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Synopsis 
This thesis provides an examination of the current evidence base regarding the diagnostic 

accuracy of non-invasive vascular assessment examination of the lower limb. This project 

comprised of a systematic review and a further four studies investigating the comparative 

diagnostic accuracy of non-invasive vascular assessment methods in cohorts at risk of 

peripheral arterial disease (PAD), the current vascular assessment techniques of 

Podiatrists in Australia and New Zealand and the reliability of continuous wave Doppler 

(CWD) assessment performed by Podiatrists. The results of these studies were then used 

to develop a modified method of lower limb vascular assessment designed to reduce the 

time burden of performing assessment in clinical practice. The diagnostic accuracy of this 

method for PAD was then compared to existing international guidelines.  

Systematic review of studies investigating the diagnostic accuracy of the toe-brachial 

index (TBI) for detecting PAD, using diagnostic imaging as a reference standard, identified 

a lack of existing data. Furthermore, of the studies that have been done, we found that 

there are significant variations in TBI value used to indicate pathology, making results 

difficult to interpret.  Additionally no studies had undertaken investigations of 

comparative diagnostic accuracy of the TBI and the more widely used ankle-brachial index 

(ABI) using a valid reference standard. Therefore undertaking a study evaluating the 

comparative diagnostic accuracy of the TBI and the ABI for detecting PAD was necessary. 

The diagnostic accuracy of the TBI and ABI were determined in a population at risk of PAD 

and demonstrated the TBI was a better clinical tests for PAD while the ABI was highly 

likely to fail to detect the presence of disease.   

 As vascular assessment is also known to be particularly challenging in diabetes cohorts 

due to the specific clinical presentation of diabetes related PAD.  Therefore a case-control 

diagnostic accuracy study of the ABI, TBI and CWD for diagnosing PAD was performed. 
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Compared to a control group, all tests had lower sensitivity in the group with diabetes 

with CWD superior diagnostic accuracy in both cohorts. 

To further explore the nature of lower limb vascular assessment in clinical Podiatry 

practice a survey of self-reported lower limb vascular screening techniques used by 

Podiatrists in Australia and New Zealand was undertaken.  From this survey, poor 

alignment of clinical assessment techniques with existing international guidelines was 

identified.  The most commonly employed vascular assessment techniques used by 

Podiatrists was reported to be CWD using hand-held Doppler while lack of time was 

reported to be a significant barrier to undertaking objective vascular assessment tests in 

clinical practice.  As a result of these findings, an inter and intra-tester reliability study of 

hand-held Doppler examination by performed by Podiatrists was undertaken. This 

showed that the inter and intra-tester reliability of clinical Doppler examination by 

podiatrists is low and therefore likely to be of limited value for ongoing monitoring of 

lower limb vascular function. 

Finally, using the research completed in this thesis combined with the current evidence 

base, a modified lower limb vascular screening method was devised. The diagnostic 

accuracy of this modified method for detecting PAD was then compared to the diagnostic 

accuracy of current international guidelines (American Heart Association Guidelines). This 

showed that the method had similar diagnostic accuracy to the current guideline, however 

may be more time effective. 

The studies presented in this thesis re-enforce the difficulties with non-invasive vascular 

assessment of the lower limb, particularly in diabetes. The studies also demonstrate that 

the TBI has good clinical applicability and has good diagnostic accuracy and therefore may 

be a screening test of choice in populations at risk of PAD. 
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Chapter 1 Introduction 

1.1 Peripheral Arterial Disease 
Peripheral arterial disease (PAD) is the progressive stenosis of arterial beds which 

impedes the delivery of essential nutrients to the tissue (1). The process involves fatty 

streaking within the arterial lumen (2) which initiates an inflammatory process. This 

process promotes cholesterol deposition and leads to the development of atherosclerotic 

plaques (Figure 1.1) (2). These lesions can be stable or unstable in nature, with unstable 

lesions being vulnerable to ulceration and leading to thrombotic occlusion or embolization 

(3). 

 

Figure 1.1 A depiction of a normal artery and an artery affected by atherosclerosis (4).  

PAD is a broad term which describes disease altering the structure and function of non-

coronary arteries(5). The non-coronary arteries are those which supply the brain, visceral 

organs, and the limbs (5). This thesis will focus on PAD affecting the lower limbs.  
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1.2 Epidemiology of PAD 

PAD most commonly occurs in the sixth and seventh decade of life with prevalence 

estimated to be 20% of people over the age of 70 [(6, 7)]. Limited data exists on the 

prevelance of PAD in Australia, but it is predicted to be similar to other developed 

countries (6). In the presence of chronic disease such as diabetes, the clinical presentation 

of PAD is variable with a large proportion of PAD sufferers being asymptomatic(8). 

Current screening practices are inconsistently applied therefore the overall prevalence of 

PAD is estimated to be higher than what is currently reported and the costs associated 

with treatment and management are very high(9). 

1.3 Risk Factors 

A large number of modifiable and non-modifiable risk factors are implicated in the 

development of PAD (7). Undertaking an assessment of patient risk factors is essential for 

identification of modifiable risk factors that can be controlled to reduce the incidence 

and/or severity of PAD. Tobacco use is the most significant modifiable risk factor for PAD, 

increasing the chance of the disease by up to three-fold (Figure 1)(10) and resulting in 

much earlier onset of the disease (11). Hypertension and dyslipidaemia also pose 

significant risk and often occur concurrently (12). 

The most significant non-modifiable risk factor for PAD is increasing age (5). Older 

populations have higher rates of PAD and are more likely to have concurrent risk factors 

for atherosclerosis, such as dyslipidaemia, hypertension and hyperviscosity. Male gender 

is also associated with higher prevalence of PAD (12, 13)while diabetes increases the risk 

of the disease by four fold and is associated with a more aggressive presentation and early 

large vessel involvement (Figure 1.2) (12). Chronic hyperglycaemia exacerbates risk of 
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developing diabetes related PAD by 26& for every 1% increase in glycosylated 

haemoglobin levels (14).  

 

Figure 1.2: Relative Risk of PAD in relation to risk factors(15) 

1.4 Anatomical Distribution of Peripheral Arterial 

Disease 

The anatomical distribution of PAD depends on the risk factors involved (Figure 1.3) and 

affects the accuracy of non-invasive vascular screening methods. Smokers and younger 

age groups have a higher prevalence of proximal disease (16) whereas older age and 

diabetes more commonly have a more distal disease distribution. Distal disease presents a 

range of diagnostic challenges. The presence of conditions such as peripheral oedema, 

fibrosis, adipose tissue and the presence of ulceration and medial arterial calcification can 

interfere with the use of commonly used testing equipment. In addition, medial arterial 

calcification (MAC) which causes stiffening of the arterial wall of vessels in the lower limb 

can prevent the arterial compression required to obtain accurate systolic pressure 

readings used in the calculation of the ankle-brachial index (ABI). With this condition 

prevalent populations typically at risk of PAD including the elderly and those with 

diabetes, accurate vascular screening in these populations can be difficult to achieve (17).  
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Figure 1.3 Association of risk factor with pattern of atherosclerotic lesions (16)) 

1.5 Clinical presentation of peripheral arterial disease 

Diagnosis of PAD is frequently overlooked in clinical practice as PAD sufferers may be 

asymptomatic in the early stages of the disease or present with symptoms which are 

atypical or non-specific (18). Additionally, common symptoms of PAD including distal 

pain, numbness and coldness are often confused with other conditions such as arthritis or 

nerve disorders (19). In people with diabetes, presence of peripheral sensory neuropathy 

can mask the signs and symptoms of advanced PAD including claudication pain and 

ischaemic rest pain (20). 

The most widely recognised symptom of PAD is intermittent claudication, which presents 

as muscle pain or cramp-like pain evoked by activity (15). Generally patients report pain 

occurs after walking a specific distance and typically subsides within 2-5 minutes of rest 

(21). Symptoms are normally reported distal to the location of the obstruction (i.e. toe 

pain could indicate an occlusion in the midfoot) with distance walked before onset of pain 

reflective of the severity of the disease process (19). Other signs and symptoms of more 

severe cases of PAD include trophic changes such as subcutaneous atrophy, dependant 

rubor, hair loss, nail dystrophy and cool skin (21, 22). 
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Advanced cases of PAD present as critical limb ischemia- a severe foot pain occurs with 

elevation or exercise and relieved by dependency. These symptoms indicate significant 

tissue hypoxia  and necessitates vascular intervention to avoid amputation(21). With 

severe disease such as this, the smallest amount of pressure or trauma in the distal limb 

can result in ischaemic ulceration and/or gangrene. 

Typically ischaemic ulcerations are ulcerations that will not heal due to impaired blood 

flow and are readily identified by their characteristic appearance, symptoms and location. 

Ischaemic ulcerations generally appear with a dull wound base, have necrotic areas and 

are surrounded by atrophic skin (23). They also present with pain, absence of bleeding, 

and usually occur secondary to trauma, therefore have a tendency to occur on the pretibial 

areas and the distal feet (24). However, other forms of ulceration such as neuropathic 

ulceration may have an ischaemic component which is not so readily identified (25, 26). 

Ischaemic ulcerations generally require vascular intervention in order to heal as the 

primary aetiology is arterial insufficiency(27). The end stage symptom of PAD is the 

presence of gangrene (Figure 1.4) which indicates severe tissue hypoxia and frequently 

results in surgical amputation in addition to requiring vascular intervention (25). 
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Figure 1.4: A foot affected by gangrene 

1.6 Outcomes of PAD 

The prognosis of a limb affected by PAD is dictated largely by the extent and location of 

disease. It is estimated that 25% of symptomatic PAD sufferers require vascular 

intervention and suffer irreversible tissue loss (28). It has also been reported that patients 

who undergo distal vascular intervention are more likely to require amputation than those 

who have had proximal interventions (29). This is significant as patients with distal 

disease are often the most difficult to diagnose, as well as manage.  

Whilst the amputation rate for patients with PAD is relatively low (30), the risk of death 

from a cardiovascular event is high (30%)(31). The significantly increased risk of death is 

due in part to the strong relationship between the presence of PAD and other forms of 

macroangiopathy such as coronary artery disease. Coronary artery disease is said to be 

present concurrently in 40% of symptomatic PAD sufferers (32). In severe cases of PAD, it 

has been reported that there is a 60% incidence of significant coronary artery disease 

(33)with the renal arteries and cerebrovascular system also affected but to a lesser extent 

(17). 

Due to the morbidity and mortality associated with PAD, accurate vascular screening of at 

risk patients on a regular basis is essential to ensuring correct management of the 
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condition. Management of PAD includes early identification, intervention and aggressive 

risk factor modification(31) including smoking cessation and pharmacological and 

exercise interventions (31).  

1.7 Diagnosis of peripheral arterial disease 

1.7.1 Non-invasive screening methods for PAD 

There are many different non-invasive screening methods for PAD, including subjective 

testing techniques such as pedal pulse palpation, capillary refill time and Buerger’s 

elevation/dependency test. Dorsalis pedis and posterior tibial pulses are normally 

palpated and assessed for presence, rate, regularity, strength and equality (23). Capillary 

refill is performed by compressing the skin with the thumb on the plantar great toe 

leading to blanching in skin colour. On release of the thumb the capillaries should refill 

returning the skin to a normal colour within three seconds(23). Buerger’s 

elevation/dependency test is determined by elevating the limb at 45 degrees and 

observing for colour changes, in an ischemic limb the foot/limb will have severe and 

widespread pallor (34). The limb is then lowered into dependency and the time taken for 

the limb to return to the colour on the contralateral limb is noted. A normal foot should 

regain its colour in 15-20 seconds with a delayed tie suggesting inadequate blood flow 

(34). These tests have been shown to have varying levels of sensitivity, specificity and 

reliability. Pedal pulse palpation has adequate sensitivity (73%) and specificity (92%) 

(35), however has highly variable reliability (κ0.20 to 0.92)(36, 37). Buerger’s test has 

been shown to have perfect sensitivity (100%) however low specificity (54%) and 

reliability is unknown whereas capillary refill time has low sensitivity (25%) good 

specificity (84%) but unknown reliability (38). 
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1.7.1.1 Ankle Brachial Index 

Current vascular screening guidelines recommend that people over the age of 65, or over 

the age of 50 with a history of smoking or diabetes be screened every 2 years for the 

presence of PAD using an ABI (7). The ABI is a simple, cost-effective test that is available to 

most practitioners as no specialised equipment is necessary. An ABI is calculated by taking 

the highest systolic pressure of either the dorsalis pedis or posterior tibial artery and 

dividing it by the highest of the left and right systolic brachial pressures (Figure 1.5) (7). In 

a normal limb, systolic pressure at the ankle should be slightly higher than the brachial 

pressure due to pulse wave reflection resulting in a normal ABI of above 1.0 (7). In the 

presence of arterial stenosis, the ABI should drop below 1.0, with <0.9 considered 

definitive of PAD (12). 

 

Figure 1.5 An ankle pressure being measured  

The reliability of the ABI has been demonstrated to be high when performed by doctors, 

nurses and vascular technologists (39). However the reliability of the ABI performed by 

podiatrists has not been investigated. The ABI has been demonstrated to be sensitive and 

specific for detecting PAD in the general population, however there is research to suggest 

that in specific populations there is a reduction in diagnostic accuracy(40). This loss of 

diagnostic accuracy has largely been attributed to medial arterial calcification (MAC) (41). 

MAC is a condition where calcification occurs in the tunica media in large and medium size 
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arteries (42). This results in a reduction in the elastic compliance of the artery, increase in 

pulse-pressure and artificially inflated ABI values (43). MAC is also associated with an 

increased risk of lower extremity amputation, myocardial infarction and stroke (42) and 

populations including people with diabetes, renal disease and in advanced age are more 

prone to MAC (42) . Currently it is assumed if an ABI measurement is above 1.4 the vessels 

being tested are affected by MAC (5). In cases such as this, a toe pressure and calculation 

of a toe-brachial index is recommended to assess distal tissue perfusion (7). However 

recent research has also shown that co-existence of both MAC and PAD can result in an 

ABI value that may fall within the normal range and fail to indicate the presence of wither 

condition or the need for further testing (8). 

1.7.1.2  Toe Pressures 

Toe pressures (Figure 1.6) are a measure of systolic blood flow in the great or second toe. 

The pressure is measured using an occlusive pneumatic cuff that is placed around the 

proximal hallux and inflated. Pressure is gradually released and the subsequent return of 

blood flow (systolic pressure) detected, most commonly using photoplethysmography 

(PPG) or laser Doppler. Normal toe pressures should be approximately 6-10mmhg less 

than a brachial pressure(44) and are used clinically to determine healing capacity. A toe 

pressure of less than 50mmhg has been associated with symptomatic PAD (45), and a 

pressure of less than 30mmhg has been associated with poor healing outcomes(46) (45). 

Toe pressures reliability has been shown to have good reliability (47, 48) and high 

sensitivity (85%) and specificity (88%) for detecting PAD (45). 
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Figure 1.6: A toe pressure being measured 

1.7.1.3 Toe Brachial Index 

The toe-brachial index (TBI), calculated in a similar manner to the ABI, is the ratio 

between the systolic toe and brachial pressures and is determined by dividing the toe 

systolic pressure by the highest brachial systolic pressure. Current recommendations for 

interpreting the TBI are heterogeneous with normal values reported in the literature 

varying from >0.6 to>0.75 (49). Current guidelines (7) recommend a TBI be used in the 

presence of an elevated ABI (>1.4) secondary to MAC as digital arteries are less commonly 

affected by this pathology (7). In populations at risk of MAC, such as those with diabetes, 

the ABI has been demonstrated to have reduced diagnostic utility(8). However whilst 

there is some evidence that the TBI can be performed reliably in the general population 

and in people with diabetes (50, 51), there has been little investigation of the diagnostic 

accuracy of this test for PAD in any population. 

1.7.1.4 Continuous Wave Doppler Ultrasound 

Continuous wave Doppler ultrasound examination is commonly performed in the foot and 

ankle using hand-held Doppler often as an adjunct to the ABI (7) and, most frequently of 

the dorsalis pedis and posterior tibial arteries. Normal artery signals are classified as 

either bi- or triphasic (52, 53), with pathological waveforms monophasic with 
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classification based on clinical interpretation of audio data and visual interpretation of 

waveforms. 

Qualitative analysis of visual waveforms includes assessing the shape and contour of the 

waveform (Figure 1.7)(54). This method has potentially significant diagnostic value, as 

waveforms are altered depending on location and severity of PAD (55). A delay in 

acceleration time or a serration in the systolic peak is indicative of an obstruction 

proximal to the Doppler site, whereas disease distal to the Doppler placement will see an 

elongation of the systolic down slope. Disease within a run-off vessel can be seen as low 

amplitude and low resistance and multi-level disease will be demonstrated by a rounded 

monophasic waveform with slow acceleration, prolonged deceleration and an absence of 

reverse flow(54).  

Quantitative Doppler of visual waveform analysis can include measurement of systolic rise 

time, pulse transit time, velocity measurements and peak-to-peak pulsatility indexes. 

However, quantitative analysis has been demonstrated to be not as accurate as other 

methods, requires specialist software applications and is rarely used in clinical practice 

(20, 55). 



14 

 

Figure 1.7: Triphasic Doppler waveform in posterior tibial artery 

However despite widespread use of this form of testing for vascular screening and on-

going monitoring in the Podiatry profession, there is little evidence available regarding the 

accuracy or reliability of what is fundamentally a subjective test (56) 

1.7.2 Non-invasive vascular assessment in Podiatry practice 

Podiatrists are responsible for the assessment, diagnosis and management of pathology in 

the lower extremity(57). This includes regular assessment of peripheral blood flow and 

identification and monitoring of PAD in populations considered at risk (58). However 

current methods for performing vascular assessment in Podiatry clinical practice are in 

Australia are largely unknown. Currently there is only one national evidence based 

guideline relating to vascular assessment in the lower limb for people with diabetes(4) 

and there is a lack of profession specific protocols for the general population at risk of 

PAD. 

The scant research that does exist assessing the use of the ABI by Podiatrists in clinical 

practice suggests this testing method is not widely adopted, with approximately only half 

of all Podiatrists not performing an ABI as part of a routine vascular assessment (59). 

Lacks of available equipment, time constraints and limited financial incentive have been 

suggested as reasons for failure to perform an ABI. In addition clinical techniques for 

performing the test have been demonstrated to be inconsistent with current guidelines 
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and are a further limitation to current clinical practice (59). Whilst alternate methods of 

vascular assessment may be used in place of the ABI, no investigation of current practices 

has been undertaken. However the high rates of undiagnosed PAD suggest improved 

clinical screening is needed. Further research is required to determine current levels of 

knowledge of clinical indicators for, and application of, vascular assessment amongst 

practicing clinicians. The extent of use of other vascular screening techniques including 

the TBI and CWD also needs to be evaluated before effective strategies can be 

implemented to improve clinical practice. 

1.8 Management of PAD 
Due to patients with PAD having multiple atherosclerotic risk factors and extensive 

atherosclerotic disease, their initial management is aimed at managing their 

atherosclerotic risk factors(12) . Given the association of smoking and a marked increase 

in PAD, smoking cessation is strongly advised. Whilst smoking cessation may not lead to a 

decrease or reversal of symptoms associated with PAD, it has been shown to increase 

survival (12). Management of hyperlipidaemia through reduction on low-denisty 

lipoproteins (LDLs) has been demonstrated to reduce cardiovascular events in patients 

with PAD. Reduction of LDLs can be made through diet modifcation or pharmacological 

therapy (12). Given the three fold increased risk of PAD for patients with hypertension, 

aggressive treatment of blood pressure is currently recommended(12). Thiazides and ACE 

inhibitors are generally considered as first line treatment options to reduce blood 

pressure in PAD (12). In patients with diabetes, aggressive blood glucose control is 

recommended and has been shown to reduce the risk of cardiovascular events (60). 

Exercise rehabilitation is generally prescribed in symptomatic PAD where patients 

undergo supervised exercise therapy(12). Exercise therapy in claudicants has been shown 

to improve walking efficiency, endothelial function and metabolic adaptions in skeletal 

muscle (61) . However, many patients have contraindications for exercise, be unwilling to 
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undertake exercise, or there may not be an appropriate program of supervised exercise 

available to them (12). Pharmacological management of symptomatic PAD may then be 

considered. First line pharmacological management of claudication generally includes 

cilostazol, a vaso-dilatory drug which relieves symptoms of PAD. Antiplatelet therapy is 

also commonly used in patients with symptomatic PAD to effectively reduce the risk of 

cardiovascular morbidity and mortality(12)  

Surgical intervention for PAD is reserved for the most severe cases of PAD, and surgical 

candidates first need vascular imaging performed in order to isolate the lesions in the 

affected limb/s. This is generally in the form of CFDU and digital subtraction angiography. 

Revalscularisation may consist of either endovascular procedure or open surgical 

procedure, dependant on the site, type and length of the atherosclerotic lesion/s (12). 

1.9 Aims of thesis 

The aims of this thesis was to evaluate non-invasive vascular assessment methods for 

detecting peripheral arterial disease in the lower limb. Investigations were undertaken to 

determine the diagnostic accuracy of non-invasive vascular assessment techniques for 

detecting PAD in a community-based population meeting current guidelines for PAD 

screening and in a diabetes cohort. Current vascular assessment techniques used by 

Podiatrists in Australia and New Zealand were established and reliability of CWD in 

clinical podiatry practice was determined. Based on these findings the diagnostic accuracy 

of a modified method of vascular assessment, designed to reduce time required for 

assessment to be performed, compared to testing performed in accordance with current 

guidelines, was investigated. 
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1.10 Objectives of Thesis  

• To systematically evaluate the current evidence base as to the diagnostic accuracy of 

TBI for PAD 

• To determine the diagnostic accuracy of the TBI and the ABI for PAD in a mixed 

population at risk of PAD 

• To determine the diagnostic accuracy of the TBI, the ABI and continuous wave Doppler 

for PAD in people with diabetes. 

• To establish current vascular assessment practice amongst Australian and New 

Zealand podiatrists 

• To assess the inter and intra tester reliability of hand-held Doppler use when 

performed by Podiatrists 

• To determine the diagnostic accuracy of a modified, more time efficient method of 

performing vascular screening for PAD compared to diagnostic accuracy of assessment 

conducted in accordance with current guidelines. 

Chapter 2 A systematic review of the 
sensitivity and specificity of the toe-brachial 
index for detecting peripheral arterial disease 

2.1 Preface 
The TBI is currently recommended as an alternative test to the ABI for screening for PAD. 

However there have been few investigations of the diagnostic accuracy of this test for PAD 

and there has been no consolidated review of these data. . A systematic review of the 

literature is presented in this chapter. The results suggest that the TBI may be an accurate 

test in specific populations but more evidence is required, using gold standard imaging as 

a reference standard.  
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There was no ethics approval required for this study. This study has been accepted for 

publication to the peer-reviewed journal Vascular Medicine. The accepted manuscript is 

located in Appendix 1. In addition a meta-analysis was conducted for studies included in 

this review. Although the study populations were subsequently deemed too 

heterogeneous for inclusion of the meta-analysis in the final version of the accepted paper. 

It has been included in this thesis in Appendix 18. 

This study was also presented as a poster presentation for the 2015 Society of Podiatrists 

and Chiropodists Annual Conference in Harrogate, United Kingdom.  
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2.3 Abstract 

2.3.1 Objectives 

The toe-brachial index (TBI) is used as an adjunct to the ankle-brachial index (ABI) for non-

invasive lower limb vascular screening. With increasing evidence suggesting limitations of the 

ABI for diagnosis of vascular complications, particularly in specific populations including 

diabetes cohorts, the TBI is being used more widely. The aim of this review was to determine 

the sensitivity and specificity of the TBI for detecting peripheral arterial disease (PAD) in 

populations at risk of this disease 

2.3.2 Methods 

A database search was conducted to identify current work relating to the sensitivity and 

specificity of toe brachial indices up to July 2015. Only studies using valid diagnostic imaging as a 

reference standard were included. The QUADAS-2 tool was used to critically appraise included 

articles.  

2.3.3 Results 

Seven studies met the inclusion criteria. Sensitivity of the TBI for PAD was reported in all 

seven studies; sensitivity ranged from 45% to 100% and specificity was reported by five 

studies only; ranging from 16% to 100%. 

2.3.4 Conclusions 

This review suggests that the TBI has variable diagnostic accuracy for the presence of PAD 

in specific populations at risk of developing the disease. There was notable lack of large 

scale diagnostic accuracy studies determining diagnostic accuracy of the TBI in detecting 

PAD in different at risk cohorts. However, standardised normal values need to be 

established for the TBI to conclusively determine the diagnostic accuracy of this test. 
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2.4 Introduction 
Traditionally, the ankle-brachial index (ABI) has been used as a large vessel screening tool 

for clinical assessment of peripheral arterial disease (PAD) (62). The ABI has been shown 

to be a sensitive and specific measure of detecting PAD in the general population (63). 

However, there is increasing evidence to suggest that in specific populations there is a 

decrease in the diagnostic accuracy of the test (20, 41). Medial arterial calcification (MAC), 

a stiffening of the arterial wall most commonly in infragenicular arteries used for the 

calculation of the ABI (64), is prevalent in the diabetic population, particularly in men and 

in older age groups, and is thought to reduce the diagnostic accuracy of the ABI  (41). 

Although MAC artificially inflates the ABI this cannot always be detected during routine 

clinical assessment as co-existent PAD may result in the ABI ratio presenting as normal or 

even low despite its presence (43).  

Assessment of the small vessels within the foot and distal extremities also presents an 

issue for clinicians, as an ABI is not sensitive to occlusions and arterial disease below the 

ankle (8). Current international guidelines recommend the toe brachial index (TBI) as an 

alternate screening method for PAD in the presence of an elevated ABI (12, 65); however, 

the evidence base for the use of the TBI as a stand-alone diagnostic test remains low. The 

TBI is a ratio of the systolic toe pressure divided by the highest systolic brachial pressure. 

Systolic toe pressure can be performed by placing an appropriately sized occlusive 

pneumatic cuff (between 15 and 25mm) around the base of the proximal great or second 

toe, and a photoplysthmography (PPG) probe affixed to the distal pulp of the toe with 

adhesive tape (Figure 1.6). A continuous wave Doppler probe may also be used on the 

digital arteries in lieu of a PPG probe. Once a steady signal is obtained, the occlusive cuff is 

inflated by sphgmamometer 20 mmHg above the last visual PPG waveform. The occlusive 

cuff is then slowly deflated with the pressure reading recorded when a consistent 

waveform returns (7, 66). Normal values for TBI are universally lower than the ABI, with 
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normal being considered between >0.6 - >0.75 (45, 49, 67, 68), with recent research 

suggesting that in normal populations the mean TBI is between 0.94 and 0.98 (69). 

Accurate measurement of systolic toe pressure is dependent on a number of factors, 

including the control of ambient temperature. Similar to the ABI, strict control of patient 

factors needs to be undertaken to ensure test accuracy. Patients need to avoid smoking 

immediately prior to testing and lie completely flat with the legs and feet at the same level 

as the heart. In addition the TBI is affected by ambient temperature and room temperature 

needs to be maintained at  23 and 25 degrees Celsius (46). Unlike the ABI, the TBI is also 

affected by Raynaud’s disease or scleroderma and the measurements lacks utility in these 

populations(67). When premeasurement protocols are adhered to the TBI can be 

performed reliably in clinical environments with both automated and manual devices(47). 

The measurement has also been shown to be an accurate indicator of PAD in populations 

prone to MAC including those with diabetes-related PAD, sensori-motor neuropathy, and 

patients undergoing haemodialysis for end stage renal failure (20, 70, 71).  However there 

is currently no consensus on the diagnostic accuracy of this test for identifying PAD across 

populations at risk of the disease.  

The aim of this paper is to systematically review the evidence evaluating diagnostic 

accuracy of the TBI in detecting PAD in at risk populations. 

2.5 Materials and Methods 

2.5.1 Search strategy 

A database search was conducted by the primary researcher (PT) up to July 2015 using 

Ovid Medline (1946-2015), CINAHL Plus (1982 – 2015), Amed (Ovid), Web of Science, 

Scopus and Embase.  
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Search terms were derived (Table 2.1) and truncated versions using wildcard symbols were 

included to help broaden the search. No language restrictions were used. Reference lists of 

suitable articles were also hand searched for suitable work (Search strategy Figure 2.1) 

Table 2.1: Search terms 

S1 Toe brachial ind* 
S2 Toe brachial ind* AND sensitvitity 
S3 Toe brachial ind* AND specificity 
S4 Toe brachial ind* AND peripheral arterial disease 
S5 Toe brachial ind* AND ischemia 
S6 Toe brachial ind* AND lead 
S7 Toe brachial ind* AND lower extremity 
S8 S2 AND S3 AND S4 
S9 Toe brachial ind* AND peripheral arterial* 
S10 S2 AND S3 AND S9 
S11 Toe brachial* 
S12 Toe brachial* AND sensitivity AND specificity 
S13 S2 AND S3 AND S5 
S14 S2 AND S3 AND S6 
S15 S2 AND S3 AND S7 
  

2.5.2 Inclusion and exclusion criteria 

Original articles that diagnosed PAD using valid diagnostic imaging as a reference standard were 

included. Studies which used symptoms as a primary indicator of the severity of PAD, or, where 

PAD was diagnosed by ABI, TBI or Doppler waveform analysis alone were excluded. Studies 

which included participants with vasospastic disorders were not included as this is known to 

affect the accuracy of toe pressure measurements (67).  

2.5.3 Study selection and data extraction 

Literature searching was undertaken by a single reviewer (PT) who independently searched 

each database using the search terms and retrieved abstracts. Abstracts were then reviewed 

independently by two reviewers (PT and VC) and relevant articles were assessed according to 

the selection criteria. If any difference of opinion arose, the study in question was referred to a 

third party. Articles considered relevant were then obtained in full text. Reference lists of 

retrieved articles were searched for further potentially relevant studies.  Data on sensitivity and 
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specificity of the toe-brachial index in detecting peripheral arterial disease along with reference 

standards, room temperature, pre-rest time and demographic data were extracted by two 

researchers (PT and VC) independently, with disagreements resolved by a third researcher (DS). 

In cases where journal articles contained insufficient information, attempts were made to 

contact authors to obtain missing details. 

Methodological quality was assessed using the QUADAS-2 tool for systematic reviews of 

diagnostic accuracy (72). 

2.6 Results 
A total of 939 articles were retrieved for abstract review (Table 2.2). Of these, 922 were 

excluded for lack of relevance. Seventeen articles in total were deemed relevant and full text 

versions were acquired. One study was excluded (73) as it was determining inter and intra 

tester reliability alone, and not diagnostic accuracy. One study (67)was excluded as it 

compared ankle-toe pressures rather than the TBI. Five studies (74-78) were excluded as they 

did not diagnose PAD using diagnostic imaging for the reference standard. One study was 

excluded (79) as it reported correlation only and  data examining sensitivity and specificity in 

this group were reported in another included study (20). One study was excluded as it 

examined patients with vasospastic disorders (75) and one other study was excluded as it 

diagnosed calcification and not PAD [25]. Seven studies met all inclusion criteria for this review 

(20, 70, 71, 80-84).  

All seven included studies were appraised for risk of bias using the Quality assessment of 

diagnostic accuracy studies (QUADAS-2) tool (Table 2.2,Figure 2.2).  
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Figure 2.1 Search Strategy 

2.6.1 Characteristics and overview of included studies 

2.6.1.1 General 

The studies included in this review examined sensitivity and specificity of TBI for detecting PAD 

in different cross sections of participants (Table 2.2). A total of 566 lower limbs were included 

in the seven studies. Of the 566 limbs, diagnostic imaging demonstrated 340 with PAD and 210 

without PAD (16 limbs missing data(84)). Reported  participant age varied significantly (Table 

3) with most of the studies examining an older age group, with the exception of one study (71) 

which had a range of 35 – 89 years and one study which did not report age at all(80). Both men 

and women were included in most studies, with all reporting a higher number of male 
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participants (20, 80-84).  One study did not specify gender of participants (71). Sample sizes 

varied amongst the seven studies ranging between 30 and 130 (Table 3). Most studies used 

paired data(20, 71, 80, 81), one was unclear (70, 83) and two studies used one limb per 

person(82, 84). 
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Table 2.2: Summary of studies for sensitivity and specificity of the TBI for detecting PAD 

Study Year Limbs Mean 
age  

(SDa) 

Population Reference 
standard 

PAD 
Diagnosis 

TBI Method Sensitivity 
% 

Specificity 
% 

With 
Disease 

(n) 

Without 
Disease 

(n) 

TBI 
normal 

limit 

Room 
Temperature 

(°c) 

Pre-
measurement 

rest time 
(minutes) 

Bunte  
(83) 

2015 31  
(n=31) 

66 Critical limb 
ischemia 

Angiography Stenotic 
>50% or 
occluded 

Manual 92 16.7 25 6 ≥0.7 - 5-10 

Okamoto 
(71) 

2006 72  
(n= 36) 

Range 
35-89 

Renal patients  MDCTc Stenosis 
>75% 

Automated 45.2 
 

100 (98.1) 
 

46 26 ≥0.6 23 - 

Park  
(80)  

2012 30  
(n=15) 

- Diabetes, 
claudicating 

+/- gangrene 

Angiography - Automated 100 (96.3) 100 (97.8) 13 17 ≥0.6 22 15 

Suominen 
(84) 

2008 68 (n=68) 69.5 
(11.7) 

Patients with 
elevated ABI 

DSAd Stenosis 
>50% 

Automated 99 - 68 - ≥0.6 Controlled 10 

Tehan  
(82)  

2015 119 
(n=119) 

73.1 
(7.2) 

Patients at 
risk of PAD 

CDUb Stenosis 
>50% 

Manual 71 79 51 68 ≥0.7 23 - 25 10 

Weinberg 
(81) 

2013 116 
(n=92) 

71.2 
(11.2) 

Patients 
attending 
vascular 

laboratory 

DSAd TASC II - 92 - 100 - ≥0.7 - - 

Williams 
(20) 

2005 130 
(n=68) 

Range 
63 - 69 

Diabetes and 
control 

CDUb Stenosis 
>50% 

Manual 100  76 37 93 ≥0.75 25 3-5 

aStandard Deviation, bColour duplex ultrasound, cMulti-detector computed tomography, ddigital subtraction angiography 
TBI = toe-brachial index, ABI = ankle brachial index. Corrected values for sensitivity and specificity in parentheses. TASC II= TASC II classification scheme 
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2.6.1.2 TBI Method 

Details of methodological procedures of included studies are provided in Table 3. All of the 

included studies used the photoplysthmography method to measure the toe pressure included 

in the TBI and included a mix of manual and automated measurements. Pre- measurement rest 

time varied between three and fifteen minutes. Most studies used only one toe pressure 

measurement in the calculation of the TBI (70, 71, 80, 82, 84) whereas one study(20) took a 

mean of two measurements, taken at three and five minute intervals. Two studies did not 

describe the TBI method in sufficient detail to determine how many measurements were taken 

(81, 83). Cut-offs for abnormal TBI values indicating PAD diagnosis also differed between the 

studies (<0.6, <0.7 and <0.75). Room temperature was controlled in most studies and only 

varied by a few degrees, two studies did not detail room temperature(81, 83) and one study 

stated it was controlled but did not specify the temperature(84).  

2.6.1.3 Quality Assessment 

A QUADAS-2 checklist was used to assess methodological quality and risk of bias of the included 

studies (Table 2.3, Figure 2.2). In all of the included studies it was unclear if the results of the 

index test were interpreted without knowledge of the reference standard. It was also unclear in 

all of the studies if the reference standard results were interpreted without knowledge of the 

index test. Details of the methodological quality assessed by the QUADAS-2 tool are provided in 

Table 2.3 and Figure 2.2. 

 A range of different diagnostic imaging methods were utilised by the included studies to 

diagnose PAD, all of which have varying levels of diagnostic accuracy.  Four of the included 

studies used the gold standard angiography as a reference standard, two used colour duplex 

ultrasound and one used multi-detector row computed tomography. The diagnosis of PAD using 

these reference standards also differed significantly between studies. Several different 

anatomic criteria for diagnosis of PAD were used including >50% stenosis, >75% stenosis and 
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one paper utilising the TASC classification system for interpretation of lower limb angiography. 

The index test, the TBI was also interpreted differently between studies with definition of a 

normal value ranging from >0.6 to >0.75.  

The sample populations studied all included groups representing people either at risk of, or with 

current PAD (Table 3).  However, the diagnosis of haemodynamically significant PAD, disease 

severity and presence of underlying comorbidities varied significantly between studies. Only 

one of the included studies recruited a non-diseased control group with a further four studies 

including non-diseased single limbs and/or participants from different at-risk or symptomatic 

cohorts.  Two studies were stated to be performed retrospectively and included diseased limbs 

only. Underlying co-morbidities included diabetes, renal disease and mixed populations at risk 

of PAD that were symptomatic or non-symptomatic.  

  

Figure 2.2: QUADAS-2 Risk of bias tool 
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Table 2.3: Risk of bias of included studies using QUADAS-2 tool 

Study Risk of Bias Applicability Concerns 
 Patient 

Selection 
Index Test Reference 

Standard 
Flow and 
Timing 

Patient 
Selection 

Index Test Reference 
Standard 

Bunte • ? • ? •  •  
? •  •  

? •  
Okamot
o 

• ? • ? •  •  •  •  •  
Park 

•  • ? •  • ? •  •  •  
Suomin
en •  • ? •  • ? •  •  

? 
•  

? 
Tehan 

•  • ? •  •  •  •  •  
Weinber
g 

• ? • ? • ? •  •  •   •  
Williams 

•  • ? •  •  •  •  •  

Low Risk High Risk  ? Unclear Risk  

 

2.6.1.4 Sensitivity and specificity of the TBI 

Sensitivity was reported in all seven studies and ranged from 45% to 100% (Table 2.2) 

with the highest reported sensitivity by Park et al (80) who demonstrated 100% 

sensitivity of the TBI for detecting PAD in a population of thirty claudicating limbs with 

and without gangrene. The lowest sensitivity was reported by Okamoto et al (71) who 

demonstrated the TBI had 45% sensitivity for detecting PAD in a sample of seventy-two 

participants undergoing haemodialysis. Specificity of the TBI for diagnosing PAD was 

reported by five studies and ranged from 16% to 100% (Table 2.2). The highest reported 

specificity (100%) was also by Park et al (80) and the lowest specificity (16%) was 

demonstrated by Bunte et al (83). 

2.7 Discussion 
This review assessed the sensitivity and specificity of the TBI in detecting PAD. Seven studies 

were included which examined sensitivity and five studies examined specificity of the TBI for 

detecting PAD in a range of different populations. The TBI had varying degrees of sensitivity 

ranging from 45% to 100% and specificity from 16% to 100% depending on the population 

studied. The heterogeneity of the included populations was notable. Overall the TBI had good 
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test performance in patients with diabetes, claudicants and those at risk of PAD and therefore 

may be a useful adjunct for vascular screening in these cohorts (65). Lower sensitivity was 

reported in a population with renal disease, and poor specificity in a cohort with critical limb 

ischemia. Overall the variable results of measures of diagnostic accuracy of the TBI for PAD in 

the existing literature make it difficult to determine the clinical utility of this test.   The variable 

diagnostic accuracy reported in the included studies it likely to have been influenced by both 

the heterogeneity of included participants groups and the methodological differences between 

studies.  

Methodological quality was varied across the seven studies with a significant amount of 

heterogeneity across multiple domains. The QUADAS-2 assessment demonstrated that a large 

amount of information was unclear across the studies, particularly in relation to risk of bias with 

patient selection and the index test.  Only one of the seven included studies recruited non-

diseased participants, with two studies only including a diseased populations. The lack of 

equitable non-diseased groups in the majority of studies creates significant spectrum bias (85). 

In addition it was unclear if there was appropriate operator blinding between the index and 

reference testing in all of the included studies which was also likely to lead to an increased risk 

of bias.   

The interpretation of the TBI value for normal was also a likely factor in the varying levels of 

reported accuracy. Studies which used the lower value for normal of >0.6 were likely to have 

overestimated the presence of disease compared to those using a much higher cut-off of >0.75. 

Unlike the ABI, the TBI does not have a well-established grading system or an agreed normal 

value which is correlated with gold standard diagnostic imaging. Currently there are 

discrepancies in the literature and any of the values used in the included studies i.e. 0.6, 0.7 or 

0.75 can be considered as a cut-off for to differentiate normal and abnormal findings (20, 67, 

68, 75). Recent research has shown that in normal populations mean TBI values are 0.94 to 
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0.98, suggesting that the current cut-offs are too low and that under diagnosis of PAD is likely 

(69). The differing cut-offs used in the included studies are certain to have influenced the 

sensitivity and specificity.  

The range of reference standards used by the included studies and differing anatomic criteria 

for diagnosis of PAD may also account for the varied levels of reported diagnostic accuracy   One 

study used multi-detector row computed tomography(70, 71), four used angiography(80, 81, 

83, 84) and two used colour duplex ultrasound(20, 82). Although angiography remains the gold 

standard in imaging for PAD the studies using this method used differing criteria to diagnose 

PAD making comparison between studies difficult. Whilst duplex ultrasound is the gold standard 

non-invasive imaging method for diagnosing PAD, and is used extensively clinically, it is 

operator-dependent. Both studies using duplex ultrasound reported high test-retest reliability; 

however, testing was conducted in a small sample and this form of imaging is known to have 

has reduced diagnostic accuracy particularly in infragenicular vessels (86) and those affected by 

extensive MAC (87).  

Methodological differences in performing the TBI measurement between studies may also have 

had an effect on the reported sensitivity and specificity outcomes of studies included in this 

review. The TBI is highly influenced by environmental factors and has limited utility in some 

populations such as those with vasospastic disorders(67). External variables known to influence 

toe pressure measurement such as ambient temperature varied in the included studies. Limb 

temperature which is also known to influence toe pressure measurement was also not 

demonstrated by any of the included studies (88). The included studies also reported 

differences in rest times prior to taking toe pressures, and use of serial (an average of two or 

more) and single measurements. There is evidence to suggest that toe pressures do not 

stabilise for the first 10 minutes (89) possibly affecting the accuracy of studies using shorter  

pre-measurement rest time frames. Furthermore use of one versus an average of two TBI 
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measurements may also have affected measures of diagnostic accuracy. Although one 

measurement has been shown to have adequate diagnostic accuracy of the TBI for PAD(82), 

there has been no comparative investigation of the effect of single or serial TBI measurements.  

Our systematic review has demonstrated a paucity of data relating to the diagnostic accuracy of 

the TBI for PAD. Current international PAD screening guidelines recommended the TBI be used 

in the presence of an elevated ABI value(7). It is possible the TBI can also provide additional 

information on small vessel PAD and disease below the ankle, which is not detected by large 

vessel screening methods such as the ABI. Furthermore co-existence of PAD and MAC have 

been demonstrated to reduce the ABI to a normal value, failing to detect either disease process 

(8) and may render the ABI less accurate in specific populations including those with renal 

disease and diabetes. However based on current literature the value of the TBI for diagnosing 

PAD across populations at risk of the disease is inconclusive. 

2.7.1 Limitations 

We performed an exhaustive search for relevant literature, however the volume of articles 

retrieved from database searches may have led to accidental omissions of relevant 

research. Six databases were utilised in the search, however researchers in the field were 

not contacted for any unpublished work. Authors were only contacted where information 

from included articles were missing and in only one case responded. Furthermore, strict 

exclusion criteria meant that multiple studies were not included as they did not use valid 

diagnostic imaging as a reference standard or did not calculate sensitivity and specificity. 

Overall there was a lack of high level evidence for determining diagnostic accuracy of the 

TBI for PAD. All of the included studies had small sample sizes with large variations in 

methodology and very specific populations. More extensive investigation is required using 

larger sample sizes and including more general populations at risk of PAD in order to 

determine the true value of the TBI as a potential diagnostic tool.  
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2.8 Conclusions 
This review highlights the lack of high level evidence available investigating the diagnostic 

accuracy of the TBI for PAD. Based on current literature it is not possible to determine the 

extent of the effectiveness of this test for diagnosing PAD in a clinical setting.  We have also 

demonstrated there is a need for standardised normal values to be established for the TBI 

before diagnostic accuracy for PAD can be conclusively determined. 
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Chapter 3 The sensitivity and specificity of the 
toe-brachial index in detecting peripheral 
arterial disease: initial findings 

3.1 Preface 
The results of the systematic review presented in Chapter two demonstrated there are scant data 

investigating the diagnostic accuracy of the TBI for PAD. A preliminary investigation of measures 

of diagnostic accuracy of the TBI is presented in this chapter. The results demonstrate that in an 

older, community based population at risk of PAD, the TBI is more sensitive but less specific than 

the ABI for detecting PAD and overall is a better diagnostic test.  

The advertising, consent forms, authority to release healthcare information, information 

statement, and ethics approval relating to this study are available in Appendices 2, 3, 4, 5 and 6. 
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University of Newcastle Human Research Ethics Committee (reference number H-2010-1230). 

This study has been published in the peer-reviewed journal Journal of Ultrasound in Medicine 
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3.3 Abstract 
Objectives -The toe-brachial index (TBI) is an alternative to the ankle-brachial index (ABI) to 

screen for peripheral arterial disease (PAD) however, there is limited evidence comparing their 

diagnostic accuracy. This study compared the diagnostic accuracy of the ABI and TBI in a 

population at risk of PAD. 

Method –Sensitivity and specificity of the ABI and TBI were determined using colour duplex 

ultrasound.  Receiver operating characteristic (ROC) analysis was performed. 

Results – 119 participants were recruited (M: 75 F: 44).  Sensitivity for PAD was highest for the 

TBI (TBI: 70%, ABI: 45%) and specificity highest for the ABI (ABI: 92%, TBI: 78%). ROC analysis 

indicated the TBI (ROC area: 0.77 p=0.0001) had greater clinical efficacy for the diagnosis of PAD 

than the ABI (ROC area: 0.65, p=0.005). 

Conclusion - In specific populations the TBI may have greater clinical efficacy than the ABI for 

the diagnosis of PAD 
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3.4 Introduction  
Peripheral arterial disease (PAD) involves the progressive stenosis and, potentially, occlusion of 

arterial beds supplying the lower extremity through the development of atherosclerosis. The 

risk of PAD increases with age, affecting 21% of those over the age of 65, and in the presence of 

risk factors such as smoking, diabetes, dyslipidaemia and hypertension (16, 90). As many PAD 

sufferers are asymptomatic, the condition is highly under-recognised (91) and if untreated can 

ultimately lead to the development of wounds, gangrene and amputation (92).  Presence of 

PAD is also an indicator of systemic arterial disease and is associated with an increased risk of a 

cardiovascular event (30) and associated mortality (32). 

Traditionally, the ankle brachial index (ABI) has been used as a non-invasive method of assessing 

peripheral vascular status in patients at risk of PAD.  An ABI is calculated by taking the higher of 

the systolic pressure of the dorsalis pedis or posterior tibial artery and dividing it by the highest 

systolic brachial pressure (7). A normal ABI is considered to be above 1.0 (7) with a ratio less 

than 0.90 is diagnostic of PAD (12).  

The ABI is a highly sensitive and specific screening tool for PAD (12, 65). The relative simplicity 

of application and low cost make the ABI an easily accessible assessment tool for many 

clinicians. However, recent research suggests the diagnostic accuracy of the ABI is reduced in 

specific populations. Decreased sensitivity and specificity of the ABI for the presence of PAD has 

been demonstrated in the elderly and in the presence of renal disease or diabetes (20, 71). It is 

widely recognised that higher rates of medial arterial calcification (MAC) in these populations 

leads to stiffening of the arterial wall, preventing full compression of the lower extremity 

arteries, inflating the ABI value and reducing the clinical efficacy of the test (8, 20).  An elevated 

ABI (>1.4), is generally accepted to be indicative of MAC (12) . However, further complicating 

lower extremity vascular testing in these patients, presence of MAC is also associated with 

significant lower extremity atherosclerosis (93). The combination of these two pathologies may 
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result in a normal ABI result in the presence of significant PAD due to partial loss of 

compressibility of the artery, leading to undiagnosed PAD. Additionally, more distal anatomical 

distribution of atherosclerotic lesions occurring both in people with diabetes and advanced age 

(16) further affects the ABI, with a stenosis of arteries at the level of, or distal to, the ankle 

unable to be detected with ankle pressure measurements (8). 

Alternative methods of non-invasive vascular assessment may be performed using small vessel 

testing methods such as the toe-brachial index (TBI). The TBI is a ratio of the systolic toe 

pressure divided by the highest systolic brachial pressure (7). Normal values for the TBI are 

lower than the ABI, with 0.7 and above considered normal (45, 67, 68). The TBI has been shown 

to be an accurate indicator of PAD in specific populations who are prone to medial calcification 

including those with diabetes-related PAD, sensorimotor neuropathy (20), and patients 

undergoing haemodialysis for end-stage renal failure (70, 71). The TBI is by no means a new 

assessment method however its use remains limited, particularly in the vascular laboratory. 

Despite the potentially wide applicability of the TBI as a test for PAD, evidence evaluating its 

diagnostic accuracy is limited. There is also a lack of comparative data assessing the relative 

diagnostic accuracy of the TBI and the ABI for the presence of PAD using diagnostic imaging as 

the reference standard. The aim of this study is to examine the sensitivity and specificity of the 

TBI, and comparative diagnostic accuracy of the TBI versus the ABI in detecting PAD in a 

population of patients at risk of PAD.  

3.5 Methods 
This study was undertaken at a private vascular clinic in Lake Macquarie, New South Wales, 

Australia. Ethical approval was obtained from the University of Newcastle Human Research 

Ethics Committee. All participants provided written informed consent prior to participation. 
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Over a period of twenty-eight months (August 2011- December 2013) participants were 

recruited on a volunteer basis from a private vascular clinic and a podiatry service in Newcastle. 

Inclusion criteria were set in accordance with current guidelines for lower extremity vascular 

screening (12): participants aged over 65 years; or aged over 50 years with a history of diabetes 

or current smoking; or with exertional leg pain or non-healing wounds. Exclusion criteria were: 

contraindications to ankle, toe, and brachial pressure measurements including active hallux or 

leg ulceration preventing cuff placement; history of deep vein thrombosis, lymphoedema and 

previous bilateral mastectomy or vasospastic disorders.  

All participants attended a single testing session at the vascular clinic with one of three 

ultrasonographers. During the testing session ABI and TBI measurements, colour duplex 

ultrasound (CFDU) and neurological testing were performed on the right leg.  CFDU was chosen 

as it has been demonstrated to be a valid imaging technique in non-invasive vascular diagnostic 

testing (91, 94). The right limb only was used to comply with the assumption of independence 

of data in statistical testing (95). Medical history was obtained each participant.  Participants 

were asked to avoid alcohol, smoking, exercise and caffeine one hour prior to the testing 

session to avoid influencing pressure measurement (96). Participants were placed in a supine 

position and rested for at least 10 minutes prior to pressure measurements being taken. A 

subset of 10 participants randomly selected returned within one week of the initial testing 

session. At the second testing session all tests (vascular and neurological) were repeated by a 

different clinician blinded to the results of the initial test, to establish inter-tester reliability.  

CFDU was performed with either a Phillips CX-50 or GE Logiq-I. All ankle and brachial pressures 

and CW Doppler tracings of pedal arteries were taken using the Parks Vascular Mini Lab 1050c 

with 8.2 MHz CW Doppler, a Parks standard 10 cm inflatable cuff and ERKA switch blood 

pressure gauge. Toe pressures were obtained with a photoplysthmography (PPG) probe, 
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Hokinson toe pressure cuff (2.5cm, 1.9cm or 1.6cm) and ERKA switch blood pressure gauge. Size 

of cuff used was in accordance with current guidelines for cuff size (7) 

Room temperature was monitored with a thermometer and was maintained between 23°C and 

25°C (88). Bilateral brachial systolic pressures were obtained in all participants using a Parkes 

CW Doppler and hand-held sphygmomanometer. Ankle systolic pressures of the right leg only 

were taken by placing the brachial pressure cuff around the lower leg, proximal to the medial 

and lateral malleoli. Both dorsalis pedis and posterior tibial artery pressures were recorded, 

with the higher of the two being used in calculation of the ABI. Toe systolic pressures were 

obtained by placing a PPG probe directly on the distal pulp of the right great toe affixed with 

adhesive tape. Once a clear signal was obtained, a toe cuff was placed immediately proximal to 

the PPG probe. In the event of the great toe being too large for the toe cuff, the second toe was 

used. The cuff was then inflated to 20 mmHg above the last visual PPG signal. The cuff was then 

slowly deflated - the pressure reading was recorded when a consistent waveform returned. The 

TBI was calculated by dividing the toe pressure by the highest brachial pressure.  

CFDU was performed following pressure measurements, from the abdominal aorta to the distal 

ankle on the right side as the reference standard.  For calculations relating to diagnostic 

accuracy, presence of PAD was defined as one or more arteries with >50% stenosis (86, 97). 

Distal disease was defined as disease distal to and including the proximal popliteal artery and 

proximal disease was disease from the common iliac artery to the distal superficial femoral 

artery. Sensitivity, specificity, diagnostic accuracy and positive predictive value of the ABI and 

TBI for the presence of PAD were calculated using the standard cut-off score for an abnormal 

ABI of ≤ 0.90 or greater than 1.4, consistent with current screening guidelines(7) and the 

suggested cut-off score for the TBI of <0.70 (5, 65). Ankle pressures exceeding 200 mmHg were 

considered incompressible (7).  Receiver Operating Characteristic (ROC) analysis was performed 

for ABI and TBI and was calculated using SPSS version 19 statistical software. Standard 
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deviations (SD) were derived for all means, sensitivities, specificities and positive and negative 

predictive values. Calculations of diagnostic accuracy were performed using Microsoft Excel. 

Inter-tester reliability of CFDU scanning was calculated using the presence or absence of PAD as 

a dichotomous variable and an unweighted Cohen’s Kappa (К) statistic. Intra-class correlation 

coefficients (ICC) with 95% confidence intervals (CI) were calculated to determine level of 

agreement between test and retest for the ABI and the TBI. All ICC values for inter-tester 

reliability were interpreted according to cut-offs suggested by Fleiss (98).  Interpretation of the 

Cohen’s К statistic was performed using the method proposed by Landis and Koch (99). All 

reliability analyses were conducted using SPSS version 19.  

3.6 Results 
A total of 119 participants were recruited. One participant was excluded as the CFDU scan was 

performed on a different day to the remainder of the vascular examination. Participant 

characteristics are included in Table 3.1.  

Table 3.1: Participant Characteristics 

Total Participants (N) 119 
Males n (%) 75 (63.02) 
Females n (%) 44 (36.97) 
Age Range (Years) 53 – 92 
Diabetes n (%) 73 (61.34) 
Mean Age (years) 73.1 (SDA 7.2) 
Incompressible ankle pressure n (%) 16 (13.44) 
Distal PAD n (%) 37 (31.09) 
Proximal PAD n (%) 7 (5.88) 
Distal & Proximal PAD n (%) 7 (5.88) 
PAD n (%) 51 (42.85) 
Proximal Occlusions n (%) 1 (0.84) 
Distal Occlusions n (%) 40 (33.61) 
A=standard deviation, PAD= Peripheral arterial disease 
 

Mean ABI was 1.13 (SD 0.23). The mean falls within the normal range for an ABI measurement.  

The ABI results ranged from 0.34 to 2.0 that indicated participant peripheral arterial status 

included both those with significant PAD and significant MAC. The ABI was more likely to fail to 



41 

diagnose the presence of PAD. Diagnostic accuracy of the ABI was 72% (Table 3.2).  ROC 

analysis showed that sensitivity for an ABI set at <0.9 or >1.4 for detecting PAD was only 65.2% 

(95%CI 0.54-0.77) (Figure 3.1). This indicates in this population the ABI was a poor test 

{Akobeng, 2007 #36}. The sensitivity and negative predictive value of the ABI of 45% and 69% 

reflects an increased risk of failure to diagnose existing disease (Table 3.2). However the 

specificity (93%) and positive predictive value (82%) were high, indicating that the ABI is 

relatively unlikely to falsely diagnose people without PAD.  

Table 3.2: Table of results 

Analysis 
 Ankle Brachial 

Index 
Toe Brachial 

Index 
Mean (SD) • 1.13 

(0.23) 
• 0.71 

(0.21) 
Sensitivity (95% CI) • 45 (32-59) • 71 (57-

81) 
Specificity (95% CI) • 93 (84-97) • 79 (67-

87) 
Positive predictive value (95% CI) • 82% (63-

93)  
• 72% (57-

83) 
Negative predictive value (95% CI) • 69% (58-

78)  
• 77% (65-

86) 
ROC area (p value) • 0.65 

(p=0.005) 
• 0.77 

(p=0.0001) 
   

The mean TBI was 0.71 (SD 0.21), which is within a normal range for TBI measurement. ROC 

analysis was 77.7% (95%CI 0.69-0.87) indicating the TBI was a fair test in this population (99). 

The sensitivity of the TBI for detecting PAD was 71% indicating that the TBI was quite likely to 

accurately detect PAD in this population (Table 3.2). The specificity was 79%, which while lower 

than the ABI result, suggests that the TBI is relatively unlikely to falsely detect PAD.  
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Figure 3.1: ROC analysis ABI vs TBI 

Inter-tester reliability of the CFDU scans between the three ultra-sonographers was high (K 

0.78, p<0.01)(99). ICCs demonstrated good test-retest reliability of the toe pressures (ICC: 0.80, 

95% CI: 0.39-0.95) and moderate reliability of brachial pressures (ICC: 0.66, 95% CI: 0.09-0.90) 

and ankle pressures (ICC 0.62, 95% CI: 0.03-0.89)(100). 

3.7 Discussion 
The results of this study indicate that overall the TBI has much higher sensitivity (71%) for the 

presence of PAD than the ABI (45%). However, the ABI demonstrated slightly higher specificity 

(93%) than the TBI (79%). The negative predictive value of the ABI (69%) together with poor 

ROC analysis (65.2%) has significant clinical implications, leaving approximately one third of 

participants falsely undiagnosed. 
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Previous research studies have reported a range of results regarding sensitivity of the ABI, 

depending on the cohort of subjects studied. In healthy patients, the ABI has been 

demonstrated to be highly sensitive (95%) (101-104) however in patients with diabetes or renal 

disease sensitivity of the ABI has been shown to be considerably lower (29.9-53%)(20, 71).  The 

population in this present study met current criteria for lower extremity vascular screening and 

consisted of an older age group with a large number of people with diabetes. The findings of 

our study suggest that there may be a high prevalence of concurrent MAC and PAD within the 

general population requiring peripheral vascular screening.  This is expected as this population 

is older, and at higher risk of comorbidities such as diabetes which are both associated with the 

development of MAC. Although MAC is known to affect the accuracy of the ABI in people with 

diabetes, renal disease and in older age, the prevalence of clinical and subclinical MAC within 

the general population remains controversial. 

MAC has been estimated to affect approximately 13.3% of males and 6.9% of females in a 

population at risk of PAD (17). However cut off points for the diagnosis of MAC by the ABI have 

been questioned. Further complicating matters, the presence of a sub-clinical MAC has been 

proposed, which goes undetected by the ABI (92). It is therefore difficult to determine the 

extent to which the accuracy of the ABI may be affected and the efficacy of using the 

measurement as a screening tool. Current recommendations suggest a toe pressure be used 

only in the presence of an ABI elevated to beyond 1.40, however this does not address the 

presence of PAD coexisting with MAC which may reduce ABI to within a normal range (8, 43, 

105, 106). This study supports previous findings indicating that the ABI had decreasing levels of 

sensitivity in a population at risk of PAD and concurrent MAC. Conversely, the specificity of the 

ABI (93%) in this study was higher than the TBI (79%). Previous studies in different populations 

have demonstrated the ABI had differing specificity rates (88 – 100%)(20, 71), however this 

study was a mixed population with a larger sample size, and participants were rested for 10 
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minutes which has been demonstrated as the ideal rest time for ankle pressures(107). This may 

have resulted in higher specificity rates.  

Previous research in small cohorts of people with diabetes has demonstrated that the TBI had a 

superior sensitivity for the presence of PAD compared to the ABI (20). In this study, the TBI also 

had a superior sensitivity and ROC analysis when compared to the ABI.  Whilst the TBI’s 

specificity was lower than the ABI, the TBI still fared better overall demonstrating a more 

significant result with ROC analysis. This suggests that the TBI has a wider applicability to a 

broader population at risk of PAD than previously believed. 

In this study 61% of the participants had diabetes and the average age was older than 

previously reported. As both advanced age and diabetes are associated with more distally 

distributed atherosclerotic lesions(16) these participants demonstrated higher rates of distally 

located stenoses. Our findings of increased sensitivity of the TBI for PAD in our sample is 

congruent with previous suggestions that the TBI has high sensitivity for more distally 

distributed disease and should therefore be a test of choice in populations at risk of such 

disease patterns. However it is important to note that in this study that a PPG probe was used 

to measure TBI. There are other methods of obtaining toe pressures including strain gauge 

plethysmography, oscillometric plethysmography and laser Doppler, therefore our study applies 

only to the PPG method. 

In addition to being highly sensitive, our results also suggest that the TBI had higher specificity 

(79%) than previously reported in small groups of people with diabetes (61-65%) (20). However 

this may be due to the effect of diabetes on microcirculation and impairment of vasodilatory 

capacity which would remain undetected by large vessel screening methods such as the ABI and 

CFDU (88). The presence of microvascular disease dropping the TBI without co-existent PAD 

would reduce specificity of the test for PAD.  Conversely, in studies examining people with 
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chronic renal failure, the specificity of both the TBI and the ABI has been shown to be up to 

100% potentially due to the high rates of MAC in this population without the presence of 

peripheral microvascular disease (71).  

3.7.1 Potential Limitations 

To the authors’ knowledge this is the first study to assess the sensitivity and specificity of the 

TBI across a mixed population at risk of PAD. However, the findings of this study need to be 

considered carefully due to some potential limitations. CFDU, while a valid form of non-invasive 

vascular assessment, is heavily dependent on operator skill, and while an inter-tester reliability 

study was performed, and shown to be adequate, the results are never the less subjective and 

dependant on clinician skill and experience. The inter-tester reliability testing of CDFU was 

limited to ten due to financial restraints and may not be statistically robust, however, has similar 

participant numbers to another study of diagnostic accuracy using CFDU as a reference 

standard (10). Our convenience sample consisted of a large proportion of people with diabetes, 

and an older mean age, however this reflects the sample population who were attending a 

podiatry and vascular clinic at risk of PAD. People over the age of 75 have a higher prevalence of 

PAD (91). People with diabetes are at increased risk of PAD, with disease occurring earlier, and 

more aggressively with a more distal distribution frequently reported (108). Results of this study 

therefore reflect a population at significant risk of PAD with more distally located stenoses. 

3.8 Conclusion 
This study demonstrated that the TBI had greater sensitivity than the ABI in participants at risk 

of PAD. Specificity of TBI was lower than the ABI, but higher than previously reported. These 

results suggest that the TBI may be more clinically effective forms of vascular assessment in this 

population. Further research is required in larger cohorts to further elucidate the sensitivity and 

specificity of the TBI in broad populations at risk of PAD. 
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Chapter 4 Non-invasive vascular assessment 
in the foot with diabetes: sensitivity and 
specificity of the ankle brachial index, toe 
brachial index and continuous wave Doppler in 
detecting peripheral arterial disease 

4.1 Preface 
Non-invasive vascular assessment in the lower limb in diabetes cohorts is particularly 

challenging due to the nature of vascular pathology affecting both large and small blood 

vessels. Clinicians regularly use ABI, TBI and CWD to perform vascular assessment in 

diabetes cohorts, however little evidence exists evaluating the diagnostic accuracy of these 

tests using diagnostic imaging as a reference standard. An investigation of the sensitivity 

and specificity of the ABI, TBI and qualitative waveform analysis is presented in this 

chapter. The results highlight both the difficulties completing lower limb vascular 

assessment in this population and the need for a multi-faceted approach to vascular 

assessment in the presence of diabetes. 

The advertising, consent forms, information statements, and ethics approval relating to 

this study are available in Appendices 2, 3, 4, 5 and 6. The study presented in Chapter 4 

was conducted in accordance with ethical approval granted by: University of Newcastle 

Human Research Ethics Committee (reference number H-2010-1230). 

This chapter has been published in the peer-reviewed journal Journal of Diabetes and its 

complications. (Appendix 8). 

Tehan, Peta Ellen, Bray, Alan, Chuter, Vivienne Helaine. Non-invasive vascular assessment 

of the foot in Diabetes: diagnostic accuracy of the ankle brachial index, toe brachial index 

and continuous wave Doppler. Journal of Diabetes and its complications (2015). doi: 

10.1016/j.jdiacomp.2015.07.019 
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This chapter was also accepted as an oral presentation at the Society of Podiatrists and 

Chiropodists Conference in Harrogate, United Kingdom, November 2015. The conference 

abstract will be published in the Journal of Foot and Ankle Research in 2016. 
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4.3 Abstract 

4.3.1 Background & Aims 

Non-invasive lower limb vascular assessment in people at risk of peripheral arterial 

disease (PAD) including those with diabetes is crucial. There is evidence that standard 

assessment techniques such as the ankle-brachial index (ABI) may be less effective in 

people with diabetes. However there is limited evidence for other frequently used tests 

including continuous wave Doppler (CWD), and the toe-brachial index (TBI). The aim of 
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this study was to determine the sensitivity and specificity of CWD, ABI and TBI in a 

population with, and without diabetes. 

4.3.2 Methods  

Participants with and without diabetes who met current guidelines for vascular screening 

were recruited and CWD waveforms, an ABI and a TBI were obtained from the right lower 

limb. Diagnostic accuracy was determined using colour duplex ultrasound (CFDU).  

4.3.3 Results  

One hundred and seventeen participants were recruited, seventy-two with diabetes and 

forty-five without diabetes. CWD had the highest sensitivity in people with diabetes (74%) 

and without (84%). CWD also had the highest specificity in people with diabetes (74%) 

and without (84%)compared to both TBI and ABI. In participants with diabetes, the ABI 

was a poor test ROC: 0.58(p= 0.27).  

4.3.4 Conclusions  

CWD waveform is more likely to detect significant PAD compared to ABI and TBI in people 

with and without diabetes.  

4.4 Introduction 
Non-invasive lower limb vascular assessment is essential for detecting peripheral arterial 

disease (PAD). Early detection and on-going monitoring of PAD through routine screening 

facilitates effective management of the condition and, can ultimately prevent foot 

complications such as wounds, gangrene and amputation(109). As PAD commonly occurs 

with systemic atherosclerosis (60), timely diagnosis is also necessary to ensure 

cardiovascular risk factors are managed to avoid more serious complications such as heart 

attack and stroke.  
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People with diabetes are at a four-fold increased risk of developing PAD. In this cohort the 

condition also progresses more quickly, is more severe than in the general population, 

tends to affect distal rather than proximal arteries and is more likely to result in ischaemic 

ulceration and amputation (12, 110, 111). Due to the heightened risk of foot complications 

associated with diabetes-related PAD, accurate non-invasive vascular assessments of the 

lower limb are essential in this population.  

Both the ankle-brachial index (the ratio of ankle arterial pressure to that in the brachial 

artery) and toe-brachial index (the ratio of toe arterial pressure to that in the brachial 

artery) are non-invasive vascular assessment techniques used to quantitatively evaluate 

arterial status of the lower limb (7, 65) . Although the ankle-brachial index (ABI) is used 

more widely, it has been demonstrated to have significant limitations in the presence of 

diabetes- related PAD including inability to detect distally located PAD and poor accuracy 

in the presence of medial arterial calcification, a condition associated with diabetes 

resulting in incompressible lower leg arteries (41).  

As the toe-brachial index (TBI) measurement is taken more distally in the lower limb there 

is a greater likelihood of detecting arterial pressure changes caused by stenosis located 

below the knee as occur in the presence of diabetes(59). The digital arteries are also less 

likely to be affected by MAC (62, 68, 112), and these factors potentially make the TBI a 

more sensitive test for PAD than the ABI across diabetes cohorts. However, there are 

varying levels of diagnostic accuracy of the TBI in the limited current literature. Although 

there is some evidence that the TBI has superior sensitivity in the presence of diabetic 

neuropathy, in groups with diabetes alone, the TBI has shown lower sensitivity and 

specificity compared to ABI. In control populations, the TBI has demonstrated lower levels 

of specificity compared to ABI, but higher sensitivity (20). However as these findings 

varied significantly between small groups (n=7 to n=41) and the study eligibility criteria 

were tightly controlled- most significantly excluding people with a smoking history or 
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significant cardiovascular disease which are known to be associated with PAD, there is a 

need for more investigation in larger samples which reflect patients that clinicians 

encounter in clinical practice. 

Continuous wave Doppler ultrasound (CWD) is frequently used alongside pressure 

measurement in non-invasive lower limb vascular assessment to assist in diagnosis of 

PAD, monitor disease progression and estimate severity (110). CWD is a low cost 

screening tool that is accessible and quick to use. However, diagnostic accuracy of CWD for 

detecting PAD is not well known in people with diabetes, with a single small study 

demonstrating that CWD has high sensitivity and specificity for diabetes-related PAD than 

the ABI or TBI(20). As interpretation of the CWD waveform relies upon the skill of the 

operator, and is considered more subjective than pressure measurements, further larger 

scale investigation of the utility of the assessment in a diabetes-cohort is required.  

The aim of this study was to determine individual sensitivity and specificity of the ABI, TBI 

and CWD for detecting significant PAD in people with and without diabetes to further 

inform clinical use of non-invasive lower limb vascular assessments.  

4.5 Methods 
This was a prospective, single centre, cross sectional case-control study to determine the 

diagnostic accuracy of three non-invasive lower limb vascular assessment techniques in 

people with and without diabetes. This study was undertaken at Vascular Health Care, a 

private vascular clinic in Lake Macquarie, New South Wales, Australia. Ethical approval 

was obtained from the University of Newcastle Human Research Ethics Committee. All 

participants provided written informed consent prior to participation. 

Over a period of twenty-eight months (August 2011- December 2013) a volunteer 

convenience sample was recruited via flyer advertising from a private vascular clinic and a 

community health service in Newcastle. The following inclusion criteria were set in 
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accordance with current guidelines for lower extremity vascular screening (7, 65): 

participants aged over 65 years; or aged over 50 years with a history of diabetes; or aged 

over 50 years currently smoking; or with exertional leg pain or non-healing wounds. 

Exclusion criteria were: known allergy to coupling gel, presence of a wound preventing 

Doppler probe or ankle cuff placement or previous bilateral mastectomy preventing 

bilateral brachial blood pressure examination. 

All participants attended a single testing session at the vascular clinic with one of three 

ultrasonographers (RK, RR, and AC). During the testing session CWD waveforms, ankle 

pressures and the hallux toe pressure were taken from the right side. Brachial pressures 

were performed bilaterally. Colour duplex ultrasound (CFDU) was performed on the right 

side from the distal aorta to the foot and used as the reference standard. CFDU was chosen 

as it has been demonstrated to be a valid imaging technique in non-invasive vascular 

diagnostic testing (91, 94). The right limb only was used to reduce the incidence of type 1 

error (95). Following the initial testing session medical history was obtained from the 

general practitioners of individual participants. A subset of 10 participants randomly 

selected returned within one week of the initial testing session. At the second testing 

session, all vascular tests were repeated by a different clinician blinded to the results of 

the initial test to establish inter-tester reliability.  

Sonographers were trained in performing a basic neurological assessment by an 

experienced Podiatrist. The neurological assessment was performed by testing for 

protective sensation with the 10 gram Semmes-Weinstein monofilament at 10 points on 

the plantar surface of both feet. The 128Hz tuning fork was applied at the apex of the 

hallux bilaterally to assess vibration perception (113). Participants were classified as 

insensate if they failed either examination – more than four sites were undetected for the 

test of protective sensation or there was absent vibration perception. 
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CFDU was performed with either a Phillips CX-50 or GE Logiq-I. Pressures and CW 

Doppler tracings of pedal arteries were taken using the Parks Vascular Mini Lab 1050c, 8.2 

MHz continuous wave Doppler, Parks standard 10 cm inflatable cuff, and ERKA switch 

blood pressure gauge. Size of cuff used was in accordance with current guidelines for cuff 

size (7). Room temperature was monitored with a thermometer and was maintained 

between 23°C and 25°C (88). Participants were asked to avoid alcohol, smoking, exercise 

and caffeine one hour prior to the testing session to avoid influencing pressure 

measurement (96). Participants were placed in a supine position and rested for at least 10 

minutes prior to pressure measurements being taken. Bilateral brachial systolic pressures 

were obtained in all participants using a Parkes continuous wave Doppler and hand-held 

sphygmomanometer. Ankle systolic pressures of the right leg only were taken by placing 

the brachial pressure cuff around the lower leg, proximal to the medial and lateral 

malleoli. Both dorsalis pedis and posterior tibial artery pressures were recorded, with the 

higher of the two being used in calculation of the ABI. A single toe systolic pressure was 

obtained by placing a PPG probe directly on the distal pulp of the right great toe affixed 

with adhesive tape. Once a clear signal was obtained, a toe cuff was placed immediately 

proximal to the PPG probe. In the event of the great toe being too large for the toe cuff, the 

second toe was used. The cuff was then inflated to 20 mmHg above the last visual PPG 

signal. The cuff was then slowly deflated - the pressure reading was recorded when a 

consistent waveform returned. The TBI was calculated by dividing the toe pressure by the 

highest brachial pressure. CFDU was performed following pressure measurements, from 

the abdominal aorta to the distal ankle on the right side as the reference standard.  

For calculations relating to diagnostic accuracy, PAD was defined as one or more arteries 

with ≥50% stenosis indicating the presence of significant PAD (61, 86, 97). Sensitivity, 

specificity, positive and negative predictive values and ratios of the ABI for the presence of 

PAD were calculated using the standard cut-off score for an abnormal ABI of ≤ 0.90 or 
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greater than 1.4, consistent with current screening guidelines (7, 65). TBI normal values 

were considered ≥0.70. CWD waveforms were analysed by a single researcher who 

assessed each waveform, blinded to the results of CFDU and pressure measurement. Loss 

of multi-phasic pattern (i.e. bi-phasic or tri-phasic) demonstrated by low resistance, slow 

systolic acceleration and no diastolic flow reversal were considered positive for PAD(54). 

Standard deviations ([SD]) were derived for all means. 95% confidence intervals were 

calculated for sensitivities, specificities and positive and negative predictive values and 

ratios. Calculations of diagnostic accuracy were performed using Microsoft Excel. Receiver 

Operating Characteristic (ROC) analysis was performed for ABI and TBI and was 

calculated using SPSS version 22 statistical software. 

Inter-tester reliability of CFDU scanning was calculated using the presence or absence of 

PAD as a dichotomous variable and an unweighted Cohen’s Kappa (К) statistic. Inter-

tester reliability of the neurological examination was also calculated using the presence or 

absence of sensorimotor neuropathy as a dichotomous variable and an unweighted 

Cohen’s Kappa (К) statistic. Intra-class correlation coefficients (ICC) with 95% confidence 

intervals (CI) were calculated to determine level of agreement between test and retest for 

the ABI. All ICC values for inter-tester reliability were interpreted according to cut-offs 

suggested by Fleiss (98). Interpretation of the Cohen’s К statistic was performed using the 

method proposed by Landis and Koch (99) and interpretation of positive and negative 

predictive values was using the guide proposed by Geyman et al (114). To compare the 

groups with and without diabetes, independent samples t-tests will be performed for age, 

ABI and TBI. Fisher’s exact test compared history of smoking and severity of PAD, and 

Pearson’s chi-square compared gender, known history of cardiovascular disease and 

neurological status. P values were calculated for all comparative data. All reliability and 

comparative analyses were conducted using SPSS version 22 statistical software.  
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4.6 Results 
A total of 117 participants were recruited. Participants were categorised into the diabetes 

(n=72) or no diabetes group (n=45) post-hoc. The no diabetes group served as the control 

group. Comparison of the two groups, with and without diabetes showed that overall there 

were no significant differences in gender (p=0.56), neurological status (p=1.00), age 

(p=0.20), severity of PAD (p=0.75), known cardiovascular disease (p=0.90) and smoking 

history (p=0.37) (Table 4.1). Inter-tester reliability of the CFDU scans between the three 

ultra-sonographers was high (K 0.78, p<0.01) (99). ICCs demonstrated good test-retest 

reliability of the toe pressures (ICC: 0.80, 95% CI: 0.39-0.95), moderate reliability of 

brachial pressures (ICC: 0.66, 95% CI: 0.09-0.90), and ankle pressures (ICC 0.62, 95% CI: 

0.03-0.89). 

Table 4.1 Participant Characteristics 

 DM Group No DM group Comparison 
Total Participants N 73 46  
Males n (%) 48 (65) 27 (58) 0.338B (p=0.56) 
Females n (%) 25 (34) 19 (41)  
Age Range (Years) 53 -86 65 - 91 1.28D (p=0.20) 
Mean Age (years) 72.47 74.21  
Neuropathy n (%) 9 (12) 6 (13) 0.000B (p=1.00) 
History of smoking (%) 43 (58) 21 (46) 2.112C (p=0.37) 
Currently smoking (%) 2 (02) 3 (6)  
Known CVD (%) 23 (31) 15 (32) 0.01B (p=0.90) 
Mean ABI (A) 1.16 (0.24) 1.08 (0.22)  1.67B (p=0.09) 
Mean TBI (A) .70 (0.23) 0.67 (0.24)  0.67B (p=0.51) 
Incompressible ankle pressure n (%) 8 (10) 2 (4)  
Distal PAD n (%) 27 (36) 17 (36)  
Proximal PAD n (%) 10 (13) 4 (8)  
PAD n (%) 36 (49) 19 (41)  
>50% stenosis n (%) 4 (5) 1 (2) 1.382C (p=0.75) 
>75% stenosis n (%) 4 (5) 1 (2)  
Occlusion n (%) 24 (33) 17 (37)  
A=standard deviation, PAD= Peripheral arterial disease, DM= Diabetes Mellitus CVD= 
Cardiovascular disease BPearson’s chi-square CFishers exact test D Independent samples t test 
 

Means for ABI and TBI were comparable in both groups. Mean ABI was 1.16 in the 

diabetes group, and 1.08 in the group without diabetes, both within normal range and not 

significantly different between groups (p=0.97). The mean was TBI 0.70 in the diabetes 
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group which was also within normal range however was slightly below normal for the 

group without diabetes but not significantly different between groups (0.67, p=0.50).  

Sensitivity and specificity results of the three methods of assessment (CWD, ABI and TBI) 

for the presence of significant PAD in people with and without diabetes are shown in table 

2, along with positive and negative predictive values. Overall CWD had the higher 

sensitivity, specificity, positive and negative predictive values for detecting significant PAD 

in both groups. The TBI was more sensitive than the ABI in both groups but had notably 

better sensitivity in the group of people without diabetes (83.33%) compared to the group 

with diabetes (63.63%). The sensitivity of the ABI was low in both groups but specificity 

was high and similar for both groups (approximately 92%). Likelihood ratios revealed 

important (114) positive likelihood ratios for the ABI and CWD in people with (ABI 6.17, 

CWD 10.39) and without diabetes (ABI 6.39, CWD 22.74) (Table 4.2). Negative likelihood 

ratios were important for CWD in people without diabetes (0.16). The TBI had somewhat 

important positive likelihood ratios in people with (3.21) and without diabetes (3.55). 
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Table 4.2 Validation Table All Groups 

 Participants with Diabetes Participants without Diabetes  
 Ankle Brachial Index Continuous Wave 

Doppler 
Toe-Brachial index Ankle Brachial Index Continuous Wave 

Doppler 
Toe-Brachial index 

Sensitivity (95% CI) 45.16 (27.33 to63.96) 74.19 (55.38 to 88.11) 63.64 (45.13 to 79.58) 47.37 (24.49 to 71.10) 84.21 (60.40 to 96.43) 83.33 (58.56 to 96.23) 
Specificity (95% CI) 92.68 (80.05 to 98.38) 92.86 (80.49 to 98.42) 82.05 (66.46 to 92.43) 92.59 (75.67 to 98.88) 96.3 (80.97 to 99.38) 74.07 (53.71 to 88.84) 
Positive likelihood ratio (95% CI) 6.17** (1.94 to 19.62) 10.39** (3.42 to 31.52) 3.55* (1.73 to 7.28) 6.39**(1.55 to 26.33) 22.74** (3.29 to 157.15) 3.21* (1.64 to 6.28) 
Negative likelihood ratio (95% CI) 0.59 (0.43 to 0.82) 0.28 (0.15 to 0.51) 0.44 (0.28 to 0.71) 0.57 (0.37 to 0.88) 0.16** (0.06 to 0.46) 0.22 (0.08 to 0.65) 
Positive predictive value (95% CI) 82.35 (56.55 to 95.99) 88.46 (69.82 to 97.42) 75.00 (55.12 to 89.26) 81.82 (48.24 to 97.18) 94.12 (71.24 to 99.02) 68.18 (45.13 to 86.08) 
Negative predictive value (95% CI) 69.09 (55.19 to 80.85) 82.98 (69.18 to 92.33) 72.73 (57.21 to 85.03) 71.43 (53.69 to 85.34) 89.66 (72.62 to 97.69) 86.96 (66.38 to 97.07) 
**Important likelihood ratio, *relatively important likelihood ratio 
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ROC analysis in the group without diabetes indicated similar clinical efficacy for both the 

ABI (ROC area: 0.81, p=0.0001) and TBI (ROC area: 0.81, p=0.0001) (Figure 4.1). In the 

group with diabetes, the TBI had greater clinical efficacy (ROC area: 0.75 p=0.0001) than 

the ABI (ROC area: 0.58, p= 0.27) (Figure 4.2). 

 

Figure 4.1: ROC Analysis of TBI and ABI for detecting PAD in people without diabetes 
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Figure 4.2: ROC Analysis of TBI and ABI for detecting PAD in people with diabetes 

4.7 Discussion 
To the best of our knowledge, this is the largest prospective diagnostic accuracy study 

examining the most commonly used non-invasive vascular assessment methods in 

diabetes. This study is unique in that the sample is substantial, and the participants are 

reflective of those encountered in clinical practice.  

The specificity of the ABI was high in participants with (92.68%) and without diabetes 

(92.59%) and important positive likelihood ratios were also present in those with (6.17) 

and without diabetes (6.39), which was consistent with previous studies involving similar 

populations (20, 115, 116). The sensitivity of the ABI was poor in both groups, with 

(45.16%), and without diabetes (47.37%). This was slightly lower than previous studies 

(115, 116) however this may have occurred as a result of the characteristic of the 
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population we recruited. The participants in our study were older (mean age 72 and 74 

years for participants with and without diabetes respectively), and there was also a large 

proportion of people with distally distributed PAD (36% in both groups). Our sample 

included a larger number of individual participants than previous studies (20) and 

represented a community-based population requiring non-invasive vascular screening 

including people with smoking history, significant cardiovascular disease and any form of 

neuropathy. This suggests these findings are reflective of the utility of this test in clinical 

practice. Based on our results the ABI was unlikely to yield false positive results in those 

with and without diabetes, however, it was highly likely to produce false negatives, which 

has significant clinical implications, particularly as PAD is frequently asymptomatic(117). 

The sensitivity of the TBI for detecting PAD was lower in people with diabetes (63%) than 

those without diabetes (83%). Although sensitivity of the TBI for PAD in the diabetes 

cohort was lower than reported in a previous research (20), our findings of superior 

sensitivity with a TBI than an ABI in this population is consistent with existing evidence. 

The specificity of the TBI in detecting PAD was higher in the group with diabetes (82%), 

than without (74%). ROC analysis demonstrated that overall the TBI was a superior test in 

the group with diabetes (ROC area: 0.75) compared to ABI which had limited diagnostic 

utility (ROC area 0.58). Both ABI and TBI demonstrated equal diagnostic utility in the 

group with no diabetes (both ROC area: 0.81).  

The most sensitive test in both groups was CWD, which was more sensitive (74.19%) for 

the presence of PAD in people with diabetes than both the TBI (63.64%) and ABI 

(45.16%). Important positive likelihood ratios in both participants with (10.39) and 

without diabetes (22.74) also indicated good test performance. These results are fairly 

consistent with a previous study (20) which showed CWD to have high sensitivity in 

populations with diabetes. We also defined PAD as a single lesion of >50% stenosis or 

more as diagnosed by CFDU, which has also been used in a previous study (20). However, 
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this cut-off for defining PAD may lead to increased sensitivity of CWD, as a minor stenosis 

proximally may be sufficient to alter the distal CWD, but not cause a significant drop in 

pressure at rest. Therefore peripheral pressure measurements may not be able to detect 

minor degrees of PAD. 

4.7.1 Potential Limitations 

The findings of this study should be considered in light of some potential limitations. This 

study used CFDU as the reference standard, and whilst this method is used extensively 

clinically, and considered an accurate method of non-invasive testing, it is operator 

dependant. We conducted an inter-tester reliability study, which whilst yielded good 

results, was limited to ten due to financial restraints. However, this was similar to 

previous studies utilising CFDU as a reference standard (20). Diagnosis of PAD by CFDU 

below the knee is known to be problematic. However, the participants in this study with 

distally located stenoses demonstrated more severe PAD, with almost all participants with 

distal PAD having complete occlusions in vessels below the knee. This makes the 

likelihood of a false positive unlikely. The post-hoc categorisation of the two groups may 

limit the generalizability of the results, however, statistical analysis revealed there were 

no significant differences between the groups so this is not likely. Although signs and 

symptoms that may indicate PAD were collected by the vascular sonographers at the time 

of scanning rigorous investigation and classification of these using the widely accepted 

Rutherford-Becker classification system was not performed. Therefore from our data it 

was not possible to determine the relationship between symptom severity and the ABI, 

TBI and CWD in this cohort, limiting the clinical utility of our results 

The prospective nature and sample population of this study did not allow for more 

accurate and more invasive methods of vascular assessment as the reference standard. 

People with any form of neuropathy were included in this study population. A previous 

study has shown that diabetic neuropathy affected sensitivity of the ABI. However due to 
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the small number of neuropathic participants recruited for our present study (only 15 out 

of the 117 participants) a separate sub analysis was not conducted on this group. It is 

possible that this may have affected our results as although incidence of peripheral 

neuropathy was evenly distributed between the groups, currently it is only diabetic 

peripheral neuropathy that is known to sensitivity of the ABI, and there is no data for 

peripheral neuropathy of other causes. This warrants investigation in a larger cohort.  

4.8 Conclusion 
All non-invasive testing was less sensitive in the group with diabetes, which draws 

attention to the difficulties of performing accurate vascular assessment in this population. 

Perhaps most striking was the low sensitivity of the ABI in both groups, suggesting this 

may not be the most appropriate vascular test even in the absence of diabetes, particularly 

where PAD is suspected. The results of this study suggest that relying on an individual test 

such as an ABI or TBI for vascular screening is likely to be problematic. 
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Chapter 5 Vascular assessment techniques of 
podiatrists in Australia and New Zealand: A 
web-based survey 

5.1 Preface 
International guidelines exist for performing vascular assessments to diagnose presence of PAD. 

However the adherence of Podiatrists in Australia and New Zealand to existing guidelines and the 

broader vascular assessment techniques that are used in clinical practice have not yet been 

established. A cross-sectional survey of vascular assessment habits of Podiatrists in Australia and 
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5.3 Abstract 
5.3.1 Background 

Podiatrists play a central role in conducting non-invasive vascular assessment in the lower 

extremity. This involves screening for signs and symptoms of peripheral arterial disease (PAD) 

and ongoing monitoring of the condition. Podiatric vascular assessment practices in Australia 

and New Zealand are currently unclear. Determining the clinical habits of Podiatrists is essential 

in identifying if there is a need for further education or support in performing accurate vascular 

assessments.  

5.3.2 Methods 

A web-based, secure, anonymous questionnaire was conducted of registered Podiatrists in 

Australia and New Zealand between 1 April and 31 July 2013. The questions examined clinician’s 

regular practices in vascular assessment, clinical indicators to perform and barriers in 

completing vascular assessment. Nominal logistic regression was performed to further examine 

years of experience and practice setting on clinical indicators to perform vascular assessment 

and types of assessment performed.  

5.3.3 Results 

Four hundred and forty-seven podiatrists participated in the survey. Clinical indicators for 

vascular assessment, along with barriers and available equipment were examined and the 

results varied depending on the podiatrists’ geographical location, practice setting, and 

experience. Palpation of pedal pulses was the most frequently reported assessment (97%) along 

with Doppler assessment (74%). Pressure measurement was the least frequently reported 

vascular assessment method, with only 34% undertaking ankle-brachial indices and 19% 

completing toe-brachial indices. Public podiatrists reported more varied and complete vascular 

assessment compared to those in private practice. Lack of time was identified as the most 

frequently reported barrier (66%) in performing vascular assessment, followed by lack of 
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equipment (28%). In New Zealand podiatrists, lack of equipment was much more of an issue 

than in Australian podiatrists. 

5.3.4 Conclusion 

 Large variations exist in vascular assessment methods amongst Australian and New Zealand 

podiatrists. Some assessments being undertaken are potentially inadequate for accurate 

screening for PAD. There is a need for continuing education in vascular assessment to address 

the deficiencies in technique reported by some Podiatrists. A podiatry-relevant summary of 

broad international guidelines for PAD screening may be of use to improve utilisation and 

accuracy of screening methods to improve patient management.  

5.4 Introduction 
Podiatrists play a central role in conducting non-invasive vascular assessment in the lower 

extremity. This involves screening for signs and symptoms of peripheral arterial disease (PAD) 

and ongoing monitoring of the condition following diagnosis(7). Given that people with PAD are 

not only at higher risk of wounds and limb loss, but are at far greater risk of cardiovascular 

events and death (118),effective routine vascular screening is integral to improving clinical 

outcomes through early identification of the presence of the disease to facilitate effective 

intervention, and for ongoing monitoring (119). 

A number of tests are currently used for lower limb vascular assessment including pulse 

palpation, systolic toe pressures, toe-brachial index (TBI), ankle-brachial index (ABI) and Doppler 

examination. While generally these tests have been shown to have high reliability and 

diagnostic accuracy (20, 39, 48, 50, 56, 63, 73, 120, 121), there has been little investigation of 

the frequency of use and practicality of performing these assessments in clinical practice 

generally, with most evidence relating to the most widely recommended test, the ABI(122). 
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In general medical practice, time constraints and lack of financial reimbursement have been 

reported to contribute to reduced utility of the ABI for vascular screening (123) with general 

practitioners also reporting a lack of confidence in ability to perform the measurement (124). 

Only 32% of general practitioners are reported to perform ABI on a regular basis most 

commonly prior to the application of compression bandaging and for determining the aetiology 

of chronic wounds (123). Podiatrists also have reported time constraints and lack of financial 

reimbursement as barriers in performing ABI, with approximately half of practitioners reporting 

using ABI regularly (59). However the clinical indicators used by clinicians to complete this 

assessment or conduct other forms of lower limb vascular assessment including the TBI and 

Doppler waveform assessment have not been investigated (59, 124).  

The primary aim of this study was to determine current practices in performing lower limb 

vascular assessments of Podiatrists in Australia and New Zealand. The secondary aims of this 

study were to investigate factors influencing lower limb vascular assessment practices including 

levels of clinical experience and education, practice location and resources and to establish 

perceived barriers to performing lower limb vascular assessments Podiatry practice. 

5.5 Methods 
This was a cross-sectional observational study performed using a web –based, secure 

anonymous self-administered survey reading lower limb vascular assessment habits of 

Podiatrists from Australia and New Zealand that was conducted between 1 April and 31 July 

2013.  

Recruitment of participants was via their affiliated professional body – The Australian Podiatry 

Association or PodiatryNZ. Invitations to participate were sent via e-mail advertising in the 

weekly bulletin or a small advertisement in the paper based bulletin with a link to the survey. 

External clinical supervisors participating in the University of Newcastle external placement 
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program were also invited to take part via email invitation containing a survey overview with a 

hyperlink to the survey. Inclusion criteria were Podiatrists registered and currently practicing in 

Australia and New Zealand. Ethical approval was obtained from the University of Newcastle 

Human Research Ethics Committee (Ethics approval: H-2012-0384). All participants provided 

informed consent prior to participation in this study. 

The survey was delivered online via the online survey software Survey Monkey®. The questions 

examined clinician’s regular practices in vascular assessment, factors prompting performance of 

an assessment and availability of equipment (Appendix 10). The first seven questions elicited 

demographic and descriptive data from the participants. Questions eight to 15 related to 

clinicians vascular assessment habits and 16 and 17 related to provision of patient education. 

The majority of questions were closed with three open ended questions, which related to time 

spent in practice and topics covered in education provision. A mix of nominal polytomous, 

ordinal polytomous and dichotomous questions were used. Pilot testing of the survey was 

performed at a University of Newcastle continuing professional development event attended by 

a mix of 35 private and public sector podiatrists. Based on feedback from podiatrists some small 

amendments were made from open ended to ordered polytomous and phrasing of the 

questions was slightly altered to allow for further clarity. 

5.5.1 Data Analysis 

The primary data analyses were descriptive statistics of the cohort including geographical 

practice location, years of experience, qualifications held and practice sector. Nominal logistic 

regression was performed and relative risk ratios calculated for possible factors affecting clinical 

indications to perform vascular assessment and the type of vascular testing that was performed. 

These clinical indicators included combinations of the type of referral received, clinical signs and 

symptoms of PAD and patient medical history. Vascular assessment performed included 

combinations of clinical observations, Doppler use and pressure measurements. The fit of the 
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data to the final nominal logistic regression model was assessed using the Homser-Lemeshow 

test with a p value >0.05 indicating an adequate fit. All data analysis was conducted using Stata 

data analysis and statistical software version 13. Missing data were excluded case wise. 

5.6 Results 
5.6.1 Participant Characteristics 

Four hundred and forty seven podiatrists were recruited in total, however the number of 

responses varied slightly per question with some respondents not answering all questions, and 

some questions allowed for multiple answer options. Overall percentages are reported as the 

percentage of the total number of participants who answered an individual question and the 

total number of respondents for the question provided. For comparison of sub groups 

descriptive statistics are reported as the percentage of the number of respondents identified in 

that sub group e.g. practitioners in private practice. The total response rate represents 

approximately 10% of all registered Podiatrists in Australia and New Zealand in 2013. Participant 

characteristics are included in Table 5.1. 

Table 5.1 Survey Participant Characteristics 

Participant Characteristics 
Participants 447 

Private practice 322 (73%) 
Public practice 115(26%) 

Research/education 10 (2%) 
Metropolitan 265 (60%) 

Regional 137 (31%) 
Rural 57 (13%) 

Years of practice (Range) 0-42 
Years of practice (Mean) 13 

Diploma 80 (18%) 
Bachelor or equivalent 268 (61%) 

Post graduate/RHD 91 (21%) 
  

5.6.2 Indicators to Perform a Vascular Assessment 

A history of diabetes was the most frequently reported clinical indicator to complete a 

vascular assessment (82%, n=367/377), the least frequently reported was presence of 

thickened nails (14.6%, n=55/377) (Table 5.1). Several other cardiovascular risk factors 
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for PAD including hypertension and dyslipidaemia were among the least frequently 

reported clinical indicators. The mean number of vascular assessments performed in the 

most recent day of practice was 2.35 and ten minutes was the most frequently reported 

average time taken to complete vascular assessment (Table 5.2). The most commonly 

reported clinical indicators to perform a vascular assessment were grouped into the 

patient’s medical history, practitioner’s clinical observations and the type of referral i.e. 

Medicare EPC referral, general practitioner referral (Table 5.3 

 

Figure 5.1 Clinical indicators to prompt podiatrists to perform vascular assessment 

Table 5.2 General Vascular Assessment Information 

General vascular assessment 
Mean number of vascular 

assessments performed in most 
recent day of clinical practice 

2.35 

Vascular assessment within 
standard consultation n (%) 

277 (73) 

Vascular assessment as separate 
consultation n (%) 

47 (12) 

Charge additional fee for vascular 
assessment n (%) 

34 (9) 

Do not charge additional fee for 
vascular assessment n (%) 

280 (74) 

  
Time to complete assessment n (%)  
5 
minutes 

10 
minutes 

15 
minutes 

20 
minutes 

30 
minutes 

97 (25) 130 (34) 80 (21) 40 (12) 26 (7) 
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Table 5.3 Clinical Indicators for Vascular Assessment 

Clinical 
indicators Medical History Medical History and Observations 

Medical 
History, 

Observations  
and Referral 

Type Medical History and Referral Type 
 N % RRR P Value 95% CI N % RRR P Value 95% CI N % N % RRR P Value 95% CI 

Education Level 
Diploma 6 8.45 0.93 0.789 0.55 to 1.569 13 18.31 0.78 0.251 0.51 to 1.189 47 66.2 5 7.04 1.40 0.44 06 to 3.282 
Bachelor 30 11.95    33 13.15    150 59.76 38 15.14    
Postgrad/RHD 5 5.68    11 12.5    53 60.23 19 21.59    
Practice Setting 
Private 30 10.38 0.02 <0.0001 0.003 to 0.153 52 17.99 0.38 <0.0001 0.22 to 0.652 162 56.06 45 15.57 0.10 0.028 0.01 to 0.782 
Public 9 8.82    4 3.92    74 72.55 15 14.71    
Geographical location 
Metro 21 8.57 2.05 0.292 0.54 to 7.773 40 16.33 0.96 0.945 0.27 to 3.430 149 60.82 35 14.29 2.38 0.345 0.39 to 14.435 
Regional 16 12.21 0.71 0.609 0.2 to 2.592 15 11.45 0.36 0.11 0.11 to 1.258 81 61.83 19 14.5 1.35 0.731 0.24 to 7.640 
Rural 4 7.69 1.15 0.831 0.31 to 4.304 4 7.69 0.94 0.927 0.27 to 3.249 33 63.46 11 21.15 2.77 0.244 0.5 to 15.394 
Experience 
Years  (mean, SD) 12.01 8.96 1.04 0.018 1.01 to 1.073 14.82 11.14 1.04 0.004 1.01 to 1.066 12.14 10.04 13.60 9.73 1.06 0.039 1.00 to 1.117 
*Values in bold are considered statistically significant, RRR= relative risk ratio,  
The reference group of the nominal logistic regression model used a combination of responses of Observations, Medical History and Referral Type. .A Bachelor or equivalent degree was used as the reference 
category for education level B Private practitioners were used as the reference category for work setting. 
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Regression analysis showed the clinical indicators used as a basis for performing a 

vascular assessment were most strongly influenced by the years of clinical experience and 

practice setting (public of private) (Table 5.3) 

Public sector podiatrists were more likely to perform vascular assessment based on a 

combination of medical history, observations and the type of referral compared to private 

sector practitioners (p=<0.0001). Less experienced podiatrists were more likely to use a 

combination of multiple factors (referral type, medical history and observations) to prompt for 

vascular assessment (p=0.018) compared to more experienced podiatrists who reported relying 

upon one or two clinical indicators alone, rather than a combination of all three clinical 

indicators. The Hosmer-Lemeshow test was identified as statistically non significant (p=0.17) 

indicating the model was an adequate fit to the data. 

5.6.3 Vascular Assessment Methods 

Pedal pulse palpation (97%, n=366/377) and Doppler use (74%, n=281/377) were the most 

frequently reported vascular assessment tests by respondents (Table 5.4). Use of any type of 

vascular pressure measurement was substantially lower with 34.2% (n=129/377) of respondents 

reporting regularly using ABIs and 19.4% (n=73/377) using TBIs. Podiatrists employed in the 

public sector reported a higher frequency of Doppler use (92%, n=101/110) than private-sector 

podiatrists (66%, n=197/300). There were also differences in frequency of use of pressure 

measurement between public and private sector podiatrists.  
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Figure 5.2 Clinical testing performed by podiatrists 

Fifty three percent of public sector podiatrists reported regularly using an ABI (n=58/110 and 

thirty-five percent regularly using a TBI (n=39/110). In the private sector, 25% of podiatrists 

reported regularly using an ABI (n=75/300) and only 12% regularly used a TBI (n=24/300). 

Nominal regression analysis revealed that setting (private or public sector) and years of 

experience were significant predictors of what testing methods were reported to be performed 

(Table 5.4). Private sector practitioners were less likely to use multiple assessments that 

included observations and Doppler (p=<0.0001) or observations and pressure measurement 

(p=0.01), compared to public sector practitioners. More experienced podiatrists were also more 

likely to report relying on their clinical observations (p=0.018) rather than undertaking clinical 

testing such as Doppler and pressure measurement to perform a lower limb vascular 

assessment. 
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Table 5.4 Types of Testing Utilised by Podiatrists 

Types of testing 

Observations Alone Observations and Doppler 

Observations 
Doppler and 

Pressure 

Observations and Pressure 

 N % RRR P Value 95% CI N % RRR P Value 95% CI N % N % RRR P Value 95% CI 
Education Level 
Diploma 19 26.76 0.93 0.789 0.55 to 1.569 32 45.07 0.78 0.251 0.51 to 1.189 17 23.94 3 4.23 1.40 0.44 06 to 3.282 
Bachelor 43 17.2    92 36.8    107 42.8 8 3.2    
Postgrad/RHD 15 17.05    24 27.27    42 47.73 7 7.95    
Practice Setting 
Private 70 24.31 0.02 <0.0001 0.003 to 0.153 115 39.93 0.38 <0.0001 0.22 to 0.652 89 30.9 14 4.86 0.10 0.028 0.01 to 0.782 
Public 1 0.98    30 29.41    70 68.63 1 0.98    
Geographical location 
Metro 53 21.72 2.05 0.292 0.54 to 7.773 98 40.16 0.96 0.945 0.27 to 3.430 82 33.61 11 4.51 2.38 0.345 0.39 to 14.435 
Regional 20 15.27 0.71 0.609 0.2 to 2.592 34 25.95 0.36 0.11 0.11 to 1.258 71 54.2 6 4.58 1.35 0.731 0.24 to 7.640 
Rural 8 15.38 1.15 0.831 0.31 to 4.304 20 38.46 0.94 0.927 0.27 to 3.249 21 40.38 3 5.77 2.77 0.244 0.5 to 15.394 
Experience 
Years  (mean, 
SD) 14.4 8.3 

1.04 0.018 1.01 to 1.073 
14.5 11.4 

1.04 0.004 1.01 to 1.066 
10.1 9.0 15.5 10.1 

1.06 0.039 1.00 to 1.117 

*Values in bold are considered statistically significant, RRR= relative risk ratio,  
The reference group of the nominal logistic regression model used a combination of responses of Observations, Doppler and Pressure measurement. .A Bachelor or equivalent degree was used as the 
reference category for education level B Private practitioners were used as the reference category for work setting. 
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5.6.4 Barriers in performing vascular assessment 

Time constraints were the most frequently nominated barrier to performing a vascular 

assessment for all respondents (62%, n=233/376), followed by general lack of equipment (28%, 

n=106/376). Lack of equipment was more frequently reported as a barrier in New Zealand 

podiatrists 43.8% (n=28/64) than their Australian counterparts (25%, n=78/312). No barriers to 

completing vascular assessment was reported by 22% (n=99/376) of the responding 

participants. 

Private sector podiatrists reported time constraints were a barrier to performing vascular 

assessments (64%, n=190/293) more frequently than those in public practice (54%, n=58/108). 

Lack of equipment and uncertainty about technique were also more frequently reported in by 

podiatrists in private practice (equipment: 32%, n=93/293, technique: 13%, n=38/293) than in 

public practice (equipment: 22%, n=24/108, technique: 3.7%, n=4/108).  

Geographical location appeared to have an influence on barriers in performing vascular 

assessment. Although time constraints were the most commonly reported barrier in performing 

vascular assessment for all respondents (62%, n=233/376), this was highest amongst rural (77%, 

n=41/53), and regional podiatrists (62%, n=80/129) compared to those in metropolitan areas 

(58%, n=138/239). The majority of podiatrists unsure of assessment techniques were rurally 

located (17%, n=9/53), followed by those in metropolitan (10%, n=24/239) and regional (8%, 

n=11/129) areas. 

The lack of financial incentive to perform vascular assessment was noted by 23% (n=86/376) of 

podiatrists as a significant barrier, with this generally only relevant to private practice (30%, 

n=87/293). 
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5.6.5 Patient education 

The majority of podiatrists (71.4%, n=269/377) reported to always provide patient education as 

part of a vascular assessment with very few reporting education was rarely or never provided, 

(3/377 [0.8%] reported rarely providing education and 1/377 [0.3%] reported never providing 

education). Main themes of patient education which emerged from open responses given 

included: footwear, self-care, smoking cessation, foot hygiene, exercise, daily foot inspection, 

first aid and signs and symptoms of PAD. 

5.7 Discussion 
This is the first study to investigate the clinical indicators that podiatrists use to undertake lower 

limb vascular assessment and to establish the current clinical examination techniques most 

commonly used by podiatrists in Australia and New Zealand. We have demonstrated that pedal 

pulse palpation and use of Doppler were the most commonly utilised assessment methods, and 

that practice setting and experience had the most significant influence on performance of 

assessment and what type of assessment methods were utilised. This study suggests that in 

Australian and New Zealand podiatrists there is a reliance on subjective vascular assessment 

testing methods such as pedal pulses palpation and Doppler examination, and a lack of 

objective measurement such as the ABI and TBI. As objective measurements not only help to 

identify the presence of PAD but provide indication of severity of disease, when used in 

combination with signs and symptoms these tests play an essential role in guiding patient 

management and assessing risk status. This reliance on more subjective testing methods was 

more evident in private practitioners than public practitioners. This may be due to a number of 

different factors. The patients seen in each clinical setting tend to differ, generally with more 

high risk, diabetes and complex vascular pathology patients seen in public practice (125) who 

require more extensive investigation, which may account for some of the differences reported. 

In private practice, no financial incentives currently exist to complete vascular assessment and 
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time is more limited, so practitioners may not perform the more time consuming testing such as 

pressure measurement. 

The overall number of podiatrists reporting using the ABI on a regular basis was lower than 

previously reported (59) and podiatrists participating in this study reported they were more 

likely to use the clinical signs and symptoms of PAD present in the lower limb, as a clinical 

indicator to perform vascular assessment. Systemic factors, such as advanced age, smoking, 

cardiovascular disease and stroke, which are well-established risk factors for PAD, were much 

less frequently reported to be used as clinical indicators to perform such an assessment. Given 

that the signs and symptoms of PAD are frequently unrecognised or even absent (126), it may 

be likely that relying on subjective testing methods will result in missed or late diagnosis of PAD 

and/or an inaccurate diagnosis of disease severity. Objective pressure measurements add 

another important dimension to lower limb vascular assessment, allowing for ongoing 

monitoring of PAD from year to year. This is particularly important for conditions such as 

Diabetes where changes can occur quickly and action needs to be undertaken to prevent 

complications such as wounds, ulceration and gangrene.  

This study highlights that a large proportion of reported practices in lower limb vascular 

assessment being undertaken by podiatrists in Australia and New Zealand do not follow 

international guidelines(65) for PAD screening. However, it is likely that podiatrists are unaware 

of this broad guideline, which recommends the use of objective pressure measurement, mainly 

the ABI when performing vascular assessment in populations deemed at risk of PAD. Our 

findings demonstrated a need for a podiatry specific summary of these broad international 

guidelines to assist podiatrists in their daily practice or increased awareness of the international 

guideline through continuing education. 



77 

The barriers to performing vascular assessment reported in this present study were consistent 

with previous studies (59, 123), with time constraints and lack of equipment most frequently 

cited. Uncertainty of technique was identified as a barrier to complete an assessment mainly in 

rural podiatrists, which suggests continuing education provision may be particularly beneficial in 

rural areas. A lack of equipment was identified as a major barrier in New Zealand podiatrists; 

however, there are differences in service provision in New Zealand compared to Australia, 

which may have an influence on the equipment required most frequently in daily clinical 

practice. Limited ability to obtain financial remuneration for vascular assessments was also a 

reported barrier in a quarter of all respondents. Given the importance of the task lower limb 

vascular assessment and its role in preventative care, future lobbying for health fund and/or 

Medicare rebates may be of use to remove this barrier for podiatrists to more regularly screen 

for PAD in their patients who are considered at risk.  

5.7.1 Potential limitations 

This study should be considered in light of some potential limitations. A non-validated survey 

was used and therefore the findings may have limited external validity and reproducibility. 

Despite our best efforts, our sample size was limited and may not be representative of the 

entire population of podiatrists in Australia and New Zealand. Over-reporting and under-

reporting are possible, however piloting of the survey assisted in formulating specific answering 

methods and we believe this may have reduced the likelihood of this. There are also some 

differences in delivery of podiatric services between Australia and New Zealand, which will 

differently influence barriers in performing testing which could be explored further in future 

research. 

5.8 Conclusion 
Although our study only included a small proportion of practicing podiatrists in Australia and 

New Zealand, our findings suggest that there is a lack of consistency in the profession regarding 
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our approach to lower limb vascular assessment. Our results indicate there is greater scope for 

use of objective assessment techniques within the profession. Assessment methods employed 

by podiatrists appear to be guided by practice setting, practitioner experience and geographical 

location, rather than diagnostic utility of testing methods. There is a need for continuing 

education for podiatrists in the area of lower limb vascular assessment to increase awareness of 

accurate and appropriate vascular assessment requirements for populations at risk of PAD. 

5.8.1 Acknowledgments 

Thank you to the Podiatry Associations of Australia and New Zealand for their assistance with 
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Chapter 6 Use of hand-held Doppler ultrasound 
examination by Podiatrists: A reliability study 

6.1 Preface 
This chapter evaluates the inter- and intra-tester reliability of hand-held Doppler use in 

Podiatrists. This is the first study to evaluate the reliability of all aspects of Doppler use in 

podiatrists, including the clinical utility, the audio output and the visual analysis of printed 

waveforms. The results of this study suggest reliability of clinical use of this form of assessment 

is low and therefore may have limited value as a diagnostic test for PAD in Podiatry clinical 

practice. 

The consent forms, information statement and ethics approval relating to this study are 

available in Appendices 13, 14 and 15. The study presented in this chapter was conducted in 

accordance with ethical approval granted by: University of Newcastle Human Research Ethics 
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Committee (reference number H-2013-0152); and Hunter New England Area Health 

Research Ethics Committee 13/02/20/5.05 and NSW HREC LNR/13/HNE/18. 

This chapter has been published in the peer-reviewed journal: Journal of Foot and Ankle 

Research.  Appendix 16 

Tehan, Peta Ellen & Chuter, Vivienne Helaine. Use of hand held Doppler ultrasound examination 
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6.3 Abstract 

6.3.1 Background 

Hand held Doppler examination is a frequently used non-invasive vascular assessment utilised 

by podiatrists. Despite this, the reliability of hand-held Doppler has not been thoroughly 

investigated. Given the importance of Doppler in completing a vascular assessment of the lower 

limb, it is essential to determine the reliability of the interpretation of this testing method in 

practicing podiatrists.  

6.3.2 Methods 

This was a multi-centre inter and intra-rater reliability study. Four podiatrists (the raters) 

participated in this study, two public and two private practitioners.  Three aspects of Doppler 

use were examined; (i) use of Doppler (i.e. technique and interpretation), (ii) interpretation of 

Doppler audio sounds, and (iii) interpretation of visual Doppler waveforms (i.e. tracings). 

Participants meeting current guidelines for vascular screening attended two testing sessions, 

one week apart at either the private practice (n=32), or the public practice (n=31). To assess use 

of Doppler, the raters evaluated the Doppler waveforms that they collected, rating them as 

mono-phasic or multi-phasic. To assess Doppler audio sounds and visual Doppler waveforms, 

raters were required to evaluate 30 audio recordings of Doppler sounds and 30 waveform 

tracings, respectively, that were previously recorded and chosen at random by the researchers. 

Cohen’s kappa (κ) statistics were used to calculate inter and intra-rater reliability using SPSS 

version 19. 

6.3.3 Results 

Use of Doppler demonstrated the lowest reliability for both pairs of clinicians (inter-rater 

reliability κ 0.20 to 0.24 and intra-rater reliability κ 0.27 to 0.42). The public podiatrists showed 
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higher reliability in audio interpretation (inter-tester reliability κ 0.61, intra-tester reliability κ 

1.00) compared to the private podiatrists (inter-tester reliability κ 0.31, intra-tester reliability κ 

0.53). Evaluation of Doppler waveform tracings demonstrated highest reliability, with inter-rater 

reliability ranging from κ 0.77 to 0.90 and intra-rater reliability from κ 0.81 to 1.00.  

6.3.4 Conclusions 

There is a need for ongoing education for podiatrists using Doppler in clinical practice, as the 

reliability for the clinical use of the Doppler was low. This indicates that technique could be an 

issue. There is also a need to further evaluate if hand-held Doppler equipment, using the 

examinations that we evaluated, is suitable for use in the contexts examined in this study. 

6.4 Introduction 
Peripheral arterial disease (PAD) is associated with cardiovascular morbidity and mortality (127) 

and the development of lower limb wounds, gangrene and amputation. The condition becomes 

increasingly prevalent in older age, renal disease and inflammatory arthritis. PAD also occurs 

earlier, more distally and with more rapid progression in association with diabetes (8, 128). 

Early detection is essential to ensure that modifiable risk factors are identified and for the 

conditions to be appropriately monitored and managed to prevent potentially life-threatening 

complications.   

Regular screening of those at risk of PAD is essential as only 22% of people with  PAD are 

symptomatic(129). Current recommendations indicate routine lower limb vascular screening is 

required for those over the age of 65 years or over 50 years with diabetes or a history of 

smoking(7). Podiatrists are in an ideal position to carry out vascular screening on a regular basis, 

as people who are older and have diabetes frequently seek podiatric care(125). With an ageing 

population and increasing prevalence of diabetes(130), non-invasive vascular screening is 

becoming increasingly important to prevent lower limb complications related to PAD. 
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Hand-held Doppler examination (Doppler) of pedal arteries is the most frequently used non-

invasive vascular assessment modality utilised by podiatrists(59) for diagnosis and ongoing 

monitoring of PAD. Podiatrists generally use Doppler in two different ways, as part of an ankle 

brachial index (ABI) or as a standalone test(59). Doppler examination is a useful method for 

vascular screening as it has been demonstrated to be effective for detecting and excluding PAD, 

can be performed at relatively low cost and is non-invasive (56, 131).  

In the foot, the dorsalis pedis and posterior tibial arteries are the most frequently examined due 

to their accessibility (54). Both audio and visual analyses of Doppler waveforms are performed 

by clinicians to determine the presence of PAD. In audio analysis non-pathological Doppler 

waveforms are considered multiphasic, which includes bi-phasic (two) or tri-phasic (three) 

sounds (132, 133). In contrast, a monophasic waveform is a single sound that is considered 

pathological (54) , indicating the presence of PAD. In visual analysis of a Doppler tracing, a non-

pathological waveform has a distinct shape representing high resistance and diastolic flow 

reversal, which can be classified as multiphasic (bi or tri-phasic). Pathological waveforms 

generally have low resistance, slow systolic acceleration and no diastolic flow reversal and are 

classified as monophasic (54).  

The accurate use of Doppler relies upon multiple competencies including the skills involved in 

accurate application of the device, and concurrent interpretation of both audio and visual data 

to classify the waveform as normal or pathological. For this type of assessment to be useful for 

ongoing monitoring of PAD in practice, high reliability of the measurement is required. 

However, despite its widespread use in the podiatry profession, very little investigation has 

been completed on the reliability of either clinical measurement or interpretation for this type 

of assessment.  
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Currently, evidence of reliability of Doppler use in podiatry practice is isolated to interpretation 

of audio sound alone, with several studies demonstrating moderate inter-rater reliability (134, 

135). In professions other than podiatry, hand-held Doppler has been sown to have high levels 

of reliability (56). A comprehensive assessment of the three elements of Doppler use (clinical 

application with waveform interpretation and independent audio and visual interpretation of 

waveforms) is required to determine the clinical efficacy of using this technique for ongoing 

peripheral vascular monitoring.    

The aim of this study was to investigate the inter- and intra-rater reliability of the use of Doppler 

ultrasound for collection and interpretation of Doppler waveforms by podiatrists in mixed 

clinical settings. This included: (i) overall use of Doppler to evaluate the pedal pulses (involving 

conducting the assessment and interpreting audio and visual outputs), (ii) interpretation of 

Doppler audio sounds presented independently, and (iii) interpretation of visual Doppler 

waveforms presented independently.  

6.5 Design and Methods 
This was an inter- and intra-rater reliability study that took place over a period of six months 

(June – November 2013). Ethical approval was obtained from the University of Newcastle and 

Hunter New England Local Health District ethics committees, New South Wales, Australia 

(Reference number 13/02/20/5.05). All participants signed informed consent prior to being 

recruited into the study. 

6.5.1 Raters 

Four podiatrists (i.e. the raters) with varying levels of clinical experience (1-8 years) who studied 

at three different tertiary institutions across two states of Australia were invited, and 

subsequently agreed to participate in this study. The raters were selected to ensure varying 

levels of experience, training and employment sector were included. Written informed consent 
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was obtained from each participating podiatrist. All raters had previous experience with use of 

Doppler ultrasound for lower limb vascular assessment and did not receive further instruction 

on how to perform this task.  

6.5.2 Participants 

A convenience sample from the patient populations at each respective clinic were recruited for 

this study. In accordance with current guidelines for lower extremity vascular screening, 

eligibility criteria were: people aged over 65 years, or, aged over 50 years with a history of 

diabetes or smoking, or with exertional leg pain or non-healing wounds(65). This group was 

chosen as it is representative of people who may undergo these tests in clinical practice.  

Exclusion criteria were contraindications to Doppler testing including active foot or leg 

ulceration preventing Doppler placement, known allergy to coupling gel and/or an inability to lie 

supine for more than 20 minutes. 

6.5.3 Procedure 

Two testing sites were used, one was a podiatry clinic in a community health centre (public 

practice) in the Newcastle area (New South Wales, Australia) and one was a private podiatry 

clinic (private practice) in the same catchment. Participants were assessed at the testing site of 

the service they attended (Figure 1). All participants were instructed to avoid exercise, caffeine 

and smoking for at least one hour prior to their assessment as these are known to affect 

vascular assessment(136). All assessments were undertaken in a quiet, private room. Raters 

were blinded to both their own and each other’s results at all times. To ensure consistency with 

data collection, and minimise measurement and interpretation errors (137) a strict data 

collection protocol was used (Appendix 1). 
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Figure 6.1 Flow chart 

6.5.4 Inter- and intra- rater reliability of Doppler use 

For this part of the study the inter- and intra-rater reliability of podiatrists performing a Doppler 

ultrasound assessment of the dorsalis pedis and posterior tibial arteries and the podiatrists 
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ability to interpret their results (i.e. use of the Doppler) was investigated. Participants at each 

setting were placed in a horizontal supine position and rested for at least ten minutes prior to 

the assessment. To assess inter-rater reliability of clinical use of the Doppler, all podiatrists were 

required to independently assess dorsalis pedis and posterior tibial arterial flow using a Hadeco 

Smartdop 45® (Hadeco, Kawasaki) and Aquasonic® ultrasound transmission gel (Parker 

Laboratories, New Jersey). All testing equipment was new at the beginning of the study. The 

private practice podiatrists undertook assessment on participants attending the private clinic, 

and the public sector podiatrists undertook assessments on participants attending the 

community health podiatry clinic.  Based on the audio and visual waveforms produced by their 

own Doppler assessments all podiatrists then graded Doppler waveforms as absent, 

monophasic or multiphasic. All participants returned one week later to their original test site, 

either the public or private practice. Following the same test protocol, each participant had 

their waveforms obtained and graded again by one of the podiatrists from their previous testing 

session using the same procedure described previously.  

6.5.5 Inter- and intra-rater reliability of Doppler audio 
interpretation 

To determine the reliability of interpretation of Doppler audio alone, a single researcher (PT), 

who was not a rater in this study recorded dorsalis pedis and posterior tibial waveforms using 

the Hadeco Smartdop 45® from a separate, additional subset of thirty eligible participants 

recruited to the community health centre. Participants were rested in horizontal supine position 

for a minimum of ten minutes prior to assessment. Doppler audio were recorded using a digital 

Dictaphone held approximately ten centimetres from the Doppler speaker. Each set of Doppler 

audio were recorded for twenty seconds with the Doppler volume set at high. Either the 

dorsalis pedis or posterior tibial waveform was then randomly selected for each participant. To 

determine inter-rater reliability the same selected waveform audio files were then separately 

played to the four participating podiatrists who evaluated them independently as monophasic 
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or multiphasic. To determine the intra-rater reliability one of the private podiatrists, and one of 

the public podiatrists repeated the assessment of the same thirty audio files one week later, 

with the order of presentation of the audio files randomised to avoid order error.  

6.5.6 Inter- and intra-rater reliability of visual Doppler waveform 
interpretation 

To isolate reliability of visual interpretation of Doppler waveforms a researcher (PT) who was 

not a rater in this study, randomly chose thirty printed Doppler waveforms (i.e. tracings) 

collected by the four raters involved in this study.  Each rater was then asked to rate them as 

monophasic or multiphasic based on the printed waveform. One of the private podiatrists, and 

one of the public podiatrists repeated the assessment one week later using the same set of 

printed waveforms with the order randomised.  

6.5.7 Data Analysis 

Inter-rater reliability of (i) waveform interpretation for clinical use of the Doppler, (ii) 

interpretation of independently collected audio recordings and (iii) interpretation of 

independently collected visual wave forms between the two private podiatrists and between 

the two public podiatrists was calculated by determining the level of agreement between 

measures using an unweighted Cohen’s kappa (κ) statistic with 95% confidence intervals. All 

waveforms were classified as pathological (absent or monophasic) or non-pathological 

(multiphasic). Intra-rater reliability was calculated in the same manner for one of the public 

podiatrists and one of the private podiatrists for the three aspects of Doppler use detailed 

above. 

Results were interpreted in accordance with Landis and Koch: ≥0.75 denotes excellent 

agreement; >0.40 but <0.75 denotes fair to good agreement; and <0.40 denotes poor 

agreement (99). All reliability analyses were conducted using SPSS version 19. 
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6.6 Results 
Thirty two participants attended the private practice, and 31 participants attended the public 

practice. Of these, according to the inclusion criteria, 23 (public group) and 15 (private group) 

were over 50 years of age with diabetes and 9 (public group) and 15 (private group) were over 

65 years of age. No participants had active wounds or exertional leg pain, and only one 

participant was a current smoker (private group). In the public practice participant group, there 

was a larger age range and lower mean age than the private practice participant group. The 

public participant group also had higher rates of diabetes than the private participant group. 

Participant characteristics are listed in Table 6.1. 

Table 6.1: Participant demographics 

Participant group characteristics 
 Public 

participants 
Private 
participants 

Audio 
Interpretation 

Males n (%) 17 (53) 18 (58) 17 (56) 
Females n (%) 15 (47) 13 (42) 13 (44) 
Mean age (years) 70.9 (SD 7.1) 72.0(SD 5.7) 71.6 (SD 6.7) 
Age range (years) 57-88 61-81 55 - 82 
DM n (%) 23 (72) 15 (48) 19 (63) 
Total N 32 31 30 
SD: standard deviation, DM: diabetes mellitus  
For Doppler use: the public participant group was evaluated by the public practice 
raters, and private participants were evaluated by private practice raters. For visual 
Doppler waveform analysis, printed waveforms from both public and private 
participants were randomly selected and evaluated by all raters. For audio 
interpretation all raters evaluated the recorded sounds of the sub-group listed 
above. 
 

6.6.1 Inter- and intra-rater reliability of Doppler use 

Inter-rater reliability for clinical use of Doppler was poor between the private podiatrists and 

between public podiatrists for both dorsalis pedis and posterior tibial arteries (99) with 95% 

confidence intervals crossing zero. The private podiatrist demonstrated the highest intra-rater 

reliability for collection and classification of Doppler waveforms for the posterior tibial artery 

examination (K: 0.42), which corresponds to fair agreement. Intra-rater reliability was poor for 
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both dorsalis pedis (K: 0.21) and posterior tibial artery waveforms collected and classified by the 

public podiatrist (K: 0.27). 
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Table 6.2: Reliability results for use of Doppler examination 

Use of Doppler inter-rater reliability Use of Doppler intra-rater reliability 
 DP 95% CI PT 95% CI DP 95% CI PT 95% CI 

Private  K 0.20 (N:32) -0.09 to 0.49 K 0.16 (N:32) -0.11 to 0.43 K 0.22 (N:30) -0.31 to 0.53 K 0.42 (N:30) 0.15 to 0.69 
Public  K 0.17 (N:31) -0.14 to 0.48 K 0.24 (N:31) -0.07 to 0.55 K 0.21 (N:31) -0.16 to 0.58 K 0.27 (N:31) -0.06 to 0.60 
95% CI: 95% confidence intervals, DP: dorsalis pedis artery, PT: posterior tibial artery, Private: private practitioners, Public: public practitioners 
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6.6.2 Inter- and intra-rater reliability of Doppler audio interpretation 

Reliability of Doppler audio interpretation was fair for public podiatrists (κ: 0.61) and poor for the 

private podiatrists (κ: 0.31) (Table 6.3) Intra-rater reliability of Doppler audio interpretation was 

excellent for the public podiatrist (κ: 1.00) and fair for the private podiatrist (κ: 0.53).  

Table 6.3: Reliability results of audio interpretation of Doppler 

Audio waveforms inter-rater 
reliability 

95% CI Audio waveforms intra-rater 
reliability 

95% CI 

Private 0.31 (N:30) -0.08 to 0.70 Private 0.53 (N:30) 0.16 to 0.91 
Public 0.61 (N:30) 0.23 to 0.99 Public 1.00 (N:30) 1.0 to 1.0 
95% CI: 95% confidence intervals, Private: private practitioners, Public: public practitioners 
 

6.6.3 Inter- and intra-rater reliability of visual Doppler waveform 
interpretation 

The inter-rater reliability of visual Doppler waveform interpretation was excellent for both the private 

and public podiatrist (κ: 0.90 and κ: 0.77 respectively) (Table 6.4). Similarly, intra-rater reliability of 

visual interpretation of the waveforms for both the private podiatrist and public podiatrist were 

excellent (κ: 1.00 and κ: 0.81 respectively). 

Table 6.4: Reliability results of visual Doppler waveform interpretation 

Visual waveforms inter-rater 
reliability 

95 % CI Visual waveforms intra-rater 
reliability 

95% CI 

Private • K 0.90 (N:32) • 0.71 
to 1.09 

Private • 1.00 (N:32) • 1.0 
to 1.0 

Public • K 0.77 (N:30) • 0.53 
to 1.01 

Public • 0.81 (N:30) • 0.57 
to 1.05 

95% CI: 95% confidence intervals, Private: Private practitioners, Public: Public practitioners 

6.7 Discussion 
To the best of the authors’ knowledge this is the first study to examine the reliability of the clinical use 

of Doppler and waveform interpretation skills in podiatrists. Our results demonstrate that the 

reliability of Doppler use with classification of waveforms was generally poor. Interpretation of 

independently collected Doppler audio demonstrated moderate inter-rater reliability and moderate 

to excellent intra-rater reliability. Finally, visual Doppler waveform interpretation of independently 
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collected waveforms yielded excellent inter-rater and intra-rater reliability in both private and public 

podiatrists.  

These results suggest podiatrists had higher skill level in interpretation of visual waveforms and audio 

of Doppler waveforms in isolation than when the assessment had to be performed and the visual and 

audio results interpreted concurrently in a clinical setting. Generally the 95% confidence intervals for 

inter- and intra- rater reliability of the clinical use of Doppler included a negative lower limit. This 

suggests the range of plausible values for the “true” value of kappa included levels of agreement less 

than zero which would be worse than the level of agreement expected from chance alone; that is, if 

the raters were to guess each rating (138). The poor levels of agreement between and within 

clinicians for this aspect of the study may have been related to clinical technique in Doppler use or 

increased difficulty associated with interpreting visual and audio results simultaneously. 

From a clinical perspective Doppler use can be difficult, particularly if patients have issues such as 

peripheral oedema, if there is fibrosis or adipose tissue present and/or there is anatomical variation in 

artery location. Such factors affecting reliable performance of the assessment may therefore have 

contributed to poorer reliability seen in this aspect of Doppler use.  In addition, the requirement in 

this present study for clinicians to interpret both visual and audio outputs concurrently to inform their 

decision on presence or absence of pathology may have resulted in poorer reliability.  Higher 

reliability may have been achieved by reducing the output of the Doppler to one variable, either audio 

or visual waveform to make the interpretation process more simple. However, as podiatrists are 

required to do both simultaneously in clinical practice, our results suggest that further training in 

Doppler use including concurrent interpretation of visual and audio waveforms, is required for this to 

be an effective component of non-invasive vascular assessment.  

Visual Doppler waveform analysis of independently collected waveforms had the most consistently 

high inter- and intra-rater reliability in this study. As far as we are aware, this is the first study to 

examine the reliability of visual Doppler waveform analysis in podiatrists. Based on our results, when 
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visual waveform tracings alone were presented to podiatrists in both private and public practices they 

were able to reliably classify pathological or non-pathological waveforms between themselves and on 

a test-retest basis. However interpretation of Doppler audio of waveforms showed much more 

variable reliability between the two tester groups. Whilst public podiatrists had reasonable inter-rater 

reliability for interpretation of audio data (κ: 0.61) and perfect intra-rater reliability (κ: 1.00), the 

private podiatrists had lower inter- and intra- rater reliability (ranging for κ: 0.31 to κ: 0.53).  

Previous studies have shown much higher levels of reliability in analysis of audio waveforms in 

podiatrists (134, 135). The differences in reliability between private and public sector podiatrists may 

be due in part, to the differences between the public and private participant groups. Although this 

study did not include any assessment of diagnostic accuracy of the Doppler for PAD, the participant 

group assessed by the public podiatrists had double the incidence of diabetes. Given increased rates 

and severity of PAD in this population(139) it is possible that more severe disease was present which 

was more easily detected and interpreted resulting in higher reliability. 

The low reliability of clinical use of Doppler for peripheral arterial assessment demonstrated in this 

present study poses significant implications for ongoing patient care.  Vascular assessments of 

patients tend to occur annually and are interpreted relative to previous results. The reliability of 

assessments is essential for accurate and appropriate management.  Given the poor reliability of 

Doppler use that we found in this study, reliance on this test in isolation is problematic. Our results 

suggest that, in the small sample of podiatrists we studied, Doppler assessments are of limited use as 

a tool for ongoing monitoring in clinical practice and, at the very least, it is essential for other 

objective vascular tests (e.g. Ankle Brachial Index) to be incorporated in the annual screening process.  

Research has demonstrated that reliability of use and interpretation of Doppler has been achieved in 

other professions supporting the use of this form of assessment for ongoing monitoring in clinical 

practice (56, 140). Although Australia does not currently have any specific guidelines for lower limb 

vascular assessment in the general population at risk of PAD, the United Kingdom currently use 
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National Institute for health Care Excellence (NICE) guidelines, which recommend documentation and 

analysis of Doppler waveforms as part of an overall vascular assessment(141). Our results suggest that 

further skill development is required specifically for podiatrists to ensure clinical utility of Doppler use 

within the profession. 

The results of this study need to be interpreted in light of several limitations. Firstly, the type of 

Doppler used may have influenced this study and it is unknown if similar results would be achieved if 

Doppler ultrasound units from alternative manufacturers had been or if participating podiatrists had 

used their regular equipment. However, the style of Doppler used in this study is one commonly used 

in clinical practice. Secondly, it was assumed that participating podiatrists had previously been trained 

in Doppler ultrasound assessment, so additional training was not provided. A training session 

provided prior to the study may have improved reliability, but we avoided this as we wanted results to 

be an accurate reflection of current skills of practicing clinicians. Nonetheless, raters were given a 

strict protocol for data collection, which realistically would be expected to improve the reliability of 

the assessment. Thirdly, clinical experience levels of raters ranged from one to eight years, which may 

have affected reliability. Although the least experienced podiatrist demonstrated the highest intra-

rater reliability for clinical use of Doppler, so this seems unlikely. Finally, despite our best efforts to 

include podiatrists with a range of experience and undergraduate training from the two main areas of 

clinical practice (public and private), the clinicians participating in this study may not have been 

representative of the podiatry profession as a whole. Further investigation in other samples may 

assist in establishing the true reliability within the podiatry profession generally.  

6.8 Conclusion 
This study demonstrated that in Australian podiatrists in private and public practice visual Doppler 

waveform interpretation is the most reliable aspect of Doppler use, followed by Doppler audio 

interpretation. The poor reliability of the use of Doppler in the small cohort of practitioners in this 

study suggests that this form of assessment may be of limited use for ongoing monitoring. This finding 
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highlights the need for clinicians to engage in regular and ongoing continuing education in order to 

improve both collection of Doppler data and interpretation of visual waveforms and audio sounds 

concurrently. In addition our results suggest that reliance on only qualitative Doppler assessment for 

ongoing assessment of lower limb arterial status is problematic and that multiple methods of 

assessing vascular status should be employed.  
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Chapter 7 Modified Method for Screening for 
Peripheral Arterial Disease 

7.1 Preface 
This chapter explores the diagnostic accuracy of a modified method for screening for PAD 

compared to the standard American (AHA) Heart Association Guidelines for screening for PAD. 

The modified method was develop based on results diagnostic accuracy and reliability studies 

included in this thesis and the survey of current vascular assessment techniques of Podiatrist 

which revealed that time taken for objective testing to be performed was a significant barrier to 

vascular assessments in clinical practice. 

The advertising, consent forms, information statements and ethics approval relating to this 

study are available in Appendices 2, 3, 4, and 5. The study presented in Chapter 7 was 

conducted in accordance with ethical approval granted by: University of Newcastle Human 

Research Ethics Committee (reference number H-2013-0152). 
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7.3 Abstract 

7.3.1 Background 

Routine lower limb vascular assessment is fundamental to ensuring early intervention and 

preventing complications related to PAD. Vascular assessment techniques vary widely in 

Podiatry practice with time required for undertaking objective pressure testing cited as a 

major barrier to performing assessment in accordance with current international 

guidelines. The aim of this study was to investigate the diagnostic accuracy of a modified 

version of current vascular assessment guidelines for detecting PAD. The modifications 

were made to reduce the time required to complete assessments to encourage more 

widespread application of accurate vascular assessment in Podiatry practice. 

7.3.2 Method 

Non-invasive vascular assessment objective tests including the ankle and toe brachial 

index and continuous wave Doppler were performed in a population at risk of PAD. CFDU 

was performed from the distal aorta into the foot as a reference standard. Diagnostic 

accuracy of tests conducted in accordance with American Heart Association (AHA) 

guidelines for the presence of PAD was compared to that of a modified version of the 

guidelines.  

7.3.3 Results  

One hundred and nineteen participants were included. Sensitivity of the targeted 

screening method (62%, 95%CI 47.17-75.35) was higher than the AHA method (49%, 

95%CI 34.75 – 63.40), however specificity of the AHA method (94%, 95%CI 85.62 – 98.37) 

was higher than the targeted screening method (85%, 95%CI 74.26 – 92.60). Diagnostic 

accuracy of the AHA guidelines (74%) and modified method (73%) were similar. 
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7.3.4 Conclusion 

Compared to current guidelines the modification used in this study did not significantly 

affect diagnostic accuracy and reduced the number of cases of undiagnosed disease in the 

study population and could reduce time taken for vascular assessment to be performed. 

This study highlights the difficulties in obtaining accuracy in lower limb vascular 

assessment in general. 

7.4 Introduction 
Identifying the presence and extent of peripheral arterial disease (PAD) through accurate 

lower limb vascular assessment is essential for reducing morbidity and mortality 

associated with the disease{Vaidya, 2014 #325}. Through early identification of PAD, 

complications such as ulceration, gangrene and amputation can be reduced or avoided 

using aggressive risk factor modification, provision of ongoing foot care and foot care 

education [2, 3, and 4].  It has been estimated that up to 90% of amputations are 

preventable [2, 3, 4] with adequate foot screening including vascular assessment playing a 

vital role in reducing complications and improving clinical outcomes [1]. Accurate and 

effective vascular assessment requires a complex reasoning process which takes into 

account a patient’s vascular risk factors as well as an awareness of the effect of co-

morbidities on the clinical efficacy of assessments techniques, and, subsequent 

interpretation of results to formulate an evidence-based management plan.  

Podiatrists play a central role in conducting non-invasive lower limb vascular assessments 

in the general population. We have recently demonstrated that on average, podiatrists 

perform two vascular assessments per day however the type of the testing that is 

conducted during the assessments is extremely varied and, potentially inadequate for 

accurate PAD screening (142).  Based on these findings, although there are several 

available international guidelines for performing screening for PAD, the uptake of these 

recommendations into clinical practice appears to be inconsistent(142). Time required to 
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perform recommended objective testing, particularly the ankle-brachial index (ABI) is the 

most widely nominated barrier to conducting appropriate vascular assessment (59, 142) 

with clinicians often relying on more quickly applied assessments including continuous 

wave Doppler (CWD) and pulse palpation. In addition there is  growing evidence of the 

reduced accuracy of the ABI for detecting PAD in specific populations including those at 

risk of medial arterial calcification (MAC) particularly  when co-existing with PAD and of a 

more distal distribution of atherosclerotic lesions including diabetes, renal disease, and 

older aged cohorts (8). In such patient populations further alternate testing including the 

toe brachial index (TBI) is frequently required, adding to the time required to complete an 

assessment. Our recent research suggests more quickly applied vascular assessment 

techniques such as the TBI and CWD may be suitable for use as first line assessment 

techniques for PAD assessment , particularly in older people and those with diabetes (66, 

82). The aim of this study was to determine if a modified version of current guidelines in 

which the TBI was used initially in patient populations in which the ABI is known to be 

problematic could achieve similar diagnostic accuracy to testing protocols outlined in 

current guidelines where the ABI is used as the primary objective testing method for all 

people at risk of PAD.   

7.5 Method 

An extensive review of the literature was performed. Combined with recent research 

completed by the researchers(66, 82) which examined the diagnostic accuracy of the ABI, 

TBI and CWD in different populations at risk of PAD, a modified vascular assessment 

method was developed that is applied based on a patient’s medical history.  The modified 

method used the patient’s risk factors for PAD combined with the known limitations of the 

ABI to assist the clinician choose the most accurate vascular test in the specific patient 

population being assessed. In the modified method the presence of diabetes and/or renal 

disease, or being of advanced age were used as a prompt for the clinician to perform a TBI 
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due to the reduced diagnostic accuracy of the ABI in these populations (8, 20, 66). In the 

modified method all other risk factors for PAD led the clinician to perform an ABI as this 

has been demonstrated to be an adequate test in the general population at risk of PAD and, 

in the absence of diabetes, renal disease or advanced age (40). All patients had CWD 

performed as this is an accessible, quick and relatively simple test to perform which has 

been shown to be reliable and accurate in populations requiring vascular screening and a 

useful adjunct to peripheral pressure testing (20, 56, 66, 110). The modified method was 

then directly compared to the American Heart Association (AHA) guideline(7) to 

determine relative diagnostic accuracy of both screening techniques for PAD. Ethics 

approval was obtained through the University of Newcastle ethics committee. 

>65 years of age or 

>50 currently or history of smoking or 

>50 with DM or 

Signs and symptoms of PAD 

↙                                   ↘ 

DM 

Advanced Age >75 

Advanced Renal Disease 

↓ 

Waveform and TBI     

Current or history smoking 

Other risk factors: 

Hyperlipidaemia 

Hypertension 

Obesity 

Hx MI, CVD, Stroke 

(NO DM, <75, No Renal Dx) 

↓      

Waveform and ABI 

Figure 7.1 Flow chart of targeted screening method 

Participants were recruited on a volunteer basis from two different locations, a 

community health centre in Newcastle, NSW, and a private podiatry practice in Nelson Bay 

NSW. Participants who fitted the AHA guidelines for peripheral vascular screening were 
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eligible to participate; i.e. patients over the age of 65, patients above the age of 50 with the 

presence of diabetes or currently smoking or patients with exertional leg pain. 

Participants who were unable to comply with the testing protocol or who had a 

vasospastic disorder preventing TBI measurement were excluded. Testers included three 

vascular sonographers who performed colour duplex ultrasounds (CFDU) at a private 

clinic in Newcastle. CFDU reliability has previously been assessed (82) and found to be 

acceptable. 

7.5.1 Experimental Procedure  

All participants then attended a testing session at the vascular clinic with one of three 

ultra sonographers. During the testing session ABI and TBI measurements, Doppler 

waveform tracings and CFDU were performed on the right leg using methods  and 

equipment described previously(66). CFDU was chosen as it has been demonstrated to be 

a valid imaging technique in non-invasive vascular diagnostic testing (91, 94). The right 

limb only was used to comply with the assumption of independence of data in statistical 

testing (95). Participants were asked to avoid alcohol, smoking, exercise and caffeine one 

hour prior to the testing session to avoid influencing pressure measurement (96). 

Participants were placed in a supine position and rested for at least 10 minutes prior to 

pressure measurements being taken. Room temperature was monitored with a 

thermometer and was maintained between 23°C and 25°C (88).  

The AHA guideline was applied to the entire data set by a single researcher (PT) i.e. the 

ABI result was used unless it exceeded 1.4 in which case it was replaced by the TBI. These 

results were used to determine the diagnostic accuracy of the AHA guidelines for detecting 

PAD using CFDU as the reference standard. The modified method was also applied to the 

entire data set by a single researcher (PT) i.e. the ABI was used unless diabetes or renal 

failure was present or participants were aged over 75 years in which case the TBI value 
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was used. These results were used to determine the diagnostic accuracy of the targeted 

screening method for detecting PAD using CFDU as a reference standard. 

For statistical calculations relating to diagnostic accuracy, presence of PAD was defined as 

one or more arteries with >50% stenosis (86, 97). Sensitivity, specificity, positive and 

negative predictive values and likelihood ratios were calculated with 95% confidence 

intervals for the AHA screening method and the targeted screening method. Calculations 

of diagnostic accuracy were performed using Microsoft Excel. 

7.6 Results 

A total of 120 participants were recruited (Table 7.1) however one participant was 

excluded as the CFDU scan was performed on a different day to the remainder of the 

vascular examination. An additional two participants were excluded from the targeted 

screening method due to missing toe pressure data. Generally the population was older, in 

accordance with the inclusion criteria. There were a high number of participants with 

diabetes (61%). Sensitivity of the modified method (62%, 95%CI 47.17-75.35) was higher 

than the AHA method (49%, 95%CI 34.75 – 63.40), however specificity of the AHA method 

(94%, 95%CI 85.62 – 98.37) was higher than the targeted screening method (85%, 95%CI 

74.26 – 92.60) (Table 7.2). Overall the diagnostic accuracy of both methods were similar, 

with the AHA screening method 74% diagnostic accuracy and the targeted screening 

method 73% diagnostic accuracy. 
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Table 7.1: Participant Characteristics 

Total Participants (N) 119 
Males n (%) 75 (63.02) 
Females n (%) 44 (36.97) 
Age Range (Years) 53 – 92 
Diabetes n (%) 73 (61.34) 
Mean Age (years) 73.1 (SDA 7.2) 
Incompressible ankle 
pressure n (%) 

16 (13.44) 

Distal PAD n (%) 37 (31.09) 
Proximal PAD n (%) 7 (5.88) 
Distal & Proximal PAD n 
(%) 

7 (5.88) 

PAD n (%) 51 (42.85) 
Proximal Occlusions n (%) 1 (0.84) 
Distal Occlusions n (%) 40 (33.61) 
A=standard deviation, PAD= Peripheral arterial 
disease 
 

Table 7.2: Results Table 

 Targeted Screening 
Method 

AHA 

% • 95% 
Confidence 

Interval 

% • 95% 
Confidence 

Interval 
Sensitivity  62.00 • 47.17 

to 75.35 49.02 
• 34.75 

to 63.40 
Specificity  85.07 • 74.26 

to 92.60 94.12 
• 85.62 

to 98.37 
Positive predictive value  75.61 • 2.25 

to 7.66 86.21 
• 68.34 

to 96.11 
Negative Predictive Value  75.00 • 0.31 

to 0.65 71.11 
• 60.60 

to 80.18 
Positive likelihood ratio 4.15* • 2.25 

to 7.66 8.33** 
• 3.09 to 

22.45 
Negative likelihood ratio 0.45* • 0.31 

to 0.65 0.54 
• 0.41 to 

0.71 
Diagnostic Accuracy 73.94 •  74.78 •  
**Important likelihood ratio *May be important likelihood ratio 
 

7.7 Discussion 

This study investigated whether diagnostic accuracy of lower limb vascular screening for 

PAD can be achieved using a modified version of current guidelines designed to reduce the 

time taken to perform a vascular assessment. The results of this study indicate that the 

modified method had a higher sensitivity for PAD than when tests were conducted in 

accordance with the AHA guidelines, however lower specificity. Overall the two methods 
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had almost identical diagnostic accuracy (AHA method 74%, modified method 73%). 

Although the ABI has been shown to have good sensitivity and excellent specificity across 

the general population (40) our recent research suggests uptake of the test by Podiatrists 

is poor with the time associated with performing the test cited as one of the most common 

reasons for this (142). Performing an ABI requires two ankle pressures per limb (dorsalis 

pedis and posterior tibial).  The modified method we have proposed increases the number 

of people who have a TBI performed as the initial screening test. A TBI test is quicker to 

perform due to the need for only one toe pressure per limb to be taken.  In addition the 

modified method ensures there will rarely be a time that clinicians will need to perform 

more than one form of lower limb pressure measurement in a single testing session. Both 

changes are likely to reduce the amount of time needed to perform objective non-invasive 

vascular testing.  

Currently evidence suggests podiatrists rely on subjective findings including pulse 

palpation and visual appearance to identify PAD, while object assessment is often limited 

to continuous wave Doppler which we have shown to have poor reliability (142, 143). The 

modified method we have developed offers a potential mechanism to improve the 

diagnostic accuracy of vascular assessments performed by podiatrists by targeting the 

type of objective test to be used using medical history. In addition increasing the use of the 

TBI, which has been shown to have high reliability in diabetes and non-diabetes cohorts  

for initial testing for PAD (51), offers a more time efficient objective test that may be more 

widely adopted in clinical practice.   There is also growing evidence that tests such as the 

TBI may be a valuable adjunct to clinical practice and could be more widely used. The TBI 

has been shown to have superior predictive capability than the ABI, with recent research 

showing that both toe pressures and TBI to be accurate predictors of wound healing and 

foot complications (46).  
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Of note our study demonstrates that neither screening method yielded a very high level of 

diagnostic accuracy, which re-enforces the difficulty of non-invasive lower limb vascular 

assessment in populations at risk of PAD. Further investigation into the diagnostic 

accuracy of non-invasive vascular assessment testing methods should be undertaken to 

ascertain what testing should be performed in populations at risk of PAD. The diagnostic 

accuracy of both the ABI and TBI should be elucidated using gold standard imaging as a 

reference standard. Further research that helps guide clinical practice could facilitate 

increased efficiency and increased accuracy when conducting vascular assessments, 

reducing the number of undiagnosed cases of PAD and ensuring timely intervention and 

appropriate management to prevent complications such as ulceration and infection and 

amputation. 

7.7.1 Limitations 

The results of this pilot study need to be considered in light of some significant limitations. 

The accuracy of both screening tools relies upon the individual accuracy of each diagnostic 

test. Each of the included tests, ABI and TBI have their own limitations with accuracy. The 

ABI in particular has been shown to have limited diagnostic accuracy in populations at risk 

of PAD. The reference standard used, CDFU, whilst a valid form of diagnostic imaging, has 

its limitations. Ideally angiography would be used as a reference standard however due to 

the prospective nature of the data collection this was not possible. Future research should 

use the gold standard in vascular imaging, angiography as a reference standard.  

7.8 Conclusion 

Modification of current international guidelines based on medical history to reduce the 

time burden of lower limb vascular assessment in clinical practice yields similar diagnostic 

accuracy to assessment undertaken in accordance with the guidelines. This study 
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highlights the difficulties in obtaining accuracy in lower limb vascular assessment in at 

risk populations and clinicians should consider using the TBI as an alternate screening 

tool given its high level of accuracy and predictive capabilities. 

 

Chapter 8 Conclusion 
This thesis has been an investigation of non-invasive vascular assessment techniques for the 

lower limb. Firstly, a systematic review was conducted to evaluate the current evidence base on 

the sensitivity and specificity of the TBI in detecting PAD (Chapter 2). This found that there were 

limited high quality diagnostic accuracy studies using valid diagnostic imaging as a reference 

standard. There was also a lack of consistency of TBI values used to represent presence of 

absence of pathology. This demonstrated the need for a high quality diagnostic accuracy study 

using diagnostic imaging as a reference standard. 

A diagnostic accuracy study was then performed investigating the sensitivity and specificity of 

the TBI for detecting PAD in a mixed population at risk of the disease (Chapter 3). The 

population in this study was older, community-based and met current guidelines for undergoing 

lower limb vascular assessment to screen for PAD.  The result of this study demonstrated much 

higher sensitivity (71%) for the presence of PAD than the ABI (45%). However, the ABI 

demonstrated slightly higher specificity (93%) than the TBI (79%). Comparative ROC analysis 

shown the TBI to be a superior clinical test (AUC0.77) with the negative predictive value of the 

ABI (69%) together with an AUC of 0.65 suggesting that the ABI is a test of limited clinical value 

for diagnosing PAD in a population at risk of the disease. 

In the fourth Chapter the sensitivity and specificity of the ABI, TBI and CWD in people with 

diabetes was performed. This study further highlighted the difficulties that clinicians face when 
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assessing lower limb vascular status in this population. All three tests had lower levels of 

sensitivity and specificity in the population with diabetes compared to the control group. 

Overall CWD had the highest sensitivity (74%) and specificity (92%) in detecting PAD in people 

with diabetes, followed by the TBI (63% sensitivity, 82% specificity) and the ABI (45% sensitivity, 

92% specificity).  ROC analysis demonstrated the TBI had an AUC of 0.75 whereas the AUC of 

the ABI was 0.58. This indicates that the ABI is a poor test for PAD in a diabetes cohort. 

In chapter 5 a survey of Podiatrists in Australia and New Zealand about their vascular 

assessment techniques was conducted. This study is the first study to investigate clinical 

vascular assessment techniques used by Podiatrists in these countries. The study demonstrated 

that there were large variations in practice, depending on a Podiatrists work sector and years of 

experience. Contrary to current international guidelines for lower limb vascular assessment, less 

than half of Podiatrist respondents reported completing objective pressure measurements on a 

regular basis. Performance of vascular assessment was frequently reported to be based upon 

clinical signs and symptoms of PAD, rather than patient risk factors for PAD. The most 

commonly employed vascular assessment tool was qualitative hand held Doppler examination 

with 74% of respondents indicating they used this assessment technique as part of their 

assessment. Time, lack of financial incentive and concerns about technique were identified as 

key barriers in performing assessment.  

In chapter 6 a reliability study examining hand-held Doppler use in podiatrists was conducted. 

This was the first study to examine all three aspects of Doppler use; clinical use and audio and 

visual waveform analysis. This study demonstrated that podiatrists had low levels of inter and 

intra-tester reliability for the clinical use of Doppler indicating this form of assessment is 

unacceptable for use of CWD for ongoing monitoring in clinical practice.  Notably visual or audio 

interpretation of waveforms was much more reliable than when interpretation was combined 

with clinical application, suggesting poor clinical technique may be responsible for these 
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outcomes.  Other health professions including medicine and nursing have demonstrated much 

higher reliability can be achieved with this form of assessment.  Given the high diagnostic 

accuracy of CWD we demonstrated in a diabetes cohort, further training to improve technique 

is necessary improve reliability of hand-held Doppler use and therefore CWD amongst 

Podiatrists due to the clear benefits this method of assessment offers in ease of application, 

time for application and diagnostic capabilities. 

Based on the results of these studies an evidence based, modified method of screening for PAD 

was formulated, which was presented in Chapter 7.  The modified method was developed from 

the evidence provided from the preceding studies in chapter 2 to 6. Given the low reliability of 

hand-held Doppler examination, as shown in chapter 6, this was excluded as a testing method. 

Given the higher AUC of the TBI compared to the ABI in people with diabetes, as demonstrated 

in chapter 4, the TBI was used as a screening tool in people with diabetes. The targeted 

pathway was compared to the AHA current international guideline for lower limb vascular 

screening for PAD. Whilst the targeted screening method was more sensitive for detecting PAD 

(62%) than the AHA guideline (49%), it was less specific (Targeted 85%, AHA 94%). However, it 

may be a useful tool for clinicians, as it demonstrated similar diagnostic accuracy (Targeted 

73%, AHA 74%) and could save time by avoiding the need for multiple pressure measurements 

in cases of MAC and reducing the number of pressures required (only one toe pressure instead 

of two ankle pressures per limb) in people with diabetes and older people which comprise a 

large proportion of patients requiring vascular assessment. 

8.1 Strengths & Limitations  
The systematic review presented in chapter 2 is the first to examine the sensitivity and specificity 

of the TBI for detecting PAD. Included studies were assessed for inclusion using strict criteria and 

data was extracted by two researchers independently. All studies were assessed for quality, 

reporting adequacy and risk of bias using the QUADAS-2 appraisal tool. All attempts were made 
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to promote a robust search strategy and a meta-analysis was employed to quantify the 

conclusions drawn.  An exhaustive search for relevant literature was performed, however the 

volume of articles retrieved from database searches may have led to accidental omissions of 

relevant research. Six databases were utilised in the search, however researchers in the field were 

not contacted for any unpublished work. Authors were only contacted where information from 

included articles were missing and in only one case responded. Furthermore, strict exclusion 

criteria meant that multiple studies were not included as they did not use valid diagnostic imaging 

as a reference standard or did not calculate sensitivity and specificity. Overall there was a lack of 

high level evidence for determining diagnostic accuracy of the TBI for PAD. All of the included 

studies had small sample sizes with large variations in methodology and very specific populations. 

More extensive investigation is required using larger sample sizes and including more general 

populations at risk of PAD. This may lead to wider applicability of the test.  

The study presented in chapter 3 was the first to examine the diagnostic accuracy of the ABI 

and TBI in a broad cross-section of patients at risk of PAD. These results have significant clinical 

relevance. The population used in this study were an older community based population at risk 

of PAD making the results highly generalizable to clinical practice and representing a cohort for 

which there are currently scant data available.  The study was cross –sectional and included 

non-disease individuals reducing the risk of spectrum bias. Prior to our study existing research 

investigating the diagnostic accuracy of the TBI for PAD was restricted to specific populations, 

such as those with diabetes, or renal disease. The use of CFDU as the reference standard is also 

clinically relevant, as CFDU is the most commonly employed non-invasive imaging technique for 

detecting PAD. However, this also represents a limitation of this study as while CFDU is a valid 

form of non-invasive vascular assessment, is operator dependant.  Although this study 

demonstrated in a small sample that  inter-tester reliability was  between sonographers 

involved in this study was acceptable, the results are never the less subjective and dependant 
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on clinician skill and experience. These findings therefore need to be substantiated with further 

research in a larger cohort and research in a diseased cohort where angiography can be use d as 

the reference standard The inter-tester reliability testing of CDFU was limited to ten due to 

financial restraints and may not be statistically robust, however, has similar participant numbers 

to another study of diagnostic accuracy using CFDU as a reference standard (10). The 95% 

confidence intervals demonstrate a wide range within which a repeated score can be expected 

to lie suggests variability inherent in the measurement. This is likely to be associated with the 

small sample size used for reliability testing with data likely to be too variable to make a precise 

estimate. Our convenience sample consisted of a large proportion of people with diabetes, and 

an older mean age, however this reflects the sample population who were attending a Podiatry 

and vascular clinic at risk of PAD.  

The study presented in chapter 4, examined the diagnostic accuracy of non-invasive screening 

techniques in people with diabetes. The results of this study will guide clinical assessment as the 

accuracy of the three most commonly employed vascular assessment tools in clinical practice. 

This is the first study to undertake a comparative diagnostic accuracy evaluation of these test in 

a population with diabetes against imaging as a reference standard. This study had a larger 

sample size than previous studies in this area and did not include the use of paired data. In 

addition this study was cross-sectional in nature and included non-diseased individuals reducing 

the risk of spectrum bias inflating the diagnostic accuracy of the tests.  

Limitations of this study are similar to that of the study presented in chapter 3, however there 

are some specific additions. The post-hoc categorisation of the two groups may have limited the 

generalizability of the results, however, statistical analysis revealed there were no significant 

differences between the groups so it was unlikely to be the case. Although signs and symptoms 

that may indicate PAD were collected by the vascular sonographers at the time of scanning 

rigorous investigation and classification of these using the widely accepted Rutherford-Becker 
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classification system was not performed. Therefore from our data it was not possible to 

determine the relationship between symptom severity and the ABI, TBI and CWD in this cohort, 

limiting the clinical utility of our results. People with any form of neuropathy were included in 

the study population. A previous study has shown that diabetic neuropathy affected sensitivity 

of the ABI.  However due to the small number of neuropathic participants recruited for our 

present study (only 15 out of the 117 participants) a separate sub analysis was not conducted 

on this group.  It is possible that this may have affected our results as although incidence of 

peripheral neuropathy was evenly distributed between the groups, currently it is only diabetic 

peripheral neuropathy that is known to sensitivity of the ABI, and there is no data for peripheral 

neuropathy of other causes. The findings of this study support the need for a larger scale study 

investigating the comparative diagnostic accuracy of the ABI, TBI and CDW using angiography as 

the reference standard in a diabetes cohort.  

The survey presented in chapter 5 was the first to examine the broader vascular assessment 

techniques of Podiatrists in Australia and New Zealand.  The survey provided useful information 

about what prompts Podiatrists to perform vascular assessment and what constitutes a vascular 

assessment in Podiatric practice. The survey identified that time was the most significant barrier 

in completing a vascular assessment for most practitioners and also identified that rural 

practitioners would benefit most from continuing education as they were the most likely to 

identify as being unsure of technique.  

Limitations of this study include the use of a non-validated survey which may have limited the 

external validity and reproducibility of the findings and the relatively small sample size 

compared to the total number of practicing Podiatrists which potentially reduces the extent to 

which our results are representative of the entire population of Podiatrists in Australia and New 

Zealand.  Over-reporting and under-reporting are also possible, however piloting of the survey 

assisted in formulating specific answering methods  including of nominal polytomous, ordinal 
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polytomous and dichotomous to reduce the likelihood of this. There are also some differences 

in delivery of Podiatric services between Australia and New Zealand, which will differently 

influence barriers in performing testing which could be explored further in future research. 

The reliability study presented in chapter 6 was the first to examine all three aspects of hand-

held Doppler examination when performed by Podiatrists. It also provided the first Australian-

based reliability data for the most commonly employed vascular test reported by Australian and 

New Zealand Podiatrists. The use of four Podiatrists, with varying levels of clinical experience, 

and covering the two main areas of clinical practice (private and public practice) was a strength 

of the study. The study identified problems with the reliability of the test, which need to be 

targeted with ongoing clinical education.  

Limitations of the study include the type of Doppler equipment used. Although the brand of 

Doppler used in this study is widely available this may which may have affected the ability of 

Podiatrists to perform the assessment reliably, particularly if it differed from the equipment 

they usually used involved.   . It was assumed that participating Podiatrists had previously been 

trained in Doppler ultrasound assessment, so additional training was not provided. A training 

session provided prior to the study may have improved reliability, but this was avoided to 

ensure the results were an accurate reflection of current skills of practicing clinicians. 

Nonetheless, the Podiatrists involved were given a strict protocol for data collection, which 

realistically would be expected to improve the reliability of the assessment. Finally, despite our 

best efforts to include Podiatrists with a range of experience and undergraduate training from 

the two main areas of clinical practice (public and private), the clinicians participating in this 

study may not have been representative of the Podiatry profession as a whole. Further 

investigation in other samples may assist in establishing the true reliability within the Podiatry 

profession generally.  
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The modified screening method presented in chapter 7 is the first of its kind to assist podiatrists 

in their non-invasive lower limb vascular assessment in populations in need of vascular 

screening. A large sample size reflective of patients seen in clinical practice was used and CFDU, 

a valid diagnostic imaging technique was used as a reference standard. 

 Limitations of this study include the accuracy of both the current guidelines and the 

modified method for diagnosing PAD relied upon the individual accuracy of each 

diagnostic test. Both the ABI and TBI have limitations with accuracy. The ABI in particular 

has been shown to have limited diagnostic accuracy in populations at risk of PAD. The 

reference standard used, CDFU, whilst a valid form of diagnostic imaging, has its 

limitations including operator error. Ideally angiography would be used as a reference 

standard however due to the cross sectional nature of nature of this study, this was not 

possible. Future research should use the gold standard in vascular imaging, angiography 

as a reference standard.  

8.2 Recommendations and directions for future 
research 

Based on the results of this thesis, there are some further studies, which should be pursued. A 

systematic review of the diagnostic accuracy of all commonly utilised non-invasive vascular tests 

in the lower limb should be undertaken, including the ABI, TBI and CWD and potentially a meta-

analysis to quantify the results, if possible. This will further guide clinical practice for people 

requiring vascular screening to improve overall diagnostic accuracy of testing techniques. 

Further diagnostic accuracy studies should be undertaken, including ABI, TBI and CWD using 

angiography as the reference standard. This will offer more conclusive evidence of the 

comparative diagnostic accuracy of these three commonly used screening tests compared to 

the gold standard diagnostic imaging technique. These studies will need to be retrospective due 

to the invasive nature of angiography.  
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Future directions for research may also include investigating other allied health professionals 

clinical assessment methods and reliability in performing non-invasive vascular assessment 

methods. Other vulnerable populations which are at risk of PAD, such as those with rheumatoid 

arthritis require further diagnostic accuracy studies, due to the complex vascular pathology 

demonstrated in this group.  

The podiatry profession may benefit from the findings in this thesis to firstly inform their clinical 

practice. A podiatry-specific guideline, or practice brief may be of use regarding non-invasive 

vascular assessment of the lower limb. Secondly, lobbyists may be able to use the evidence in 

this thesis to inform government and private health insurers regarding gaining access to rebates 

for appropriate and timely non-invasive vascular assessments. 

8.3 Concluding statement 
The findings of this thesis add to the overall knowledge of non-invasive lower limb vascular 

assessment. The six original aims of this thesis have been addressed. The TBI has good test 

performance in detecting PAD in a mixed population at risk of the disease. In populations with 

diabetes, CWD waveforms yielded the highest diagnostic accuracy, followed by the TBI, while 

the ABI had poor performance. The vascular assessment techniques of Podiatrists are varied, 

not generally aligned with current lower limb vascular assessment guidelines and are potentially 

inadequate for accurate screening and ongoing monitoring for PAD in the lower limb. 

Podiatrists demonstrate low reliability with clinical hand-held Doppler use, with our results 

suggesting this commonly used form of vascular assessment is of limited use in the ongoing 

monitoring of lower limb vascular function. Finally, a targeted screening method for lower limb 

vascular assessment yielded similar accuracy to the current international standard screening 

guideline.  
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