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Abstract 

PAD affects >200 million people worldwide, most prevalent in the 6th and 7th decades 

of life and in those who smoke and have coexisting diabetes. Progression to Chronic Limb 

Threatening Ischaemia (CLTI) carries a poor prognosis in terms of limb salvage and survival.  

Whilst there are currently no universally applicable non-invasive methods to quantify 

foot perfusion, monitoring of oxygen saturation in the target tissue has been postulated to 

better detect the effects of revascularisation. Near infrared spectroscopy (NIRS) is a non- 

invasive technique that can assess tissue oxygenation at rest and during exercise. It is based 

on the principle that light is absorbed by oxygenated and deoxygenated haemoglobin at 

850nm and 760nm wavelengths respectively (3). Light emitted in the NIR spectrum 

penetrates skin and bone easily, and is absorbed by tissues containing blood, including the 

microvasculature of the sampled tissue which is rich in haemoglobin. The reflected light is 

detected by a receiving sensor.  

This research project evaluated the utility of functional NIRS (fNIRS) as a measure of 

peripheral circulation of the lower limb and of the microcirculation in the foot as compared to 

toe pressure and ABI, and as a surveillance tool in monitoring changes in lower limb arterial 

supply following revascularisation in comparison to existing measures that are utilised. After 

accounting for pre- set inclusion and exclusion criteria, the following data were collected for 

51 patients with Rutherford severity grades 3-6: demographics, medical history, Rutherford 

classification, and pre- and post-operative ankle-brachial indices (ABI) and hallux toe pressure 

(TP). Continuous wave NIRS (MoorVMS-NIRS, MoorInstruments, UK) was used to collect 

tissue cumulative O2 saturations (SO2), with measurements taken from the plantar arch muscles 

in both feet, at rest and during toe flexion exercise, pre and post endovascular revascularisation. 

After normalisation to zero, data from the SO2 trace was analysed to determine the change 

during toe flexion testing. Linear mixed models were used to investigate the relationship 

between surgery and vascular outcomes pre- and post-surgery.  

At recruitment, 23.5% were Rutherford 3, 23.5% Rutherford 4, 43.1% Rutherford 5 

and 9.8% Rutherford 6. Pre-procedurally, ABI and toe pressures were not able to be recorded 

in 16 patients respectively due to non-recordable signals, too much pain, wounds or 

contraindications limiting the application of a pressure cuff. All procedures were technically 

successfully, achieving at least one patent outflow vessel to the foot. 4-hours post 
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revascularisation, the magnitude of muscle SO2 desaturation with toe flexion exercise in the 

treated limb was significantly decreased from a mean of 7.23% to 2.16% compared to the 

control limb (1.95% to 4.4%) (p<.001). There was also a significantly higher resting SO2 post 

intervention in the treated limb (from 55.05% to 60.86%) compared to the control limb (from 

55.71 to 57.29%) (p=0.032). There were no significant differences in TP and ABI between 

the treated and control limbs (p=0.697 and p=0.298 respectively).  

Six-weeks post revascularisation, the magnitude of muscle SO2 desaturation with toe 

flexion exercise in the treated limb significantly decreased, from a mean of 7.23% to 0.61%. 

No change was apparent in the control limb (1.96% to 1.77%) (p=0.016). There was no 

significant difference in resting SO2 or TP between the treated and control limbs (p=0.787 

and p=0.079 respectively).  

The evaluation of changes in lower limb macro- and microcirculatory perfusion can 

be performed using fNIRS patients undergoing endovascular revascularisation in Rutherford 

grades 3-6. In contrast to ABI and TP, with their limited applicability and sensitivity, fNIRS 

appears to follow expected changes in perfusion with successful revascularisation. fNIRs 

may also prove to be a promising tool in the medium-term monitoring of lower limb 

perfusion. Further research is required to confirm similar utility in patients with severe vessel 

calcification such as those on dialysis, and, explore trend change with wound healing and 

predict limb outcomes.  
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CHAPTER 1 

 

Background  

 

1.1 Peripheral arterial disease and chronic limb threatening ischaemia  

 

Lower limb peripheral arterial disease (PAD) is the partial or complete atherosclerotic 

occlusion of one or more arteries of the lower extremities resulting in compromised blood flow 

and ischaemia. Affecting over 200 million people worldwide, it poses a significant burden on 

those affected and a large health economic problem. With an annual incidence of 500 to 1000 

per million, it its most prevalent in those in their 6th and 7th decade of life, in those who smoke 

and those with diabetes mellitus. Globally, there has been a marked increase in people living 

with PAD, a phenomenon for the most part thought to be attributable to ageing populations and 

the emergent prevalence of risk factors. Disease in these patients has a wide range of 

manifestations ranging from an asymptomatic reduction in ankle pressures, limb muscle 

ischaemia causing intermittent claudication, rest pain of leg muscles, to limb-and life-

threatening disease. The symptomatic classification of PAD which evaluates the nature of the 

patient’s symptoms and objective non-invasive data was well described by Rutherford in 1997 

(1). PAD is a progressive disease, with its clinical courses being stable in most cases. 

Symptomatic stabilisation occurs in 75% of these patients due to the development of  collateral 

blood supply, metabolic adaptation occurring in the ischaemic muscles or patients altering their 

gait favouring non ischaemic muscle groups (2). The remaining 25% with intermittent 

claudication progressively experience functional decline with a reduction in walking distance 

and later, ischaemic rest pain. Chronic limb threatening ischaemia (CLTI), the most severe 

form of PAD, is a debilitating condition characterised by ischaemic rest pain, non-healing 

lower limb or foot ulceration of at least 2 weeks duration, ischaemic skin lesions and ulcers or 

frank gangrene in one of both legs attributable to occlusive disease in the arterial system for 

>2weeks (3).  

CLTI represents the most severe manifestation of chronic arterial insufficiency of the 

lower limb. It is characterised by extreme compromise of distal blood flow and 

microcirculatory function including capillary recruitment and vasomotor adaptation. This 

results in the hallmark clinical picture of ischaemic rest pain, ischaemic ulcer and/or gangrene 

and other clinical findings associated with forefoot haemodynamic and trophic changes (4).  
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Ischaemic rest pain is encountered in the toes, around the heads of the metatarsals and 

frequently in the midfoot, proximal to the metatarsal heads. This pain is distinctively 

exacerbated by elevation of the lower limb to or above the horizontal position and is to some 

degree alleviated by returning to a dependent position. The severity of this symptom can be 

further categorised into three stages: In the first stage, the onset of pain is when the patient is 

at primo-decubitus, with a rapid decline in pain thereafter, allowing the patient to remain in 

that position. In the second stage, the pain will only be relieved with dangling the limb in a 

dependent position and in the third stage, the patient has to maintain a seated position. In the 

last two stages, dependency of the foot often leads to oedema and subsequently increased tissue 

pressure greater than capillary pressure thus worsening the ischaemia in the affected limb. Of 

note, the sensation of rest pain relies on the patient’s pain perception, which may be dampened 

or absent due to sensory neuropathy (i.e. in diabetes mellitus, vitamin deficiencies, drugs or 

ischaemia itself).  

Tissue loss in the lower limb as a result of severe ischaemia in CLTI is most likely to 

affect the toes and pressure areas such as around the heel and overlying the heads of the first 

and fifth metatarsal heads. On inspection, ischaemic ulcers have a punched-out appearance 

with well-defined edges, a pale necrotic base and may be overlaid with fibrinous substance. 

Whilst ischaemic rest pain has a typical picture on presentation, discerning if tissue loss in the 

lower extremities is in fact attributable to CLTI, can be challenging. Fundamentally, three 

scenarios are possible. Firstly, the degree of arterial insufficiency is severe, leading to 

spontaneous ischaemic skin lesions or secondary to minimal trauma. Secondly, the degree of 

arterial insufficiency is moderate and has persisted chronically, restricting nutrient delivery, 

thus hindering the biological process of skin lesion healing. Thirdly, the presence of a skin 

lesion may be a distinct entity, with PAD being a concomitant condition rather than causal. As 

a universal recommendation, all patients with ulcers or tissue loss of the lower extremity should 

be comprehensively screened for any supporting clinical signs alluding to chronic compromise 

of blood flow to the foot.  

 The loss of palpable peripheral pulses signifies considerable compromise of the arterial 

tree. Femoral, popliteal, posterior tibial and dorsalis pedis pulses are assessed, compared with 

the contralateral side and recorded for future reference. The femoral pulses are palpated 

midway between the anterior superior iliac spine and the pubic symphysis bilaterally. The 

popliteal artery can be palpated by using the heads of the gastrocnemius muscle as surface 

landmarks. Situated in the popliteal fossa, the popliteal pulse is assessed with the knee slightly 

flexed, using the index, second and third fingers to push the popliteal artery against the tibia. 
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The dorsalis pedis pulse is palpated on the dorsal surface of the foot, overlying the navicular 

bone and lateral to the extensor hallucis longus tendon. The posterior tibial pulse is palpated 

posterior to the medial malleolus (5).  

Other clinical signs of CLTI that are less well recognised, yet are easy to detect on 

bedside examination, are associated with a low perfusion pressure and subsequently vasomotor 

paralysis. The first of these signs is capillary refilling time which is almost instantaneous in 

healthy individuals but delayed in arterial insufficiency which is directly proportional to the 

severity of arterial insufficiency. Another clinical finding is the eponymous test described by 

Leo Beurger; elevation followed by moving the foot into a dependent position, causing changes 

in hydrostatic pressure, is associated with the following changes in colour: quick onset (<30 

seconds) of pallor of the foot when raising the foot at 60 degrees above the level of the bed and 

erythrocyanosis or dependent rubor with the foot in a dangling position. Other less apparent 

signs are an expression of trophic changes secondary to chronic severe ischaemia such as 

appearance of livedo reticularis, evidence of distal arterial micro embolism, muscle atrophy 

and weakness in the muscles of the foot and/or head pad.  

 

1.2 Classification systems in chronic limb threatening ischaemia  

 

 Several classification systems have been established to enable consistent grading of 

disease severity in patients. This allows clinicians to establish objective criteria for patient 

evaluation, treatment and clinical follow up. Generally, these classification systems are based 

on patient presentation and symptomology, anatomic distribution of disease and a combination 

of clinical signs such as presence of infection and wounds. The two most common systems 

based on patient symptomology are the Fontaine (6) and Rutherford (1) classification systems. 

The Fontaine system published in 1954 is the earliest system based solely on grading the 

patient’s clinical presentation into 4 stages. Generally used in clinical research, it is less 

routinely used in the patient care setting. This symptomatic classification system was further 

built upon by Rutherford et al. (1) , classifying PAD into acute and chronic limb ischaemia, 

based on the timing of onset of symptoms. The Rutherford classification for chronic limb 

ischaemia is referenced for the purposes of this thesis [Appendix 1]. Compared to the Fontaine 

system, the Rutherford system has the addition of objective non-invasive data including 

Doppler examination of pedal pulses, ankle brachial indices (ABI) and pulse volume reading. 

A thorough evaluation of patients with chronic limb pain or those having signs and symptoms 

of CLTI should include an assessment of the symptoms described in the Rutherford 
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classification. It is important to determine the onset, duration and character of pain. 

Claudication distance or time should be established and if a history is not reliable, this can be 

independently assessed by walking or treadmill testing in a laboratory. Treadmill exercise 

testing, with or without pre- and post-exercise ABIs can aid the clinician in differentiating 

between claudication and pseudo claudication in a patient with exertional leg symptoms. If 

patients are physically limited in performing treadmill testing, comparable stress testing can be 

carried out using plantar flexion or thigh blood pressure cuff compression that leads to reactive 

hyperaemia.  

 With a significant increase in diabetes mellitus where limb threat encompasses a broad 

spectrum of disease,  The Society for Vascular Surgery have created a new classification 

system where risk is stratified based on three major factors impacting amputation risk and 

clinical management: Wound, Ischaemia, and foot Infection (WIfI) (7). This risk stratification 

system is different from the Fontaine and Rutherford Classification systems in that it 

acknowledges that disease severity in CLTI does not have definite cut off points but rather, is 

a spectrum in the pattern of a sigmoidal curve. This classification system takes into account 

degree of ischaemia, extent and depth of wound and presence and severity of infection is graded 

on a scale from 0 to 3 (where 3 is the most severe) [Appendix 2].  

 

1.3 Pathophysiology of atherosclerosis and chronic limb threatening ischaemia (CLTI) 

 

PAD is a gradual process in which the arterial lumen supplying oxygenated blood to 

the tissue progressively narrows. In order to appreciate the disease progression in PAD, it is 

necessary to understand the fundamental molecular mechanisms of atherosclerosis and 

atheroma development. In the healthy endothelium, a number of factors that are strongly 

platelet repellent and have anticoagulant and fibrinolytic effects such prostacyclin, nitric oxide, 

thrombomodulin and plasminogen activators are expressed. Production of these factors is 

impaired in diseased vessels. In its non-diseased state, the endothelium repels platelets.  These 

properties protect the luminal surface of vessels from prothrombotic factors. 

The initiation of atherosclerosis begins with the influence of stress factors such as 

hyperlipidaemia, arterial hypertension, subclinical inflammation, presence of free radicals or 

infection which is detrimental to endothelial haemostasis. With increased stress on the 

endothelium, production of the substances listed above is compromised and the endothelium 

becomes more permeable to lipids which infiltrate and accumulate in the sub-intima, leading 

to yet more endothelial stress. This unremitting cycle facilitates further infiltration of lipids 



 
 

10 

beneath the luminal surface of the vessel wall. Inflammation is instigated, leading to oxidative 

stress and enzymatic modification, contributing to the production of oxidized low-density 

lipoprotein. Cells of the immune system are attracted and aggregate in the vascular wall, 

differentiate into macrophages in the subendothelial tissue which are then converted into foam 

cells. Locally released cytokines and growth factors promote the migration of smooth muscle 

cells from the media into the intima layer, forming extracellular matrix component which lays 

the foundation for a fibrous cap [Figure 1]. With time, the aggregation of other macrophages 

that break down foam cells leads to overburden of macrophages and hence macrophage death. 

In the process of unrestrained macrophage death and decay, there is release of its components 

including lipids, metalloproteinases and inflammatory cytokines. This deleterious process 

results in the cascade of destruction of matrix components, plaque destabilisation and in due 

course, plaque rupture.  

 

 
Figure 1: Process of atherosclerosis following exposure to stress factors 

 

 

 The reported prevalence of PAD and specifically CLTI vary depending on the 

population studied and can be misrepresented where diagnosis may be challenging. CLTI as 

the initial clinical presentation is extremely rare, where only 1% to 2% of PAD first manifest 

as CLTI (8). In general, 40% to 50% of PAD cases begin with atypical leg symptoms, 10% to 

35% with claudication and 20% to 50% without any symptoms (8). In about 60% of this 

population, arteriographic progression has been documented to be as high as 60% after 5 years 

from first presentation, however, only a further 1% to 2% will progress to CLTI and 

subsequently require an amputation (9, 10). The transition of chronic limb ischaemia to CLTI 

can be insidious due to the slow progression of symptoms. In the majority of cases, CLTI is 
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attributable to obstructive atherosclerotic disease. Other significant causes of CLTI include 

atheroembolic or thromboembolic disease, hypercoagulable states leading to in situ 

thrombosis, vasculitis, cystic adventitial disease, thromboangitis obliterans, popliteal 

entrapment or trauma.  

In order to understand and guide surgical treatment of CLTI, one should be familiar 

with the pathophysiology of symptoms in CLTI. CLTI is a chronic and multifaced process 

affecting both the macrovasculature and microvasculature. Maintaining adequate blood supply 

to peripheral tissue via the arterial tree is fundamental as it is the means of oxygen and nutrient 

transport to individual cells and organs. In chronic limb ischaemia, compensatory angiogenesis 

occurs. This is a process whereby new vessels with the integrity of a three-layered wall 

structure develop without relying on pre-existing vessels. On top of angiogenesis, 

arteriogenesis occurs at the same time, stimulating the enlargement of established collateral 

blood vessels in order to augment blood flow to critically ischaemic tissue. These collateral 

vessels are often low flow systems that in heathy individuals play a marginal role in organ 

perfusion.  In the remodelling process of arteriogenesis, these particular vessels enlarge in 

diameter, thus functioning as a “bypass” to the target tissue. This process is driven by several 

factors including the mechanical force exerted by arterial blood pressure, the pressure gradient 

proximal and distal to the area of stenosis and shear stress exerted on the vessel. Via the 

expression of growth factors and proteolytic enzymes, arterioles undergo angiogenesis, with 

main collaterals vessels developing from the arterioles that undergo maximal stimulation 

process.   

In chronic limb ischaemia, collaterals contribute to a significant portion of tissue blood 

supply. Both angiogenesis and arteriogenesis are essential to wound healing in those with 

wounds secondary to CLTI, and in relieving ischaemic pain in the lower limbs. Nonetheless, 

these compensatory measures may not be adequate in those with progressive arterial stenosis, 

with progression of symptoms to ischaemic rest pain. This late symptom contributes to the 

vicious cycle of reduced physical activity and hence a reduction in stimulation of arteriogenesis 

and markedly impaired endothelial function. This leads to regression of arteriogenesis, and 

consequently, degeneration of new vascular collaterals, muscle atrophy and reduction in 

exercise capacity. The cumulative effect of damaged endothelium and reduced shear stress in 

the collateral vessels results in the diminished production and bioavailability of nitric oxide. 

Nitric oxide is a pluripotent agent that: (i) promotes angiogenesis, (ii) opposes the deleterious 

effects of platelets (i.e. promoting aggregability, microvesiculation and adhesion) and (iii) 
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counteracts the adverse effects of leucocytes (i.e. stimulating adhesion, immunological 

activation and release of reactive molecules) (11-14) 

 CLTI being the most extreme form of PAD, frequently results from multilevel arterial 

occlusive disease. In general, there needs to be at least 2 levels of arterial occlusive disease to 

precipitate CLTI. Nonetheless, it has been more frequently observed that patients with co-

existing diabetes mellitus or chronic kidney disease often have diffuse disease affecting the 

infra-popliteal, pedal vessels and the microvasculature of the foot which currently available 

modalities cannot visualise. In CLTI patients with predominantly infra-popliteal disease, the 

posterior tibial artery has the tendency to be the most diseased, whilst the peroneal artery is 

often spared. With worsening disease, the pattern of disease changes: the arteries below the 

level of the knees (i.e. posterior tibial, anterior tibial and peroneal arteries) progressively 

worsen whilst the involvement of two parallel vascular beds, such as the superficial femoral 

artery and profunda femoris artery is not uncommon.  

 

1.4 Combined peripheral arterial disease and diabetes mellitus 

 

It is well established that there is a strong association between diabetes mellitus (DM) 

and PAD, with symptoms of PAD about twice as common in diabetic patients compared to the 

non-diabetic patient (15). Additionally, in diabetic patients, for every 1% increase in 

haemoglobinA1c, there is a 26% increased risk of  PAD (16). Not surprisingly, despite the 

improvements in medical and interventional treatment, amputation rates over the last 2 decades 

have increased from 19 per 100,000 to 30 per 100,000, predominantly driven by an increased 

prevalence of DM (17).  

DM is associated with elevated levels of circulating glucose, which promotes 

inflammation, smooth muscle proliferation, abnormal matrix production, inactivation of 

endothelium-derived relaxing factors (e.g. NO) and hypercoagulability. As a result of these 

processes, there is a greater susceptibility of vascular beds to atherosclerosis as well as vascular 

smooth muscle atrophy causing vasoconstriction. In addition to that, hyperglycaemic states 

increase the risk of plaque destabilisation, plaque rupture and subsequent thrombus formation 

(18). Most diabetic patients also have co-existing cardiovascular risk factors such as smoking, 

hypertension and dyslipidaemia which accelerate the development of PAD. The disease 

process is far more complex and aggressive in diabetic patients than those without DM due to 

early small vessel involvement, severe, multiple and distally located atherosclerotic lesions, as 

well as distal symmetrical neuropathy (19). PAD patients with concurrent DM represent a 
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particularly high-risk group for adverse outcomes, especially with regards to major limb 

amputation. There is a five to ten-fold risk of major amputation in diabetic patients with 

concurrent PAD compared to those with PAD alone. In addition to atherosclerosis affecting 

the endothelial cells of the vessel walls, DM is particularly associated with Monkeberg’s 

medial sclerosis (calcium deposits in the tunica media of small and medium sized vessels) 

manifesting in the crural vessels. With regards to revascularisation options in this subset of 

patients, diseased and heavily calcified crural vessels are often challenging to treat surgically 

or via endovascular revascularisation and are therefore associated with diminished rates of long 

term patency (20).  

Distal symmetrical polyneuropathy (DSPN) is another common and intractable 

complication of DM, involving somatic sensory, motor and autonomic nerves. Its prevalence 

amongst diabetic patients is relatively high ranging from 7% within 2 years of initial diagnosis 

to 90% for those with DM for >25 years (21).  DSPN is a consequence of longstanding 

hyperglycaemia which triggers a downstream metabolic signalling cascade, increased flux of 

the polyol pathway, enhanced formation of advanced glycation end products, excessive release 

of cytokines, activation of protein kinase C, and greater oxidative stress, culminating in 

peripheral nerve injury (22). Initially affecting the toes and distal foot, it slowly progresses 

proximally to encompass the feet and legs in a stocking distribution. It is also often 

accompanied by the progressive loss of nerve fibres of the autonomic and somatic divisions, 

instigating diabetic retinopathy and nephropathy.  

 DSPN is a crucial factor influencing the vascular response to exercise in diabetic 

patients as the disease process impairs the control and normal function of smooth muscle cells 

in the tunica media of arterioles. Secondly, ulceration of the foot and painful neuropathy are 

the two key consequences of DSPN. This can make the clinical diagnosis of PAD a challenging 

one. Frequently, these patients seek medical attention only when pain is perceived in the lower 

limb, a symptom that may affect only 10% to 26% of this population (23). As a result, such 

patients may present late, with fulminant infection of their feet and regrettably, often beyond 

the point of reversibility, leading to tissue loss.  

Diabetic neuropathic pain is characterised by sharp, shooting, burning, and often 

lancinating pain that may even mimic the sensation of an electric shock. Diabetic neuropathic 

pain which can be constant and accompanied by cutaneous allodynia is usually regarded as 

moderate to severe and often worsens at night. In the diabetic patient, it is fundamental that 

PAD be screened for, as the clinical manifestation of DSPN can mimic that of CLTI, potentially 

delaying or clouding its diagnosis.  
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 The vascular and neuropathic complications of DM in the pathogenesis of diabetic foot 

ulceration are undisputed and have been recognised to be a result of microcirculatory failure. 

Several factors contribute to the formation of ulcers specifically, peripheral vascular disease, 

microangiopathy and autonomic neuropathy. In the clinical evaluation of a diabetic foot ulcer, 

the absence of foot pulses, a low ABI and /or low systolic toe pressure should raise suspicion 

of a neuroischaemic ulcer. The complex aetiology behind the vascular insufficiency in PAD 

patients with coexisting DM explains why resting ABI and to some extent toe pressure may 

correlate poorly with actual disease severity and clinical manifestation. In the instance of 

falsely elevated pressures due to arterial calcification, alternative tests have been proposed, 

especially ones that are able to quantify impairment of muscle function during a period of 

graduated lower limb exercise. Due to this, several other alternative assessment tools utilising 

diverse technologies have been proposed to achieve a better assessment of the arterial tree.   

Duplex ultrasonography and thermodilution have shown to be of value in measuring arterial 

flow during and post exercise, whilst contrast enhanced ultrasound (CEUS) and scintigraphy 

are able to provide reasonable estimates of muscle perfusion. Using near infrared spectroscopy, 

one is able to calculate muscle oxygenation and hence indirectly estimate muscle perfusion and 

blood flow during exercise by measuring various oxygen parameters in the tissue of interest. 

Finally, transcutaneous oxygen pressure measurement (TcpO2), by estimating peripheral tissue 

oxygenation reveals the degree of regional blood flow impairment during exercise. Where 

significant PAD is detected, revascularisation via angioplasty or arterial bypass often 

successfully improves arterial supply to the lesion, thus promoting healing of ischaemic ulcers.  

 

1.5 Chronic limb threatening ischaemia – burden of disease, risk factors and treatment 

options 

 

Burden of disease  

 The morbidity and mortality associated with CLTI are high. One of the most alarming 

and overwhelming outcomes for patients with CLTI is limb amputation. Generally regarded as 

a last resort in managing this condition, amputations are indicated in the setting of necrosis of 

weight-bearing portions of the foot in ambulatory patients, refractory ischaemic pain, sepsis, 

uncorrectable flexion contracture and paresis of the extremity. A literature review by Duff et 

al. (24) in 2019 found that the rate of amputation in this population is remarkably high with 

15-20% of patients requiring an amputation at 1 year.  Overall, CLTI carries a poor prognosis 

in terms of limb salvage and survival. Within a year of presentation with CLTI, it is estimated 
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that survival with both limbs is 45%; 25% of patients would have had improvement or 

resolution of their symptoms, 30% would have ongoing CLTI, 30% would have had an 

amputation and 25% would have died.  Nonetheless, there has been an observed trend of greater 

emphasis placed on limb salvage, increased use of endovascular treatment and other efforts 

towards reducing the rate of major amputations (25). Disease severity correlates well with 

amputation rates (3.1%, 26.7% and 55.0% in Rutherford 4, 5 and 6 respectively) (26). The risk 

of requiring an amputation is further accentuated by the presence of certain comorbid 

conditions, particularly DM which conveys a least a 50% higher probability of amputation 

compared to their counterparts without the condition (27). Amputations not only have an 

immense negative effect on patient survival (with an estimated perioperative mortality as high 

as 5% to 10% in below knee amputations and 15% to 20% for above knee amputations), but 

also have devastating quality of life and psychological impact on patients and carers. For those 

who have had an amputation, previous studies have revealed that a second amputation is 

necessitated in 30% of case. Furthermore, full independent mobility with a prosthesis is 

reached in only about 59% who have had a below knee amputation and 25% in those who have 

had above knee amputations (28).  

Of even greater concern is the overall increased mortality in CLTI and that associated 

with major amputations. It has been widely observed that patients with PAD and even more so 

those who progress to CLTI are at a high risk of premature death. In a German study by 

Reinecke et al., 4-year mortality was 18.9% in Rutherford class 1 to class 3, 37.7% in class 4, 

52.2% in class 5 and 63.5% in class 6 (29). Studies by Agarwal (30) and Malyar (31) have 

revealed that having a major amputation was a statistically significant risk factor for mortality 

in hospital, with odds ratios of 2.8 and 6.7 respectively (in comparison to CLTI patients who 

had not undergone a major amputation). In 2014, the Global Burden of Disease database 

encompassing 21 regions globally between the years of 1990 and 2010 was analysed to 

estimate PAD related deaths, disability adjusted life years and years of life lost. In 1990, it was 

noted that the age-specific PAD death rate per 100,000 population ranged between 0.05 

amongst those aged 40-44 years to 16.66 in those aged greater than 80 years. Meanwhile in 

2010, the parallel estimates were 0.07 and 28.71, indicating that death rates increased 

consistently with age over the two time periods and that death rates increased over the two 

decade across all age categories (32).  

The chronicity of this condition amplifies the resultant morbidity faced by patients. The 

hallmarks of CLTI being ischaemic rest pain, non-healing ulcer and/or gangrene make this a 

debilitating disease. As a result of the severity in the imbalance between the delivery of 
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nutrients to the extremities of the limbs and the metabolic demand for these substances at a 

tissue level, this subset of patients not only experience exertional claudication, but face 

incapacitating rest pain due to inadequate perfusion even at rest. Consequently, these patients 

become chronically dependent on pain-relieving medication and experience limited mobility, 

loss of independence and increased dependency on caregivers for support.  

In terms of day to day activities and accounting for quality of life, patients with CLTI 

have on average a 50% reduction in peak exercise performance hence limiting their daily 

activities involving walking and impeding their functional capacity (33). Furthermore, the 

significant risk and anxiety of major amputation coupled with other significant chronic 

conditions which often coexist with CLTI (cerebrovascular disease, coronary artery disease, 

DM, dementia) severely impair the patient’s quality of life.  From an economic standpoint, 

primary amputation has been shown to be three times costlier compared to surgical 

revascularisation in both the diabetic and non-diabetic populations. This is principally due to 

the significant expense associated with a pro-longed hospital stay, amputee rehabilitation, 

construction and adaptations made to the patient’s home, impact on family and productivity 

economics, and other long-term health care costs.  

 

Risk factors   

Recognising that a considerable proportion of CLTI is due to multi-level occlusive 

atherosclerotic disease, it is not surprising that these patients have the same risk factors as 

individuals with atherosclerosis in other domains. The most vital modifiable risk factors for 

the progression of PAD include smoking and physical activity. Other risk factors are advanced 

age, hypertension, DM, chronic kidney disease and hyperlipidaemia. With each additional risk 

factor, the odds of developing PAD increase from a 1.5-fold risk to a 10-fold increased risk 

with three of more concurrent risk factors. PAD patients are at an increased risk of developing 

major adverse cardiac events such as myocardial infarction, ischaemic stroke and 

cardiovascular death. In fact, 50-75% of CLTI patients have associated cerebrovascular disease 

and around 20% have associated coronary artery disease.  This population are also at high risk 

of major adverse limb events including major limb amputations and acute limb ischaemia, both 

of which carry a very heavy burden of disease. As such, aggressive treatment for the classic 

risk factors like smoking, hypertension, hypercholesterolaemia and DM is required.  

The most important clinical interventions for PAD initially encompass lifestyle 

modifications like smoking cessation and a structured exercise programme that are likely to 

alter disease progression. Structured exercise programmes entail intermittent walking exercise 
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to moderate/maximum claudication for a minimum of 30-40 minutes a session, performed at 

least 3 times a week, directly supervised by a qualified healthcare provider. The evidence 

substantiating the efficacy of supervised exercise programmes continue to progress and remain 

encouraging. Several trials with medium to long term follow up (between 18 months to 7 years)  

have exhibited a persistent benefit in terms of symptom relief in PAD patients who have 

undergone structured exercise therapy (34, 35). This is paired with the commencement of best 

medical therapy which includes antiplatelet therapy, statin therapy and antihypertensive 

therapy.  

The correlation between dyslipidaemia and the development and advancement of 

atherosclerosis has been widely studied: a strong association has been found between elevated 

levels of total cholesterol and low-density lipoprotein cholesterol (LDL-D) and PAD. 

Furthermore, reduced levels of high-density lipoprotein cholesterol have also been correlated 

with increased mortality in this patient group. The role of statins (3-hydroxy-3-methylglutaryl 

co-enzyme A reductase inhibitors) in lowering levels of low-density lipoprotein is undisputed 

and must be emphasized in the initial management of CLTI. Initially established as an 

independent factor in reducing morbidity and mortality in patients with or at high risk of 

ischaemia heart disease, these effects have also proven  similar efficacy in the PAD cohort 

(36).  

 

Management principles 

After a trial period of non-surgical treatment in claudicants, patients are evaluated for 

response to conservative management. Failing adequate response to non-surgical management, 

with evidence of progression to lifestyle limiting claudication of CLTI or development of non-

healing ulcers, revascularisation is indicated. Pre-operative evaluation of the arterial 

vasculature is performed to localise and define the severity of the arterial lesion. This also 

allows for optimal planning about choosing the most appropriate surgical intervention. Surgical 

options have conventionally been percutaneous angioplasty with stenting, endarterectomy and 

bypass grafting.  

The development and progression of wounds is of great concern in patients with CLTI. 

In advanced disease states, tissue loss as a failure in wound healing will eventually lead to 

gangrene, superimposed infection and the need for tissue debridement or amputation.  Whilst 

arterial revascularisation is of paramount importance in maximising wound healing potential, 

there are several other risk factors that delay wound healing after lower limb revascularisation 

that are important to address. Local wound factors such as infection, pressure to the wound, 
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maceration and desiccation lead to rapid wound deterioration, leaving behind a bed of highly 

devitalised tissue. Therefore, removal of these local factors by applying local hydration with 

moisture-retentive dressings, extrication of purulent exudate, removal of slough or eschar from 

the wound bed, appropriate administration of antibiotics in infected wounds and avoidance of 

pressure on the wound are measures that should be taken to promote wound healing (37).  

Secondly, careful consideration should be given to patients’ comorbidities which play 

a role in delaying response to tissue injury, and these conditions medically optimised. The first 

of which is DM, where peripheral neuropathy causes decreased sensation in the foot and 

autonomic neuropathy results in skin trophic changes (38). These processes typically result in 

an increased risk of secondary infections, impairing fibroblast signalling and thus poor 

formation of granulation tissue. In those with advanced neuropathy, the anatomy of the foot 

undergoes pathological change which may lead to a detrimental distribution of skin pressure, 

and secondary to neuropathy, the pain sensation that is typically protective of the skin is 

impaired, leading to further skin and soft tissue ulceration (38).  

Measures that are taken to improve tissue healing potential in this subset of patients 

include strict off-loading therapy by means of casting or orthotics aids in equalising plantar 

pressure, regular change of moist dressings and mechanical or chemical debridement to re-

establish a balanced environment (39). Patients’ concurrent medications play a considerable 

role in wound proliferation. The long-term sequelae of DM such a nephropathy and retinopathy 

also lead to macro-albuminuria and decreased visual acuity, factors that predispose patients to 

formation of ulcers and diminish their healing potential. A second condition that is 

independently linked with impaired wound healing in patients with Rutherford severity grade 

5 and 6 is co-existing chronic kidney disease (40). The complications of chronic kidney disease, 

namely uraemia, anaemia and fluid overload can cause impaired platelet function, chronic 

inflammation as well as impaired oxygen and nutrient delivery to lesion sites, thus decreasing 

substantial granulation tissue which is crucial to wound healing (40). Another patient 

comorbidity that contributes to poor wound healing is obesity: due to the relatively avascular 

nature of adipose tissue surrounding wounds, oxygen deprivation leads to a decreased 

resistance to infection. In this subgroup, relative malnourishment with a deficiency in essential 

minerals and vitamins,  as well as the reduced mobility and ability to easily reposition oneself 

also contributes to problematic wound healing (41). 

 Malnutrition in patients who have been deconditioned or less independent, predisposes 

to impaired wound healing. As a result of poor protein intake or absorption, a cascade of 

decreased collagen production, angiogenesis and fibroblast proliferation leads to stagnation of 
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wound healing. Poor nutritional states reflected by low serum albumin levels have been 

associated with the development and deterioration of pressure ulcers. In addition to that, a lack 

in vitamin C may lead to the formation of fragile granulation tissue and a deficiency in fatty 

acids is likely to compromise the integrity of cell structure (42).  Consequently, a well-rounded 

assessment of the patient’s nutritional status and implementation of appropriate replacement 

therapy is indispensable in the post revascularisation period to optimise would healing. Despite 

successful arterial revascularisation, factors such as medication use may impact wound healing 

and need to be considered.  For example, the use of non-steroidal anti-inflammatories should 

be reconsidered and ceased as it exerts an anti-proliferative effect on blood vessels and skin 

whilst dampening the granulocytic inflammatory reaction, thus delaying wound healing time 

(43). Other medication such as steroids, which have both an anti-inflammatory and 

immunosuppressant actions, also negatively impact wound healing as they hinder wound 

contraction and reduce tensile strength. Chemotherapy agents have also been associated with 

delayed wound healing, a process mediated by a delay in the inflammatory phase of healing, 

decreased deposition of fibrin and collagen synthesis and hence delayed wound contraction 

(39). In order to optimally monitor and treat patients with CLTI, it is necessary to accurately 

diagnose, evaluate severity and treat flow limiting atherosclerotic lesions as well as provide 

optimal wound management.  
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CHAPTER 2 

 

Diagnosis and surveillance of peripheral arterial disease  

 

The diagnosis of PAD can be challenging in the early stages of the disease, before 

patients demonstrate signs and symptoms of CLTI. The presenting symptom is often non-

specific lower limb pain, which may be attributable to other disease processes unless a clear 

history of intermittent claudication is elicited by careful questioning. Furthermore, in the 

diabetic patient, co-existing symmetrical distal polyneuropathy and foot ulceration as a result 

of poorly controlled diabetes may mask the symptoms of PAD such as intermittent claudication 

and ischaemic rest pain. Nonetheless, it is vital that PAD is not missed as it allows for early 

measures to be taken to reduce the risk of cardiovascular events and amputations and aids the 

clinician in deciding if further intervention is indicated in symptomatic patients. 

The decision-making process for clinicians to offer a vascular intervention generally relies 

heavily on the clinical skill and judgement of the clinician, symptoms of muscle ischaemia as 

reported by the patient and findings on physical examination. These are supported by imaging 

studies or non-invasive measurements of the peripheral arterial system. There are several 

modalities that are currently utilised in the diagnosis, treatment and monitoring of patients with 

PAD.  

As CLTI is the most severe presentation of PAD, delay in initiating treatment is 

associated with detrimental patient outcomes. Similarly, the early detection of disease 

recurrence or progression is crucial. Irrespective of the manner of surgical revascularisation or 

pharmacological therapy prescribed, the ongoing challenge lies in assessing and preserving 

limb patency. Therefore, there is a strong rationale for a robust surveillance programme: (i) to 

detect and treat imminent revascularisation failure before the loss of patency occurs, thus 

preventing complications and redo revascularisation and; (2) to put into effect optimal 

preventative measures for disease progression and risk reduction.  

Following endovascular or surgical treatment of CLTI, it is of significance to monitor 

patients for any evidence of treatment failure, which may be secondary to thrombosis, 

neointimal proliferation or progression in atherosclerosis. Close follow up by the treating 

clinician should also be common practice to ensure complete wound healing and for continued 

post-healing surveillance. Whilst overt signs and symptoms such as recurrent ischaemic rest 
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pain in the lower limb or stagnation in wound healing may indicate arterial restenosis or 

occlusion, non-invasive bedside perfusion assessment may be beneficial in the early detection 

of disease recurrence or progression before clinical signs of disease manifestation occur. The 

ability to determine therapeutic success immediately post revascularisation is also a very useful 

advantage, particularly if there is a need to initiate additional or alternative therapies in patients 

who are at a high risk for tissue loss and to guide clinicians on the projected extent of clinical 

improvement. In the circumstance of disease progression, a high index of suspicion and an 

aggressive approach should be employed, with a swift referral made for thorough assessment 

and revascularisation if required. This is of vital importance because this subset of patients 

depend on a very delicate balance where perfusion of the extremities is scarcely sufficient to 

sustain the metabolic requirements of healing wounds, but will be inadequate in the event of 

further insult to the wound bed. The optimal monitoring tool to detect such changes in the 

peripheral arterial tree should ideally be one that is easily applied, cost effective and available 

in the setting of tertiary hospitals providing acute care, but also in the outpatient clinics of 

vascular specialists and primary care physicians. Other desirable properties of a monitoring 

tool should include being portable, easily carried out without specialised training and yields 

reproducible results. 

 General consensus recommends that the first follow-up by a treating clinician post 

revascularisation should occur within 4-6 weeks, and thereafter at 3 months, 6 months, 12 and 

24 months. Should reintervention be indicated and performed, the surveillance programme is 

re-initiated from the beginning. Whilst recommendations are that imaging surveillance with 

either ultrasonography or CT angiography may stop after 24 months, lifelong clinical 

surveillance is of utmost importance for patients with CLTI.  

 

2.1 Methods of Assessment of Perfusion in Patients with CLTI  

 

In the assessment of patients presenting with CLTI, there are four key objectives: (i) 

accurately making the diagnosis, (ii) localising the site of the flow limiting lesion(s), (iii) 

assessment of amenability for successful revascularisation therapy and (iv) assessment of 

baseline health and the risks with regards to undergoing endovascular open surgical treatment. 

Not only does a thorough evaluation of lower limb perfusion allow for a timely diagnosis of 

CLTI, but also decreases the need for unnecessary invasive procedures in patients with 

adequate blood flow or in those who have other causes of tissue loss (i.e. pressure necrosis, 

venous insufficiency, neuropathy). There are several non-invasive diagnostic tests that have 
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been adopted into standard clinical practice to detect and assess the severity of flow limiting 

atherosclerotic lesions. These assessment tools utilise different approaches and are described 

in more detail below.  

 

Ankle Brachial Index (ABI)  

Ankle Brachial Index (ABI) has been the most widely utilised test for diagnosis and 

surveillance of PAD. It is a cost-effective bed-side test of arterial perfusion to the lower 

extremities. ABI is calculated by obtaining the higher value of either the posterior tibial or 

dorsalis pedis artery systolic blood pressure and dividing it by the higher of the brachial artery 

systolic blood pressures.  

Guidelines for the interpretation of ABI were proposed by the Coalition on Ankle 

Brachial indices based on practices adopted by the American College of Cardiology/American 

Health Association Vascular Diseases Writing Group (44). These guidelines were principally 

established based on findings from epidemiological studies rather than physiological evidence, 

nonetheless, have been widely regarded as useful in the assessment of PAD.  A resting ABI of 

<0.90 is considered abnormal and suggestive of a haemodynamically significant arterial 

stenosis. A normal ABI is defined as 1.0 to 1.4.  Up till recently, an ABI of 0.90 to 0.99 was 

considered to be normal, however, this range is now considered to be indicative of borderline 

PAD as evidence has indicated that this group of patients are at a significant risk of 

cardiovascular morbidity and mortality (44).  Although repeated ABIs and toe pressures are 

currently used to monitor revascularisation procedures, they have not been shown to accurately 

predict wound healing nor major adverse limb events and may correlate poorly with the 

Rutherford classification and angiographic runoff (1, 45).  Whilst these tests are widely 

accepted by clinicians ABIs can be unreliable, especially in those with below knee tibial 

disease (45, 46) and falsely elevated those with diabetes and chronic kidney disease due to 

calcification of the media. Approximately 40% of diabetic patients experience calcification of 

the tunica media in the peripheral arteries making them non- or poorly compressible. In 

addition, these vessels undergo a loss of resilience and impaired vasodilation and adaptation to 

peripheral resistance in response to exercise (47). Several reports have suggested more reliable 

cut off ABI values in diabetic patients or those receiving dialysis or both: ABI <1.15, ABI 

<1.30 or ABI 1.40 respectively (15).  

For patient with subclinical or early stages of PAD, a resting ABI may be very similar 

to that of a healthy person. Whilst resting ABI has proven to be a good screening test in 

assessing the risk of cardiovascular morbidity and mortality in the setting of patients with 
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intermittent claudication, an ABI within the normal range does not exclude underlying PAD. 

Stein et al. have shown that in a cohort of 396 patients, nearly a third of patients with symptoms 

of claudication and normal ABIs and pulse volume recording also had positive treadmill 

exercise test (i.e. ABI <0.90 after performing standard treadmill exercise) (48). Treadmill 

testing requires patients performing lower limb exercise until the onset of symptoms and 

continue to do so until either the protocol is completed or they have reached maximal tolerated 

symptoms. Subsequently, the patient lies down and an ABI is calculated within 1 minute.  

Ouriel et al. compared exercise ABIs in healthy and PAD limbs and described an 

average decrease in ABI of 5% from resting to post exercise after treadmill exercise in healthy 

subjects compared with a 20% decrease in patients with PAD (49). During selective exercise 

of the lower limb, there is an increase systolic blood pressure in the central circulation 

(including the arms) whereas the non-exercising limbs and organs undergo peripheral 

vasoconstriction with a decrease in systolic blood pressure at the level of the ankle due to 

vasodilatation in the exercising muscle. In healthy individuals, this causes a slight decrease in 

ABI post cessation of exercise, followed by a rapid increase in the ankle pressure back to pre-

exercise value in 1 to 2 minutes. The more severe the degree of PAD, the greater the fall in 

ABI and time for recovery to pre-exercise ABI. A recovery of at least 90% of pre-exercise ABI 

within 3 minutes of cessation of exercise has been found to have a specificity of 94% in ruling 

out PAD (49). Traditionally, exercise ABI testing has been carried out via treadmill testing, 

however, active pedal plantar flexion has been trialled and shown to yield similar results as 

treadmill testing  and is well tolerated in claudicants (50, 51) 

In exploring the role of ABI as a monitoring tool, the progression of PAD and likelihood 

of requiring surgical intervention is marked by a decrease in ABI over time. Crononenwett et 

al. (52) found no parallel between baseline ABI and clinical outcome of the diseased limb, 

however, revealed that a decrease in ABI of at least 0.15 was associated with a 2.5 fold increase 

risk of bypass intervention and a 1.8 fold increased risk of symptom progression (53).  In using 

ABI as a monitoring tool in patients who have recently undergone revascularisation, previous 

studies have revealed that the change in ABI correlates poorly with improvement in symptoms 

or with functional performance. Decrinis et al. (54) showed that after revascularisation with 

angioplasty, an increase in ABI of 0.10 and 0.15 in the revascularized limb predicted no 

residual stenosis of greater than 50%, with sensitivities of 79% and 67% and specificities of 

92% and 100% respectively. A more recent study by Sukul et al. (55), involving a cohort  of 

4972 patient with CLTI revealed that there was a surprising heterogeneity in pre-intervention 

ABI, with nearly a quarter of the cohort that underwent revascularisation having normal ABIs 
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and only about 16% of patients were categorised as having severe PAD. In addition to that, this 

study supported prior work with findings that the more distal the lesion in PAD, the less severe 

the ABI (i.e. higher ABI value).  It has also been shown that the ABI is a measurement that 

may continue to improve from immediately post successful revascularisation for a number of 

weeks to months. Furthermore, the ABI has been shown to be a poor predictor of 

revascularisation failure. The points mentioned above are due to the ABI being a general 

measure of whole-limb perfusion, however, it cannot measure changes in the microvascular 

circulation. Thus, whilst ABI measurements are useful as a general bedside assessment tool in 

PAD, it may be lacking in patients with highly calcified vessels or in those with atherosclerotic 

disease affecting predominantly the infra-inguinal arteries or the microvascular circulation.    

 

Toe Pressure and Toe Brachial Indices (TBI) 

Toe pressure assessment consisting of either toe pressure or toe brachial indices (TBI) 

are currently recommended as alternative bedside tests to the ABI for the assessment of 

forefoot perfusion. Toe pressures are obtained by attaching cuffs around the two, with a digital 

flow sensor distal to the cuff. A toe TBI >0.75 is generally regarded as normal, whilst a TBI 

<0.25 is indicative of severe PAD. Additionally, an absolute systolic toe pressure of 55mmHg 

or greater has been shown an association with the ability to heal a foot ulcer in patients with 

diabetes (56). In contrast to ABI, it has the principal advantage of being reliable in providing 

more accurate detection of limb ischaemia in the setting of heavily calcified and poorly 

compressible vessels, evident in individuals with DM and chronic kidney disease. Although 

the use of toe perfusion assessment in the diagnosis and management of CLTI has been 

recommended uniformly by expert consensus statements, there is no universally accepted 

threshold for toe pressure to confidently diagnose CLTI (57, 58). The general consensus across 

several guidelines is that, in the presence of a pedal ulcer, CLTI is indicated by a toe pressure 

of <50mmHg and in the presence of ischaemic foot pain, CLTI is implied by a toe pressure of 

<30mmHg. Additionally, in those with pedal ulcers, there is a correlation between toe pressures 

of >45mmHg and ulcer healing (59).   

Overall, toe pressure has illustrated greater correlation with wound healing and major 

amputation as compared to ankle pressure or ABI, particularly so in the diabetic population. 

An overall increase in TBI >0.21 after percutaneous endovascular revascularisation has also 

showed to be associated with ulcer healing and a reduction in major adverse limb events (60). 

Further photoplethysmographic monitoring can be used to complement toe pressure, offering 

enhanced qualitative information of forefoot perfusion.  Whilst toe perfusion assessment may 
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be favoured in the clinical setting as it is quick to perform and a relatively inexpensive 

technique, toe pressure and toe brachial indices are not always available in all clinical setting, 

and up-to-date guidelines still do not offer unanimous preference for one test over the other. 

Several limitations lie in this technique as toe pressure assessment calls for meticulous 

technique and requires specialty cuffs appropriately fitted around the toes in order to achieve 

reproducible results. Toe perfusion is also not suitable in patients who have had prior forefoot 

amputations or where the first and second toes are inflicted with inflammatory lesions, 

ulceration or tissue loss (61). A final disadvantage to this assessment tool is its lack of ability 

to provide specific information about location of arterial disease. In such situations, tests of 

local perfusion such as transcutaneous oxygen pressure, skin perfusion pressure or pulse-

volume recordings are appropriate alternative that may be advantageous to the clinician 

planning angiosome-based revascularisation.  

  

Pulse-volume recording  

Pulse volume recording (PVR) is an easily applied,  non-invasive screening tool 

assessing local tissue perfusion developed by Raines et al. in 1973 (62). This test is unique in 

that it uses air plethysmography to provide waveform analysis of arterial blood flow. An air-

filled cuff is applied around the extremity at segmental levels (i.e. ankle, calf, thigh) and 

sequential inflation of the cuff is performed to a standardised pressure. The diagnosis of an 

occlusive lesion is made by comparing the magnitude and delineation of PVR readings between 

various segments. When there is normal perfusion of the limb, this results in a characteristic 

change in the volume reflecting the component of arterial flow. A normal pulse volume 

waveform is distinguished by a sharp systolic upstroke and peak, followed by a pronounced 

dicrotic notch on the downward portion of the curve. This sort of waveform is indicative of 

normal arterial flow in the portion of the extremity under the cuff. Conversely, when there is 

impaired or reduced blood flow in the limb, there will likewise be minimal or no change in cuff 

volume. With increasing proximal arterial stenosis, the dicrotic notch is lost and the pulse peak 

wave losses amplitude, becomes more rounded. There is also nearly equal upstroke and 

downstroke times. In the setting of severe proximal occlusive disease the pulse wave may be 

absent (63).  

An advantage of PVR assessment is the preservation of accurate PVR readings even in 

patients with non-compressible vessels. PVR measurements have been a beneficial 

complement to clinical assessment when the history is atypical or clinical signs are equivocal. 

For example, PVR can be utilised  in establishing the functional importance of vascular disease 
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in patients presenting with symptoms of claudication and coexisting confounding conditions 

such as spinal stenosis or degenerative joint diseases of the hip or knees (64). Previous studies 

have revealed that PVR monitoring has a sensitivity of about 85% in uncovering significant 

occlusive arterial lesions as compared with angiography. Whilst PVR is a good screening test 

in detecting the general segment in which significant arterial lesions lie, its main limitations 

are that it is unable to expose the exact anatomical location of the arterial stenoses nor fully 

delineate the degree of high-grade lesions. Furthermore, the sensitivity of PVR decreases with 

more distal lesions and may not be accurate in patients with concomitant congestive cardiac 

failure or low stroke volumes.  

 

Transcutaneous oxygen pressure (TcPO2) 

Transcutaneous oxygen partial pressure (TcPO2) is a non-invasive polarographic 

method of measuring peripheral tissue perfusion that is made possible because oxygen and 

carbon dioxide are both able to diffuse through skin. At standard room temperature, these gases 

are not able to permeate the skin, but the ability of skin to transport these gases is enhanced at 

higher temperatures  By placing surface sensors set to 43–45°C on the area of interest, skin 

surface oxygen tension is increased due to (i) heating of the stratum corneum over 40°C  which 

changes its structure, thus allowing oxygen to diffuse faster (ii) an increase of local oxygen 

tension by shifting the oxygen dissociation curve of the heated dermal capillary bed and (iii) 

dermal capillary hyperaemia. The transcutaneous sensors placed on the skin directly estimate 

arterial oxygen pressure and arterial carbon dioxide (65).  

TcPO2 measurements have a place in the diagnosis of PAD as there are standardised 

values for healthy individuals where 50mmHg on the dorsum of the foot has been shown to be 

an average partial oxygen pressure in healthy subjects (66). Previous groups have attempted to 

identify individual cut off values for different stages of PAD, however only broader cut off 

values have been established. Symptomatic stages of PAD (Rutherford 2-4) are associated with 

pO2 values of 10-50mmHg and hypoxic states with values of 0-10mmHg were associated with 

advanced PAD (Rutherford 5 and 6).  TcPO2 values have also been used to determine 

amputation levels in patients with non-salvageable limbs: recommendations are for repeated 

pre-operative measurement of TcPO2 including at least one pO2 reading of greater than 

5mmHg. Values smaller than this are associated with an increased risk of impaired wound 

healing, wound breakdown and the need for re-amputation. Wound healing potential is optimal 

at TcPO2 values of greater than 30mmHg. TcPO2 is advantageous in the assessment of the 

vascular diabetic foot as it is not affected by arterial calcification unlike ABI (67) however,  
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accuracy  is adversely impacted by site selection, electrode equilibration, patient positioning, 

room temperature, local skin integrity, smoking status, caffeine intake and concurrent use of 

supplemental oxygen (68).  Another limitation of this technique is its long measuring time. A 

heating phase of about 20 minutes is first required before accurate measurements can be 

obtained. The resting TcPO2 level is delineated as the level that changes by less than 2mmHg 

in the 2 minutes following a 10 minute response time. This may be particularly challenging in 

patients with ischaemic rest pain, who are unable to sit still comfortably for an extended period 

of time.  

 

2.2 Skin Perfusion Pressure  

 

Skin perfusion pressure (SPP) is defined as the blood pressure necessary for the 

reinstatement of microcirculatory flow subsequent to controlled occlusion and the restoration 

of blood flow. It can be assessed by several techniques, namely laser doppler flowmetry, 

photoplethysmography and radioisotope clearance.  

 

Laser Doppler Flowmetry (LDF) 

This technology provides a non-invasive, continuous measure of red cell flux in the 

microcirculation. As well as being a measurement tool in the ischaemic muscles of patients 

with PAD, it is well established in the measurement of microcirculatory perfusion in neural 

tissue, skin, bone and in the gastrointestinal tract (65). LDF works on the principle of the 

Doppler shift; the frequency change of light when it is reflected off mobile objects such as red 

blood cells. LDF emits a monochromatic laser through an optical fibre, onto the target tissue, 

where 3-7% of this light is reflected and the remaining 93-97% of light is either absorbed by 

surrounding structures or is scattered.  

The patient is placed in a supine position and a blood pressure cuff is placed over the 

laser sensor on the patient’s limb. The cuff is then inflated to a pressure that exceeds the systolic 

pressure of the microcirculation, thus occluding microcirculatory flow. The inflation of the cuff 

is sustained for at least 10 seconds, until the volume flow indicator displays a reading of less 

than 0.1%. The cuff pressure is slowly brought down by 10mmHg over 5 seconds. The 

restoration of microcirculatory flow is denoted by a doubling of the volume, a measure of the 

percentage of moving red blood cells, above the occlusion baseline. A separate receiving 

optical fibre gathers the backscattered light, returning it to the monitor. The output signal 
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produced is represented by a graph showing the cuff pressure in the x-axis and the detected red 

blood cell motion in the y-axis, which correlates with tissue microvascular perfusion.  

Normal SPP measured by LDF in a healthy adult with assumed no perfusion 

compromise ranges between 50 and 100mmHg. Pressure measurements of between 30 and 

50mmHg are correlated with borderline ischaemia, symptoms of limiting claudication and 

limited wound healing potential. Pressure measurements of less than 30mmHg are found in 

patients with CLTI who have poor prospects for wound healing and limb salvage if not 

revascularised. Castronuovo et al. showed that in a sample of 61 limbs, the sensitivity of SPP 

less than 30mmHg as a diagnostic test of CLTI was 85%, and the specificity was 73%, The 

overall diagnostic accuracy of SPP less than 30mmHg as a diagnostic test of CLTI was 79.3% 

(69).  

Benefits of this measurement method are that it can be applied to any site with viable 

tissue (such as the digits, dorsum and plantar aspects of the foot, ankle, calf, lower thigh, over 

areas with calcified arteries and in close proximity to necrotic or oedematous tissue). A 

shortfall of this technology in measuring peripheral circulation is that it is limited to the skin 

and therefore does not reflect underlying muscles (65). Furthermore, the application and 

efficacy of LDF measurement of SPP is also limited by other factors such as the patient, 

vascular sonographer skill, equipment or the environment. Patient movement, whether 

voluntary or not and movement of pressure tubing causes significant artefact in the recorded 

data. CLTI patients in particular may encounter difficulty in tolerating cuff compression and 

holding completely still for a period of approximately 20 minutes (average time required for a 

cycle of measurement).  

In preparation for testing, patients should ideally avoid caffeine, alcohol, smoking and 

rigorous exercise 24 hours prior to testing. In order to optimise accuracy and reproducibility of 

measurements, precise attention must be paid to the methodology and ensuring equipment 

sensors are placed at the original measurement site during repeated testing. The placement of 

sensors and occlusive cuff should also avoid bony prominences, veins or varicosities, which 

may induce artefacts. In addition to that, the testing environment can be optimised  by reducing 

the ambient light in the room as the laser Doppler sensor uses transmission of light for the 

detection of red blood cells and ensuring testing is performed in a quiet room with a 

comfortable temperature to reduce the impact of factors that may induce vasoconstriction (70).  
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Photoplethysmography   

Photoplethysmography (PPG) is an optical technique based on peripheral pulse 

waveform analysis, used to measure the change in blood volume in the microvascular tissue 

bed. Near infrared light is directed towards the tissue of interest and an adjacent photodetector 

detects the changes in light absorption to form a PPG pulse waveform.  The waveforms in PPG 

consist of a pulsatile physiologic waveform resulting from cardiac synchronous changes in 

blood volume with each heartbeat, a slow varying baseline and several lower frequency 

waveforms resulting from respiration, thermoregulation and sympathetic nervous system 

activity. Particular attention is paid to the pulsatile waveform in the detection of arterial disease. 

In PAD, a damping effect is produced resulting in a reduction in amplitude and changes in 

waveform shape and timing as compared to a healthy vascular bed (71). Advantages of this 

technique are that it is simple to operate, cost effective, easily integrated into portable devices 

and produce results that are reliable and reproducible. Limitations of this technique are that the 

signal can be distorted due to motion artefact when there is poor contact between the 

photosensor and target tissue variations in temperature and bias in instrumentation amplifies 

the signal. The PPG signal is also influenced by the subject’s heartbeat, haemodynamics and 

concurrent physiological conditions. Thus, when the subject’s haemodynamics are not within 

normal physiological range or during cardiac arrhythmias, PPG signals cannot be accurately 

interpreted (72).  

 

Radioisotope clearance  

Radioisotope clearance is deemed the ‘gold standard’ for measuring SPP due to its 

reliability and reproductivity and was the earliest technique for measuring SPP, first introduced 

in 1967. This technique relies on isotope washout following cuff deflation and has the 

advantages of being able to measure nutritional blood flow and providing an absolute 

measurement of blood flow.  Besides being a measure of local perfusion, it plays a role in 

predicting amputations and ischaemic ulcer healing. Despite these qualities, radioisotope 

clearance is not a widely used technique due to complexity and technicalities involved in the 

measurement process and the requirement for injection of radionuclides (73). Furthermore, it 

is a test that is fairly slow to perform, requires repeated measurements in order to overcome 

the pitfalls of an isolated high or low results and where repeated measurements are tedious to 

perform due to the cumulative effect of isotope dosage (74).  
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Contrast-Enhanced Ultrasonography (CEUS) 

This in a non-invasive imaging modality, originally developed for the evaluation of 

myocardial perfusion, which has now also been applied to the quantification of limb 

perfusion. CEUS utilises ultrasound to detect encapsulated microbubble contrast agents that 

remain in the intravascular compartment. CEUS is advantageous for assessing limb 

perfusion in PAD as it is safe and rapidly performed with equipment already present in the 

majority of vascular laboratories. Its unique property of being able to directly assess muscle 

nutritive microvascular flow originating from multiple sources, including major conduit 

artery inflow, collateral vessel networks, or redistribution from other limb tissues allows for 

the evaluation of the physiologic impacts of PAD. In addition, this technique is well suited 

to being performed concurrently or within seconds of completion of exercise stress testing 

(75). 

 

2.3 Optical techniques for Imaging foot microcirculation  

 

Optical techniques for assessing the microcirculation of the feet have been more 

thoroughly investigated recently as they show promising capabilities in addressing the 

shortcomings of currently used tools, especially in patients with co-existing PAD and DM. 

Optical techniques that have been employed in the investigation of PAD include hyperspectral 

imaging, laser speckled based perfusion imaging and photoacoustic imaging. These techniques 

allow for assessment of perfusion in the areas of pedal tissue loss as well as the 

microcirculatory changes to the local perfusion.   

 

Hyperspectral Imaging  

Hyperspectral imaging (HSI) is an optical imaging technique that determines 

spectroscopy values of tissue oxyhaemoglobin and deoxyhaemoglobin. Wavelengths of 

linearly polarised white light are used to illuminate the skin’s surface and are able to penetrate 

the upper 1 to 2mm of the skin. Light re-emitted by the skin is received and collected by a 

spectrometer (76). Based on the polarisation of the re-emitted light, differentiation is made 

between light that has been reflected by the skin (i.e. is still polarised) and that reemitted from 

the underlying tissue (i.e. would have lost its polarisation). By selectively measuring light 

polarised perpendicular to the polarisation of the illuminating light, HSI can distinguish the 

light that has penetrated tissue from that which has reflected off the tissue surface (76).   
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The collected light is translated into data represented as a hypercube. Each pixel in the 

hypercube denotes the local reflectance spectrum of the tissue at a specific position, with a size 

of 0.1mm. Based on the measured spectrum and understanding of light transport in the medium, 

an absorption spectrum of the tissue can be established. The absorption spectra of various tissue 

chromophobes have been identified; of interest, deoxyhaemoglobin has a single absorption 

peak approximately at 554nm whereas oxyhaemoglobin has two absorption peaks, around 

542nm and 578 nm (77). As a result of these differences in absorption spectra, the properties 

of spectroscopy have been exploited to visualise the microcirculation and for the determination 

of tissue oxygenation levels (76, 78, 79). HSI has the added benefit over standard non-invasive 

measurement techniques in that it can assess microcirculatory changes to the local perfusion.  

HSI has been investigated for its role in the diagnosis of PAD and prediction of disease 

severity. Chin et al. studied a cohort of 46 healthy individuals and 65 patients with PAD and 

found that there were significant differences in the deoxyhaemoglobin values in the plantar 

arch and heel angiosomes between the two cohorts (80). In addition, there was a significant 

relationship between deoxyhaemoglobin levels and ABI, thus suggesting that hyperspectral 

imaging is a useful tool in the diagnosis and severity evaluation of PAD. HIS technology has 

also been applied in the assessment of diabetic feet. Greenman et al. demonstrated that the 

haemoglobin saturation in the foot of diabetic patients was significantly reduced in comparison 

to the healthy controls, with this impairment being further accentuated in the presence of 

peripheral neuropathy (81).  

 

Laser speckle-based perfusion imaging  

Laser speckle-based perfusion imaging techniques utilise a speckle pattern in order to 

measure movement in tissue. It can be further differentiated into two distinct techniques: (i) 

Laser Speckle Contrast Imaging (LSCI) and (ii) Laser Doppler Perfusion Imaging (LDPI).  In 

both techniques, coherent laser light is used to illuminate tissue, resulting in a reflection that 

creates a detectable destructive and constructive interference pattern called speckle pattern. 

Light is reflected differently from various parts of the tissue surface, towards the detector. The 

measured intensity of reflected laser light from each point is based on the cumulative wave 

amplitudes of the light reaching the detector. If individual waves interfere destructively, the 

resultant intensity is zero, visualised as a dark spot on the speckle pattern. Waves that interfere 

more or less constructively result in non-zero intensity and are represented by bright speckle 

patterns. The reflecting laser light is affected by the Doppler effect if the light encounters a 

mobile molecule inside the medium. When the laser light is reflected off a moving molecule, 
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a change in frequency of light occurs, also known as a Doppler shift. This produces a dynamic 

speckle pattern.  

LSCI and LDPI differ in the way data is acquired and processed. LDPI uses a high-

speed camera to capture the dynamic speckle pattern, thus measuring the fluctuations in 

intensity of the reflected laser light. The average frequency of these fluctuations reflects the 

average speed of red blood cells, whilst the magnitude of intensity fluctuations provides 

information about erythrocyte concentration. With this information, tissue perfusion is 

estimated as a product of estimated average speed and estimated blood concentration. LSCI on 

the other hand uses a camera with a slow response time in order to capture the dynamic speckle 

pattern. The basic principle in interpreting findings is that the contrast in areas with more 

movement is lower compared to areas with less movement.  

LSCI has been regarded as a tool to measure tissue perfusion as the quantity of 

measured contrast in an area and the severity of movement during the measurement phase 

provides information about blood flow and movement of red blood cells. Whilst LDPI provides 

more quantitative perfusion estimations compared to LSCI, it is a more expensive technology 

to utilise. As this technique is able to penetrate and evaluate tissue to a depth of 1-2 mm, it can 

be used to assess capillary microcirculation as well as the underlying arterioles, venules and 

arteriovenous anastomoses deeper in the dermis of the skin. Nonetheless, measurements in 

areas with thickened layers of callus or necrotic tissue are not always reliable.  

Whilst there have been studies involving laser speckle based perfusion imaging in 

monitoring the peripheral microcirculation in subjects with PAD and diabetic foot ulcers, the 

available literature is limited and remains an important area for future research (82). Laser 

speckle based perfusion has been used by Katsui et al. (82) to assess heating-induced 

microcirculatory fluctuations in the proximal and distal sites of the dorsum of the foot in 

patients with PAD, with the conclusion that LSCI can be used to detect CLTI and can be used 

to determine the improvement in the arterial tree following revascularisation.  

 

Photoacoustic Imaging  

Photoacoustic imaging (PAI) interrogates tissue based on optically induced ultrasound 

waves. Short laser light pulses are used to illuminate tissue, and when absorbed, causes a 

temperature rise. As a result of local mechanical stress, acoustic waves that can be detected by 

ultrasound are emitted. These acoustic waves are used with a reconstruction algorithm to 

visualise the precise locations of light absorption. By using specific wavelengths of light, the 

measurement of particular molecules (e.g. oxy- and deoxy-haemoglobin) can be targeted. PAI 
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has been studied by Favazza et al. (83), showing that PAI was able to measure cutaneous 

microvasculature in human skin by measuring the haemodynamic response to occlusion testing 

to simulate the effect of skin ischaemia. This study noted a decrease in relative oxygen 

saturation during the period of arterial occlusion and an increase in saturation during the post 

occlusive hyperaemia period. A further study by Taruttis et al. (84) measured the pedal 

vasculature of 10 healthy individuals using a handheld PAI probe. This study showed that PAI 

was able to measure the larger arteries as well as the vessels with a diameter of less than 100µm, 

and was able to distinguish arteries from veins based on the measured differences in 

oxygenation saturation. 

 
Given that PAD (especially when it coexists with DM) is associated with various 

degrees of microvascular dysfunction, it is of interest to clinicians to develop a way to 

accurately assess microvascular function and better understand its relationship to 

macrovascular function. A non-invasive functional test with the ability to accurately detect and 

quantify changes to the arterial supply of the lower limb could both substantiate treatment 

success and guide clinicians to initiate intervention before irreversible tissue loss occurs. 

Furthermore, the quantification of muscle haemodynamic changes as a result of 

revascularisation will better allow clinicians to evaluate the effects of revascularisation of the 

larger arteries of the lower limb on tissue microvasculature. 
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Non-Invasive Technique of 
Measuring Perfusion 

Advantages  Disadvantages  

Ankle brachial indices  § Easily performed 
§ Inexpensive  
§ Generally, well tolerated  
§ Reproducible results  

§ Unreliable in with below knee tibial 
disease 

§ Falsely elevated in patients with 
diabetes and chronic kidney disease or 
where there is vessel calcification and 
consequent non-compressibility 

Toe Pressure  § Increased accuracy in those with 
heavily calcified and poorly 
compressible vessels  

§ Easily performed  
§ Inexpensive  

§ No universally accepted threshold to 
confidently diagnose CLTI 

§ Not applicable to those who have had 
previous digital amputations or 
extensive tissue loss 

§ Unable to localise arterial disease 
Pulse Volume recording  § Easily performed  

§ Inexpensive  
§ Accurate in those with non-

compressible vessels  

§ Unable to expose exact anatomical 
location of arterial stenosis  

§ Reduction in sensitivity of measurement 
with more distal lesions  

§ Reduced accuracy in patients with 
concomitant congestive cardiac failure 
or low stroke volumes  

Transcutaneous oxygen 
pressure  

§ Standardised cut off values for 
healthy and diseased individuals  

§ Cut off values identified for 
prediction of wound healing  

§ Not affected by arterial 
calcification 

§ Accuracy impacted by site selection, 
electrode equilibration, patient position, 
room temperature, local skin integrity, 
smoking status, caffeine intake and use 
of supplemental oxygen 

§ Long measuring time  
Skin perfusion pressure   
Laser doppler flowmetry  § Can be applied to any site with 

viable tissue  
§ Diagnostic accuracy of 75-85%  

§ Limited to measurement in the skin and 
does not reflect underlying muscles  

§ Movement of patient and equipment 
can cause artefact 

§ Measurement over bony prominences, 
veins and varicosities can induce 
artefact 

Photoplethysmography § Simple to operate  
Cost effective  
Easily integrated into portable devices  
Reliable and reproducible results  

§ Measurement can be affected by motion 
artefact and poor contact between 
photosensor and target tissue  

§ Measurement affected by patient’s 
haemodynamic status 

Radioisotope clearance  § “gold standard” for measuring SPP 
due to its reliability and 
reproducibility  

§ Complex measurement process  
§ Injection of radionuclides  
§ Requires repeated measurements to 

overcome isolated high or low results 
Optical techniques  
Hyperspectral imaging/ Laser 
speckle-based perfusion 
imaging/ Photoacoustic 
imaging 

§ Ability to assess microcirculatory 
changes to local perfusion, as well 
as underlying arterioles, venules 
and arteriovenous anastomoses 
deeper in the dermis of the skin 

§ Limited to measurement in the skin and 
does not reflect underlying muscles  

§ Measurement greatly affected by 
motion artefact 

§ Technology not readily accessible for 
use in clinical setting  

 

Table 1: Summary of non-invasive techniques in assessing peripheral arterial supply; associated 
advantages and disadvantages  
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2.4 Non-invasive radiological studies for assessment of PAD  

 

Following physical examination and beside tests, imaging assessment can be used to 

support the diagnosis and to determine the anatomical pattern of disease as well as the target 

artery pathway. Imaging studies are not only applicable for the identification of arterial lesions 

but aid the clinician in decision-making regarding suitability for endovascular or open surgical 

management. The commonly utilised modes of imaging include, Duplex ultrasonography, 

multidetector computed tomography (CT), magnetic resonance imaging (MRI) spectroscopy 

and digital subtraction angiography (DSA). Doppler ultrasonography is typically the first line 

investigation in those with suspected PAD. Doppler ultrasound incorporates 2-dimensional 

grey-scale ultrasound, thus, offering a view of the arterial tree and pulse wave Doppler and is 

able to assess velocities at particular locations within the arterial lumen. The added benefit of 

Duplex imaging is that it is reliable, reproducible, portable and can detect the degree of stenosis 

at particular points as direct imaging of the vessel is carried out. A segment of stenosed arterial 

lumen causes turbulent flow, leading to spectral broadening of the Doppler signal leading to a 

“parvus et tardus” waveform with distinct diastolic flow. In the hands of trained vascular 

sonographer, Duplex ultrasonography is able to provide essential anatomical as well as 

functional information (i.e. velocity gradients across a length of stenosis). Although reliable in 

the functional assessment of blood flow in large vessels, it is limited in its ability in probing 

smaller vessels of the lower extremity.  

With the continued improvement and increased availability in multi-slice computed 

tomography scanners, CT angiography (CTA) is fast becoming the preferred first line imaging 

study for the assessment of PAD. This imaging modality has experienced much development, 

allowing for increased image resolution of the arterial system. Furthermore, its capabilities in 

characterising the location and degree of arterial calcification and luminal stenosis aid the 

accurate formulation of interventional procedures. Whilst CTA provides a relatively accurate 

anatomic representation of the peripheral circulation, it can, however, sometimes overcall 

stenoses. Another downside of CTA is that signal interference of the arterial system may occur 

due to dense artefact in those with dense calcification, pre-existing arterial stents or other 

implanted objects such as joint replacements. With the added risks of CTA being an ionising 

hazard involving the injection of intravenous contrast, careful consideration should be paid to 

young patients who will likely need repeated imaging, those who have had prior high levels of 

radiation exposure, females who are pregnant or at risk of pregnancy and those with pre-

existing impairment in their kidney function.   
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Similar to improvements in CTA, MR angiography (MRA) has improved significantly 

over the last decade and provides higher temporal and spatial resolution. MRA has the 

capabilities of producing images of comparable quality to DSA images, but without exposure 

to ionising radiation nor iodinated contrast, thus negating the risk of contrast related 

nephropathy. Time resolved MRA techniques can accurately reveal flow patterns, an extremely 

useful tool in assessing infra-popliteal vessel run-off. Overall, MRA has been shown to have a 

sensitivity and specificity of ~95% for diagnosing segmental stenosis and occlusion (85, 86). 

Besides its usefulness in screening for PAD, it has demonstrated to be efficacious in diagnosing 

vasculitides such as Takayasu arteritis and other conditions that compromise vessel wall 

patency attributable to wall thickening. Nevertheless, MRA is not suitable in those with a 

variety of implantable devices such as some defibrillators and pacemakers and is relatively 

contraindicated in those with claustrophobia. MRA is also of little value in assessing the 

patency of metallic luminal stents as these cause a metal artefact void that obscures 

visualisation of the stent and lumen. Further limitations of MRA in the clinical setting are due 

to its poor mobility, high running cost and the need for a dedicated subspecialist to accurately 

interpret images (87). Whilst all of these techniques are able to assess blood flow via major 

arteries to the lower limb, they fall short in assessing the microcirculation and saturation of 

peripheral tissue.  

 

2.5 Assessment of lower limb perfusion remains an unmet need  

 

At present, there is no single gold standard vascular test universally accepted for the 

screening and surveillance of PAD, nor for predicting wound healing and major amputation in 

critically threatened limbs. Whilst catheter directed digital subtraction angiography performed 

after revascularisation can aid the clinician in subjectively assessing the completeness of 

procedural perfusion in two dimensions, the application of non-invasive diagnostic vascular 

testing in assessing critically threatened limbs requires further refining and sophistication. The 

complex aetiology behind atherosclerotic disease let alone that of combined PAD and DM 

explain why the above mentioned vascular assessment tools often fall short in appreciation of 

the severity of disease or clinical manifestation. Furthermore, the assessment of the 

microcirculation is fundamental in the diagnosis and surveillance of PAD as the symptoms of 

CLTI are directly related to inadequate tissue perfusion. Decision making in treatment of PAD 

is still heavily reliant on diagnostic tools able to only evaluate the macrovasculature.  
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The mainstay of developing an assessment tool that accurately measures perfusion and 

oxygenation is in understanding that the pathophysiology of CLTI pertains to the efficiency of 

oxygen delivery to the target tissue. Oxygen delivery to the target tissue in the lower limb is 

multifactorial and dependent on various biological factors. These include haemoglobin oxygen 

saturation, haemoglobin-oxygen disassociation, oxygen carrying capacity and blood flow 

distribution. Thus, the assessment of tissue oxygenation in clinical practice plays a promising 

role in monitoring disease progression as well as response to treatment in CLTI. Other desirable 

properties of a vascular screening and surveillance tool include a low cost of running, requires 

little specialised training to perform and interpret, quick, reliable, non-invasive and 

reproducible. Near infra-red spectroscopy (NIRS) has promising capabilities in filling this void 

as it can detect various tissue oxygen parameters at the level of arterioles, capillaries and 

venules (88).  
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CHAPTER 3 

 

Treatment modalities in chronic limb threatening ischaemia  

  

3.1 Open surgical and percutaneous endovascular revascularisation  

 

The goal of revascularisation surgery in patients presenting with CLTI is to augment 

and restore straight-line flow into the foot, thus reducing symptom severity, promoting wound 

healing and minimising the need for tissue debridement or amputation (89). Several patient 

factors play a pivotal role in determining the specific open operative surgical approach most 

suited for CLTI patients. The manifestation of disease (i.e. rest pain vs. tissue loss) guides the 

clinicians on the treatment that has to be instituted. For example, when the patient only 

experiences ischaemic rest pain, revascularizing a single level of disease may be adequate in 

eliminating debilitating pain, whereas in patients who experience pedal tissue loss, the aim 

should be to re-establish inline, pulsatile flow to the foot in order to maximise tissue healing 

potential. This could sometimes necessitate staged procedures to improve disease at multiple 

levels. Open surgical procedures entail lower extremity bypass grafting with autologous vein 

or synthetic graft, and/or endarterectomy. The anatomic level(s) of disease must be accurately 

defined as certain revascularisation techniques are better suited towards different portions of 

the arterial tree in terms of procedure success and vessel patency rate. In the treatment of 

aortoiliac segment disease, bypass is generally favoured over endarterectomy whilst disease of 

the common femoral, profunda femoris of proximal superficial femoral artery fair better with 

endarterectomy, with a reported 5-year patency rate of as high as 91% (90, 91). Whilst surgical 

bypass and/or endarterectomy are considered durable (i.e. have good long-term patency rates), 

major limitations have been associated with patient morbidity and mortality, notably 

cardiovascular events, wound complications, graft infections and death. 

Digital subtraction catheter angiography (DSA) with interventional endovascular 

treatment has now become the gold standard for diagnosis, severity assessment and treatment. 

With the improvement in equipment and operator skill, endovascular approaches have been 

shown to be vastly beneficial, especially in elderly or extremely physiologically unfit patients. 

A variety of endovascular procedures are available in addressing revascularisation needs in 

PAD including PTA and stenting, intra-arterial thrombolysis, thrombectomy, atherectomy, 

ultrasound angioplasty, laser angioplasty, cryotherapy, radiation and gene transfer therapy. The 

foremost advantages in endovascular therapy are a low complication rate that ranges between 
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0.5% and 4%, a high rate of technical success that has been reported to be up to 90% even in 

long segments of arterial occlusion and an acceptable clinical outcome (2). Other evident 

advantages of endovascular treatment over open surgical revascularisation include undergoing 

the procedure with local anaesthesia, thus allowing the treatment of individuals who are at a 

high risk for a general anaesthesia. The morbidity and mortality associated with endovascular 

therapy is considerably lower than that of open surgical revascularisation and is favoured in 

those with multiple comorbidities. Additionally, after successful endovascular treatment, 

patients who previously had ischaemic rest pain are often discharged home ambulatory on the 

day of treatment, and in contrast to those who have undergone an open surgical procedure, are 

often capable of returning to normal activity within 24 to 48 hours of a straightforward 

procedure (92).  

Patient comorbidities, baseline function and physiologic reserve provide a basis for 

evaluating the patient’s suitability for various treatment modalities. A patient’s life expectancy 

should also be a factor to be taken into account when deliberating treatment choice: whilst it is 

historically well known that the short term mortality is high amongst patients with CLTI, more 

recent trials have demonstrated that the one-year and two-year survival rates in CLTI patient 

who receive treatment have been in excess of 85% and 70% respectively (93, 94). Thus, much 

emphasis must be given to the durability of revascularisation, the patients’ comorbid risks and 

overall mortality so that the surgical approach can be personalised to each patients’ trajectory.  

 

3.2 Classification systems for peripheral arterial disease  

 

When planning endovascular intervention, the arterial tree can be thought of as three 

discrete anatomic territories: aortoiliac, femoropopliteal and infra-popliteal. Initially, 

diagnostic percutaneous angiography is carried out to determine the location and severity of 

arterial disease. The optimal treatment strategy in addressing symptomatic relief depends on 

several aspects namely anatomical factors, comorbidities, patient preference and operator skill 

and experience. Typically, claudication symptoms can be alleviated by revascularisation at the 

inflow (i.e. aorto-iliac and/or femoral segments) whilst CLTI is more frequently associated 

with multilevel disease which more often than not requires revascularisation at the outflow (i.e. 

infra-popliteal vessels) as well.  

Several anatomical classification systems have been established based on these 

anatomical characteristics, namely the Bollinger Angiographic Classification (95) and the 

Trans-Atlantic Inter-Society Consensus Document II (TASC II) (2) [Appendix 3]. The initial 
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TASC was formed in 2000 after fourteen societies representing various disciplines in medicine, 

vascular surgery, interventional radiology and cardiology from Europe and North America 

united for this purpose. The aim was to provide universally agreed recommendations about the 

epidemiology of PAD, clinical assessment, diagnosis, treatment and follow-up of patients with 

claudication, acute limb ischaemia and chronic limb ischaemia. This consensus was then 

updated in 2007, providing a comprehensive review of the literature and recommended 

treatment logarithms (surgical vs endovascular) based on lesion classification. TASC II 

categorises lesions in distinct anatomical distributions: aorto-iliac and femoral popliteal. These 

lesions are then further categorised into A – D lesions based on their specific disease pattern. 

TASC A lesions are ones that are likely to yield excellent results from endovascular 

management alone. TASC B lesions are ones that should yield good results from endovascular 

management, and should be the first treatment approach attempted. TASC C lesions are ones 

that are more likely to yield superior long-term results with open surgery, and as such, 

endovascular treatment should be reserved for those deemed too high risk for open surgery. 

TASC D lesions are ones that are technically challenging for endovascular intervention and 

should be treated by open surgery. The TASC score has been superseded by the Global Limb 

Anatomic Staging System (GLASS) (3) [Appendix 4], a more lesion based holistic scoring 

system, predicting risks and outcomes.  

The GLASS was fairly recently proposed in 2019. Whilst other anatomical 

classification systems focus on the affected arterial segment or aim to quantify the overall 

burden of disease, the GLASS incorporates the complex patterns of disease that are prevalent 

in the majority of CLTI patients. As the mainstay of symptom improvement in CLTI is re-

establishing in-line flow into the foot, the GLASS was also developed to help clinicians define 

the optimal revascularisation strategy. The GLASS integrates two novel and key concepts: the 

(i) target arterial path (TAP) and (ii) estimated limb-based patency (LBP). Once angiographic 

imaging is obtained, the TAP is identified and defined by the surgeon as the best possible 

arterial pathway to restore pulsatile flow to the ankle and to the foot. This approach may 

incorporate the least diseased vessels or may target the angiosome-preferred path as guided by 

the distribution of tissue loss in the foot (an angiosome can be described as a three-dimensional 

anatomic unit consisting of skin and its underlying subcutaneous tissue, fascia, muscle and 

bone, collectively supplied by a source artery and drained by specific veins). LBP is 

characterised by maintenance of in line flow in the TAP, from groin to ankle. Based on 

angiographic findings, the femoro-popliteal and infra-popliteal arterial segments are 

respectively graded on a scale of 0 to 4 in accordance with disease severity. In accordance with 
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a consensus-based matrix, these segmental grades are combined into an overall GLASS stage 

(stages I – III) for the limb. The GLASS stages are defined on the basis of likelihood of 

technical success and anatomic durability of infrainguinal endovascular intervention. It also 

provides an indication of the overall complexity of disease within the TAP. As a result, the 

GLASS stages I to III correlate with low-, intermediate- and high-complexity infra-inguinal 

disease patterns, with projected correlation to immediate treatment success and 1-year limb 

patency post endovascular treatment.  

Previously, limitations in PTA resided in the need for reintervention as a result of high 

rates of restenosis. Nonetheless, the development and increased availability of drug eluting 

balloons and stents incorporating anti-proliferative agents have widened the prospects for PTA. 

The mainstay of PTA is performed by crossing the stenotic or occlusive lesion with a 

guidewire, tracking a balloon catheter over the wire and positioning the balloon across the 

lesion. Inflating and subsequently deflating the balloon opens up the lesion as a result of plaque 

fracture, intimal separation and stretching of the media, thus widening the arterial lumen. 

Sometimes, balloon angioplasty itself is not sufficient to keep the lumen open due to acute 

elastic recoil of the vessel or secondary to a flow limiting sub-intimal dissection flap. In such 

circumstances, deployment of a stent in stenotic areas can successfully maintain a patent lumen 

by exerting radial force on the vessel wall (96). The current key indication for carrying out 

revascularisation in an individual with lower limb arterial disease is if the symptoms of their 

arterial disease are not sufficiently managed by best medical therapy.    

The arterial angiosomes of the foot and ankle can be illustrated as topographic map 

divided into six territories, each angiosome fed by one of the three main infra-popliteal arteries 

and their branches. The posterior tibial artery supplies three angiosomes: the medial calcaneal 

that supplies the medial plantar aspect of the heel, the medial plantar supplying the medial 

plantar surface of the foot and the lateral plantar that supplies the lateral plantar surface. The 

peroneal artery supplies two angiosomes: the lateral calcaneal that supplies the lateral aspect 

of the heel, and the anterior communicating artery that supplies the anterior aspect of the ankle. 

The anterior tibial artery supplies the final angiosome: the dorsalis pedis angiosome that 

supplies the dorsum of the foot.  With regards to the skin of the foot, this is predominantly 

supplied by direct cutaneous arteries, which are reinforced by small, indirect vessels, 

commonly the terminal branches of arteries supplying the deeper tissues. Territories that lie 

between two adjacent angiosomes contain anastomotic arteries that serve as redundant conduits 

allowing any given angiosome to receive blood flow from a neighbouring angiosome should 

the source artery become compromised. Angiosome directed revascularisation adopts the 
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premise that restoration of flow to the particular tibial artery supplying the angiosome 

correlating with the area of tissue loss leads to improved outcomes. In a systematic review by 

Jongsma et al. (97) involving 3932, direct revascularisation of the corresponding angiosome 

compared to indirect revascularisation in patients with CLTI significantly improved wound 

healing (risk ratio [RR], 0.60; 95% confidence interval [CI], 0.51-0.71), major amputation (RR, 

0.56; 95% CI, 0.47-0.67), and amputation-free survival rates (RR, 0.83; 95% CI, 0.69-1.00), 

thus substantiating the angiosome theory. Where no direct flow is feasible, the indirect flow 

approach is employed by maximising flow to the foot in order to supply the wound area via 

collateral vessels that are fed by a revascularized arterial conduit. Although PTA is considered 

a less invasive treatment compared to open surgical revascularisation it is still an invasive 

procedure with specific risks to the patient thus requiring careful patient selection, preparation 

and coordination.  

Intra-operatively and on completion of intervention, digital subtraction angiography is 

performed to assess the success of endovascular treatment. Whilst percutaneous angiography 

is the gold standard in providing a schematic representation of the lower limb arterial supply, 

it is unable visualise blood flow in the microcirculation of the actual ischaemic target tissue 

(98). Therefore it is pertinent that there be adjunct tools to assist in assessing tissue 

microvasculature.  In addition to that, whilst balloon angioplasty with long balloons and longer 

inflation times often results in good immediate outcomes, the restenosis rate remains high, 

ranging between 60% to 80% at 6 months. Thus, it is imperative that close surveillance be 

applied to the revascularised limb for the early detection of arterial restenosis. 
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CHAPTER 4  

 

4.1 Introduction to NIRS 

 

Several distinctive properties of light have been exploited in the field of medicine and 

used since the 19th century for the non-invasive interrogation of human tissue. It was also 

around this time that German physiologist and chemist, Hoppe-Seyler described the spectrum 

of oxy-Haemoglobin (oxy-Hb) (99). Shortly after, Stokes from the United Kingdom described 

the deoxy-Haemoglobin (deoxy-Hb) spectrum and consequently, discovered the importance of 

haemoglobin in oxygen transport (99). Subsequently in 1876, German scientist von Vierordt 

(100) analysed tissue by measuring the spectral changes of light penetrating tissue during 

occlusion of the blood circulation, whilst Hüfner spectroscopically ascertained absolute and 

relative amounts of oxy- and deoxy-haemoglobin in vitro (101). Following an interruption in 

significant research in this field, study around the spectroscopic determination of oxy-Hb and 

deoxy-Hb in human tissue was resumed in the 1930s and it was first made evident that this 

would be best achieved using two distinct wavelengths, one in the red and the other in the near 

infra-red region.  

Near infrared spectroscopy (NIRS)  was first described in 1977 in the USA by Frans 

Jobsis (102), who non-invasively and continuously monitored the concentration of oxy-Hb and 

deoxy-Hb in the brain. Following this discovery, other researchers in the field designed various 

NIRS instruments.  These instruments employed “continuous wave” (CW) NIRS, a technology 

based purely on light intensity measurement (i.e. near infra-red light delivered into the tissue 

of interest and the intensity of light diffusely reflected back). This is in contrast to other modes 

of NIRS such as time domain (TD) and frequency domain (FD) techniques which also measure 

the time of flight (i.e. time needed for light to travel through tissue). CW NIRS devices are 

readily available for use in the clinical setting as it is simple, cost-effective, lightweight and 

the cheapest to produce and ensures a high temporal resolution.  

The main disadvantage with the CW system is that it is unable to fully determine the 

optical properties of tissue such as light scattering and absorption coefficients, thus raising the 

obstacle of not being able to quantify the absolute concentrations of oxy-Hb and deoxy-Hb. 

The crucial breakthrough discovery of the Beer-Lambert law enabled the quantification of 

these parameters, however, it only applied to non-scattering media and was not validated in 

monitoring biological tissue. In high scattering media, photons travel a mean distance that is 

far greater than the actual distance between emitting and receiving optode (also termed the 
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differential path-length, or the true optical distance between the optodes).  The modified Beer-

Lambert Law was then developed in 1988 by Delpy et al. (103) to take into account light 

scattering in biological tissue by defining a scaling factor to correct for the path length (further 

elaborated in the next section).  

 

4.2 Physical principles of NIRS 

 

NIRS works on the basis of the following fundamental concepts: (i) tissue is reasonably 

transparent to and allows the penetration of near-infrared light, (ii) the absorption of light by 

certain compounds contained in tissue is dependent on the oxygenation status of the tissue. 

NIRS has been used since the late 1980s to investigate local muscle oxygenation 

(saturation/perfusion) and 02 consumption (VO2). It has also been used as a measure of 

oxidative metabolism and blood flow at rest and whilst undergoing various exercise modalities 

(104, 105). It is a well-established method of measuring oxygenation and consumption in 

skeletal muscle and cerebral tissue (106), but can also  provide continuous, real time 

measurement of blood volume and cellular respiration of the tissue being monitored.  

When light is emitted and subsequently absorbed, its energy is dispersed as thermal 

energy throughout the absorbing medium. This absorption occurs at particular wavelengths as 

determined by the molecular properties of the material in the pathway of light.  Light emitted 

in the near infrared spectrum penetrates biological tissue, particularly skin and bone with less 

scattering and absorption than visible light thus allowing for imaging and quantitative 

measurements. A NIRS device emits 2 or more wavelengths of light between 650-1300nm 

from the emitting probe into the tissue of interest and a detector probe is placed at a pre-

specified distance from the source, measuring the intensity of light reflected back. A computer 

then translates the change in light intensity into useful clinical information.  

Biological tissue contains chromophores, light absorbing compounds within the near-

infrared range:  oxygenated (oxy-Hb), deoxygenated haemoglobin (deoxy-Hb) and cytochrome 

c oxidase. The chromophores primarily monitored by NIRS are oxy-Hb and deoxy-Hb, which 

have different absorption patterns of light, primarily at 800 and 760nm respectively (107). 

These chromophores are the ones of particular interest in PAD as they are uniquely responsible 

for the transport, delivery and removal of oxygen and carbon dioxide. By using estimates for 

the increase in optical path length beyond probe spacing (also known as the differential path 

length factor), continuous wave spectrometers quantify the changes in the attenuation of 

wavelengths of light.  
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 NIRS technology is built upon algorithms centred around the modified Beer-Lambert 

Law, thus providing good estimates of change in concentration of tissue deoxy-Hb and oxy-

Hb.  The original Beer-Lambert law states that the intensity of light decreases exponentially as 

it passes through a sample with increased thickness or if the concentration of the medium is 

increased. This essentially denotes that the transmission of light through a medium is dependent 

on a logarithmic function relating the transmission of light, the product of the absorption 

coefficient of the medium and the path length of light. Thus, the absorption coefficient can be 

calculated as a product of the attenuation coefficient of the absorber and the concentration of 

the absorbing medium in the material. The modified Lambert-Beer law however was then 

contrived and is fundamental in the operation of functional NIRS. By enabling the derivation 

of the absorption coefficient of non-scattering media, NIRS can be used without the need for 

extensive pre-processing of the sample.  

The other light absorbing chromophores in biological tissue are cytochrome c oxidase 

and myoglobin (Mb). Cytochrome c oxidase changes with oxygenation status, nonetheless, it 

has no substantial effect on NIRS measurements because its effect on the attenuation signal is 

about ten times smaller than Hb and Mb. The relative concentration of cytochrome c is 

quantitatively smaller (~5%), being an order of magnitude smaller than Hb and thus, its 

contribution to the NIRS signal is typically regarded as negligible. The adjacent skeletal muscle 

contains the chromophore myoglobin, an oxygen carrying molecule. Unfortunately, the 

spectral absorbance of oxy-, deoxyHb and Mb are nearly undifferentiated, making attenuation 

by skeletal attributable to both chromophores.  

It is well acknowledged that the total NIRS signal strength represents the concentration 

of total heme in the field of view (i.e. also sometimes referred to as total [Hb+Mb]). The actual 

value for tissue total [Hb+Mb] in the skeletal muscle being interrogated depends on the [Hb] 

within the microvasculature of the muscle and the [Mb] of the muscle being investigated. The 

relative contribution of microvascular [Hb] and intracellular [Mb] to the total [Hb+Mb] has 

been a matter of much debate, with early studies reaching a consensus that a majority of the 

NIRS signal derived from [Hb]. These studies, now deemed outdated, were performed using 

continuous wave spectrometry not capable of providing quantitative values and were 

performed in perfused rat hind limb models, where the interrogated muscle was later found to 

have much lower [Mb] than human muscle. Later studies utilising quantitative NIRS 

instruments and protocols concluded that [Mb] likely contributes up to 60-90% of the NIRS 

signal in interrogating human skeletal muscle. On the other hand, tissue [Hb] contribution to 

the NIRS signal is a function of the tissue microvascular volume and the microvascular 
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haematocrit (Hct). Since it can be assumed that intracellular [Mb] remains unchanged during 

periods of increased blood flow (i.e. with exercise or reperfusion of a limb), changes in the 

total [Hb+Mb] can be ascribed to changes in microvascular Hct. This supports functional NIRS 

measurements as a representation of tissue perfusion.  

A second issue concerning the physics of NIRS is the scattering and attenuation of light 

as it is reflected. When near infra-red light undergoes scattering in biological tissue, the 

collisions are elastic, resulting in a change in direction of moving photons, but with no energy 

loss. The direction in which these scattered photons move are determined by the size of the 

scattering particle, the various refractive indices of the tissue the photon is traveling through, 

and the wavelength of light. Human biological tissue is made up off various tissue layers with 

differing densities and thickness, thus possessing different degrees of scatter. These include 

cell membranes, large blood vessels, boundaries between bone and soft tissue and the transition 

between cell organelles and various fluids. Cell membranes are considered the most significant 

source of scatter in tissue as they make up a large majority of the solid content of tissue. 

Nevertheless, red blood cells only account for roughly 1.5% of the solid content of tissue and 

thus the attenuation secondary to scattering by red blood cells is negligible.  

In order to effectively utilise NIRS in the clinical setting, cautious interpretation of the 

NIRS signal is required as the measured attenuation of near infra-red light can be influenced 

by several other factors. Whilst NIRS has the advantage of being able to measure regional 

tissue saturation (highly beneficial in the assessment of PAD which mainly affects the 

peripheries of the lower limbs), this property of NIRS can pose a problem, as regional blood 

flow consists of venous, arterial and capillary blood flow. Currently available NIRS devices 

measure mean tissue oxygen saturation and are not able to differentiate between arterial, 

venous or capillary blood, nor between an increased utilisation of oxygen or decreased 

saturation. Furthermore, between individuals, there is some degree of variation in peripheral 

arterial/venous ratios. As a result, the NIRS signal cannot be interpreted as an “absolute” 

measure of tissue oxygenation, but rather a balance of oxygen delivery and utilisation in the 

tissue under surveillance.  

NIRS measurements are also influenced by oxygenation changes, for example, an 

increase in arterial oxygen saturation causes an equal rise in tissue oxy-Hb.  Consequently, 

NIRS measurements in PAD patients may be confounded by conditions affecting the oxygen 

carrying capacity of the individual, such as severe anaemia, haemoglobinopathies, chronic 

obstructive pulmonary disease and severe acidosis. In addition to that, an increase in blood 

pressure in the venous system (i.e. in those who have coexisting chronic venous sufficiency of 
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the lower limb) leads to an increased volume of blood in the venules, of which a large 

proportion is made up of deoxy-haemoglobin molecules, thus affecting the absolute 

oxygenation status of the tissue measured.  

In interrogating skeletal muscle, oxy and deoxy-Hb signals represent Hb concentrations 

derived from vessels measuring <1mm in diameter (i.e. precapillary, capillary and 

postcapillary beds) as there is near complete absorption of light in larger vessels where local 

[Hb] is high. This is because light going through blood vessels of >1mm diameter is almost 

entirely absorbed and contributes little to the NIRS signal. As the tissue being monitored 

undergoes progressive ischaemia, oxygen extraction increases, thus decreasing the 

oxyhaemoglobin/deoxyhaemoglobin ratio. The NIRS device has a receiving optode that detects 

and measures the intensity of the light exiting the tissue. The penetration depth of the tissue 

being monitored is approximately equal to half the distance between the light source and the 

receiving optode.  A computer then transcribes that change in light intensity into information 

that applies in the clinical setting, that is, continuous quantitative tissue saturation (SO2). 

Compared to other non-invasive microcirculatory techniques (i.e. transcutaneous oxygen 

pressure and laser Doppler flowmetry), NIRS has the added advantage of obtaining 

measurements at a greater penetration depth, thus allowing for the muscle compartments and 

not just skin of the lower limb to be examined. Another advantage with NIRS monitoring is its 

reproducibility especially when meticulous care is taken to minimize movement artefact (108, 

109). As a result of this, acceptable signal-to-noise ratios can be attained during the dynamic 

phase of monitoring. These optical properties of NIRS have been exploited and applied in the 

study of various health conditions including muscular diseases, chronic heart failure, peripheral 

vascular disease, spinal cord injury, chronic obstructive pulmonary disease and renal failure 

(110).  

With advancement and increased availability of the NIRS technology, its utility has 

been tested in a field where the measurement of oxygen parameters is vital to the clinical 

course. Patients with PAD experience symptoms in the lower limb as a direct results of tissue 

ischaemia. Measurements of muscle oxygenation provide information reflecting the balance 

between actual perfusion and muscle oxygen consumption during the dynamic phase (111), 

therefore it seems likely that NIRS would be useful in the assessment of PAD.  
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4.3 Previous studies using near infra-red spectroscopy in peripheral arterial disease  

 

 Previous studies have explored NIRS in the dynamic assessment of muscle metabolism 

and cardiovascular response to exercise as an evaluation tool to identify the presence of PAD 

and to quantify the severity of metabolic disease in patients with claudication or exertional leg 

pain. Most studies using NIRS to monitor the lower extremities have involved assessing 

oxygen parameters during whole body exercise or isolated muscle group exercise of the lower 

limb. These have required participants to undergo a treadmill walking test or a series of plantar 

flexion exercise (111). Although such tests have shown reproducible NIRS measurements 

(111-113), limitations exist when patients, who often have multiple comorbidities, have a 

reduced exercise tolerance due to factors other than claudication and are unable to fully tolerate 

the testing procedure.  

 

Studies evaluating NIRS as a diagnostic tool 

NIRS was first studied for its ability to diagnose PAD in 1991 by Cheatle et al. (114). 

The oxygen consumption of the gastrocnemius muscle was monitored in 17 patients with PAD 

and 21 controls during and after muscle ischaemia induced by arterial occlusion using a 

tourniquet. Whilst there was a significant difference in resting oxygen consumption between 

the groups, there was a broad overlap between groups, with poor correlation between muscle 

oxygen consumption and ABI. This study also found that the median time taken to reach 90% 

maximal level of saturated haemoglobin during post obstructive hyperaemia was twice as long 

in intermittent claudicants than in controls.  

 Several studies (Mc Cully et al. (108) Koojiman et al. (115), Harrison et al. (116)) have 

compared the rate of oxygen desaturation and re-saturation during and after exercise in 

claudicants and healthy controls. Oxygen desaturation whilst performing lower limb exercise 

was near maximal in the PAD group compared to the healthy controls. Furthermore, the rate 

of oxygen resaturation after termination of exercise was found to be a reproducible measure 

(108). McCully et al. (108) included a relatively large cohort of 117 participants, correlating 

the clinical evidence of PAD with half time to recovery of baseline NIRS parameters. In 

assessing NIRS as a screening tool for PAD, participants with PAD were found to have a 

significantly longer half time to recovery, with sensitivities and specificities ranging between 

50% and 80% for two threshold values of 40 and 50 seconds. Koojiman et al. (115) studied 11 

patients with PAD and 15 healthy controls and similarly, it was revealed in this cohort that 

whilst there was no significant difference in SO2 at rest between the groups, this value 
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decreased significantly in the PAD group compared to the controls after a minute of standard 

walking exercise. In addition to that, this cohort also demonstrated that the PAD group 

experienced a lower resaturation rate of oxy-Hb and a significantly longer recovery time after 

walking exercise and arterial occlusion.  

Watanabe et al. (117) assessed the limbs of 62 patients with PAD with NIRS and ABI. 

Whilst this group reported a significant correlation in the recovery time between ABI and 

various NIRS parameters (SO2, Oxy- and deoxy-haemoglobin), the recovery time for the NIRS 

parameters were shorter than for ABI, suggesting different physiological events and responses 

monitored by the two measurement modalities.  

Utilising a different testing method,  Kragelj et al. (118) studied NIRS during post 

occlusive reactive hyperaemia, a clinical test for lower limb ischaemia. Kragelj et al. (118) 

performed continuous NIRS monitoring on 24 PAD patients and 18 healthy subjects at 

baseline, during arterial occlusion and in the recovery period post cuff deflation. Recovery time 

parameters (i.e. time interval from the release of the cuff until baseline NIRS values were 

reached and the time to reach 95% of the maximal signals) and reoxygenation rates (i.e. the 

maximal change in the signal after the release of the cuff expressed as the percentage of the 

signal change during arterial occlusion, and the maximal change in signals during the re-active 

hyperaemia) all differed significantly between PAD patients and controls. In addition to that, 

it was observed that diabetic patients had a delayed hyperaemic response and lower 

reoxygenation rates compared to the non-diabetic patients, however, with a broad overlap 

between the two groups. 

 

Studies evaluating NIRS as a tool for the assessment of PAD severity  

NIRS has also been evaluated for its role in assessing the severity of PAD.  Komiyama 

et al. (119) assessed the changes in tissue oxygen in the calf muscle of 62 patients with 

intermittent claudication, at baseline and whilst performing treadmill testing. Three distinct 

patterns were identified with values of oxygenated and deoxygenated haemoglobin ratios. All 

three pattern demonstrated a drop in oxygenated and deoxygenated haemoglobin at the 

initiation of exercise. The group with the mild claudication had similar levels of deoxygenated 

and oxygenated haemoglobin within 2 minutes of treadmill testing, the group with moderate 

claudication had levels of deoxygenated haemoglobin 2 times greater than that of oxygenated 

haemoglobin and the group with severe claudication had levels of deoxygenated haemoglobin 

3 times greater than that of oxygenated haemoglobin.  These values correlated with severity of 

disease, which was determined by three factors (i.e. ability to walk for more than 5 minutes, 
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mean maximum walking distance and mean ABI at rest). In a further  study by Komiyama et 

al. (112), 84 patients with intermittent claudication were evaluated with NIRS, with results 

supporting their initial study. In this cohort, muscle oxygen saturation was found to be a 

reproducible measure at rest and during exercise, correlating well with severity of symptoms 

of intermittent claudication.  

 Manfredini et al. (120) not only evaluated dynamic NIRS in its role in diagnosing but 

also in assessing the severity of PAD. Sixty-seven PAD patients and 23 healthy subjects had 

ABI measurements performed, an echo-colour Doppler of their lower limbs and underwent 

incremental treadmill exercise whilst having NIRS measurements taken from the 

gastrocnemius muscle. Various haemoglobin parameters namely oxygenated, deoxygenated, 

total and differential haemoglobin were measured and quantified as area under the curve. All 

of these parameters significantly differed between the diseased and non-diseased limbs 

(p<0.0001) and demonstrated distinct patterns correlating with PAD severity according to 

ABI value.  Comparing echo-colour Doppler findings of arterial occlusions, stenoses or 

significant plaques, the receiver operating curve analysis of the area under the differential 

haemoglobin curve (area = 0.932, P < 0.0001) showed a sensitivity/specificity of 87.6/93.4 

for values ≤ - 197 arbitrary units. 

 

Studies evaluating the reproducibility of NIRS measurements  

The cornerstone of a reliable screening or surveillance tool is the reproducibility of 

results. Ubbink et al. (109) studied the reproducibility of NIRS in the calf muscles of 20 healthy 

volunteers at rest and after treadmill testing exercise. With an ICC of 0.90, NIRS measurements 

were shown to have superior reproducibility compared to other modes of measurement such as 

ABI (ICC -0.44) and transcutaneous oxygen pressure (ICC 0.25).   

The reproducibility of NIRS measurements has also been validated in healthy skeletal 

muscle by Southern et al. (121). Fifteen young, healthy participants were tested on 2 non-

consecutive days over a period of 8 days. With NIRS device placed on the medial 

gastrocnemius, arterial and venous occlusion were used to obtain blood flow and oxygen 

consumption. This study concluded that NIRS was able to measure muscle oxygen 

consumption and mitochondrial activity with good reproducibility (mean coefficients of 

variation of 10%) (121).  
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4.4 NIRS as a dynamic test  

 

A study by Comerota et al. (122) found no difference in resting SO2 measurements of 

the gastrocnemius muscle in non-PAD and PAD subjects. This was not a surprising finding 

given the knowledge that blood flow in the resting leg is not different between these groups. 

There was, however,  a significantly lower peak exercise SO2 in the latter group following a 

16 minute incremental walk test on a treadmill (122). Thus, direct NIRS measurements of 

exercising skeletal muscle has been proposed as a mechanism to determine new flow of O2 

(123). With sustained exercise, the utilised muscle undergoes a decrease in pH and an increase 

in concentration of local vasodilators in order to meet the increased demand of muscle 

metabolism with oxygen and other nutrients. This induces vasodilatation and reduced 

peripheral vascular resistance which in the healthy person is countered by an increase in cardiac 

output and blood flow to the exercising muscle.  

In individuals with haemodynamically significant stenoses between the heart and the 

exercising muscle, there is a pressure drop and reduction in blood flow distal to the stenosis as 

the increase in cardiac output is not able to fully compensate for the reduction in peripheral 

vascular resistance (124). Another phenomenon during exercise is that the muscle pump action 

acts on adjacent blood vessels to elicit volumetric shits, reflected in the oxy- and deoxy-Hb 

signals (123).  These signal changes generated by the muscle pump are used to generate values 

for real time tissue saturation and O2 utilisation. As oxygenation within the vessel is lower 

during the contraction phase as compared to the relaxation phase, ‘cyclic O2 saturation’ and 

the net total Hb concentration change over the exercise cycle can be used to determine the net 

flow of O2 molecules (123).  

Dynamic testing may pose a challenge in certain patient populations who have severe 

PAD or who have multiple comorbidities. Conventional exercise testing in the form treadmill 

testing may even result in adverse effects in patients with severe aortic stenosis, uncontrolled 

hypertension, severe chronic obstructive pulmonary disease, congestive cardiac failure and 

severe arthritis to name a few. Variations of dynamic testing methods have been trialled, and 

several studies (113, 125) have validated plantar flexion exercise in conjunction with various 

measurement modalities, in evaluating muscle metabolism and the microcirculation in PAD 

patients.  Active pedal plantar flexion has been tested as an alternative to treadmill testing and 

has exhibited a strong correlation. In 2007, Yamamoto et al. (113) compared plantar flexion 

and treadmill testing in 27 patients with PAD and found that plantar flexion showed high 

reliability. Maximum exercise time, walking distance and exercise time were well correlated 
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(R=0.74)  This study also found that plantar flexion selectively activated the gastrocnemius 

muscle similar to the treadmill test, but with less effect on the cardiovascular system and so 

was generally better tolerated by patients with PAD (125). As such, plantar flexion has become 

an emerging alternative technique for the continuous dynamic non-invasive measurement of 

blood flow in the peripheral circulation.  

In 2017, Manfredini et al. assessed the feasibility, validity and diagnostic accuracy of 

NIRS in evaluating foot perfusion in eighty PAD patients (forty-one with coexisting diabetes) 

and thirteen healthy subjects. Foot oxygenation changes measured by NIRS during toe flexion 

exercise was used as a measure of foot perfusion. The area under the curve of the oxygenated 

haemoglobin trace (“toflex area”) was calculated and compared with the degree of PAD ranked 

by ABI, with examination using echo Doppler ultrasound and with the “toflex area” in healthy 

subjects simulating PAD conditions by progressive blood flow restriction.  The study found 

“toflex areas” to be reproducible, consistent with PAD severity and similar to echo colour 

Doppler for detecting PAD (126).  

A further alternative to measuring peripheral blood flow is by inflating an occlusive 

arterial cuff at the level of the thigh, above the systolic blood pressure for 3 to 5 minutes, in 

order to produce a degree of “reactive hyperaemia”. First developed in the early 1970s by 

Johnson (127), the reactive hyperaemia test involves occlusion of the arterial flow to the limb 

of interest with a pneumatic cuff, thus restricting only the distal circulation, followed by 

deflation of the cuff to restore arterial flow. Arterial flow is measured using pulse Doppler at 

rest and for several minutes after cuff release. With restoration of blood flow after a period of 

arterial occlusion, shear stress due to an increase in blood flow applies a stimulus to the vascular 

endothelium, which then produces nitric oxide. Flow-mediated dilatation of the artery assesses 

the function of the vascular endothelium based on the variation in vascular diameter determined 

by high resolution ultrasound. Used in clinical practice, the reactive hyperaemia test has shown 

89% to 92% sensitivity and 96% specificity in detection of disease as seen on angiography. 

Despite these promising results, the reactive hyperaemia test is poorly tolerated by participants 

due to a level of discomfort associated with prolonged arterial occlusion and requires a trained 

ultrasonographer with the technical capabilities to achieve accurate measurements.  
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Toe Flexion Testing and NIRS  

Peripheral arterial disease is an insidious disease which, when it progresses to chronic 

limb threatening ischaemia can cause significant morbidity and mortality.  Various techniques 

have been utilised and explored in the diagnosis and surveillance of disease severity and 

progression, such as ABI, toe pressure and other techniques of tissue perfusion (skin perfusion 

pressure, optical techniques etc.). These techniques, however, have limitations ranging from 

being static measures, selectively investigating the macrovascular circulation, representing a 

measure of skin perfusion, to being limited by calcification within the vessel. A non-invasive 

assessment of the haemodynamic reserve of the foot under dynamic conditions would be a 

valuable adjunct in the assessment of patients with CLTI, particularly in the presence of co-

existing conditions affecting the macro- and microcirculation of the lower limb. NIRS is able 

to non-invasively monitor the delivery and utilisation of oxygen in local tissue thus revealing 

tissue microvascular haemodynamics.  

Despite previous studies having assessed the reproducibility of NIRS measurements 

and its usefulness in the clinical setting as a diagnostic aid in PAD, NIRS has not been 

considered as a monitoring tool in routine clinical practice alongside other available bedside 

methods such as toe systolic blood pressure and ABI as no large studies have been performed 

comparing NIRS utility with currently utilised measures in the assessment of PAD. We propose 

that functional NIRS (fNIRS), in conjunction with toe flexion testing, will provide a dynamic 

test that will reveal information about lower limb circulation. 
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CHAPTER  5  

 

Functional near infra-red spectroscopy in peripheral vascular disease – does it reflect 
changes in perfusion after endovascular intervention? 
 

5.1 Aim  

 

This study aims to evaluate the utility of fNIRS as  

(i) a measure of peripheral circulation of the lower limb and of the microcirculation 

in the foot as compared to toe pressure and ABI,  

(ii) a surveillance tool in monitoring changes in lower limb arterial supply 

following revascularisation in comparison to existing measures that are utilised.  

 

5.2 Hypothesis  

 

FNIRS measurements can be used to assess the severity of vascular disease and the changes in 

lower limb arterial supply following revascularisation and performs better than existing 

measures. 
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CHAPTER 6  

 

Methods  

 

6.1 Design 

This was a prospective observational study of patients with chronic limb threatening ischaemia 

undergoing percutaneous angiography and endovascular intervention. Functional near infra-

red spectroscopy (fNIRS) was used to measure changes in oxygen saturation in muscles of the 

plantar arch of feet at rest and during exercise, before and after a peripheral angiogram and 

revascularisation procedure, with the contralateral leg used as a control. Results were compared 

with ABI and toe pressures pre and post-procedurally.  

 

6.2 Setting  

This was a single centre study conducted at Sir Charles Gairdner Hospital, Nedlands, Western 

Australia. All potential participants were initially assessed in the hospital outpatient clinic and 

screened for CLTI by obtaining a history, performing a clinical examination, and reviewing 

results of non-invasive diagnostic tools and/or imaging studies. All testing was performed in a 

24°C temperature controlled inpatient ward. Baseline pre-operative and 4-6 hours post-

operative measurements were carried out in the inpatient department. Where possible, 6 weeks 

post-operative measurements were carried out in the outpatient department.  

 

6.3 Subjects  

Over a 5-month period, all patients who were diagnosed with CLTI (and their arterial lesions 

deemed appropriate for endovascular intervention) by a consultant vascular surgeon were 

screened for inclusion in this study. If they met the inclusion and exclusion criteria, they were 

invited to take part in the study. This process included explaining the potential risks and 

benefits of the procedure and details about the study, followed by obtaining informed consent 

from the patients. All patients were given an information sheet elaborating details of the study 

rationale, protocol, follow-up and provided a point of contact. All of these patients underwent 

percutaneous angiography of their lower limb and arterial revascularisation in the inpatient 

vascular department, with an intention to treat despite participation in the study.  
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Inclusion criteria:  

• Age 50-90 years old  

• Peripheral arterial disease (with at least chronic limb ischaemia of Rutherford 3-6 as 

diagnosed by a Consultant Vascular Surgeon  

• Having an endovascular revascularisation procedure of one lower limb  

• Able to provide written consent to being part of the study  

 

Exclusion criteria:  

• Severe cognitive impairment 

• Severe peripheral oedema  

• Severe impairment of range of movement at metatarsophalangeal joints  

• Morbid obesity 

• Previous lower limb amputations  

• Nonatherosclerotic chronic vascular conditions of the lower extremities (e.g. vasculitis, 

Buerger’s disease, radiation arteritis)  

• Acute limb ischaemia (symptoms present for less than 2 weeks)  

• Pregnant or lactating 

• Lung pathology affecting systemic oxygenation. Baseline oxygen saturation of <95% 

without any supplemental oxygen 

• Ongoing treatment with antineoplastic drugs or glucocorticoids 

 

Sixty-one consecutive patients were approached and assessed for eligibility to be part of the 

study.  After accounting for the exclusion criteria above, 51 patients were included and 10 

patients were excluded from this study.  

 

6.4 Clinical Data collected  

 

Demographic and clinical data were collected using a structured interview, clinical 

examination findings and review of patient medical records. 

1. The Rutherford classification score was used for symptomatic classification of PAD 

[Appendix 1]. Patients were asked to report duration of each symptom, claudication 
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distance, paraesthesia, presence of ischaemic rest pain and alleviating factors, location 

and duration of non-healing pedal ulcers.  

2. Age, gender, ethnicity. 

3. Weight and height measurements were obtained in order to calculate body mass index. 

4. Smoking history and nicotine use. 

5. Alcohol history.  

6. Past medical history including comorbidities (e.g. diabetes, hypertension, coronary 

artery disease, stroke, congestive cardiac failure etc.) which may affect blood flow and 

tissue healing (e.g. immunosuppressant therapy, chemotherapy, radiotherapy etc.) 

7. Complications associated with diabetes such as retinopathy, nephropathy, peripheral 

neuropathy, autonomic neuropathy. 

8. Current medication for control of vascular risk factors (antihypertensive agents, lipid 

lowering drugs, beta blockers, antiarrhythmic, oral hypoglycaemic agents, insulin).  

9. If performed, baseline CT angiography and/or Duplex ultrasonography findings  

10. Any previous endovascular interventions and their outcomes.  

11.  Pre- and post-operatively, TASC II and GLASS classifications of disease were used to 

classify arterial disease in the aorto-iliac, femoro-popliteal, tibial and foot segments.  

12. Antihypertensives and opioids administered intraoperatively and immediately post-

operatively to the time repeat fNIRS measurement were conducted. 

 

Physical examination  

1. Vital observations including heart rate, blood pressure and mean arterial pressure were 

recorded at baseline and early post intervention.   

2. Inspection of the lower limb – including skin colour changes, muscle wasting, skin 

temperature, capillary refill time, sensation.  

3. Palpation of peripheral pulses.  

4. Location, size, depth and clinical signs of infection of any pedal ulcers. 

5. Bilateral lower limb ABI before and after revascularisation.  

6. Bilateral toe pressures before and after revascularisation and at the 4-6-week follow up 

appointment. 

7. Resting and fNIRS SO2 measurements were taken simultaneously in both lower limbs 

before the procedure, 4-6 hours after revascularisation procedure, and where possible, 

6 weeks post procedurally.  
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6.5 Non-invasive Testing Procedures  

 

All data collected including measurements ABI, toe pressure and NIRS measurements were 

performed by the author of this thesis.  

Testing pre-procedurally was performed after fasting at least 6 hours from food and 3 hours 

from clear fluids. Patients also were instructed to avoid tobacco 6 hours prior to any testing.  

All post procedural testing was performed with the patient in the non-fasting state as patients 

were not required to stay fasted after their procedure.  

 

Ankle-Brachial Index  

All participants with no contraindication to blood pressure cuff inflation in their upper limbs 

who were able to tolerate cuff inflation in their lower limbs underwent standard ABI 

measurement bilaterally [Appendix 5]. 

 

Toe Pressure  

Toe pressure measurements were recorded bilaterally in all patients where recordings were 

possible [Appendix 5].  

 

 

Near-Infrared Spectroscopy   

Static and functional NIRS measurements were obtained using a continuous wave NIRS system 

(MoorVMS-NIRS, Moor Instruments, UK). The Moor monitor provides tissue oxy-Hb, deoxy-

Hb and cumulative O2 saturations at 20Hz. Equipment included 2 monitoring channels, 

allowing simultaneous measurements of two sites. Both the emitting and receiving probes were 

placed in a probe holder with a separation distance of 30mm. The 30mm separation was chosen 

over other available widths (40mm and 50mm) to maximise measurements in the muscles of 

the arch of foot. Probe separation width of 30mm measured oxygenation parameters at depths 

of 15-20mm.  
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6.6 Static NIRS measurements, Toe Flexion + fNIRS measurement Protocol  

 

• Toe flexion exercise was selected because it selectively works the muscles on the 

plantar surface of the foot and can be performed by patients with PAD without causing 

any significant symptoms of claudication.  

• The subject was firstly asked to lie in a supine position and requested to rest as still as 

possible for 15 minutes.  

• NIRS emitting and receiving probes were placed in their respective probe holders. A 

double-sided adhesive pad was placed on the surface of the probe holder that comes in 

contact with the subject. The probe holder was adhered to the plantar arch of both feet 

[Appendix 6].  The plantar arch of the foot was chosen as superficial tissue here is thin 

and there is little interference from underlying structures such as tendon and bone. This 

area of the foot is also relatively spared from pedal ulceration. In those with pedal 

ulceration, the sensor pad was placed on intact skin in an area proximal to the ulceration.  

• During the duration of NIRS measurement, patients were asked to remain silent and as 

still as possible except for performing the specified toe flexion exercise. This was to 

reduce any interference with the recorded NIRS signal.  

• Baseline static NIRS measurements were collected for 15 minutes whilst the subject 

kept their feet as still as possible.  

• After a brief explanation and demonstration, subjects were asked to perform toe flexion 

exercise (flexion and extension of the toes at the metatarsophalangeal joints) 80 times, 

over 2 minutes. This was performed to a rhythm set on a metronome at 40 beats a 

minute. The test was pre-maturely ceased if the patient experienced intolerable 

ischaemic leg pain. FNIRS measurements were recorded during these two minutes of 

toe flexion exercise. 

• Post toe flexion exercise, static NIRS measurements were continued for 2 minutes with 

the patient at rest.  

• The same was performed simultaneously in the contralateral foot.  

• Data obtained was extracted and transferred to a Microsoft excel spreadsheet. After 

normalisation to zero (the baseline NIRS value collected at the beginning of the test 

was set to 0), the data for the SO2 trace was analysed to determine the percentage change 

in SO2 with toe flexion exercise.  
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6.7 Endovascular Surgical intervention  

 

All percutaneous angiography and endovascular interventions were performed by 

vascular surgeons in the department of Vascular and Endovascular Surgery at Sir Charles 

Gairdner Hospital. All patients attended the day of procedure unit in the hospital, after being 

fasted for at least 6 hours from food and 3 hours from clear fluids. On admission to the hospital, 

baseline vital observations, NIRS, ABI and toe pressure measurements were recorded before 

participants underwent their revascularisation procedure in the catheterisation laboratory.  

All procedures were carried out with local anaesthesia and intravenous sedation. A 

Cook access needle was used to access the common femoral artery. A diagnostic angiogram 

was performed pre-procedurally to determine the location and degree of arterial lesions. 

Balloon angioplasty +/- placement of a stent was performed in segments of stenosed arteries, 

with the aim of creating in line flow to the foot. A completion angiogram was performed post 

procedurally to evaluate treatment success angiographically. Manual pressure, with or without, 

the application of a closure device was utilised to achieve haemostasis at the femoral puncture 

site. After the surgical procedure, patients were required to lie flat for at least 4-6 hours to 

prevent bleeding or formation of haematoma at the arterial puncture site. Repeat NIRS, ABI 

and toe pressure measurements were carried out after this. Before patients were discharged 

home, physical examination inclusive of pedal pulses and the arterial puncture site was 

performed and a set of vital observations were recorded. The same operator performed pre- 

and post-operative measurements throughout the study period.  

 

6.8 Safety considerations/Patient safety  

 

• The hospital infection control team was consulted regarding maintaining probe and 

equipment hygiene.  

• New double-sided adhesive stickers were placed on the probe holders before being 

applied to the plantar arch of the participants’ feet. Careful attention was paid to ensure 

that no monitoring equipment came in contact with any of the participants’ open 

wounds.  

• The adhesive sticker was peeled off and disposed of after testing was carried out on 

each patient.  
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• Probes, probe holders and the wires connecting them to the monitor were wiped down 

with antimicrobial wipes after each use. 

• All electrical equipment used were tested by the institutional medical physics 

department and cleared for use on patients in the clinical setting.  

 

6.9 Statistical Analysis  

Continuous variables are expressed as measure of central tendency, that is, either a mean +/- 

standard deviation (SD) or median with inter-quartile range (IQR) according to normal or non-

normal distribution respectively.  

 

Analyses were conducted using STATA v15. Linear mixed models were used to investigate 

the relationship between surgery and vascular outcomes pre- and post-surgery (time). 

Interaction terms between surgery and time were also included. A random intercept was 

included in each model to account for the repeated nature of the data, with age and sex as 

covariates. 

 

A separate mixed models analysis was conducted to examine the effect of diabetic status on 

the vascular outcomes over time, again adjusting for age and sex. Interactions terms between 

surgery, time and diabetic status were included in the model. 

Statistical significance was set at p<0.05 

 

6.10 Ethics  

 

All aspects of this study were reviewed by and have received full ethics approval from the Sir 

Charles Gairdner Human Research and Ethics Committee. The study was conducted in full 

conformance with principles of the “Declaration of Helsinki”.  Informed consent was obtained 

and copies of the participant consent and information sheets were provided to every participant. 

All data extracted was deidentified and a soft copy stored at the Heart and Vascular Research 

Institute in the Harry Perkins Institute for Medical Research, QE2 Campus, Nedlands.  

 

 

 

 



 
 

62 

CHAPTER 7  

 

Results  

 

Figure 2 shows the recruitment process of participants in this study. Between August 

2019 and January 2020, 61 consecutive patients with critical limb ischaemia were approached 

and screened for suitability for participation in this study. Fifty-one patients were included and 

10 patients were excluded from the study. Of the 10 that were excluded, 2 had severe rest pain 

in the affected limb and declined further testing, 3 patients had previous amputations beyond 

the level of the forefoot thus not allowing for toe flexion testing, 1 had severe bilateral pitting 

oedema due to congestive cardiac failure end 1 had severe COPD with room oxygen saturations 

of 89-92%. One patient who was eligible for the study underwent pre-operative fNIRS 

measurements and surgical procedure, but declined to wait till 4 hours post-operatively for 

fNIRS measurements to be performed and was discharged from the hospital against medical 

advice. One patient underwent pre-operative NIRS measurements but did not undergo any 

surgical intervention as their angiogram was postponed due to resources being allocated to an 

emergency procedure. The final patient who was excluded from the study was initially planned 

for endovascular revascularisation, however, a decision was made to convert this to an open 

procedure (i.e. common femoral endarterectomy) intra-operatively.   

 All participants were able to complete fNIRS testing without any debilitating 

symptoms. Of the 51 participants who underwent pre- and post-operative testing, 20 were 

retested at 4-6 weeks after their initial procedure. 31 patients were not followed up at this time 

timepoint due to various reasons including: failure to attend their follow up appointment, 

participants residing in regional communities hence follow up appointments were carried out 

via video conference, participants declining testing as they had other appointments to attend. 

None of the participants reported any local or general adverse events from NIRS monitoring.  
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Figure 2: Flowchart of patient recruitment and follow-up 
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7.1 Baseline Demographics  

A total of 51 patients were recruited in this study. Comprehensive patient comorbidities 

and drug therapies are detailed in Table 2.  34 (66.7 %) of which were males and 17 (33.3%) 

females. The median age of participants was 71.34 years (IQR 63.33, 76.10). All included 

participants had a diagnosis of critical limb ischaemia and were scored on the Rutherford 

classification for chronic limb ischaemia based on symptoms and clinical examination. At 

recruitment, 12 (23.53%) were Rutherford 3, 12 (23.53%) were Rutherford 4, 22 (43.13%) were 

Rutherford 5 and 5 (9.8%) were Rutherford 6.  

 33 (64.71%) patients had co-existing DM, 23 patients (45.10%) had ischaemic heart 

disease, 4 (7.85%) patients had previous cerebrovascular events, 36 (70.59%) patients had chronic 

kidney disease and 34 (66.67%) patients were smokers of ex-smokers.  

 
 n=51  
Gender – no. (%) 
     Male  
     Female  

 
34 (66.7%) 
17 (33.3%) 

Mean Age (years)  71.34 (63.33, 76.10) 
Rutherford Grade in treated limb 
     3 (severe claudication)  
     4 (Rest pain)  
     5 (minor tissue loss)  
     6 (major tissue loss) 
Rutherford Grade in control limb 
     1 (asymptomatic) 
     2 
     3 (severe claudication)  
     4 (Rest pain)  
     5 (minor tissue loss)  
     6 (major tissue loss) 

n (%) 
12 (23.5) 
12 (23.5) 
22 (43.1) 

5 (9.8) 
 

41(80.0) 
4 (7.8) 
1 (0.1) 
1(0.1) 
4 (7.8) 

0 
Co-morbid conditions  
     Smoker  
     Ex-smoker  
     COPD  
     Diabetes Mellitus  
     Ischaemic Heart Disease  
     Atrial Fibrillation  
     Hypertension  
     Hypercholesterolaemia  
     CVA/TIA   
     Chronic Kidney Disease  
     Dialysis Dependent  
     Active malignancy  

n (%) 
14 (27.4) 
20 (39.2) 
7 (13.7) 

33 (64.7) 
23 (45.1) 

4 (7.8) 
43 (84.3) 
44 (86.2) 

4 (7.8) 
36 (70.5) 

3 (5.8) 
4 (7.8) 

Drug therapy  
     Anticoagulant  
     Antiplatelet  
     Antihypertensive  
     Statins  
     Beta-blocker 
     Diuretics  
     Oral hypoglycaemic  
     Insulin  

n (%) 
10 (19.6) 
38 (74.5) 
40 (78.4) 
41 (80.4) 
13 (25.5) 
15 (29.4) 
27 (52.9) 
13 (25.5) 

Table 2: Baseline demographics of participants (n=51)  
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All 51 participants underwent successful revascularisation as evidenced by 

improvement in TASC II and GLASS scores (Table 2 and Table 3). TASC II and GLASS 

grading scores were calculated before and after intervention by a non-blinded researcher based 

on angiographic findings. Angiography was not performed in the control limbs and disease 

severity was graded based on patient reporting of symptoms.  

TASC II classification shows overall improvement in patients who had treatment in the 

aorto-iliac, femoro-popliteal and infra-popliteal regions (Table 3). With a lower GLASS score 

signifying less severe arterial disease, there was an overall improvement in GLASS scores post 

operatively (Table 4). Eight participants only received treatment in the aorto-iliac segments, 

therefore, the GLASS classification system was not applicable in these patients 

 
TASC Classification   Pre-operative lesion  Post-operative residual lesion  

 
Aorto-Iliac (A-B-C-D) 
 

8 (3-4-1-0) 0 (0-0-0-0) 
 

Femoro-popliteal (A-B-C-D)  
 

41(10-16-9-6) 6 (1-2-1-2) 
 

Infra-popliteal (A-B-C-D)  
 

26 (13-8-1-4) 
 

9 (7-2-0-0) 
 

Table 3: TASC II classification of intervention limb, pre- and post-operatively  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4: GLASS classification of intervention limb, pre- and post-operatively  
 
 
 
 

GLASS SCORE Glass pre-op  Glass post-op  
 

0 1 37 
P0 (18) 
P1 (11) 
P2 (3) 

NIL (3) 

*1 only had iliac disease/treatment  

I  19 
P0 (8) 
P1 (5) 
P2 (4) 

NIL (2) 

10 
P0 (3) 
P1 (4) 
P2 (1) 

NIL (2) 

*3 only had iliac treatment  

II 22 
P0 (10) 
P1 (7) 
P2 (3) 

NIL (2) 

2 
P0 (0) 
P1 (1) 
P2 (0) 

NIL (1) 

*2 only had iliac treatment  

III 9 
P0 (2 
P1 (3 
P2 (2 

NIL (2) 

2 
P0 (1) 
P1 (0) 
P2 (0) 

NIL (1) 

*2 only had iliac treatment  



 
 

66 

7.2 Change in static NIRS, fNIRS, toe pressure and ABI between baseline and early post 
intervention  
 
Definitions  
* Early post intervention = 4-6 hours post intervention  
*Late post intervention = 6 weeks post intervention 
 
 

                                       Treated Limb  Control 
Limb  

 p-value  

Time  Baseline  Early post 
intervention  

Baseline  Early post 
intervention  

 

fNIRS %ΔSO2(%) 7.23 2.16 1.95 4.40 p=0.0001 
NIRS SO2 at rest  55.05 60.86 55.71 57.29 p=0.032 
ToePressure(mmHg)  66.08 72.87 91.99 96.15 p=0.697 
ABI  0.83 0.92 0.94 0.97 p=0.298 

Table 5: Comparison of static NIRS, fNIRS, toe pressure and ABI measurements pre-intervention and 
early post intervention, in the treated and control limbs 
 
 
  
 

 
Figure 3: Comparison of perfusion measurements pre-intervention and early post intervention in 
intervention and control limbs: (A) Change in % saturation with toe flexion; (B) Absolute static oxygen 
saturation; (C) Ankle Brachial Index; (D) Toe Pressure.  
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Percent change muscle SO2 with toe flex exercise (using NIRS)  

In the intervention limb, the magnitude of muscle oxygen desaturation with toe flexion exercise 

decreased after revascularisation from a mean of 7.23% to 2.16%. In comparison, the control 

limb showed a less significant change in muscle SO2 with toe flexion exercise after 

revascularisation, from 1.95% to 4.4% (p=0.001).  

 

Muscle SO2 at rest (using NIRS)  

Similarly, with measuring resting SO2 in the intervention and control limbs at baseline and post 

operatively, there was a significantly higher increase in resting S02 post procedurally in the 

intervention limb (from 55.05% to 60.86%) compared to the control limb (from 55.71 to 

57.29%) (p=0.032).  

 

Toe pressure  

In the intervention limb of the 51 patients recruited  

• 7 patients did not have a great toe. Other toes were too small for attachment of probe 

for measurement of toe pressure using the Systoe machine.  

• 9 patients did not have any recordable toe pressures at baseline. Of these 8 subsequently 

had recordable toe pressure post intervention.  

In the control limb of the 51 patients recruited 

• 3 patients did not have a great toe. Other toes were too small for attachment of 

measurement of toe pressure using the Systoe machine.  

• 1 patient did not have any recordable toe pressures at baseline, nor post procedure.  

There was an increase in the mean toe pressure 4-6 hours post operatively compared to baseline 

measurement in both the intervention and control limb. The mean increase in toe pressure 

between groups was not significant, with an increase of 6.79mmHg and 4.16 mmHg in the 

intervention and control limbs respectively (p=0.697).  

 

ABI 

In the intervention limb of the 51 patients recruited,  

• 2 patients did not have ABI measurement performed as they had AV fistulas in their 

arms, thus not allowing for blood pressure measurement in the upper limbs  
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• 1 patient did not have ABIs measurement performed as they had previously had axillary 

lymph nodes dissected, thus not allowing for blood pressure measurement in the upper 

limbs  

• 5 patients had either leg wounds, pedal oedema or were in too much pain that they 

declined having a blood pressure cuff placed around their lower limbs.  

• 5 patients did not have any recordable ABI pre -operatively as they did not have a 

dorsalis pedis or anterior tibial artery pulse present. Of these 5 patients, 4 of them 

subsequently had a recordable ABI post operatively.  

In the control limb of the 51 patients recruited,  

• ABIs were not performed if there was a contraindication to ABIs being performed in 

the treatment limb.  

There was an increase in the mean ABI 4-6 hours post operatively compared to baseline 

measurement in both the intervention and control limb. The mean increase in ABI between 

groups was not significant, with an increase of 0.09 and 0.03 in the intervention and control 

limbs respectively (p=0.298).  
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7.3 Change in static NIRS, fNIRS, and toe pressure between baseline and late post 
intervention  
 

 Treated 
Limb  

 Control 
Limb  

 p-value  

Time  Baseline  Late post 
intervention  

Baseline  Late post 
intervention  

 

fNIRS %ΔSO2(%) 7.23 0.61 1.96 1.77 p=0.016 
NIRS SO2 at rest  55.05 56.43 55.74 56.48 p=0.787 
ToePressure(mmHg)  66.54 95.20 92.29 103.98 p=0.079 

Table 6: Comparison of static NIRS, fNIRS and toe pressure measurements pre-intervention and late post 
intervention, in the treated and control limbs 
 

 
Figure 4: Comparison of perfusion measurements pre-intervention and late post intervention in 
intervention and control limbs: (A) change in % saturation with toe flexion; (B) Static oxygen saturation; 
(C) Toe Pressure. 
 
 
Twenty participants were available for follow up late post intervention when they attended a 

follow up clinic appointment. Non-attendance, follow-up by telephone or patient time pressure 

prevented all 51 participants from being assessed.   

 

Percent change muscle SO2 with toe flex exercise (using NIRS) 

In the intervention limb, the magnitude of reduction in muscle oxygen saturation with toe 

flexion exercise decreased after revascularisation from a mean of 7.23% to 0.61%. In 

comparison, the control limb showed a less significant reduction in muscle S02 with toe flexion 

exercise after revascularisation, from 1.96% to 1.77% (p=0.016).  

 

Muscle SO2 at rest (using NIRS)  

At 6 weeks post operatively, there was an increase in resting SO2 from pre-operative measures 

in both the intervention and control limbs. The increase in resting SO2 was non-significant in 

the intervention limb (1.38%) compared to the control limb (0.74%) (p=0.787).    
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Toe pressure  

There was an increase in the mean toe pressure 6 weeks post operatively compared to pre-

operative measurements in both the intervention and control limb. The mean increase in toe 

pressure between groups was not significant, with an increase of 28.66mmHg and 11.69 mmHg 

in the intervention and control limbs respectively (p=0.079).  

 

 
7.4 Subgroup analysis – patients with diabetes and patients without diabetes  
  
 

 Baseline  Early post intervention   Late post intervention  
 Diabetic  Non-diabetic   Diabetic   Non-diabetic   P value Diabetic  Non-diabetic   P value 
fNIRS %ΔSO2(%) 5.07 11.20 1.13 4.05 0.744 0.32 2.20 0.767 
NIRS SO2 at rest  56.0 53.28 60.73 61.09 0.843 56.32 45.92 0.370 
ToePressure(mmHg)  65.37 68.23 74.00 71.90 0.66 93.62 97.78 0.969 
ABI  0.87 0.75 0.91 0.94     
Table 7: Subgroup analysis Comparison of perfusion in diabetic and non-diabetic patients pre and post 
intervention  
 
In comparing the diabetic and non-diabetic groups, there were no significant differences in any 

of the measures of perfusion before and after revascularisation.  
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CHAPTER 8  

 

8.1 Discussion  

 

This study evaluated the feasibility and value of fNIRS as a surveillance tool in 

assessing the arterial supply of the lower limb. It illustrated that toe flexion testing with fNIRS 

of tissue oxygenation can detect the degree of muscle deoxygenation in the legs of each subject 

and subsequently, was able to detect the improvement in lower limb arterial supply after 

revascularisation. This enabled quantification of improvements in perfusion which were not 

possible using conventional testing with ABI and toe pressure which have known limitations. 

The clinical presentation for patients with limb ischaemia is an amalgamation of several 

factors including arterial flow, tissue oxygenation as well as oxygen extraction and utilisation 

(128). NIRS is suited to measure these parameters as it offers an insight and an objective 

assessment of muscle haemodynamics at a microcirculatory level by measuring muscle blood 

flow and oxygenation, and hence provides an assessment of mismatch between oxygen demand 

and delivery to the target tissue itself.  

The present study compares NIRS with conventional methods of assessing lower limb 

arterial supply. The gold standard in assessing peripheral arterial supply is via percutaneous 

angiography which accurately reveals the macrovascular supply and to some degree, the 

patency of medium sized arteries of the feet. At the same time, it allows for treatment of 

atherosclerotic flow limiting lesions by means of balloon angioplasty or insertion of 

intralumenal stents. In all 51 patients recruited in this study, disease severity was defined pre 

and post operatively in the intervention limb using the TASC II and GLASS classification 

systems. Based on angiographic findings, technical success was achieved in all patients as 

indicated with an improvement in TASCII and GLASS scores (Table 3, 4). Whilst digital 

subtraction angiography performed pre and post PTA is a useful aid to the clinician in 

discerning treatment success in the macrovascular circulation, it reveals little about the 

reinstatement of the microcirculation in the periphery nor the change in oxygen delivery at 

tissue level and is not quantitative.  

When comparing changes in pre and post-operative measures of limb perfusion, the 

only parameter which showed a significant change between treated and control limbs was the 

change in muscle SO2 with toe flexion exercise and resting SO2. The improvement in SO2 

desaturation with exercise post revascularisation was evident both immediately post 

operatively and persisted to 6 weeks post operatively and is likely to be explained by an 



 
 

72 

improvement in oxygen delivery to the target tissue as a result of augmentation in the arterial 

blood supply. Although there was a significant change in the resting SO2 pre and post 

operatively, this change did not persist at 6 weeks post operatively. A possible explanation for 

this could be that in muscle that has been chronically ischaemic, metabolic changes occur 

causing impaired mitochondrial function. As a result, there is reduced oxygen consumption in 

ischaemic muscle. With augmentation in blood supply to this tissue, there is initially an 

imbalance in oxygen delivery and utilisation, explaining a significantly higher resting SO2 

immediately post operatively. Nonetheless, it has been shown that revascularized muscle has 

the ability to regenerate mitochondrial content, adapting to metabolic demands, and is 

accompanied by changes in oxidative capacity (129).  This supports our findings of no 

significant difference in resting SO2 in intervention and control limbs at 6 weeks post 

operatively, likely due to an equilibrium in oxygen delivery and utilisation in the revascularised 

limb. Measuring change in SO2 with toe flexion testing, a dynamic measurement as compared 

to resting SO2 (a static measure), strongly suggests that the assessment of the lower limb 

perfusion is not just be a simple measure of oxygen being delivered via the main arterial tree 

but a more integrative measurement that takes into account oxygen delivery and utilisation at 

the level of the microcirculation (130).  

ABI is widely accepted by clinicians as a simple bedside test for diagnosing and 

monitoring progression of PAD. Nonetheless, it has been shown that  ABI can be unreliable 

and potentially falsely elevated in diabetics (47). Approximately 40% of diabetic patients 

experience calcification of the tunica media in peripheral arteries, leading to a loss of resilience 

as well as impaired vasodilation and adaptation to peripheral resistance in response to exercise. 

Furthermore, ABI measurements poorly identify arterial occlusions distal to the level of the 

ankle, which play an important role in establishing severity of ischaemia in the foot. This is 

particularly applicable to diabetic patients and those with advanced CLTI who typically 

experience a more distal anatomical distribution of disease.  

In our study, there was no significant change in ABI when comparing baseline values 

to those performed post operatively. Furthermore, the average baseline ABI in the treated limb 

was 0.83, a relatively high value in the context of patients with Rutherford 3-6 ischaemia. 

Whilst it is expected that ABI measurements should significantly improve with successful 

revascularisation, our results could potentially be explained by the large proportion (64.7%) of 

patients with co-existing diabetes mellitus. The proportion of patients with co-existing PAD 

and DM is over represented in our study cohort (i.e. in the general public, 20-30% of patients 

with PAD have DM) despite a recruitment process involving approaching successive patients 
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with an indication for arterial revascularisation. Nonetheless, this likely reflects reality in the 

clinical setting whereby the majority of patients requiring surgical revascularisation are those 

with concomitant PAD and DM who are at a greater risk of developing non-healing ulcers 

compared to those without DM. Thus, in this distinct population, assessment of the pedal 

microcirculation may be more accurately performed via fNIRS which improved appropriately, 

reflecting the reported improvement in GLASS and TASCII scores as well patient symptoms.  

This study also revealed no significant change in toe pressure values in the intervention 

and control limbs, either immediately and late post revascularisation.  Toe pressure in contrast 

to ABI, is more reliable in providing an accurate value even in non-compressible vessels. 

Nonetheless, it may be impossible to measure in the first toe of some individuals due to 

ulceration, tissue loss or previous amputation (61). Toe pressure measurements are affected by 

several factors, the first being ambient temperature and room temperature, which should be 

maintained between 23 and 25°C. A systematic review assessing the sensitivity and specificity 

of toe pressures in detecting PAD found that it has varying degrees of sensitivity ranging 

between 45% to 100% and specificity between 16% to 100%. Whilst there was good test 

performance in patients with diabetes, claudicants and those at risk of PAD, there was lower 

sensitivity reported in those with co-existing renal disease and in critical limb ischaemia (131). 

Toe pressure measurements were not achievable for 7 participants in our study (14%), due to 

previous digital amputations. This subset of patients was likely those with the most severe 

disease and not accounting for these patients in our analysis may perhaps explain the non-

significant increase in toe pressure.    

Although ABI and toe pressure measurements are established and convenient bedside 

tests, they have their limitations and there is currently no gold standard non-invasive method 

for evaluating tissue haemodynamic (132). Whilst current non-invasive assessment tools for 

CLTI are able to assess flow and pressure to the target tissue, they lack the ability to quantify 

oxygen delivery and perfusion of the limb, vital parameters in assessing and planning 

revascularisation in CLTI. Furthermore, in patients with pedal ulceration, ABI and toe pressure 

measurements may be within normal limits, thus reflecting normal haemodynamics when the 

limb or foot is considered as a whole. However, this may not necessarily be reflective of the 

degree of ischaemia at the site of ulceration in the foot as a result of diminished local perfusion 

(i.e. regional ischaemia without adequate collateral flow). Current tools in assessing regional 

ischaemia are lacking. Thus, fNIRS has been proposed to address the unmet needs of assessing 

limb perfusion in the clinical setting. As oxygen delivery to the lower limb is affected by 

various factors (tissue oedema, nutritional status, infection, medications etc), the measurement 
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of oxygenated and deoxygenated haemoglobin with NIRS can better provide information about 

oxygen delivery and utilisation by the target tissue.  

In comparison to ABI and toe pressures which are more crude measures of peripheral 

perfusion, the NIRS technology allows for the assessment of tissue metabolism and resulting 

oxygen debt which gives rise to ischaemic pain. During sustained toe flexion exercise, tissue 

oxygen consumption and hence metabolic activity increase, thus promoting the production of 

metabolites and vasoactive substances (113). As a result of increased oxygen demands in the 

target tissue, haemodynamic compensatory mechanisms work to redistribute and increase 

blood flow into the ischaemic tissue bed. An additional benefit of NIRS as compared to 

common bedside test such as ABI and toe pressure, is that the sensor can be applied to intact 

skin anywhere on the foot. We chose the pedal arch as this is an area of relatively large muscle 

bulk in the foot, even in severe arterial disease with wasting from underuse and ischaemia and 

is not typically a site for the formation of neuroischaemic ulceration. NIRS measurements in 

this region of the foot reflect perfusion of the intrinsic small plantar muscles, as well as the 

long flexors. 

The final analysis performed was a subgroup analysis (diabetic versus non-diabetic 

patients), comparing the changes in perfusion measurements pre and post revascularisation. 

This study revealed no-significant differences between the groups. This is a surprising result 

as previous studies have shown that PAD patients with co-existing diabetes mellitus have 

greater compromise in their lower limb perfusion. In a cohort of 152 PAD patients (49% with 

coexisting diabetes),  Manfredini et al. reported that whilst there was no significant differences 

in the functional performance between PAD with and without diabetes, diabetic patients were 

found to have higher deoxygenation with maximal exercise (126). One of the main reasons 

likely explaining the discrepancy in results is a potentially skewed result as this analysis was 

not able to take into account (i) the degree of ischaemia at baseline and (ii) the degree of 

improvement in blood supply with revascularisation. This is due to the lack of a linear 

classification system for limb ischaemia. Other reasons could be (i) not accounting for the 

duration of diabetes in patients and (ii) that this small study cohort was not sufficient in 

revealing any significant differences in the oxygen parameters in diabetic and non-diabetic 

patients.  

Whilst various studies have identified NIRS as an alternative diagnostic tool for PAD 

(67, 111, 133) few studies have assessed its role as a monitoring tool. An early study in 2006 

by Koojiman et al. (115) found that in a sample of 11 claudicants and 15 non claudicants, the 

former showed a higher degree of haemoglobin deoxygenation during walking exercise and a 
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lower oxygen resaturation rate after arterial occlusion than non claudicants. The methodology 

in our study differed from that of Koojima in that patients were asked to perform toe flexion, 

an exercise that is much better tolerated compared to treadmill walking in those with critical 

limb ischaemia limited by ischaemic pain. Arterial occlusion was also not incorporated into 

our study for several reasons. Firstly, this technique involves the inflation of a pneumatic cuff 

proximal to the area being studied, typically at the level of the mid-thigh, to a pressure 

exceeding the patient’s systolic blood pressure. This can often be perceived as unpleasant and 

poorly tolerated by patients. Secondly, applying arterial occlusion to the limbs of patients who 

already have critically stenosed arteries can be detrimental, often worsening the symptoms of 

limb ischaemia. Thirdly, this technique often requires one of more trained personnel to carry 

out the testing protocol as it requires the coordination of controlling the pneumatic cuff and 

examining for restoration of arterial supply. Our study showed that toe flexion exercise was 

sufficient in revealing deoxygenation in the pre-treatment limb and subsequently a significant 

improvement post intervention. Koojiman et al. also found that blood flow and oxygen 

consumption at rest did not differ significantly between claudicants and non claudicants as 

would be expected.  The findings of our study partially support this, in that the resting SO2 in 

the treated and control limbs pre and post operatively were significantly different early post 

intervention, however, this difference did not persist at 6 weeks.  The difference in findings 

between these studies may be due to patient disease severity; Koojiman et al. studied patients 

with less severe CLTI (Rutherford 2 and 3), whereas our study only included patients ³ 

Rutherford 3. These findings support a functional test of change in perfusion for exercise 

dependent ischaemia and that static muscle SO2 measurements are somewhat less likely to 

reveal an improvement in arterial supply. 

A more recent and extensive study by Manfredini et al. (133) in 2017 further validates 

NIRS in both the assessment and diagnosis of patients with PAD. Functional NIRS was used 

to evaluate foot perfusion in 80 PAD patients, 41 with coexisting diabetes and 13 healthy 

subjects.  Manfredini et al used the area under the oxygenated haemoglobin curve with active 

toe flexion exercise as a surrogate measure of lower limb perfusion. “Toflex” area was found 

to be similar to echo colour Doppler for detecting PAD following receiver operating 

characteristic curve analysis. Compared with the total 26 healthy non-diseased legs, the ROC 

analysis of “toflex” area showed an area under the ROC curve of 0.987 (p < .001; 95% CI 

0.959-0.998) with sensitivity/specificity of 95.6/100.0 for values 28 arbitrary units. Our study 

design differed slightly and builds upon the findings of Manfredini et al., in that we compared 
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SO2 (a ratio of oxygenated to deoxygenated haemoglobin) as a marker of lower limb perfusion 

instead of oxy-Hb. We chose this parameter as it better represents the balance between oxygen 

delivery and utilisation by the exercising muscle (123). Based on this, we used NIRS as a 

surveillance tool to monitor effects of treatment in the diseased limb compared with the 

contralateral limb of the same patient, which acted as a control.  

A 2016 study by Booezeman et al. (98) used continuous NIRS SO2 monitoring in the 

feet of 14 patients with unilateral critical limb ischaemia undergoing revascularisation 

procedures. In 13 of the 14 patients, completion angiograms showed successful treatment of 

target lesions. Single SO2 values of the treated limb significantly increased four weeks after 

treatment (p < .01). In contrast, single SO2 values of the control limb did not (p = .73). During 

the endovascular procedure, continuous SO2 measurements of both limbs did not increase (p = 

.80, and p = .61, respectively). This was postulated to be due to abnormalities in the 

microcirculation of the ischaemic target tissue, requiring a prolonged period of time before 

adequate re-establishment of microcirculation occurred. Unlike our findings of no significant 

change in ABI and toe pressure post revascularisation, this study found a significant increase 

in ankle brachial indices and toe brachial indices 4 weeks after treatment (both p < .01). This 

is likely to be explained by a smaller proportion of patients with coexisting diabetes compared 

to out cohort (21% vs 64%), where ABI is less reliable in those with diabetes.  

Our study builds on the findings of the publications above. Where various studies have 

identified NIRS as an alternative non-invasive diagnostic tool for PAD (67, 111, 133), few 

studies have looked into its role as a monitoring tool. In our study, dynamic NIRS SO2 

measurements were chosen over static ones as a marker of lower limb perfusion as they better 

represent the balance between oxygen delivery and utilisation in the investigated tissue bed, 

whereas static values show wide variability even when each patient is used as his/her own 

control. The utility of NIRS as a trend instrument by monitoring the relative change in NIRS 

values is supported by previous studies in the fields of cerebral monitoring (Schneider et al.) 

(134).  

Traditionally, fNIRS testing in PAD has been performed with different protocols. The 

first is by correlating NIRS measurements with the patients’ subjective reporting of onset of, 

and maximal, claudication symptoms. This approach can be affected by confounding factors 

such as peripheral neuropathy, cognitive impairment and compliance with reporting symptoms. 

Other protocols have included NIRS measurements of the calf muscles (i.e. gastrocnemius) 

during treadmill exercise or plantar flexion exercise (33, 111, 120). Whilst these protocols were 

able to reveal a significantly greater degree of muscle deoxygenation in PAD, these tests may 
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be of limited use in those with coexisting conditions. Concurrent conditions such as angina, 

chronic obstructive pulmonary disease, obesity and mechanical disabilities of the legs may 

result in a reduced walking or exercise time. Furthermore, those with CLTI may not be able to 

complete such testing protocols due to severe ischaemic pain which limits mobility.  Our choice 

of toe flexion exercise to facilitate fNIRS testing was well tolerated by all 51 participants who 

were able to complete the entire phase of dynamic monitoring lasting 2 minutes without 

experiencing severe ischaemic pain leading to premature cessation of exercise.  

In patients with CLTI, peripheral perfusion is often supplied via collaterals.  With the 

aim of endovascular treatment being restoring arterial supply to ischaemic tissue, it is of great 

value to the clinician to be able to assess and monitor treatment success. Where angiography 

is the gold standard  in illustrating an improvement in the main arterial tree, it reveals little 

about the microcirculation (135). Furthermore, the microcirculation is subject to factors such 

as ambient temperature, medication and pain response, thus making immediate assessment 

subject to confounding. In addition to that, the restoration of the macrovascular supply does 

not always necessitate immediate restoration of the microcirculation (136).  Compared to 2D 

angiographic visualisation of vessel patency, NIRS on the other hand is able to detect real time 

change in oxygenation of the ischaemic target tissue undergoing revascularisation, which 

allows for  quantification of change in perfusion, and likelihood of wound healing (98, 105).  

NIRS monitoring is a relatively simple, non-invasive technology that is quick to 

perform and can be used at the bedside or in the out-patient setting.  It can be conducted by an 

operator without specialised training, as compared to Duplex ultrasonography which requires 

the expertise of a trained vascular sonographer. Other more invasive methods such as CT and 

MR angiography, although able to detect arterial lesions more accurately, do subject 

individuals to the risk of contrast and radiation exposure which are associated with an increased 

risk of renal impairment and malignancy. These tests are also costly and less easily available 

in a setting of finite resources and do not provide quantitative information on perfusion. In a 

field where dynamic measurement of end organ perfusion is an area of unmet need, we have 

shown that fNIRS is able to reflect the extent of ischaemia in the target limb and detect 

improvements post revascularisation, thus outperforming ABI and toe pressure measurements.  

Furthermore, in patients who have falsely elevated ABIs due to medial sclerosis of the arterial 

wall, are unable to tolerate exercise ABI measurements due to limitations in exercise tolerance, 

have previously amputated digits or pedal ulceration, fNIRS can be applied and therefore is a 

more superior monitoring tool. 
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8.2 Novelty of findings  

 

 PAD presents a large and growing burden of disease for patients and their carers. With 

no reliable means of quantifying disease severity, PAD remains a challenge for clinicians to 

manage and continues to be a significant economic burden on health systems. Thus, it is 

intuitive that any significant compromise in the peripheral arterial supply, failure in 

revascularisation or deterioration in arterial supply to the lower limb should ideally be detected 

early, before the commencement of non-reversible tissue loss occurs. Where NIRS has been 

investigated in the diagnosis in PAD, our study adds to the growing body of literature to support 

fNIRS monitoring as a surveillance tool in the management of PAD, specifically CLTI. We 

have shown that fNIRS is reliable in revealing the response to revascularisation therapy, 

compared with currently used measures, and can therefore be used in for disease monitoring in 

order to avoid costly reinterventions.  

 

8.3 Limitations  

 

This study has several limitations. The degree of flexion achieved by each participant 

was variable, despite toe flexion exercise being demonstrated to patients beforehand and 

guided by the rhythm set by a metronome. As the effort into each toe flexion motion was not 

regulated, this likely had an impact on the degree of muscle oxygen utilisation and hence blood 

flow and the resulting NIRS signal. This could perhaps have been overcome with toe flexion 

against a standardised foot pedal and with the adoption of familiarisation protocols.  

Secondly, although functional NIRS testing, unlike toe pressure, can be used after toe 

amputation and even forefoot amputation, it can be impacted by skinfolds, hyperkeratosis, 

oedema, skin pigmentation and atrophy in the foot muscles, especially in diabetic patients. 

Muscle NIRS testing has traditionally been limited to lean subjects, as other molecules within 

tissue account for the fairly high attenuation of near infra-red light in muscle measurements. 

These molecules include skin melanin, water, adipose tissue containing lipids, intra-muscular 

lipids and cytochrome c oxidase. In order to overcome some of the confounding contribution 

of some of these molecules, skinfold thickness of patients, degree of pedal oedema and any 

concurrent anaemia could have been measured and accounted for in the analysis of results.  

Whilst NIRS monitoring has greatly improved in assessing tissue oxygenation, it is still 

unable to differentiate the contribution of myoglobin and haemoglobin to the NIR signal. 

Biological tissue contains the chromophores haemoglobin (Hb) and myoglobin (Mb) in blood 
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and skeletal muscle respectively. These oxygen carrying molecules absorb near infra-red light 

at differing wavelengths depending on whether they are in an oxygenated or deoxygenated 

state. As these two distinct molecules are very similar in the NIR range, attenuation by skeletal 

muscle is attributable to both chromophores. Furthermore, as the oxygen affinity of myoglobin 

is much stronger than haemoglobin, myoglobin will have a relatively higher oxygen saturation 

even in tissue hypoperfusion and hypoxia. This can lead to overestimated haemoglobin 

saturation when myo- versus haemoglobin signals are not defined (137).  

A further limitation with NIRS technology is the confounding of muscle signal by both 

oxy- and deoxy-Hb signals from the skin as skin perfusion changes significantly during 

exercise in response to a rise in body temperature. The use of spatially resolved technique may 

be used to reduce the impact of blood flow in the cutaneous layer, with standardisation of room 

and ambient temperatures also an important control measure.   

A limitation to the design and execution of the study lies in the low number of patients 

(20 out of 51) being assessed at the late follow up period (i.e. 6 weeks post intervention). This 

was mainly due to geographical factors in Western Australia where patients travel distances of 

greater than 500km for an intervention at a tertiary centre, however, are followed up via 

telehealth. Whilst there was a sustained improvement in the NIRS measurement in the patients 

captured at 6 weeks, the utility of fNIRS as a surveillance tool needs to be further validated 

through further studies with better follow up rates.  

A final limitation with the monitoring protocol used in this study was that we only 

analysed a localised region, specifically the muscles of the plantar arch of the foot. It is well 

recognised that oxygen saturation can vary within and between different muscle groups. It is 

also important to note that there are regional differences in the perfusion of the forefoot, 

midfoot and hindfoot, with arterial supply of the foot likely following an angiosomal pattern. 

Whilst overall perfusion in the foot would have improved with revascularisation of any one of 

the infra-popliteal vessels due to collateralisation in the pedal circulation, this may not 

necessarily be best reflected in NIRS measurements from the plantar arch of the foot as it is 

predominantly supplied by the posterior tibial artery. In order to overcome this, we propose 

that in future studies NIRS monitoring in the various angiosomes of the foot could be carried 

out simultaneously, pre and post revascularisation.  

In order to minimize the effect of confounding factors, the same operator carried out 

pre and post revascularisation measurements with the attempt to position the measurement 

probes in the same location. As it was not possible to leave the probes attached to the patient 

throughout their procedure, a digital photograph of the location of the probe holder on the foot 
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was documented and an outline of the probe holder was marked on the patients’ skin at initial 

application. The probe holder was reapplied in the same position when post procedure 

measurements were taken. However some minor variation in probe placement between initial 

measurement and at the 6-week follow cannot be ruled out. 

A physical limitation encountered in this project pertained to the NIRS monitoring unit 

(MoorVMS-NIRS, Moor Instruments, UK) used. This unit was made up of a monitor, 2 sensor 

probes and required an independent “portable computer” that housed the NIRS programme 

which recorded measurements. Given that this was not a wireless system, monitoring 

equipment had to be connected to a power source at all times and each component of the 

monitoring equipment had to be dissembled and reassembled between patients. Thus, its 

clinical use could be improved with greater mobility and improved portability, and wireless 

solutions. It is important to note that there are NIRS instruments available commercially that 

involve simple setups, are miniaturised and worn by patients. These systems although more 

costly, might be more convenient in the clinical setting in future.   

  

8.4 Clinical implications  

 

 In the clinical setting, PAD often co-manifests with a range of cardiometabolic diseases 

such as diabetes, hypertension, ischaemic heart disease and obesity. As these conditions are 

associated with microvascular dysfunction, it is of great benefit to assess the microvascular 

function of the target tissue in addition to information about the macrovascular function as 

assessed by other established methods. NIRS has the potential to fill this gap in the assessment 

of patients with PAD where the disease process is predominantly due to O2 delivery and 

utilisation in the target tissue.  

 The NIRS monitoring system is one that is easily learnt and can be performed by non-

specifically trained medical professionals. It is convenient to perform at the bedside, provides 

reproducible measurement parameters and has been shown to detect improvement in peripheral 

arterial supply. At the point of care, NIRS is a promising tool in quantifying the net effect of 

disorders involving the physiological dysregulation of oxygen delivery and in monitoring 

changes in the peripheral arterial supply. In patients with CLTI, who often have coexisting 

conditions such as diabetes mellitus, NIRS is particularly beneficial as compared to other 

established non-invasive assessment tools. NIRS is capable of evaluating the combined effects 

of PAD as a well as diabetic microvascular dysfunction, anaemia and other abnormalities in 

haemoglobin oxygen-carrying capacity. Thus, NIRS should be considered as an adjunct to 
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other non-invasive measures in providing information about tissue microvascular supply, 

where other measures fall short.  

 

8.5 Future work  

 

This study showed that fNIRS was able to detect improvement in blood supply 

following revascularisation in patients with CLTI. Nonetheless, the cohort studied did not 

account for those with less severe forms of PAD (i.e. asymptomatic or PAD or long distance 

claudicants). In order to substantiate fNIRS as a diagnostic and surveillance tool in PAD, future 

work will need to encompass (i) fNIRS evaluation of healthy controls and patients with varying 

severities of PAD, and (ii) analysis of test sensitivity and specificity and their ranges. 

 With increasing interest in symptom directed angiosome revascularisation in CLTI, 

substantial potential lies in the clinical application of the NIRS technology as it has the 

capability of assessing the microcirculatory perfusion of regionally specific tissue beds. Whilst 

this project was isolated to the monitoring of changes in oxygen parameters in the muscles of 

plantar arch, simultaneous monitoring in the various angiosomes of the foot is likely to reveal 

even more significant changes if angiosome directed revascularisation is required.  

There are several other factors that should be addressed in future studies that may aid 

in justifying fNIRS as a routine non-invasive assessment of PAD and CLTI. Whilst fNIRS 

testing was easily carried out in a timely fashion (approximately 20 minutes pre and post 

revascularisation respectively), efficiency and cost effectiveness of fNIRS monitoring in the 

clinical setting was not formally evaluated.  
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CONCLUDING REMARKS  

 

The evaluation of changes in lower limb macro- and microcirculatory perfusion can be 

performed using fNIRS in CLTI patients undergoing endovascular revascularisation. In 

contrast to findings using ABI and toe pressure, which have limited applicability and 

sensitivity, fNIRS follows expected changes in perfusion following successful 

revascularisation. fNIRS is a promising tool in the medium-term monitoring of lower limb 

perfusion.  This study has added to a growing body of knowledge of the use of NIRS and its 

utility in PAD. Further research is required to confirm similar utility across the Rutherford 

grades, explore trend change with wound healing, outcome prediction, and the exploration of 

differences in reliability in those with small vessel calcification such as that occurring in 

diabetes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

83 

APPENDIX  
 
Appendix 1 - Rutherford Classification System for Chronic Limb Threatening Ischaemia 
(138) 
 
 
 

Grade  Category Clinical description  Objective criteria  
0 0 Asymptomatic – no haemodynamically significant 

occlusive disease  
Normal treadmill or reactive 
hyperaemia test  

 1 Mild claudication  Completes treadmill exercise; 
AP after exercise >50mmHg 
but at least 20mmHG lower 
than resting value  

I  2 Moderate claudication  Between categories 1 and 3  
 3 Severe claudication Cannot complete standard 

treadmill exercise, and AP 
after exercise <50mmHg  

II 4 Ischaemic rest pain  Resting AP<40mmHg, flat or 
barely pulsatile ankle or 
metatarsal PVR; 
TP<30mmHg  

III 5  Minor tissue loss – nonhealing ulcer, focal gangrene with 
diffuse pedal ischemia  

Resting AP<60mmHg, ankle 
or metatarsal PVT flat or 
barely pulsatile; 
TP<40mmHg  

 6 Major tissue loss – extending above TM level, functional 
foot no longer salvageable 

Same as category 5  

Abbreviations: AP, ankle pressure; PVR, pulse volume recording; TM, transmetatarsal; TP, toe pressure  
Table 8: Rutherford classification system for chronic limb threatening ischaemia  
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Appendix 2 - Society for Vascular Surgery Lower Extremity Threatened Limb (SVS 
WIfI) classification system (7) 
 
W; Wound/ clinical category  

Grade  Ulcer  Gangrene  Clinical description  
0 No ulcer  No gangrene  Ischaemic rest pain (requires 

typical symptoms + ischemia 
grade 3); no wound  

1 Small, shallow ulcer(s) on distal 
leg or foot; no exposed bone, 
unless limited to distal phalanx  

No gangrene  Minor tissue loss. Salvageable 
with simple digital amputation 
(1 or 2 digits) or skin 
coverage.  

2 Deeper ulcer with exposed bone, 
joint or tendon; generally not 
involving the heel; shallow heel 
ulcer, without calcaneal 
involvement  

Gangrenous changes limited 
to digits  

Major tissue loss salvageable 
with multiple (³3) digital 
amputations or standard TMA 
+/- skin coverage.  

3 Extensive, deep ulcer involving 
forefoot and/or midfoot; deep, full 
thickness heel ulcer +/- calcaneal 
involvement  

Extensive gangrene 
involving forefoot and/or 
midfoot; full thickness heel 
necrosis +/- calcaneal 
involvement  

Extensive tissue loss 
salvageable only with a 
complex foot reconstruction 
or non-traditional TMA 
(Chopart or Lisfranc); flap 
coverage or complex wound 
management needed for large 
soft tissue defect.  

Abbreviations: TMA, Transmetatarsal amputation 
Table 9.1: Wound descriptions in WIfI classification system  
 
I: Ischemia  

Grade  ABI  Ankle systolic pressure  TP, TcPO2 
0 (none) ³0.8 >100mmHg  ³60mmHg  
1 (mild)  0.6-0.79 70-100mmHg 40-59mmHg 
2 (moderate)  0.4-0.59 50-70mmHg 30mmHg  
3 (severe)  £0.39 <50mmHg  <30mmHg  

Abbreviations: ABI, Ankle-brachial index; PVR, pulse volume recording; SPP, skin perfusion pressure; TP, toe 
pressure; TcPO2, transcutaneous oximetry.  
*Haemodynamics/perfusion: measure TP or TcPO2 if ABI incompressible (>1.3)  
Patients with diabetes should have TP measurements. If arterial calcification precludes reliable ABI or TP 
measurements, ischemia should be documented by TcPO2, SPP, or PVR. If TP and ABI measurements result in 
different grade, TP will be the primary determinant of ischemia grade.  
Flat or minimally pulsatile forefoot PVR = grade 3   
Table 9.2: Ischemia descriptions in WIfI classification system  
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fI:  foot Infection  
SVS adaptation of Infectious Diseases Society of America (IDSA) and International Working Group on the 
Diabetic Foot (IWGDF) perfusion, extent/size, depth/tissue loss, sensation (PEDIS classification of diabetic foot 
infection 

Clinical manifestation of infection SVS IDSA/PEDIS 
infection severity 

No symptoms or signs of infection  
Infection present, as identified by the presence of at least 2 of the 
following items:  

• Local swelling or induration 
• Erythema >0.5 to <2cm around the ulcer  
• Focal tenderness or pain 
• Local warmth  
• Purulent discharge (thick, opaque to white, or sanguineous 

secretion)  

0 (none) Uninfected  

Local infection involving only the skin and the subcutaneous tissue 
(without involvement of deeper tissues and without systemic signs as 
described below).  
Exclude other causes of an inflammatory response of the skin (e.g. 
trauma, gout, acute Charcot neuro-osteoarthropathy, fracture, 
thrombosis, venous stasis)  

1 (mild) Mild  

Local infection (as described above) with erythema >2cm, or involving 
structures deeper than skin and subcutaneous tissue (e.g. abscess, 
osteomyelitis, septic arthritis, fasciitis), and  
No systemic inflammatory response signs (as described below)  

•  

2 
(moderate) 

Moderate  

Local infection (as described above) with the signs of SIRS, as 
manifested by two or more of the following:  

• Temperature >38oC or <36oC  
• Heart rate >90beats/min 
• Respiratory rate >20breaths/min or PaCO2<32mmHg  
• White blood cell count >12,000 or <4000 cu/mm or 10% 

immature (band) forms 

3 (severe: 
limb and/or 
limb 
threatening) 

Severe  

Abbreviations: PACO2, Partial pressure of arterial carbon dioxide; SIRS, systemic inflammatory response 
syndrome.  
*Ischemia may complicate and increase severity of any infection. Systemic infection may sometimes manifest 
with other clinical findings, such as hypotension, confusion, vomiting, or evidence of metabolic disturbances, 
severe hyperglycaemia, new-onset azotaemia.  
Table 9.3: Foot infection descriptions in WIfI classification system  
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Risk/benefit: Clinical stages by expert consensus  
 
A, Estimate risk of amputation at 1 year for each combination  

 Ischemia - 1 Ischemia – 2   Ischemia - 2 Ischemia – 3  
W-0  VL VL L M VL L M H  L L M H L M M H 
W-1 VL VL L M VL L M H  L M H H M M H H 
W-2 L L M H M M H H  M H H H H H H H 
W-3 M M H H H H H H  H H H H H H H H 
 fI-

0 
fI-
1 

fI-
2 

fI-
3 

fI-
0 

fI-
1 

fI-
2 

fI-
3 

 fI-
0 

fI-
1 

fI-
2 

fI-
3 

fI-
0 

fI-
1 

fI-
2 

fI-
3 

B, Estimate likelihood of benefit of/requirement for revascularisation (assuming infection can be controlled 
first) 

 Ischemia - 1 Ischemia – 2   Ischemia - 2 Ischemia – 3  
W-0  VL VL VL VL VL L L M  L L M M M H H H 
W-1 VL VL VL VL L M M M  M H H H H H H H 
W-2 VL VL VL VL M M H H  H H H H H H H H 
W-3 VL VL VL VL M M M H  H H H H H H H H 
 fI-

0 
fI-
1 

fI-
2 

fI-
3 

fI-
0 

fI-
1 

fI-
2 

fI-
3 

 fI-
0 

fI-
1 

fI-
2 

fI-
3 

fI-
0 

fI-
1 

fI-
2 

fI-
3 

Abbreviations: fI; foot Infection; I, Ischemia; W, Wound  
Table 9.4: WIfI Classification risk/benefit: Clinical stages by expert consensus 
Premises 

1. Increase in wound class increases risk of amputation (based on PEDIS, UT, and other wound 
classification systems)  

2. PAD and infection are synergistic (Eurodiale); infected wound + PAD increases likelihood 
revascularisation will be needed to heal wound.  

3. Infection 3 category (systemic/metabolic instability); moderate to high-risk of amputation regardless of 
other factors (validated IDSA guidelines)  

Four classes: for each box, group combination into one of these four classes  
Very low = VL = clinical stage 1  
Low = L = clinical stage 2  
M = moderate = clinical stage 3  
H = high = clinical stage 4  
Clinical stage 5 would signify an unsalvageable limb  
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Appendix 3 - Trans-Atlantic Inter-Society Consensus Document II (TASC II)  
 
Aortoiliac lesions 

TASC classification  Description on angiography  
TASC A lesions  • Unilateral or bilateral CIA stenoses  

• Unilateral or bilateral single short (£3cm) EIA stenosis  
TASC B lesions  • Short (£3cm) stenosis of the infrarenal aorta  

• Unilateral CIA occlusion  
• Single or multiple stenosis totalling 3 to 10 cm involving the EIA not 

extending to the CFA  
• Unilateral EIA occlusion not involving the origins of the internal iliac or 

CFA  
 

TASC C lesions  • Bilateral CIA occlusions  
• Bilateral EIA stenosis 3 to 10 cm long not extending into the CFA  
• Unilateral EIA stenosis extending into the CFA  
• Unilateral EIA occlusion involving the origins of the internal iliac and/or 

CFA  
• Heavily calcified unilateral EIA occlusion with or without involvement 

of the origins of the internal iliac and/or CFA  
TASC D lesions  • Infrarenal aortoiliac occlusion  

• Diffuse disease involving the aorta and both iliac arteries  
• Diffuse multiple stenoses involving the unilateral CIA, EIA and CFA  
• Unilateral occlusions of both CIA and EIA  
• Bilateral; EIA occlusions  
• Iliac stenoses in patients with AAA not amenable to endograft treatment  

Abbreviations: CIA, Common iliac artery; EIA; External iliac artery; CFA, Common femoral artery; AAA. 
Abdominal aortic aneurysm  
Table 10.1: Inter-Society Consensus for the Management of Peripheral Arterial Disease (TASC) 
classification of aortoiliac lesions.  
 
Femoral popliteal lesions  

TASC classification  Description on angiography  
TASC A lesions  • Single stenosis £10cm in length  

• Single occlusion £5 cm in length   
TASC B lesions  • Multiple lesions (stenoses or occlusions), each £5 cm  

• Single stenosis or occlusion £15 cm not involving the infragenicular 
popliteal artery 

• Heavily calcified occlusion £5 cm in length 
• Single popliteal stenosis  

TASC C lesions  • Multiple stenoses or occlusions totalling >15 cm with or without heavy 
calcification  

• Recurrent stenoses or occlusions after failing treatment  
TASC D lesions  • Chronic total occlusion of CFA or SFA (.20 cm, involving the popliteal 

artery and proximal trifurcation vessels  
Abbreviations: CFA, Common femoral artery; SFA, Superficial femoral artery  
Table 10.2: Inter-Society Consensus for the Management of Peripheral Arterial Disease (TASC) 
classification of femoral popliteal lesions  
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Infrapopliteal lesions  
TASC Classification  Description on angiography  
TASC A lesions  • Single focal stenosis £5 cm in length, in the target tibial artery with 

occlusion of stenosis of similar or worse severity in the other tibial 
arteries  

TASC B lesions  • Multiple stenoses, each £5cm in length, or total length £10 cm or single 
occlusion £3 cm in length, in the target tibial artery with occlusion or 
stenosis of similar or worse severity in the other tibial arteries.  

TASC C lesions  • Multiple stenoses in the target tibial artery and/or single occlusion with 
total lesion length >10cm with occlusion or stenosis of similar or worse 
severity in the other tibial arteries.  

TASC D lesions  • Multiple occlusions involving the target tibial artery with total lesion 
length >10 cm or dense lesion calcification or non-visualisation of 
collaterals. The other tibial arteries occluded or dense calcification.  

Table 10.3: Inter-Society Consensus for the Management of Peripheral Arterial Disease (TASC) 
classification of infrapopliteal lesions   
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Appendix 4 - Global Limb Anatomic Staging System (GLASS) (3) 
 
Femoropopliteal Disease  

Stage  Description  
0 • Mild or no significant (<50%) disease  
1 • Total length SFA disease <1/3 (<10 cm)  

• May include single focal CTO (<5 cm) as long as not flush occlusion  
• Popliteal artery with mild or no significant disease  

2 • Total length SFA disease 1/3 – 2/3 (10-20 cm)  
• May include CTP totalling < 1/3 (10cm) but not flush occlusion  
• Focal popliteal artery stenosis <2 cm, not involving trifurcation  

3 • Total length SFA disease > 2/3 (>20 cm) length  
• May include any flush occlusions <20 cm or non-flush CTO 10-20 cm long 
• Short popliteal stenosis 2-5 cm, not involving trifurcation  

4  • Total length SFA occlusion >20 cm 
• Popliteal disease >5 cm or extending into trifurcation  
• Any popliteal CTO  

Abbreviations: CFA, Common femoral artery; CTO, chronic total occlusion; DFA, deep femoral artery; Pop, 
popliteal; SFA, superficial femoral artery 
Table 11.1:  Femoropopliteal (FP) disease grading in Global Limb Anatomic Staging System (GLASS). 
Trifurcation is defined as the termination of the popliteal artery at the confluence of the anterior tibial 
(AT) artery and tibio- peroneal trunk.  
 
Infrapopliteal Disease  

Stage  Description  
0 • Mild or no significant disease in the primary target artery path  
1 • Focal stenosis of tibial artery <3 cm  
2 • Stenosis involving 1/3 total vessel length  

• May include focal CTO (<3cm)  
• Not including TP trunk or tibial vessel origin  

3 • Disease up t0 2/3 vessel length 
• CTO up to 1/3 length (may include tibial vessel origin but not tibioperoneal trunk)  

4  • Diffuse stenosis ?2/3 total vessel length  
• CTA >1/3 vessel length (may include vessel origin)  
• Any CTO of tibioperoneal trunk if AT is not the target artery  

Abbreviations:  AT, Anterior tibial; CTO, chronic total occlusion; TP, tibioperoneal 
Table 11.2:  Infrapopliteal (IP) disease grading in Global Limb Anatomic Staging System (GLASS)  
 
Infra-malleolar disease/ Pedal descriptor  

Stage  Pedal descriptor  
P0 • Target artery crosses ankle into foot, with intact pedal arch  
P1 • Target artery crosses ankle into foot; absent or severely diseased pedal arch  
P2  • No target artery crossing ankle into foot  

Table 11.3: Inframalleolar (IM)/pedal disease descriptor in Global Limb Anatomic Staging System 
(GLASS).(3) 
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Infrainguinal GLASS stage (I-III) 
Femoropopliteal 

Grade 
4  III III III III III 
3  II II II III III 
2 I II II II III 
1 I I II II III 
0 NA  I I II III 
 0 1 2 3 4 

Infrapopliteal Grade 
Abbreviations: NA; Not applicable  
*After selection of the target arterial path (TAP), the segmental femoropopliteal (FP) and infrapopliteal (IP) 
grades are determined from high-quality angiographic images. Using the table, the combination of  FP and IP 
grades is assigned to GLASS stages I to III, which correlate with technical complexity (I=low, II=intermediate, 
III=high) of revascularisation.  
Table 11.4: Combination of femoropopliteal, infrapopliteal and infrainguinal GLASS score for risk 
stratification    
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Appendix 5 – Ankle Brachial Index and Toe Pressure Measurements  
 
Ankle Brachial Index measurement  
The participants were placed in a supine position with all limbs positioned at the level of the 
heart. A standard blood pressure cuff was placed around the lower arm, proximal to the 
antecubital fossa. Ultrasound gel was placed in the antecubital fossa, over the participant’s 
brachial pulse. The transducer of the handheld Doppler was used to locate the area of maximal 
signal intensity. The cuff was then inflated to about 20mmHg about the expected systolic blood 
pressure, resulting in disappearance of the Doppler signal. The cuff was then slowly deflated 
and the pressure at which the Doppler signal returned was noted to be equivalent to the brachial 
systolic pressure.  
The cuff was then placed proximal to the malleoli and ultrasound gel placed on the skin 
overlying the dorsalis pedis (DP) and posterior tibial (PT) arteries. The DP pulse was located 
using the handheld Doppler. The pressure cuff was inflated until the signal was no longer 
audible. The cuff was then deflated and the pressure at which the Doppler signal returned was 
noted. The same was performed for the PT artery.  
The ABI was calculated for both lower limbs and was determined by dividing the higher of the 
2 pressures taken at the ankles, by the higher of the two brachial systolic pressure 
measurements. The ABI value was recorded to 2 decimal places.  
 
Toe pressure measurement  
In all patients with a great toe, an inflatable cuff was placed around the base of great toe, 
attaching a plethysmography probe to the pulp of tip of the great toe. Where there had been 
previous amputation of the great, the inflatable cuff was place around the base of the next 
available toe. The occlusive cuff was inflated to 20mmHg above the last visual 
plethysmography waveform. As the cuff was deflated, plethysmography was used to detect the 
pressure at which reperfusion of the digit occurs. 
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Appendix 6  
 

          
Figure 5.1: Toe flexion and, 5.2: extension with NIRS probes attached to the plantar arch of the foot  
 

 
Figure 5.3: NIRS monitoring system  
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