Furthermore, the natural 
history of the disease should be adequately understood and there should be an agreed 
policy on who to treat. Finally, the total cost of finding a case should be economically 
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balanced in relation to medical expenditure as a whole and “case-finding” should be a 
continuous process. 

LEAD is an important health problem in diabetic subjects. LEAD among diabetic 
patients is the leading cause of non-traumatic lower extremity amputations [97] and 
approx half of the lower extremity amputations performed in Sweden are done on 
patients with diabetes [97]. LEAD is also associated with increased overall morbidity 
and mortality [20, 173]. LEAD is common in patients with diabetes (30-40%), and the 
risk of developing LEAD is increased 2-4 fold compared to the general population [93]. 

There are preventive measures and treatments for LEAD such as smoking 
cessation, lipid-, glycemic- and blood pressure and antiplatelet therapy that in addition 
also reduces overall CV risk. Treatment for LEAD is already an established part of our 
health organization, from preventive measures in primary care to surgical intervention 
at specialized units.  

Facilities for diagnosis and treatment are available at health care centers and 
outpatient diabetes clinics.  

The natural history is understood and asymptomatic LEAD constitutes a latent phase 
for symptomatic LEAD. Ankle blood pressure measurements of the lower extremities are 
currently used as a diagnostic test. Ankle- and toe blood pressure measurement can be 
performed at any level of medical care and the equipment for is fairly cheap.  Equipment 
for ankle- and toe blood pressure measurements cost approx 3500 SEK. An ABI 
examination takes approx 15 minutes, including a 5-minute pretest rest in the supine 
position[153]. The test is acceptable to the population as it is non-invasive with minimal 
discomfort [174]. The cost-benefit of finding LEAD, especially among diabetic patients 
who may have advanced stages of LEAD without clear symptoms has been evaluated and 
found to be motivated using ABI as a screening tool [52]. There is to our knowledge no 
cost-effective evaluation of screening for LEAD with TBI. It should be acknowledged 
that, using toe blood pressure measurements in addition to ABI will increase sensitivity 
and as such probably also result in additional costs for medication and further 
investigations.  In summary, screening with ankle- and toe blood pressure 
measurements meet most of the criteria for a screening program but further evaluation 
of potential health benefits, cost-effectiveness and validity of this method not only in the 
prevention of LEAD related events but also, and perhaps more importantly, in finding 
patients at risk for cardiovascular and cerebrovascular disease is needed.   

 
Limitations of studies 

Information on medication and presence of cardiovascular disease was collected 
from the participants and later confirmed from their medical records. Having had the 
same study nurse/interviewer at each visit using a structured questionnaire and a 
standardized protocol have minimize problems with interpretation of data and the 
inter-observer variability in blood pressure measurements.  

In addition, the power of studies III and IV to detect associations and make 
assumptions on subgroups were limited. However, the fact that we were able to confirm 
that well known risk factors, i.e age, hyperglycemia and hypertension, were associated 
with development or progression of LEAD in our relatively small material indicate that 
our study population seems representative and, in addition, supports the importance of 
these “classic” risk factors also in early, asymptomatic LEAD.  

Including relatively young participants with no previously known or suspected 
LEAD in combination with our broadened definition of development or progression of 
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LEAD may have resulted in a selection of relatively healthy participants with earlier and 
more discrete LEAD compared to other studies.  
 

The study cohorts 
In paper I, III and IV patients with diabetes were consecutively enrolled from the 

outpatient diabetes units in Göteborg and Umeå. Patients with type 1 diabetes (T1D) 
should be representative of the whole T1D population in the two cities since all patients 
with T1D attend the diabetic outpatient clinics, however, in contrast, the enrolled 
patients with type 2 diabetes are probably somewhat selected, since only those with a 
need for intensive treatment or with severe diabetic complications are referred to 
outpatient diabetes units, i.e. patients with more advanced disease and longer duration 
as compared to the overall population of patients with diabetes within primary care.  

Healthy, non-diabetic, subjects were recruited among hospital staff and by 
advertisements in local newspapers. This might involve a certain bias since medical staff 
might differ from the general population. However, a comparison of the healthy subjects 
in these papers with the participants of the northern Sweden MONICA Study population 
surveys from 1994 and 1999 indicate that the these subjects were a valid sample of the 
general, non-diabetic, population with respect to cardiovascular risk factors, i.e. body 
mass index (BMI), systolic and diastolic blood pressure, serum cholesterol and high-
density lipoprotein (HDL) cholesterol, plasma glucose, and insulin levels with one 
exception, smoking, where the  prevalence was unexpectedly low compared to the 
MONICA population (12 vs. 19%) (M. Eliasson et al, unpubl data). 
 
Future studies 

To our knowledge, there are currently no studies published on the validity of a 
screening program based on toe blood pressure measurements or a combination of 
lower extremity blood pressures, in comparison to the ABI, angiography or duplex-
doppler methods, and there is no general consensus regarding cut-off values for toe 
indices. After 10 year of follow up, we will hopefully have sufficient hard endpoints 
(clinical symptoms or signs of LEAD) to be able to calculate sensitivity and specificity for 
this toe blood pressure-based screening method and also be able to evaluate is toe blood 
pressure is a better predictor of future cardiovascular events than ankle blood pressure. 
In addition, prospective randomized controlled intervention studies in patients with 
early, asymptomatic LEAD are warranted. It would be of great interest to study life-style 
interventions, i.e. light exercise and smoking secession in such subjects.   
 

CONCLUDING REMARKS 

In this thesis we have evaluated a new method to assess impaired lower extremity 
arterial circulation in diabetic subjects and found that including assessment of toe blood 
pressure and toe-to-brachial blood pressure index (TBI) to detect early, asymptomatic 
LEAD increases sensitivity and case-finding. Ankle blood pressure measurement and 
indices alone are less reliable, especially in diabetic subjects where mediasclerosis is 
common.  Furthermore, toe blood pressure measurements can be performed using 
either the great or dig II. In addition, since the modified elevation test may be used as an 
alternative screening method in subjects with previously known LEAD. An altered 
fibrinolytic activity could be an early marker of atherosclerotic development in the 
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lower extremities but the cause-effect relationship remains unclear. Old age and poor 
glycemic control are the most important risk factors for development and progression of 
early, subclinical LEAD among patients with type 2 diabetes. 
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