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Stellingenn behorend bij het proefschrift 

Thee Use of Microcirculator y Technique s in the Assessmen t of 

Pathophysiology ,, Diagnosi s and Managemen t of Critica l Lim b Ischemi a 

1.. Met behulp van laser Doppler kan de teenbloeddruk betrouwbaarder gemeten 

wordenn dan met de conventionele methode met behulp van PPG. (Dit 

proefschrift) proefschrift) 

2.. Periodieke evaluatie van de reproduceerbaarheid moet een standaard 

proceduree zijn in ieder (vaat-) laboratorium. (Dit proefschrift) 

3.. Een nieuw diagnostisch instrument heeft geen toegevoegde waarde zolang de 

invloedd op de klinische uitkomst niet beoordeeld is. (Dit proefschrift) 

4.. De kennis van het opzetten van een diagnostisch gerandomiseerde klinische 

studiee is vooralsnog beperkt. Voordat de waarde van deze methode goed kan 

wordenn ingeschat is nog verder onderzoek noodzakelijk. (Dit proefschrift) 

5.. Bij de behandeling van patiënten met kritieke ischemie in de klinische praktijk 

hebbenn microcirculatoire technieken geen additionele waarde. (Dit proefschrift) 

6.6. Bij patiënten met kritieke ischemie is arteriole bloeddruk wel verminderd maar 

dee capillaire bloeddruk niet verminderd ten opzichte van gezonde vrijwilligers. 

(Dit(Dit proefschrift) 

7.. De huidige behandeling van perifeer vaatlijden vermindert de pijn maar 

verbetertt niet de kwaliteit van leven van patiënten. (Dit proefschrift) 

8.. Medische missers zijn niet te voorkomen; een open en eerlijke benadering van 

familiee en betrokkenen voorkomt juridische procedures. 

9.. "Een Boeing 747 aan de grond zetten is kinderspel vergeleken bij de landing 

aann een sterfbed." (Bert Keizer, 2003) 

10.. Doorvragen wordt bij de chirurgie niet gewaardeerd. 

11.. Beter 1 dokter in je bed dan 10 aan je bed. (Marieke 2003) 

12.. De kans dat u naast deze stellingen (en het dankwoord) daadwerkelijk het 

proefschriftt zult lezen is verwaarloosbaar klein. 

Jurgenn de Graaff, april 2003 
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ZachteZachte  Heelmeester s 

HardeHarde heelmeesters maken schone doden, 

schuivenschuiven ze met hun voet opzij. 

'Nog'Nog meer te genezen?' 

ZeZe kijken om zich heen. 

MaarMaar er is niets meer te genezen. 

HardeHarde heelmeesters plukken de vruchten van hebzucht 

enen kortzichtigheid, 

leunenleunen lankmoedig achterover. 

DeDe zon gaat onder, 

schaduwenschaduwen glijden tegen de heuvels op. 

HardeHarde heelmeesters beloven beterschap 

enen gloeiende paradijzen. 

DeDe toekomst waggelt ze tegemoet. 

Uit:: Wie a zegt, Toon Teilegen 

1ee druk Em. Querido's Uitgeverij b.v. 

Amsterdam,, Antwerpen, 2002 
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Chapterr  1 
Generall  introductio n 

Periphera ll  arteria l diseas e and critica l lim b ischemi a 

Arteriosclerosiss is a generalized cardiovascular disease. It is a process of 
thickeningg of intimal and medial layers of arteries and arterioles causing stenosis 
andd obstruction, which may result in widespread symptoms, such as myocardial, 
cerebrall or peripheral ischemia. Peripheral arterial disease (PAD) is due to 
arteriosclerosiss of the arteries supplying the lower leg. The symptoms of PAD are 
causedd by a shortage of local microcirculatory perfusion of muscles and skin as a 
resultt of insufficient arterial blood supply. 

Inn the European realm of vascular medicine, the clinical symptoms of PAD are 
usuallyy classified according to Fontaine.1 The asymptomatic presence of 
atherosclerosiss is represented by Fontaine stage I. Intermittent claudication (IC; 
Fontainee stage II) is the mildest form of PAD, and is characterized by exercise-
inducedd leg pain (usually located in calf, thigh, or hip), which disappears after the 
patientt stops exercise. Intermittent claudication can be treated conservatively 
(walking(walking exercise and secondary prevention) or by vascular intervention 
(percutaneouss transluminal angioplasty [PTA] and/or vascular surgery). Critical 
limbb ischemia (CLI) is the end stage of PAD. In CLI, PAD has progressed to such 
ann extent resulting in ischemic pain in the foot at rest (Fontaine stage III) or 
breakdownn of skin (presenting as an ulcer or gangrene; Fontaine stage IV).2 In 
thesee patients a revascularization procedure is the therapy of choice to treat the 
seriouss symptoms and to avoid amputation. 

Epidemiolog y y 

CLII is a common manifestation of cardiovascular disease, because 
atherosclerosiss is a generalized disorder with a high incidence in Western society. 
Cardiovascularr diseases are the main cause of death (35.5%) in the Netherlands.3 

Thee prevalence of PAD in subjects aged 55 years and over was found to be 
19.1%% in the Rotterdam (ERGO) study. Symptoms of IC were reported by only 
1.6%% in the same population.4 The incidence of CLI has never been investigated 
directly,, but has been estimated to be 300 per million per year (5% of the patients 
withh IC develop CLI within 5 years).2 

Commonn risk factors for the development and progression of PAD are smoking 
(relativee risk, RR = 1.7), diabetes mellitus (DM; RR = 3.3), hypercholesterolemia 
(RRR = 2.0), and hypertension (RR= 2.8).5 Because of the generalized character of 
arteriosclerosis,, PAD is frequently associated with other cardiovascular diseases, 
suchh as coronary artery disease (CAD: 40-90%) and cerebrovascular disease 
(CVD:: 26-50%).2 

Inn 2000, arterial disease (non-cardiac) accounted for only 2105 primary cause 
off deaths in the Netherlands ( 1 % of all death).3 The contribution of CLI per se is 
nott known, but is considerably lower since these figures also include mortality 
causedd by aortic aneurysms and peripheral arterial thrombosis. However, patients 
withh CLI have a severely reduced life expectancy, with a 26% one-year mortality 
ratee increasing to 56% after five years.6 The majority of these deaths is caused by 
cardiacc diseases (52%).2 
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Standar dd technique s to investigat e PAD 

Chronicc ischemic rest pain, ulcers or gangrene are classic symptoms of critical 
limbb ischemia, but are not specific. Rest pain could also be caused by diabetic 
neuropathyy or compression of the spinal roots, while persisting ulcers could be 
causedd by venous insufficiency and diabetes mellitus.2 Therefore, additional 
objectivee diagnostic procedures are required to show and quantify vascular 
insufficiency.. The techniques presently used for routine investigation can be 
dividedd into two categories: techniques that provide functional information about 
thee presence and severity of the diseased peripheral tissue (mainly ankle blood 
pressuree measurements) and techniques that provide more or less anatomical 
informationn about the location of the obstruction (e.g. duplex scanning, 
arteriography,, magnetic resonance angiography), necessary to define type and 
locationn of vascular intervention. 

FunctionalFunctional  information 
AnkleAnkle blood pressure 
Thee most simple and frequently used functional test is the Doppler-derived systolic 
anklee blood pressure. The AP reflects the overall occlusive process in the arteries 
supplyingg the legs. The AP is a simple, non-invasive investigation and is used as a 
screeningg test for the presence of PAD. However, the AP is not related to the need 
forr and outcome after vascular intervention79, risk of amputation10, and wound 
healing111 in patients with severe PAD. Furthermore, the AP is unreliable in a  a 
considerablee number of patients (about 25%) because of presence of 
incompressiblee arteries by medial calcification (Monckeberg's sclerosis), as occurs 
inn patients with diabetes mellitus (80% of patients with PAD and DM have 
incompressiblee arteries), use of corticosteroid therapy, longstanding renal disease, 
andd after kidney transplantation.12"14 

ToeToe pressure 
Thee toe pressure (TP) is also a simple non-invasive test and provides functional 
informationn of the arteries of the leg down to pedal and digital arteries (figure 1). In 
patientss with severe PAD, the TP is correlated with the severity of the overall 
occlusivee process,15,16 need for vascular intervention,8,17 healing potential of 
ulcers,188 and prediction of the need for amputation.19 Furthermore, the TP is much 
lesss influenced by medial calcifications than the AP.1220 Despite the apparent 
advantagess of TP as compared to AP, the TP is not commonly used in clinical 
practice.21 1 

Figur ee 1. 
ExampleExample of toe 
bloodblood pressure 
measurement measurement 
(left(left panel) with 
registrationregistration of 
the the 
reappearancereappearance of 
thethe blood flow 
duringduring deflation 
ofof the manchet 
(right(right panel). 
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FigureFigure  2. Anatomical chart constructed after duplex scanning (left panel) and 
correspondingcorresponding angiography (right panel) of the arteries of the lower leg with CLI. 
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AnatomicalAnatomical  information 
Arteriography,, duplex scanning, and magnetic resonance angiography (MRA) are 
techniquess to localize and grade hemodynamically significant obstructions (figure 
2).. However, the site of the obstruction per se is not related to the severity of 
symptomss and should therefore not be used as a single tool in the diagnosis of 
CLI.. Furthermore, these techniques are time consuming and require specialized 
physicians.. They have a limited interobserver agreement (arteriography: kappa = 
0.3-0.7,, duplex: kappa = 0.4 - 0.8) especially in more distal segments, which are 
mostlyy affected in patients with CLI.2223 Additionally, arteriography is an invasive 
techniquee and may have side effects like bleeding complications and anaphylactic 
reactionss to contrast medium (2% of the procedures).24 

Classificatio nn of PAD 

Internationall classification of PAD is necessary to specify patients requiring 
vascularr intervention, and compare and interpret adequately the results of trials. 
However,, the definition of CLI is controversial. CLI was first defined by Jamieson 
inn 1981 as a state of severe peripheral arterial insufficiency requiring vascular 
interventionn to prevent from ultimate amputation.25 In the latest consensus (the 
Transatlanticc Inter-Society Consensus (TASC) on the Management of Peripheral 
Arteriall Occlusive Disease, 2000) it is stated that "the term CLI should be used for 
alll patients with chronic ischemic rest pain, ulcers, or gangrene attributable to 
objectivelyy proven arterial disease."2 Therefore objective criteria to quantify PAD 
appearr to be necessary for the definition of CLI. In the last decades several 
objectivee criteria, mainly based on ankle pressure, have been proposed (mainly 
Europeann and North American standards, see table 1).1726'27 The criteria have 
beenn criticized by many, mostly proclaiming that the criteria were too strict.2252628" 
300 The presented cut-off levels for the AP are admittedly arbitrary, and it is 
recognizedd that no single level can clearly separate categories.30 
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Tabl ee 1 . Overview and comparison of the North American and European 
classificationn systems for chronic limb ischemia.2,26,27,30 
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Twoo independent definitions are proposed in the latest TASC consensus.2 The 
clinicalclinical purposes of the definition of CLI incorporates the classification and 
identificationn of patients needing a vascular intervention. The definition of CLI is 
strictlyy based on clinical symptoms attributable to objectively proven arterial 
disease,, whereas for research purposes the TASC advises "the aim being to be 
ensuree that the ulceration, gangrene or rest pain is indeed caused by peripheral 
arteriall disease and that most would be expected to require major amputation 
withinn the next 6 months to a year in the absence of a significant hemodynamic 
improvement."" Furthermore, the consensus suggested for research purposes to 
usee absolute pressures of either AP (< 50-70 mm Hg), TP (< 30-50 mm Hg) or 
Tcp022 (< 30-50 mm Hg).2 

IndicationIndication for vascular intervention 
Ass accurate criteria to quantify PAD are lacking, there is a wide variation as to the 
amountt of diagnostic procedures and indication for vascular intervention among 
hospitalss and countries.2131 Previous reports showed that CLI may well exist 
despitee an ankle pressure >50 mm Hg or a toe pressure of >30 mm Hg.2932 In a 
recentt study the ankle blood pressure was found to have a very low predictive 
valuee (17%) as to the presence of CLI that needs invasive therapy.8 Therefore, at 
present,, the identification of patients suspected of CLI requiring vascular 
interventionn is mainly based on subjective criteria. The diagnosis of CLI is mostly 
basedd on a combination of AP, ankle brachial pressure index (ABPI), and the 
clinicall view of a specialist with vascular expertise. In addition, duplex scanning 
and/orr arteriography is frequently performed to assess the extent of the disease 
andd to plan an intervention even before a clear indication for vascular intervention 
hass been established.2131 

Microcirculatoryy techniques provide objective functional information about the 
endangeredd tissue in patients with CLI.32,33 Previous studies have suggested that 
thee combination of TP and Tcp02 might be beneficial in the identification of 
patientss requiring a vascular intervention. The combination of TP and Tcp02 yields 
thee best accuracy as to the need for vascular intervention.8 However, TP and 
Tcp022 are only used rarely in clinical practice despite the potential diagnostic 
valuee of these parameters.21 

Treatmen tt  and outcom e of CLI 

Vascularr intervention is the only conclusive treatment for patients with CLI to 
providee sufficient blood flow to relieve rest pain and heal skin lesions. This can be 
performedd by endovascular techniques (PTA) and/or arterial surgery with vein 
and/orr prosthetic grafts.2 The choice of therapy is a balanced one and depends on 
thee level and severity of arterial disease, risk of anesthesia, risk of complications 
andd potential patency of intervention. Vascular interventions have side effects like 
graftt infection (10-30 %) and occlusion. The primary patency at 3 years varies 
D e tw eenn 90% (for aortobifemoral grafts) to less than 40% (for femorodistal 
prostheticc grafts), with risk of amputation.2 Therefore, timing of and careful 
selectionn of patients for an intervention is extremely important. 

Inn addition to vascular intervention, primary amputation (mostly minor 
amputations)) is frequently (5-25%) necessary to control infection and pain.3435 

Secondaryy amputation is still necessary in a group of patients with continued 
progressionn of atherosclerosis and no option for vascular intervention.37 Despite 
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ann aggressive intervention policy, the major amputation (defined as being unable 
too walk without prosthesis) rate is high, and varies between 12 % after 3 months35 

too about 40 % of the patients still alive after 6 months.2 

Otherr old and new (conservative) treatment modalities are in the position of 
lastt resort if reconstruction is not possible, although objectively the effect of these 
treatmentss have never been proven.2 These are, among others, hyperbaric 
oxygenn therapy,38'40 ambulant intermittent venous compression41, epidural spinal 
cordd stimulation4243 (also effective in pain control), sympathectomy, and 
pharmacotherapy,, like prostanoids, antiplatelet drugs and anticoagulants.2 More 
recentlyy new promising therapeutic modalities have become available which have 
nott been evaluated sufficiently yet: gene induced therapeutic angiogenesis 
(VEGF),2444 and autologous implantation of bone marrow-mononuclear cells.45 

Anotherr part of therapy of CLI focuses on the control of pain, foot and wound 
care,, and on control of risk factors for secondary prevention (smoking cessation, 
controll of hypertension, diabetes, and hyperlipidemia).46 One of the problems with 
woundd care and non-invasive treatment of CLI is the formation of pre and post-
operativee oedema. The presence of postoperative oedema is reported to vary 
betweenn 40 and 100% in the legs with distal bypass procedures.47"49 The oedema 
causess increased intracellular distance due to distensibility of the interstitial space, 
whichh aggravate hypoxia in already critically ischemic tissues.48 However 
pathophysiologicall reasons behind this edema are virtually unknown.474850 

Impac tt  of CLI on qualit y of lif e and medica l cost s 

Thee symptoms of CLI are intense and have a large impact not only on the 
diseasedd limb but also on patient's health-related quality of life (HRQOL). Previous 
studiess performed in patients with PAD mainly focused on the relation between 
HRQOLL on one hand and the outcome and success of therapy (e.g. amputation 
andd bypass therapy) on the other.5153 These studies show that aggressive (infra-
genicular)) bypass surgery is preferred over amputation, since it is associated with 
aa superior HRQOL.54"56 However, to improve treatment of patients with CLI one 
shouldd not only focus on treatment of the diseased limb, but also on improvement 
off the understanding of the patient's sufferings and needs specific to improve 
HRQOL.. Specific knowledge about the patients sufferings and needs is lacking. 

Thee treatment of CLI is expensive and time-consuming. The total costs 
(diagnosis,, treatment and rehabilitation) for the treatment of CLI varies between 
80000 Euro for a successful primary endovascular or bypass procedure to 35.000 
Euroo for a primary distal bypass procedure and 45.000 Euro for a secondary 
amputation.2'37'57588 The mean admission period to the hospital of patients with 
clinicall CLI is long (12 days).3 

Thee significanc e of microcirculatio n in PAD 

Thee final symptoms of patients with PAD are caused by a disturbed 
microcirculatoryy perfusion distally to the macrocirculatory disorder. In patients with 
intermittentt claudication there is a relative and temporary shortage of 
microcirculatoryy perfusion during exercise. In patients with CLI, the blood flow in 
nutritionall capillaries decreases below the minimal demand and consequently 
symptomss of tissue necrosis occur: pain at rest, ulcers and gangrene. 
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Figur ee 3. 
SchematicSchematic drawing of the 
microcirculationmicrocirculation with nutritional 
circulationcirculation above the dotted line 
(about(about 5%) and 
thermoregulatorythermoregulatory circulation 
underunder the dotted line (about 
95%)95%) with arteriolar sphincter 
(bulging)(bulging) and arteriovenous 
anastomosesanastomoses (A-V). 

RegulationRegulation of blood flow in the healthy skin 
Thee cutaneous microcirculation consists of an ingenious vascular network which 
servess two major functions: first, nutrition of the skin (about 5% of the total skin 
bloodd flow), and second, thermoregulation (about 95% of the total skin blood flow. 
Thee superficial layer consist mainly of a nutritional network of arterioles, capillaries 
andd veins (figure 3). The deeper thermoregulatory type consists of (a) an 
extensivee subcutaneous venous (or subpapillary) plexus, which holds large 
quantitiess of blood that can heat the surface of the skin, and (b) arteriovenous 
anastomoses,, which are large vascular communications directly between the 
arteriess and venous plexus.59,60 The arteriovenous anastomoses are 
predominantlyy found in the volar surfaces of hands and feet, and not in the dorsal 
sides.611 The walls of the arteriovenous anastomoses contain strong muscular cells 
innervatedd by sympathetic nerve fibers that secrete norepinephrine to induce 
vasoconstriction. . 

Thee blood flow through the skin is regulated locally and centrally, and is able to 
varyy markedly (from 50 ml - 2 liter /per minute) as a result of its structure and rich 
innervation.. The regulation of skin blood flow is complex because the flow serves 
manyy different adaptative mechanisms such as changes in local and central 
temperature,, posture, central blood pressure, but also changes as a result of local 
metabolicc demands. The blood flow required for nutrition of the skin is only very 
smalll (in total about 40 ml/min). Yet, at ordinary skin temperature, the amount of 
bloodd flowing through the skin is 10 times (=0.25L7m2 - 400ml/min in a normal 
adult)) more than what is needed for the nutrition of the tissues.62 Furthermore, the 
skinn serves as a reservoir for pooling of blood which can be mobilized by 
sympatheticc activation during circulatory stress (e.g. emotion, deep breath, 
hemorrhagee and exercise).63,64 

Mostt of the blood flow through the skin is controlled centrally by the nervous 
systemm to control central body temperature. The temperature control center in the 
hypothalamuss (central regulation) is capable to regulate vasoconstriction by 
secretionn of norepinephrine at the end of sympathetic vasoconstrictor fibers and 
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Figur ee 4. Schema of four local local regulation mechanisms. 

vasodilationvasodilation by a complex of sympathetic fibers that secrete acetylcholine and 
activatee bradykinin.62,65 

Thee local control comprise of four mechanisms (figure 4): 
1.. A myogenic vasoconstriction response. This is a contraction of smooth muscle 

cellss activated upon an increase in transmural pressure in arteriolar wall 
inducedd by an increase in arterial pressure and a venous damming effect.66"69 

2.. A veno-arteriolar (or veno-vasomotor) reflex. This is the vasoconstriction upon 
ann increase in venous volume, as is present in standing position. Stretch 
receptorss in venules, directly triggered by a venous volume increase, lead to a 
local,, retrograde axon reflex, which causes arteriolar constriction.70,71 

3.. A locally regulatory mechanism by various metabolites formed in the 
surroundingg tissue (including K+, lactic acid, P02, PC02, adenosine, ATP, and 
increasess in osmolarity) and nitric oxide (endothelium-derived relaxation 
factor).722 These factors probably also cause reactive hyperemia in response to 
periodss of ischemia. 

4.. A local vasoconstriction on temperature down to a temperature of about 15 , 
probablyy by increased sensitivity of the vessels to nerve stimulation. At 
temperaturess below 15 C the vessels begin to dilate.7374 

Inn addition, there is a natural rhythmical variation in skin blood flow, called 
vasomotion.. Normal vasomotion ensures regular, periodic perfusion of nutritive 
capillaryy networks in the skin in healthy tissue. This process is caused by 
spontaneouss changes in arteriolar diameter by the combination of various 
regulatoryy mechanisms.75,76 
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Thee capillary network serves the interchange of nutrients, cellular excreta and 
otherr substances between tissue and blood. The interchange to interstitial fluid 
happenss by diffusion through the capillary membrane. The capillary blood 
pressuree is an important component in the forces that determine the fluid 
exchange,, which are determined according to the Starling's equation.77,78 

Therefore,, the capillary pressure is thought to be the crucial factor in the fluid and 
electrolytess balance at capillary level. 

Technique ss for the investigatio n of the microcirculatio n 

LaserLaser Doppler 
Laserr Doppler fluxmetry is a non-invasive technique to assess cutaneous 
microcirculatoryy blood perfusion.7981 Laser light with a wavelength of 780 nm is 
conductedd through optical fibers to the skin where it penetrates the skin to a depth 
off 1-1.5 mm and is reflected partly (figure 5). When backscattered by moving 
objectss (principally erythrocytes), this light undergoes a frequency shift, which is 
proportionall to the velocity and number of moving objects (flux), and is expressed 
inn Volts (laser Doppler flux, LDF). LDF measures flow not only in the capillaries, 
butt also in the subpapillary venular and arteriolar plexus and arteriovenous shunts 
(figuree 5).79 The LDF signal represents mainly thermoregulatory (about 95%) and 
hardlyy nutritive (about 5%) skin perfusion.82 Furthermore, LDF is dependent on 
anatomicc variables (such as skin pigmentation, thickness of epidermis) which 
definess the depth of penetration. 

LDFF is not frequently used and of limited value in the management of CLI 
becausee of its large spatial and temporal variation.83 At present, LDF is mostly 
usedd in the field of physiology and pharmacology in combination with provocation 
testss (post occlusive hyperemia, influence of venous pressure and posture and 
iontophoresis).84,85 5 

Figur ee 5. Schematic impression of laser Doppler. 
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TranscutaneousTranscutaneous oxygen pressure measurements 
Transcutaneouss oxygen pressure measurement appreciates the surplus amount 
off oxygen at the skin surface after diffusion from superficial skin vessels (figure 6). 
Thee partial transcutaneous oxygen pressure (Tcp02) provides information about 
thee oxygen tension of the underlying tissue, so any changes in oxygen uptake, 
transportt or release will be reflected by Tcp02. The electrode used, based on the 
originall design by Clark86, contains a heating element, thermostat, a platinum 
cathodee and silver chloride anode. The electrode is surrounded by electrolyte fluid 
coveredd with a membrane permeable for oxygen. The element heats the 
surroundingg skin and local blood perfusion to a preset temperature (mostly 44 . 
Thiss maximizes local microcirculatory perfusion by vasodilation, shifts the oxygen 
dissociationn curve to the right, and increases the permeability of oxygen through 
thee skin. As a result oxygen diffuses from the blood through the skin. In this transit 
thee oxygen is partly consumed by surrounding tissue (in normal skin 
approximatelyy 30 mm Hg).87 At the electrode the oxygen diffuses through the 
membranee to the cathode, where a reduction of oxygen occurs. This reduction 
causess a current, which is dependent on the amount of oxygen.88 

Tcp022 reflects nutritive microcirculatory perfusion of the underlying skin, which 
iss severely reduced in patients with CLI.83 The Tcp02 is a simple, non-invasive 
measurementt with a good diagnostic accuracy in relation to the clinical need for a 
vascularr intervention.8'3383 However, at present the Tcp02 is not commonly used in 
clinicall practice.21 

CapillaryCapillary microscopy 
Capillaryy microscopy visualizes and can provide information about capillary 
morphology,, capillary density, red blood cell velocity (RBCV) and diameter.83 

Capillaryy microscopy visualizes only the superficial nutritive perfusion. 
Unfortunately,, this is only possible at lips and at the nailfold (eponichium) of 
fingerss and digits of foot, since at these sites the capillaries run parallel with the 
skinn and can be reached in vitro in humans with the capillary microscope. 
Recently,, a new tool, orthogonal polarization spectral (OPS) imaging, has become 
availablee which allows detailed visualization of the microcirculation of among 
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otherss the nailfold, mouth, rectum and organs during surgery (e.g. brain and 
abdominall viscerals).89"91 

Inn patients with CLI there is a reduced capillary density, a reduced red blood 
celll velocity (RBCV) at rest, and a reduced increase in RBCV during post-
occlusivee reactive hyperaemia.83,92 Furthermore, capillary microscopy is a good 
predictorr of the need for amputation in patients with non-reconstructible leg 
ischemiaa and is used for the diagnosis of Raynaud's phenomenon.43 Nevertheless, 
capillaryy microscopy is only available in some specialized centers and is rarely 
appliedd clinically in patients suspected of CLI. Like laser Doppler and Tcp02, 
capillaryy microscopy is mostly used in research settings. 

CapillaryCapillary pressure measurements 
Capillaryy pressure can be estimated by indirect functional measurements and by 
directt cannulation. The indirect methods can be subdivided into two principles: the 
venouss occlusion method on one hand and the isogravimetric and isovolumetric 
methodss on the other. With the latter methods, capillary pressure is estimated 
fromm an equilibrium of fluid exchange in an organ monitored by the weight or 
volumee of the tissue.9395 With the venous occlusion method the whole-organ 
capillaryy pressure is estimated from the inflection point of a venous pressure 
tracingg after sudden occlusion of the venous outflow.9697 The method has also 
beenn described for use in human limbs,98 although its use remains debatable.99 

Inn the direct method, the pressure is measured by direct cannulation of the 
capillary.. In 1930 Landis cannulated the capillaries with a micropipette 
communicatingg with a manometer, the height of which was adjusted to balance the 
bloodd pressure under observation.100 However, the size of the tip of the pipette is 
tooo small to allow fast intermittent flow in order for the manometer to trace heart 
beats.1011 Therefore Wiederhielm et al.102 designed a servo-nulling micropressure 
system.. Hereto the micropipette, filled with a 2 molair solution, is used as an ultra-
loww compliance transducer. The servo-nulling system balances the change in 
impedance,, caused by an influx of blood into the pipette tip, by a counteracting 
pressuree equal to the capillary pressure. In the commercially available system by 
Intagliettaa et al.101 this counteracting pressure is generated by a magnetic driving 
unitt and transmitted to the pipette through a system filled with oil.101103 This system 
hass only been used in humans in finger nail fold by Mahler et al.,104 and Tooke and 
Shoree et al.78,105, and has never been used in legs. 

Microcirculator yy change s in PAD 

Stenosiss and obstructions in the arteries (macrocirculation) ultimately lead to a 
compromisedd microcirculation with structural adaptations and disturbance of 
regulatoryy mechanisms. In addition, inappropriate activation of hemostasis and 
inflammationn also play a central role in the pathophysiology of CLI.106 

Usingg capillaroscopy morphologic changes of the nutritional skin capillaries can 
bee observed in endangered areas of severely diseased limbs. The morphology of 
capillariess at the foot of patients with intermittent claudication do not differ from 
healthyy volunteers. Only in patients with CLI marked capillary alterations can be 
observed.. Initially this is reflected in indistinct visualization of capillaries changing 
too a reduction or complete absence of the number of blood filled 
capillaries.3283,92'1077 This may be caused by (1) a collapse of precapillary arterioles 
causedd by low transmural pressure, arteriolar vasospasm, abnormal vasomotion, 



20 0 Chapterr 1 - General introduction 

microthrombosis,, interstitial edema, and by (2) capillary occlusion caused by 
endotheliall cell sealing, platelets aggregates, rigid adhesive leucocytes, or blood 
cells-plateletss aggregates.75,106 This leads to an inhomogeneous distribution of skin 
microcirculatoryy flow. Besides, there is a small reduction in capillary red blood cell 
velocityy and an increase in capillary diameter in the supine position in severely 
diseasedd limbs.83,108 Overall, there is a reduced capillary perfusion,83 which results 
inn a decreased transcutaneous oxygen pressure.32,109 

Thee persistent shortage of microcirculatory perfusion in CLI leads to structural 
adaptationss and disturbances of regulatory mechanisms, which give rise to an 
increasedd peripheral (capillary) perfusion upon dependency. This may explain the 
painn relief these patients experience upon leg dependency,47,84,110'112 but might also 
causee (postoperative) edema formation.26,84,113114 

Capillaryy hypertension is thought to be the crucial factor in the formation of 
edemaa and relief of ischemic rest pain in patients with severe PAD. Capillary 
pressuree is generally thought to be delicately regulated by the autonomic nervous 
system.. The peripheral vasoconstriction responses, e.g. the venoarteriolar reflex, 
regulatee capillary pressure and prevent capillary hypertension in the leg-
dependentt position.69,115 Previous studies showed that capillary pressure 
autoregulatoryy mechanisms are impaired in patients with PAD in such a way that 
uponn dependency of the limb, the normal postural vasoconstriction response that 
limitss the increment in capillary pressure will be compromised. This will enhance 
transcapillaryy transport, which results in pain reduction in the leg-dependent 
position,, but also to edema formation as a result of capillary hypertension and 
excessivee filtration of fluid.2684'114116117 

Soo far, knowledge about the blood pressure in the capillaries of foot skin has 
beenn derived either from indirect estimations or few invasive, static pressure 
measurementss performed in two healthy volunteers.98,111118 This pressure 
parameterr provides important information about the relation between peripheral 
perfusion,, pressure, and resistance.111,119 In patients with peripheral vascular 
disease,, capillary pressure is unknown. Appreciation of the regulation of 
microcirculatoryy perfusion in various disease states is particularly important in the 
improvementt and development of conservative remedies (vaso-active drug 
therapy,, intermittent compression therapy, spinal cord stimulation, etc.) and 
operativee treatment strategies, or even complications (post-operative edema 
formation)) of PAD.43,84 ,92 ,120121 

Aimm of the thesi s 

Microcirculatoryy techniques may provide objective functional information about the 
endangeredd tissue in patients with CLI. Therefore, this thesis focuses on the 
significancee of microcirculatory techniques in the pathophysiology, diagnosis and 
managementt of patients with CLI and deals with some issues about assessing the 
severityy of CLI: 
1.. What is the clinical value of microcirculatory techniques in the diagnosis and 

managementt of patients suspected of CLI? 
2.. What are the microcirculatory changes, in particular changes in capillary 

pressure,, in patients with PAD? 
3.. What is the influence of CLI on Health Related Quality of Life (HRQOL)? 
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Outlin ee of the thesi s 

Thee toe blood pressure parameter can play an important role in the diagnosis of 
CLI.. The routinely applied technique (photoplethysmography and strain gauge 
plethysmography)) have shortcomings in the lower pressure range. In chapter 2 the 
laserr Doppler technique was evaluated to investigate whether the accuracy of toe 
bloodd pressure measurements could be improved. 

Thee AP is generally known to be a reproducible parameter. However, the 
reproducibilityy of TP and Tcp02 is less thoroughly investigated. Therefore, AP, TP 
andd Tcp02 are evaluated as to their inter-observer and intra-observer variability. 
Thee results of this evaluation are described in chapter 3. 

Inn chapter 4 we describe a study to assess the optimal cut-off values of toe 
bloodd pressure (TP) and transcutaneous oxygen pressure (Tcp02) in the supine 
andd sitting positions, in order to accurately detect the presence of severe leg 
ischemiaa requiring invasive treatment. The diagnostic power is evaluated by 
meanss of ROC analysis, using the clinical decision for intervention or the vascular 
interventionn itself as a reference standard. 

Despitee the diagnostic advantages of TP and Tcp02, these parameters are 
rarelyy used in clinical practice. In therapeutic research, the randomized clinical trial 
designn is generally accepted as the ultimate type of evaluation. Therefore, we 
intendedd to evaluate the clinical value TP and Tcp02 in a randomized clinical trial. 
However,, the experience and knowledge of a diagnostic randomized clinical trial is 
sparsee in literature.122 Thus, in chapter 5 we describe the rationale, theoretical 
considerations,, design issues, limitations, and solutions of a randomized clinical 
triall in the evaluation and implementation of diagnostic tests. These ideas have 
beenn generated and developed through progressive methodological insight by our 
groupp throughout the set-up and follow-up of the study. We use the clinical 
problemm of CLI as an example. 

Inn chapter 6 we present the actual results of the trial described in chapter 5. 
Wee compared the diagnostic value of two management strategies in a D-RCT to 
identifyy patients requiring vascular intervention. Patients clinically suspected of 
CLII were randomized for either management based on AP and the clinical view of 
aa vascular specialist or management based on TP and Tcp02. The clinical 
outcomee was used as endpoint parameter. 

Skinn microcirculatory perfusion in the foot has been studied intensively in 
healthyy and diseased subjects by techniques, such as laser Doppler fluxmetry, 
capillaryy microscopy and transcutaneous oxygen measurements.43,110,113,123 To 
date,, capillary pressure is unknown in patients with various stages of peripheral 
vascularr disease, and hence, the relation between peripheral perfusion, pressure, 
andd resistance. Therefore, we developed a technique to measure capillary 
pressuree in fingers and feet using a servo-nulling micropressure system. The 
developmentt and validation of this technique is described in chapter 7. 

Thuss far, capillary pressure measurements in the feet have only been 
performedd in two healthy volunteers using a static technique. In chapter 8 we 
describee the regulation of dynamic capillary pressure and perfusion and effect of 
posturall changes in the hallux in healthy subjects. With the presented set-up we 
aree able to provide simultaneous information about the macro-circulation (ankle 
andd toe pressure) and micro-circulatory pressure (capillary pressure, capillary 
pulsee pressure amplitude) and microcirculatory flow parameters (RBCV and LDF). 
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Finally,, the pathophysiology of microcirculatory changes in patients with 
variouss stages of PAD using microcirculatory techniques including capillary 
pressuree measurements is described in chapter 9. 

CLII is a limb threatening disease with severe symptoms and has a large 
influencee on patient morbidity. Less is known about the impact of this limb-
threateningg disease on Health Related Quality of Life (HRQoL). The evaluation of 
HRQoLL of patients with peripheral arterial disease in comparison with coronary 
arteryy disease is described in chapter 10. 

ChapterChapter 11 summarizes this thesis, provides a general discussion and offers 
suggestionss for further research. 
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Abstrac t t 
Introductio nn  To evaluate the clinical value and reproducibility of laser Doppler 
(LD)) vs. Photoplethysmography (PPG) in the measurement of the systolic toe 
bloodd pressure. 
Method ss  Toe blood pressure was measured in 60 patients in different stages of 
peripherall vascular disease by simultaneous digital sampling of PPG, and two LD 
signals,, each with a different filter setting (3s: LD3 and 0.03s: LD003), and cuff 
pressure.. These measurements were repeated after one week. The signals were 
analyzedd ignoring previous results. The agreement of the PPG- and LD-pressures, 
andd reproducibility after one week was assessed by calculating the intraclass 
correlationn coefficient (ICC). The agreement variation across the range of pressure 
valuess was visually explored by means of difference plots. 
Result ss  In 19 legs with a very low pressure only LD could adequately measure 
thee pressure, while PPG did not. The ICCs between PPG and LD3 and LD003were 
>0.95.. The ICCs of the one-week reproducibility of the PPG, LD3, and LD003 

pressuress were 0.92, 0.88 and 0.86, respectively. The variation was equally 
distributedd across the range of pressures in all three methods. 
Conclusion ss  LD is a reliable alternative to PPG to measure toe blood pressures. 
Furthermoree LD is able to measure low pressures, which is relevant in the 
assessmentt of the presence of critical ischemia. 



288 Chapter 2 - Toe blood pressure using Laser Doppler 

Introductio n n 

Toee systolic blood pressure measurements play a prominent role in the diagnosis 
off critical leg ischemia, especially in diabetics, in whom the ankle pressure is not 
alwayss reliable due to media sclerosis.1,2 The toe pressure is also important in 
patientss with extensive wounds in whom the ankle cuffs or Doppler probes can not 
bee applied. In patients with severe arterial insufficiency, toe pressure is correlated 
withh the severity of the overall occlusive process,3 need for vascular intervention,4,5 

healingg potential of ulcers,6 and prediction of the need for amputation.7 The cut-off 
valuee used for the diagnosis of critical leg ischemia as defined in the European 
Consensus88 is low (30 mm Hg). Therefore the technique must be highly accurate 
whenn used in the low pressure range. 

Thee principle of toe blood pressure is based on the method of arm blood 
pressuree measurements as initially described by Riva-Rocci;9 a pneumatic cuff 
surroundingg the limb is inflated to a pressure sufficient to stop blood flow.10 During 
sloww deflation, the onset of resumption of blood flow distal to the cuff is defined as 
thee systolic pressure. Nowadays, toe blood pressure is usually measured by either 
strain-gauge111 or photoplethysmography (PPG).12 Both methods can be used in 
thee AC and DC mode. In the AC mode the resumption of blood is detected by the 
returnn of the pulsatile signal, which is reduced, or even absent, in patients with 
multiplee occlusions as in patients with critical leg ischemia. In the absence of 
detectablee pulsations, the plethysmograph can be DC coupled. The toe is 
exsanguinatedd with a tourniquet prior to inflation of the occluding cuff. Resumption 
off arterial inflow is then indicated by an upward shift from the baseline.13 However, 
bothh methods have their shortcomings. The strain-gauge is difficult to position at 
shortt digits and the element might exert some pressure on the toe, which 
influencess measurement accuracy at low pressures, u while the PPG in the DC 
modee is very sensitive to movement artefacts and not commonly used. 

Manyy methods, such as clearance of radioisotopes,15 pink flush reappearance,3 

audioo PPG,16 pulse oximetry,17 and impedance sphygmography18 have been used 
forr the measurement of toe pressures with varying success. More recently the 
laserr Doppler (LD) technique has been suggested for this purpose.14,19 LD has 
alsoo been used as an alternative technique for PPG in the measurement of skin 

Figur ee 1. 
SchemeScheme of probe 
applicationapplication on the 
bigbig toe and signal 
analysis.analysis. All three 
signalssignals are plotted 
inin one graph for 
simplification, simplification, 
althoughalthough signals 
werewere analyzed 
independently.independently. The 
arrowsarrows represent 
thethe points at which 
thethe systolic 
pressurespressures were 
read. read. Halluxx ^ a t a acquisition system 
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perfusionn pressures.20,21 LD has theoretical advantages above PPG, since it is 
ablee to detect the minute microcirculatory blood perfusion in the skin. PPG is 
basedd on changes in the amount of reflected near infra-red light upon pulsatile 
changess in blood filling of the digit, whereas LD is based on the change in 
frequencyy shift of the reflected light caused by moving blood particles. 
Furthermore,, LD is readily applied without compression, even to short digits. 
Anderssonn et al.14 compared LD with the strain gauge method and concluded that 
thee LD technique is an alternative and complementary to the strain-gauge method 
inn damaged or ulcerating toess and feet. Beinder et al.19 used LD in combination 
withh a specially manufactured transparent plastic capsule for positioning the LD 
probee and cuff to the digit. The toe pressures thus obtained were in good 
agreementt with data obtained by means of the strain gauge method measured in 
anotherr group of patients. Furthermore, LD tended to be more sensitive than strain 
gaugee at low pressures. However, the LD technique has not yet been compared to 
PPG,, which is mostly used nowadays, in the same population. 

Inn this study we compared two techniques (PPG and LD) for the measurement 
off toe blood pressure measurements as to its use, reliability and responsiveness 
inn patients with different stages of peripheral vascular insufficiency. Additionally, 
wee evaluated the one week intra-observer reproducibility to evaluate consistency 
off both methods. 

Patient ss and method s 

Patients Patients 
Sixtyy patients (37 men, 23 women, mean age: 66 sd: 10 yr), referred to the 
vascularr laboratory for the assessment of the ankle/brachial index, consented to 
participatee in this study. Patient characteristics are listed in table 1. In eight 
patientss only one toe could be investigated, because in four patients the toe or foot 
wass amputated, while in the remaining four patients it was not possible to measure 
thee toe blood pressure with both techniques at the same time due to large wounds 
(n=3)) or the shortness of the toe (n=1). The remaining 112 legs belonged to 
differentt stages of peripheral vascular disease; 20 legs without complaints, 54 with 
intermittentt claudication, and 38 with rest pain, ulcers or gangrene. Patients were 
acclimatizedd in a temperature-controlled environment (23  1 , during a resting 
periodd of at least 15 min. 

Tablee 1 . Patient characteristics (n=60) 

Smoking g 

Diabetess Mellitus 

Historyy of cerebrovascular accident or temporary ischemic attack 

Historyy of cardiac failure 

Hypertension n 

Hypercholesterolemia a 

Presencee of peripheral pulsations 
(dorsaliss pedis or posterior tibial artery) 

52% % 

36% % 

17% % 

41% % 

48% % 

41% % 

69% % 
(off 112 legs) 
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Measurements Measurements 
Measurementss were performed in the supine position, which implies that, 
dependingg on the size and position of the foot, the toe was at or just above heart 
levell during the measurement, which is the usual position for these 
measurements.. The legs were covered with sheets or clothing to prevent cooling. 
Duee to these preparations we refrained from local heating of the toe, which is 
sometimess advocated in PPG studies. The toe pressures were simultaneously 
measuredd with PPG and LD. 

Thee PPG was AC coupled (filter settings: 0.4 to 2.3 Hz). A PPG consists of an 
infraredd light-emitting diode and a photosensor, mounted adjacent to one another 
onn a small probe. Blood, which is more opaque than surrounding tissue, 
attenuatess light in proportion to its content in the tissue. The speed differences in 
thee flow causing variations in amount of blood content in the digit result in a pulse 
contour,, which is normally presented on a graph. 

LDD fluxmetry is a simple, non-invasive sensitive technique to assess cutaneous 
bloodd perfusion.22"25 In the LD instrument light with a wavelength of 780 nm is 
conductedd through optical fibres to an area of the skin of about 0.5 mm2 where it 
penetratess the skin to a depth of 1-1.5 mm and is reflected partly. This light, if 
backscatteredd by moving objects (principally erythrocytes), undergoes a frequency 
shift,, which is proportional to the velocity, number and direction of moving objects 
(laserr Doppler flux), and is expressed in Volts. Two filter settings of the output 
signall (time constants; tc) of the LD instrument were used; tc= 3 s (LD3) for the 
detectionn of slow changes in blood flow (which can be compared with the DC 
mode),, and tc= 0.03 s (LD003), resulting in a signal that could trace heartbeats 
(whichh can be compared with the AC mode) 

BloodBlood pressure measurements 
Thee ankle systolic pressures in the dorsal pedal and posterior tibial arteries at the 
levell of the ankle were measured using a 8 Mhz Doppler probe and a cuff (12 cm) 
aroundd the lower leg just above the ankle. The highest pressure was considered to 
representt the highest perfusion pressure. The ankle-to-brachial pressure index 
(ABPI)) was calculated by dividing the ankle pressures by the highest of the left 
andd right brachial blood pressure, measured by means of an automatic blood 
pressuree monitor (Criticon, Dinamap™ Plus, Tampa, FL, USA), and expressed as 
aa percentage. 

Forr the toe blood pressure a cuff with a width depending on the diameter of the 
halluxx (1.5, 2.5 or 3.3 cm disposable cuffs, Hokanson, Bellevue, WA), was 
wrappedd around the base of the toe. The cuff width closest to 120% of the 
diameterr of the hallux was chosen.26 The PPG and two standard LD probes (PF 
408,, Perimed, Sweden) connected to the LD instrument (Periflux 4001, Perimed, 
Sweden)) were attached to the apex of the big toe (PPG at the centre and LD 
probess at both sites of the PPG) using double sided adhesion tape with a notch for 
thee probe (Double-Stick Discs, 3M Health Care, Broken, Germany) and a probe 
holderr (PF 104, Perimed, Sweden) for the LD probes (figure 1). The probe holder 
iss a small (diameter: 15 mm) plastic holder in which the laser Doppler probe fits 
exactlyy and in which the tip of the probe is just (approx. 0.1 mm Hg) above the 
skin.. By means of the probe holder and adhesive tape the exact distance from the 
skinn is achieved without compressing the skin. 

Ourr conventional instrument to measure peripheral pressures (PV-lab, Stöpler, 
EDI,, Burbank, CA, USA) was modified so that the cuff pressure, PPG and LDF 
signalss could be sampled on-line and analyzed off-line by means of a data 
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acquisitionn system (AcqKnowledge III and MP100WSW, Biopac System, Inc., 
Santaa Barbara) The cuff was rapidly inflated up to a pressure at least 30 mm Hg 
higherr than at which the pulsations in the PPG and LD003 signal disappeared. 
Initiallyy the LD showedd an increase in flux after which the signal declined to the 
baselinee (figure 1). After the LDF3 signal had reached a stable baseline (after 
approximatelyy 3 s.), the cuff was slowly deflated with a speed of approximately 3 
mmm Hg / s. The systolic pressure was defined as the pressure at which the 
(pulsatile)) signal reappeared or rose gradually from the baseline (figure 1). 

Onee single measurement of the toe blood pressure (with all three probes at the 
samee time) was performed each session. In order to establish the one-week intra-
observerr reproducibility, the measurements were repeated after one week (t= 1). 
Alll measurements and analyses were performed by one investigator (JdG), while 
ignoringg previous results as much as possible. 

StatisticalStatistical analysis 
Thee differences between PPG vs. LD3 and PPG vs. LD003 pressures, respectively, 
w e r ee evaluated by the Student's t-test for paired samples. Since we do not know 
thee true pressure, the average of the LD? and PPG and the average of LD003 and 
PPGPPG were considered to be the best estimates of the true pressures. The 
differencess between LD and PPG were also calculated with limits of agreement 
andd intra-class correlation coefficients (ICC). The limits of agreement were defined 
ass the mean difference D of the difference, according to Bland and Altman2728 

Thesee limits reflect the interval in which 95% of the differences in pressures lie. A 
plott was made of the difference between the two measurements against their 
meann to check whether the measurement error was independent of the magnitude 
off pressure. The regression lines (with beta coefficient, indicating the direction of 
thee deviation, and it's p-value) indicate whether the variability in the pressures is 
independentt of the magnitude of the pressures. The ICC (two-way random effects 
model)) was calculated according to the method as described by Deyo et al.29 The 
ICCC not only assesses the strength of linear correlation between two 
measurements,, such as the Pearson correlation, but also detects systematic 
error.300 Thus, if one measurement is systematically higher or lower than the other, 
thee ICC is correspondingly reduced. The same methods were used to assess the 
one-weekk intra-observer reproducibility and the comparison between LD3 and 

LDo.o3--

Tablee 2. Mean blood pressures 

Wthoutt complaints 

Intermittent t 
claudication n 

Restt pain, ulcers or 
gangrene e 

Overall l 

n n 

20 0 

54 4 

38 8 

112 2 

toee pressure (SD) mm 

PPGG LD3 

100(32) ) 

699 (28) 

20(21) ) 

588 (40) 

1011 (34) 

700 (26) 

344 (14) 

633 (34) 

Hg g 

LDo.03 3 

98(31) ) 

699 (27) 

33(15) ) 

622 (34) 

AP P 
•• (SD) mm 

153(31) ) 

108(31) ) 

733 (26) 

104(40) ) 

Hg g 
ABPP I 
(SD)) % 

99(15) ) 

722 (20) 

48(19) ) 

699 (26) 

Meann toe blood pressure (measured with PPG, LD3, LD003), ankle pressure (AP) and 
ankle/brachiall index (ABPI) in the legs measured at first measurement (t=0). 
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Result s s 

Thee pressure could not be measured with PPG in 19 toes because no pulsatile 
signall could be detected (hence taken as 0 mm Hg), whereas all of these toe 
pressuress could be measured with LD3 (mean: 24  14, range 8-64 mm Hg, 
numberr of pressures > 30 mm Hg: 5), and 17 of these with LD003 (mean: 21  12, 
range:: 0 - 48 mm Hg, number of pressures > 30 mm Hg: 5). Of these patients one 
presentedd with intermittent claudication, 11 with rest pain, and 7 with ulcers or 
gangrene.. The mean AP and ABPI were 64 (  32, range 0-140) mm Hg and 41 
(  21, range: 0 -104) %, respectively. The incidence of diabetes mellitus among 
thesee patients did not differ significantly from the total patient group (39% vs. 36% 
resp.).. Strikingly, in all but one limb no peripheral pulsations could be palpated. 
Thee pressure of 64 mm Hg, undetected by means of PPG, but detected by laser 
Dopplerr was found in a patient with CREST syndrome with severe 
microangiopathyy without severe arterial occlusions. 

Applicationn to the toe of the LD probe using the probe holders was very simple. 
Exceptt for one very short big toe, the two LD probes could be applied next to the 
PPGG probe on the big toe in all patients investigated. The LD reading was quite 
stablee and less influenced by movement artefacts than the PPG signal. The 
signal-to-noisee ratio was found to be considerably lower with the LD than with the 
PPGG signals. The blood pressures per patient subgroup are presented in table 2. 

PPGPPG vs. laser Doppler 
Histogramss depicting the differences between PPG an LD-pressures showed a 
normall distribution (graphs not shown). Table 3 presents the the mean difference, 
thee SD of the differences, the limits of agreements and the ICC between PPG-
pressuree and LD-pressures. The mean differences were small and statistically not 
significant.. The ICCs showed almost perfect agreement (> 0.95) between the 
PPG-pressuree and LD-pressures (table 3). 

Inn figure 2a and 2b the differences between PPG an LD-pressures are plotted 
againstt the mean of both measurements. The regression lines in both figures 
indicatee the variability in the pressure scores showe a small relation with only the 
magnitudee of the LD003 pressure values (beta coefficient figure 2a= 0.15, p= 0.14, 
andd beta coefficient figure 2b= 0.28, p< 0.01). 
Theree was no significant difference between LD3 and LD003 (table 3; beta 
coefficientt figure 3= 0.05, p= 0.6). 

Tablee 3. Difference between PPG and LD pressures 

PPGG vs. LD3 

PPGG vs. LD003 

LD3vs.. LD003 

n= = 

93 3 
91 1 

110 0 

mean n 
difference e 

-0.8 8 
-0.9 9 
-0.6 6 

SDD of the 
difference e 

9.5 5 
9.8 8 
8.6 6 

limitss of 
agreement t 

-19.7/18.1 1 
-20.4/18.6 6 
-17.8/16.6 6 

p-value e 

0.43 3 
0.36 6 
0.47 7 

ICC C 

0.96 6 
0.95 5 
0.97 7 

Comparisonn between LD3, LD003 and PPG at t= 0, with mean difference and standard 
deviationn of the differences and limits of agreement, p- value of the Student's t test for 
pairedd samples, and intraclass correlation coefficient (ICC). The limits of agreement reflect 
thee interval within 95% of the differences in pressures lie, defined as the mean difference
2SDD of the difference. Unmeasurable pressures were excluded. 
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Figur ee 2. Difference between 
pressurepressure measured with PPG and 
withwith the LD setting that detects 
slowslow changes in the blood flow 
(LD(LD33,, figure 2a) and the LD 
settingsetting that could trace heart 
beatsbeats (LD003, figure 2b) plotted 
againstagainst the mean pressure. The 
regressionregression line of the differences 
(drawn(drawn line) and 95% limits of 
agreementagreement (dotted lines) of the 
differencesdifferences are presented as 
horizontalhorizontal lines. 
TheThe open squares represent the 
pressurespressures which only be 
measuredmeasured with LD. 
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Figuree 3. Difference between Figure 3 
LDLD33-pressure-pressure and LD003-pressure 
atat t=0 plotted against the mean of 
bothboth methods. The regression line 
ofof the differences (drawn line) and 
95%95% limits of agreement (dotted 
lines)lines) of the differences are 
presentedpresented as horizontal lines. The 
verticalvertical dashed line represents the 
commonlycommonly accepted cut-off value 
forfor critical leg ischemia (< 30 mm 
Hg).Hg). The open squares represent 
thethe pressures which could only be 
measuredmeasured with LD. 
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Tabl ee 4. One week reproducibility 

n== 86 legs mean t=0 mean t=1 Mean SD of the Limits of p ICC 
(SD)) (SD) difference difference agreement 

BPP (mm Hg) 
APP (mmHg) 
ABPII (%) 
PPGG (mm Hg) 
LD33 (mm Hg) 
LD0033 (mm Hg) 

1511 (23) 
107(38) ) 
688 (23) 
599 (39) 
622 (34) 
622 (33) 

145(19) ) 
101(38) ) 
677 (25) 
555 (37) 
58(31) ) 
577 (32) 

7.2 2 
5.9 9 
0.7 7 
3.3 3 
3.8 8 
4.9 9 

16.1 1 
20.4 4 
11.3 3 
16.6 6 
15.6 6 
14.7 7 

-255 / 39 
-344 / 46 
-222 / 23 
-299 / 36 
-277 / 34 
-244 / 34 

<0.01 1 
0.01 1 
0.57 7 
0.04 4 
0.03 3 
0.03 3 

0.72 2 
0.85 5 
0.89 9 
0.92 2 
0.88 8 
0.86 6 

Meann brachial pressure (BP), ankle pressure (AP), ankle/brachial index (ABPI) and toe 
(PPG,, LD3, and LD003) pressure with standard deviation (SD), mean difference with 
standardd deviation and limits of agreement, p-value of the Student's t test for paired 
samples,, and intraclass correlation coefficient (ICC) of the one week reproducibility of each 
technique. . 

Reproducibility Reproducibility 
Forr the analysis of the reproducibility only 86 legs were eligible, because the other 
patientss were treated within that week. There was a small, but significantly lower 
brachial,, toe and ankle pressure measured after one week, whereas the ankle 
brachiall index remained stable during the one week time interval (table 4). The 
ICCss indicate a substantial reproducibility for all three methods (> 0.85). In figures 
4a,, 4b and 4c the differences between the first and the second PPG and LD 
pressuress are plotted against the mean of the first and second measurement. The 
errorr of the measurement was found to be independent of the magnitude of the 
pressuree values (beta coefficient figure 4a= 0.1, p= 0.42; beta coefficient figure 
4b== 0.15, p= 0.12; beta coefficient figure 4a= 0.05, p= 0.67). 

Discussio n n 

Thiss study shows that LD is a reliable and clinical useful technique for the 
measurementt of systolic toe blood pressures. Moreover, LD is more responsive in 
detectingg the reappearance of skin flow at very low perfusion pressures than PPG 
inn the AC mode. 

Anderssonn et al. already showed that LD seems to be more sensitive than the 
strain-gaugee method in the low pressure range for measuring blood pressures.14 

Althoughh also critically reduced pressures could be measured with PPG (in our 
studyy as low as 15 mm Hg), this study showed that LD was able to measure toe 
bloodd pressures in 19 toes, which the PPG in the AC mode could not; these 
pressuress varied between 6 and 64 mm Hg. This pressure range is important, 
sincee it is around the cut-off value for critical leg ischemia as proposed by the 
Europeann Consensus (30 mm Hg). This means that the decision for invasive 
therapyy could be influenced by the method used. A low value (e.g. 0 mm Hg) 
wouldd suggest invasive treatment is required whereas a higher value would 
advocatee initial conservative therapy. 
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Figur ee 4. Difference between the Figure 4a 
firstfirst and second measurement of 
PPG-pressurePPG-pressure (figure 4a), LD3-
pressurepressure (figure 4b) and LD003-
pressurepressure (figure 4c) plotted 
againstagainst the mean of the first and 
secondsecond measurement. The 
regressionregression line of the differences 
(drawn(drawn line) and 95% limits of 
agreementagreement (dotted lines) of the | 
differencesdifferences are presented as E 
horizontalhorizontal lines. « 
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Thee LD technique appears to most valuable in the absence of peripheral 
pulsations,, and in patients with low ankle and toe blood pressures. On theoretical 
grounds,, laser Doppler is probably more sensitive than PPG since LD is based 
uponn the registration of a frequency shift (Doppler effect) of red light by the moving 
erythrocytes,, whereas PPG is based upon a difference in the amount of reflected 
lightt by the absorption of near infrared light by the presence of erythrocytes in the 
underlyingg tissue. Hence, LD is able to detect very small blood displacements and 
isis very sensitive in detecting the resumption of microcirculatory blood flow in the 
toe,, as opposed to the more crude detection of blood filling by PPG. Therefore, we 
feell LD has an advantage over PPG in establishing CLI, since the absence of 
PPGG pulsatility, which has even been suggested to predict to wound healing,31 

doess not have to be concomitant with a critically reduced perfusion pressure. On 
thee other hand, LD has not been compared to the PPG in the DC-mode, which is 
thee most accurate method of detecting toe blood pressure using PPG.13 But the 
DCC mode appears to be commonly used less frequently, probably because this 
modee is very sensitive to movement artifacts and the toe has to be exsanguinated 
beforee inflation of the cuff. Moreover, LD has advantages over the PPG in DC 
mode,, as the LD is hardly influenced by movement artefacts, and exsanguination 
off the toe is not required. 

Anotherr advantage of LD is that the LD probe can easily be applied to short 
digits,, especially when much smaller probes (5 mm) or the transparent probe 
holderr as described by Beinder et al. are used.19 Thus, in practice even digit II, III 
orr IV might be used for toe blood pressure measurements, when the big toe is not 
availablee because of ulcerations or after amputation. Furthermore, toe pressures 
measuredd with LD are found to be as reproducible as pressures measured with 
PPG.. The coefficients of repeatability are in agreement with other techniques such 
ass strain gauge plethysmography.32 

Onn the other hand, the disadvantage of the LD method is that two extra devices 
(LD,, cuff inflator, and data acquisition system) are needed instead of one, since 
thee LD instrument is not routinely integrated in the peripheral vascular equipment, 
whichh increases the costs. A data acquisition system may not be required, but in 
ourr experience, often the first pulsations are missed during online determination 
withh our conventional lab instrument (resulting in a lower pressure), whereas this 
willl not occur when the analysis is performed offline. 

Thee filter time for the LD signal did not seem to influence the results of the 
pressuree measurement, although the longer time constant (LD3) tends to be more 
sensitive.. Both filter settings methods (LD3 and LD0 03) yield comparative results as 
too PPG and the agreement between both methods and PPG is almost perfect (ICC 
>> 0.95). The faster mode (LD003) is easier with pulsatile flux at higher pressures 
andd the more DC (plethysmographic) mode (LD3) is preferred to detect flux 
increasee from baseline at lower pressures not showing any pulsatile flux. A further 
improvementt of the LD and PPG technique might be the use of heated probes or 
thee application of local heat, since the hyperemia increases the total skin 
perfusion,, which pronounces reappearance of the skin perfusion. 

Analysiss of the reproducibility indicates that all tree methods are comparable 
andd reproducible (ICC > 0.85). Insight in the reproducibility of a technique, 
especiallyy the limits of agreement, is important when interpreting the results of 
measurementss of the same person within time, e.g. in the evaluation of therapy or 
progresss of a disease. The limits of agreement of the ABPI are somewhat above 
0.2,, which is in agreement with the results of Fisher et al.,33 but is more than the 
0.155 which is generally reported.10,34 This somewhat larger variation is mainly 
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causedd by the way of calculating the variability. The significantly lower ankle 
pressuree is due to a lower systemic pressure after one week, probably due to 
reassurancee of the patient during the second measurement, which is represented 
byy a lower brachial pressure after one week. 

Inn conclusion, LD is a responsive and reliable instrument to measure toe blood 
pressuree as compared with routinely used techniques. We recommend to use LD 
inn situations in which no signal can be detected with PPG and a decision is 
requiredd as to the presence of critical leg ischemia. 
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Abstrac t t 
Introductio nn  Peripheral blood pressure measurements play a prominent role in 
thee diagnosis and follow-up of patients with peripheral vascular diseases. Toe 
bloodd pressure of the hallux (TP1) and second toe (TP2) and transcutaneous 
oxygenn pressure (Tcp02) measurements are becoming more important. The 
ankle/brachiall index (ABPI) is known to be a reliable parameter, but the TP and 
Tcp022 are evaluated less thoroughly. Therefore we evaluated the reproducibility of 
TP1,, TP2, Tcp02, ankle pressure (AP), brachial pressure (BP) and ABPI. 
Method ss  In 54 patients with various stages of peripheral vascular disease, the 
intra-intra- and /nter-observer reproducibility of BP, AP, ABPI, TP1 TP2 and Tcp02 was 
investigatedd by calculating, the repeatability coefficient (RC), the intraclass 
correlationn coefficient (ICC) and by Bland-Altman plots. 
Result ss  The intra- and /nter-observer reproducibility at one day and after one 
weekweek of BP, AP, ABPI and TP1 were substantial and comparable (ICC range 
0.80-0.99)) except for the BP after one week. The TP2 and Tcp02 were less 
reproduciblee (ICC range 0.62-0.98). The /nter-observer RC of BP was 31 mm Hg, 
off AP: 44 mm Hg, of ABPI: 27 %, TP1: 41 mm Hg, of TP2: 67 mm Hg, and of 
Tcp02:: 30 mm Hg. The difference plot showed that the observer variability was 
equallyy distributed across the range of pressure in all measurements. 
Conclusion ss  The BP, AP, ABPI and TP1 have a substantial intra- and inter-
observerr reproducibility, whereas TP2 and Tcp02 shows worse reproducibility. 
Especiallyy when low values (or values around a cut-off value) are measured, the 
RCC should be taken into account, and repetition of the measurement is advocated. 
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Introductio n n 

Noninvasivee peripheral pressure measurements play a prominent role in the 
diagnosiss and follow-up of peripheral arterial occlusive diseases. In addition to 
anklee systolic blood pressure (AP) and ankle/brachial systolic blood pressure 
indexx (ABPI), toe systolic blood pressure of the hallux (TP1) and transcutaneous 
oxygenn pressure (Tcp02) have won ground particularly in the diagnosis of critical 
legg ischemia (CLI).1'3 In the Second European Consensus document critical leg 
ischemiaa is defined on the basis of clinical findings (rest pain, ulcerations and/or 
gangrene)) and ankle or toe blood pressure measurements.4 Furthermore, Tcp02 

hass been suggested as an adjuvant technique to quantify the severity of the local 
microcirculationn in the ischemic region,14 and to predict the effect of limb salvage 
therapy.5,66 Measurements of the blood pressure in the second toe (TP2) are useful 
afterr amputation of the hallux. 

Thee reproducibility of the ABPI has been evaluated in several studies indicating 
thatt measurements might vary between 9 and 21 %.7'9 The reproducibility of the 
anklee and brachial pressures is considered to be comparable.10 The reproducibility 
off toe pressure1113 and Tcp02

14,15 and are evaluated less thoroughly. 
Insightt in measurement reliability is important in considering therapeutic options, 

evaluationn of therapy and to ascertain progress of disease. The aim of this study 
wass to determine the reproducibility of systolic brachial, ankle and toe blood 
pressuree measurements as well as transcutaneous oxygen pressure and 
ankle/brachiall index in the whole range of clinically relevant values by 
investigatingg patients with various stages of peripheral vascular disease. 

Patient ss and method s 

Patients Patients 
Onee hundred and seven legs of 54 patients (mean age: 66 2 yrs; 31 men and 
233 women) were included in this study after informed consent. Patients were 
recruitedd from those sent to our vascular laboratory for the assessment of the 
ABPI,, and were included in case no therapeutical intervention was scheduled 
withinn one week. Patient's risk factors are listed in table 1. The legs of the patients 
showedd different clinical stages of peripheral vascular disease: 26 legs without 
complaints,, 54 legs with intermittent claudication, and 27 legs with rest pain, ulcers 
orr gangrene. Measurements were performed in a temperature-controlled 
environmentt (23 1 , after a resting period of at least 15 min in the supine 
position,, with the ankles at heart level. The legs were covered with blankets to 
avoidd cooling. Conversation was not allowed during the examination to reduce 
measurementt variability. 

Tablee 1 . Presence of risk factors in 54 patients 

Smokingg 59 % 
Diabetess Mellitus 36 % 
Historyy of cerebrovascular attack or temporary ischemic attack 20 % 
Historyy of coronary heart disease 36 % 
Hypertensionn 43 % 
Hypercholesterolemiaa 35 % 
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Methods Methods 
APP at the dorsal pedal and posterior tibial arteries at the level of the ankle was 
measuredd using an 8 Mhz Doppler probe (PV lab, Stöpler, Electric Diagnostic 
Instruments,, Burbank, CA) and a cuff (12 cm) just above the ankle. The ABPI was 
calculatedd by dividing the highest AP pressure by the highest of the left and right 
brachiall pressure (BP). The BP was measured by means of an automatic blood 
pressuree monitor (Criticon, Dinamap™ Plus, Tampa, Fl). 

Thee TP was measured on the hallux (TP1) and second toe (TP2) by means of 
photo-plethysmographyy (PPG, PV lab, Stöpler, Electric Diagnostic Instruments, 
Burbank,, CA) and a digital cuff with a width depending on the diameter of the toe. 
AA cuff width closest to 120% of the diameter of the hallux was chosen (cuff: 1.5, 
2.55 or 3.3 cm, Hokanson, Bellevue, WA). 

Tcp022 (Radiometer, TCM3, Copenhagen, Denmark) was measured at an 
electrodee temperature of , after calibration at 159 mm Hg. The skin was 
cleanedd with alcohol and scales were stripped by means of adhesion tape if 
necessary.. The electrodes were applied to the skin of both feet using the probe 
holderr and contact liquid. The electrode was placed on the dorsum of the foot in 
thee first intermetatarsal space just proximal to the first and second toe or, if this 
wass not possible due to local wounds, on an area of the skin not overlying a bony 
orr tendon structure closest to this place. Tcp02 was recorded after stabilization 
overr a period of 5 minutes by means of a paper writer with a speed of 0.5 cm/min. 

Thee measurements were performed twice by the same observer (JdG; A1 and 
A2)) without removing the cuffs and electrode holder, but after re-calibration of the 
Tcp02.. Subsequently, this was repeated by a second observer (B) in the same 
session,, in which the cuff and holder were replaced and the Tcp02 was re-
calibrated.. After one week the measurements were again repeated twice; by the 
firstt observer (A3) and a third observer (C). Observers A, B and C had the same 
experiencee with the described technique and were registered vascular technicians, 
exceptt for investigator A (JdG) who is a medical doctor working as a research 
felloww at the vascular laboratory. Observers were blinded for the previous results 
off each other's tests. 

Thee /nfra-observer variability on the same day (intra-day) was evaluated by 
comparingg the results of A1 with A2, while the /nfra-observer variability after one 
weekk (intra-week) was evaluated by comparing A1 with A3. The /V?ter-observer 
variabilityy on the same day (inter-day/) and after one week {inter-week) was 
evaluatedd by comparing the results of A1 with B and B with C, respectively. The 
lastt setting reflects clinical practice, i.e. the measurements are performed by 
differentt investigators and after a certain period of time to evaluate therapy or 
progresss of disease. 

Statistics Statistics 
Thee mean difference ((J) between a pair of measurements was expressed with 
theirr 95% confidence limits (Ó*  2sdd). These limits of agreement reflect the 
expectationn that 95% of the differences are less than 2sd. This is also the 
definitionn of a repeatability coefficient (RC), adopted by the British Standard 
Institution.166 The statistical significance of the mean difference was tested with the 
pairedd sample t-tests. 

Bothh intra- and /'nter-observer agreements were assessed by calculating the 
intraclasss correlation coefficient (ICC, two-way mixed, random effect model, 
absolutee agreement) according to the method as described by Bartko.17,18 The 
ICCC is the parametric analogue of the chance-corrected Kappa measurement of 
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agreement.19200 The ICC not only assesses the strength of linear correlation 
betweenn two measurements, but also detects systematic error.19 The ICC value 
cann be arbitrarily interpreted as: 'poor' (< 0.20), 'fair' (0.21 - 0.40), 'moderate' 
(0.411 - 0.60), 'substantial' (0.61 - 0.80), and 'almost perfect' (0.81 -1.00).2021 

Additionally,, a Bland-Altman plot was made showing the differences between two 
measurementss against their mean to check whether the error of measurement 
wass independent of the magnitude of the mean score.22 The strength of the 
relationshipp between the score differences and their mean was indicated by the 
slopee of a regression line. 

Result s s 

Meann pressures at the first visit by investigator A, classified according to the 
severityy of vascular disease, are presented in table 2. The histograms depicting 
thee differences between repetitive measurements showed a normal distribution 
(graphss not presented). Table 3 presents the mean differences (d with sdd), RC 
andd ICC of the repetitive measurements. After one week the BP, AP and TP1 
valuess were slightly but significantly lower, as measured by the same as well as 
byy two different investigators (table 3). In addition, both the intra- and inter-
observerobserver reproducibility after 1 week tended to be worse than when investigated 
onn the same day. This was true for all pressures except for the TP1 and TP2. 
Furthermore,, the TP1 as measured by investigator A was significantly lower than 
whenn measured by B (inter-datf. The ABPI, Tcp02 and TP2 were not significantly 
differentt between the various measurements. 

Thee reproducibility of BP, AP, ABPI, and TP1 was 'substantial' to 'almost 
perfect'' in all situations (ICC range 0.75 - 0.99, table 3), except for the intra-week 
off the BP which was somewhat lower (0.69). In general, the reproducibility of TP2 
andd Tcp02 in all settings was lower than the other parameters. 

Inn figure 1 the differences between measurement B and C (inter-week) are 
plottedd against the mean of both measurement. The regression lines in all figures 
indicatee that the variability in the pressure scores were independent of the 
magnitudee of the pressure values (beta coefficients; figure 1) There were four 
clearr outliers in both the AP (figure 1b) and ABPI (figure 1c), which were caused 
byy the fact that one investigator could detect an ankle artery pressure while the 
otherr investigator could not. The plots of the intra-day, intra-week and inter-day 
showedd the same tendency. 

Tablee 2. Measurements taken at the first assessment by investigator A 

Asymptomatic c 

Intermittent t 
claudication n 

Restt pain, ulcers or 
gangrene e 

no o 
legs s 

26 6 

54 4 

27 7 

BP P 
mmm Hg 
(sd) ) 

147(20) ) 

148(25) ) 

148(25) ) 

AP P 
mmm Hg 
(sd) ) 

1511 (28) 

112(29) ) 

722 (17) 

ABPI I 
% % 
(sd) ) 

101(14) ) 

744 (20) 

47(12) ) 

TP1 1 
mmm Hg 
(sd) ) 

966 (28) 

688 (25) 

24(19) ) 

TP2 2 
mmm Hg 
(sd) ) 

933 (32) 

677 (29) 

28(18) ) 

Tcp02 2 

mmm Hg 
(sd) ) 

49(10) ) 

47(12) ) 

33(17) ) 

Meann systolic brachial pressure (BP), ankle systolic Doppier pressure (AP), ankle/brachial 
indexx (ABPI), toe systolic pressure of the hallux (TP1) and second toe (TP2) and 
transcutaneouss oxygen pressure (Tcp02) with standard deviations (sd) in the legs suffering 
fromm different stages of vascular disease, measured at first assessment by investigator A. 
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Tablee 3. Variation of the measurements 

66 (mm Hg)* sdd (mm Hg)* RC(mm Hg)* p-value ICC 

BP P 
Intra-day y 
Intra-week k 
Inter-day y 
Inter-week k 

r r 
Intra-day y 
Intra-week k 
Inter-day y 
Inter-week k 

BPI I 
Intra-day y 
Intra-week k 
Inter-day y 
Inter-week k 

PI I 
Intra-day y 
Intra-week k 
Inter-day y 
Inter-week k 

P2 2 
Intra-day y 
Intra-week k 
Inter-day y 
Inter-week k 

cpu2 2 

Intra-day y 
Intra-week k 
Inter-day y 
Inter-week k 

-0.1 1 
++ 7.7 
++ 2.1 
++ 4.7 

++ 0.4 
++ 6.4 
-0.1 1 
++ 5.8 

-0.3 3 
++ 1.0 
-1.3 3 
++ 1.6 

++ 0.6 
++ 3.7 
-7.2 2 
++ 6.8 

-0.6 6 
++ 0.5 
-7.2 2 
-5.3 3 

-0.1 1 
-0.8 8 
0.0 0 
-0.1 1 

9 9 
16 6 
13 3 
16 6 

5 5 
20 0 
18 8 
23 3 

4 4 
11 1 
10 0 
14 4 

5 5 
13 3 
17 7 
21 1 

6 6 
23 3 
27 7 
34 4 

7 7 
13 3 
11 1 
15 5 

17 7 
31 1 
26 6 
31 1 

10 0 
39 9 
35 5 
44 4 

9 9 
22 2 
20 0 
27 7 

10 0 
25 5 
33 3 
41 1 

12 2 
46 6 
52 2 
67 7 

14 4 
25 5 
21 1 
30 0 

0.93 3 
<< 0.001 
0.10 0 
<0.01 1 

0.35 5 
<0.01 1 
0.94 4 
0.02 2 

0.52 2 
0.43 3 
0.20 0 
0.27 7 

0.24 4 
0.01 1 
<< 0.001 
<0.01 1 

0.38 8 
0.86 6 
0.10 0 
0.17 7 

0.94 4 
0.52 2 
0.97 7 
0.94 4 

0.93 3 
0.69 9 
0.85 5 
0.75 5 

0.99 9 
0.85 5 
0.90 0 
0.85 5 

0.98 8 
0.89 9 
0.92 2 
0.87 7 

0.99 9 
0.92 2 
0.88 8 
0.85 5 

0.98 8 
0.77 7 
0.74 4 
0.68 8 

0.89 9 
0.68 8 
0.77 7 
0.62 2 

Meann difference {(J), standard deviation of differences (SD<j), repeatability (RC, 2 x SDd), 
andd intraclass correlation coefficient (ICC), and probability value (p) of the Student's t test 
forr paired samples. * Values of the ABPI are expressed in percentages. 

Discussio n n 

Thiss study shows that the reproducibility on the same day and after one week of 
thee brachial, ankle, toe pressure and ABPI is substantial, whereas the 
reproducibilityy of the pressure of the second toe and Tcp02 is moderate. Despite 
thiss good reproducibility, the absolute variation is larger than assumed thus far 
(approximatelyy 15%),7®'10'23'24 but is in accordance with the values as presented by 
Bakerr and Dix.9 This larger variation is mainly caused by the study design and the 
wayy of calculating the variability. In this study not only the /'nfra-observer 
measurementt variability is evaluated, but also the biological fluctuation over time 
andd /'nter-observer variability is considered, which is more like the clinical practice. 
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Figuree 1a 

126 6 

1000

75 5 

5C C 

25 5 

00 « 

-255

-50 0 

-755 > 

1000

1255 « 

150 0 

c c w w ^ t » » 

255 5 0 7 5 10 0 12 5 15 0 17 5 20 0 22 5 25 0 

Meann BP, inter-observer after one week (mm Hg) 

Figuree 1b 
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Figur ee 1. 
DifferenceDifference plot of one-week 
inter-observerinter-observer variation of the 
brachialbrachial systolic pressure (BP, 
figfig 1a), ankle systolic pressure 
(AP,(AP, fig 1b), ankle brachial 
indexindex (ABPI, fig 1c), toe 
pressurepressure (TP1, fig 1d and TP2 
figfig 1e) and transcutaneous 
oxygenoxygen pressure (Tcp02 fig 
If).If). The difference between the 
secondsecond (B) and fourth (C) 
measurementmeasurement is plotted against 
thethe mean of these 
measurements.measurements. The regression 
lineline of the differences (drawn 
line)line) and repeatability 
coefficientcoefficient (RC, dotted lines) 
areare drawn. The regression 
lineslines were not significant: 
betabeta coefficients and p-values 
ofof figure: 
1a:1a: 0.15, p= 0.17, 
1b:1b: 0.05, p= 0.63, 
1c:1c: -0.10, p= 0.34, 
1d:1d: 0.13, p= 0.24, 
1e:1e: -0.12, p= 0.30, 
1f:1f: -0.20, p= 0.08. 

Figuree 1c 
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Figuree 1d 
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Figuree 1e 
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Inn our study and practice an automatic system was used for the measurement of 
brachiall systolic blood pressure for the calculation of the ABPI rather than the 
standardd hand-held Doppler. Nevertheless, this would not have influenced the 
results,, because previous investigations showed that the systolic blood pressures 
measuredd with the Dinamap were not significantly different from the Doppler 
methodd and that the corresponding ABPI values were similar.25 

Thee accuracy of the systolic toe blood pressure measurements has only been 
evaluatedd using strain gauge plethysmography1113 The reproducibility of toe blood 
pressuree as described in the literature varies from comparable12 to less 
reproduciblee than ankle or brachial blood pressure.13 This study demonstrates that 
toee blood pressure measurements of the hallux are equally reproducible as 
comparedd with the brachial pressure, ankle pressure and ABPI (the ICC's are 
corresponding),, and that the variation is equally distributed across the range of 
pressures.. It should be kept in mind that the reproducibility of toe pressure in the 
secondd is considerable lower than that of the hallux. 

Thee Tcp02 is important in the diagnosis and follow up of patients with critical leg 
ischemiaa and in the determination of amputation level in patients with 
unreconstructablee arterial insufficiency.26 The reproducibility of the Tcp02 has not 
yett been described in terms of RC thus far, while the coefficient of variation 
(expressedd as the sd divided by the mean of several measurements) varies 
betweenn 21 and 42%.14'15-27-30 The Tcp02 measurements appears to be less 
reproduciblee than the other parameters and its reproducibility after one week, 
whenn performed by different investigators, moderate. However, comparing ICC's 
off different techniques should be done with caution. The magnitude of ICC 
dependss on the magnitude of the variance attributable to between-subject 
differences,, and a relatively large RC can exist despite a high ICC.31 The variance 
off the Tcp02 is smaller than the variance of the ankle, brachial and toe pressure 
andd ABPI. Considering this, the smaller ICC of the Tcp02 cannot directly be 
comparedd with the other techniques. 

Thee RC of Tcp02 is considerably large (30 mm Hg). The variance in Tcp02 

couldd be influenced by instrumental, biological and methodological variation. The 
instrumentall variation is relatively small (3 mm Hg).26 The biological variation of 
Tcp022 is greater than the biological variation of the blood pressure parameters, 
becausee the Tcp02 is a microcirculatory parameter which is influenced by both 
centrall (cardiovascular and pulmonary status) and local factors (local blood flow, 
skinn metabolic activity, and diffusion conditions such as epidermal thickness and 
composition)) as opposed to the other pressure parameters, being influenced 
mainlyy by central pressure factors. Local flow has a relatively great influence on 
Tcp02,, since the Tcp02 is flow dependent via the circulatory hyperbola;32 this 
meanss that in situations in low flow states, such as severe ischemia, a relative 
smalll increase in flow results in a dramatic increase in Tcp02 Surprisingly this was 
nott confirmed by our data. In this study we found a relatively small contribution of 
thee biological variation in the lower pressure ranges, since the variation was 
equallyy distributed across the whole range of clinically relevant values. 

Wee found a small but significantly lower ankle and toe pressure of the hallux 
afterr one week in both the intra- and Znter-observer setting. This could not be 
explainedd by the observer bias since the investigators were unaware of the 
resultss of previous investigations. Furthermore, the brachial pressure, which was 
alsoo lower after one week, is measured automatically and could not be influenced 
byy foreknowledge or progress of disease. Apparently, on the second day of 
examinationn the patient is reassured by the experience of previous investigation. 
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Thiss same phenomenon could also have caused the low ICC (0.69) for the 
brachiall pressure measured after one week by the same observer. The 
significantlyy higher blood pressure of the hallux might be caused by the increase in 
temperaturee of the toe during the examination, since toe pressure is known to be 
temperaturee dependent.33 

Thee influence of the examiner on the variance is not likely to have a great 
influencee on the variability and can be estimated from the difference in ICC 
betweenn the intra and inter of each individual item. The ICC of the intra-day is 
betterr than the ICC of the inter-day in all investigations. Furthermore, examiner 
variancee was not when evaluating the intra- and inter- observer variability after 
onee week. In the Doppler measurements the differences between examiners could 
bee due to a different hearing ability and a different probe used. In the toe blood 
pressuree measurements the size of the cuff (especially the second toe) which was 
too the discretion of the investigator, might have influenced the inter-observer 
variation,, while the detection of the reappearance of blood in the toe at low 
pressuress is hampered by a poor signal-to-noise ratio. The position of the Tcp02 

probee on the foot (although it was instructed to use the first intermetatarsal space) 
mightt have had some influence on the Tcp02 results, since these measurements 
aree influenced by the thickness of the skin. 

ClinicalClinical implementation 
Thee variability of repeated measurements appreciating the presence and severity 
off peripheral ischemia has important consequences for the clinical practice. The 
vascularr tests are mainly performed by different vascular technologists in a 
vascularr laboratory. Therefore /'nter-observer variability after one week (inter-
week)week) should be taken into account when interpreting the results of a vascular 
laboratory.. For this purpose the RC is most relevant as it indicates when the 
differencee between two measurements can be interpreted as significant. A 
significantt difference between two measurements, i.e. a difference larger than the 
RC,, indicates that this difference is not caused by the variation of the 
measurementt itself, but by a change in the clinical situation, e.g. when the 
treatmentt has been successful or the disease has progressed. A RC of 44 mm Hg 
indicatess that two ankle pressure measurements that differ less than 44 mm Hg 
cannot,, with a certainty of more than 95%, be considered to be really different; a 
differencee less than 44 mm Hg could also be caused by measurement variation. 

Secondly,, the variability is also important for values around a certain cut-off 
value.. In case the result is within the range of the cut-off value (plus or minus the 
RC)) the result of one measurement should be interpreted with caution and a 
secondd measurement is advocated. The second should be performed preferably 
byy a different observer on another day, since this variation is the larger. Since the 
truee value is not known, the mean of two completely different measurements is the 
bestt approximation of the true value. Of all, this is important when using Tcp02 to 
aidd in the indication for amputation or the determination of an amputation level. In 
aa previous study this differentiation in levels of certainty was taken into account by 
applyingg three different certainty levels using probability levels (a low, 
intermediatee and high probability around the cut-off value) for toe pressure and 
Tcp02,, for the purpose of indicating the need for invasive therapy in patients 
criticall leg ischemia.1 
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Inn conclusion, the ankle and toe blood pressure parameters are well 
reproducible,, comparable to the reproducibility of brachial pressure and 
ankle/brachiall index. The TcpOa is moderately reproducible. When interpreting the 
resultss of peripheral pressure measurements the RC should be taken into account. 
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Abstrac t t 
Introductio nn  To assess the optimal cut-off values of toe blood pressure (TP) and 
transcutaneouss oxygen pressure (Tcp02) in the supine and sitting positions, in 
orderr to accurately detect the presence of severe leg ischemia requiring invasive 
treatment. . 
Method ss  In 49 consecutive patients (65 legs) with severe ischemia according to 
clinicall symptoms of Fontaine III or IV and a lowered ankle blood pressure, TP and 
Tcp022 were measured in the supine and sitting positions. Treatment within six 
weekss after the diagnosis was classified as either conservative or invasive. 
Result ss  Of the 65 legs, 38 (58%) were treated invasively. Their mean ankle 
pressuree was 70 mm Hg. The optimal cut-off value for TP was 38 mm Hg and for 
Tcp022 35 mm Hg. A TP of <30 mm Hg and a Tcp02 <25 mm Hg while supine, 
showedd likelihood ratios (LR) of 7.0 and 3.3, respectively, and when combined an 
LRR of 12.4. Measuring in the sitting position did not enhance diagnostic power. 
Conclusion ss  The choice for invasive therapy in patients with severe leg ischemia 
iss facilitated by measuring TP and Tcp02, using the abovementioned cut-off 
values.. Patients with a high ankle pressure or ABPI may well have leg ischemia 
requiringg treatment. Measurements in the sitting position do not enhance the 
diagnosticc value. 
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Introductio n n 

Thee decision to invasively treat patients suffering from severe arterial insufficiency 
off the leg is usually made when the surgeon judges that the viability of the leg is 
jeopardized.. In general, this judgement is made on the basis of the clinical picture 
andd peripheral blood pressure data, yielding the diagnosis 'critical limb ischemia' 
(CLI). . 

Thee definition of CLI, however, is not that clear. When attempting to define CLI 
onee may focus on several entities, such as clinical symptoms, blood pressure 
parameters,, need for a vascular intervention, outcome prediction or imminence of 
ann amputation. The European Consensus Document (ECD) has chosen to define 
CLII on the basis of clinical findings according to Fontaine1 and peripheral blood 
pressuree measurements, but the ECD does not explicitly refer to which or when 
therapyy is indicated.2 

Thee Fontaine stages are the first and foremost criterion to describe the severity 
off arterial insufficiency for physicians involved with patients suspected of CLI. 
However,, this clinical classification has its flaws when rest pain or ulcers are not 
causedd by arterial insufficiency. Peripheral blood pressure measurements are 
helpfull to obtain more confidence as to the presence of (severe) leg ischemia. 
However,, these parameters also have a limited value, e.g. in patients with media 
sclerosis,344 especially in diabetics,5 and after an amputation. This frustrates any 
measurement.. Moreover, blood pressure measurements are less reliable in low-
floww states.6 Furthermore, CLI may well exist despite an ankle pressure >50 mm 
Hgg or a toe pressure of >30 mm Hg.7,8 In a previous study the ankle blood 
pressuree was found to have a very low predictive value as to the presence of CLI 
thatt required invasive therapy within one month when this cut-off value (<50 mm 
Hg)) was applied.9 Hence, the ECD cut-off values for blood pressure parameters in 
orderr to effectively appreciate the presence of CLI is debatable. 

Inn addition, measuring peripheral blood pressures may be difficult, especially in 
severee ischemia when pressures are low. This may be ameliorated by measuring 
inn the sitting position, since the increased orthostatic blood pressure while sitting is 
likelyy to facilitate detection of the pulse wave by Doppler or 
photoplethysmographicc techniques. Also, other diagnostic tools have been 
proposedd in order to enhance discrimination of the severity of the disease, 
includingg skin microcirculatory investigation,10,11 especially transcutaneous oxygen 
tensionn measurements.712,13 Thus far, a variety of cut-off values has been 
proposedd to define critical ischemia.11,14"16 One of the reasons for this variation is 
thee different interpretation of 'CLI'. A consensus as to the definition of CLI is, 
nevertheless,, wanted in order to define objective patient groups in comparative 
studiess and to avoid confusion due to the different interpretations of CLI. 

Givenn the abovementioned considerations, the dilemma remains whether the 
clinicall impression of the presence of 'CLI' is sufficient to decide for invasive 
treatmentt or, on the other hand, additional objective pressure parameters should 
bee a prerequisite in this decision. Therefore, in this study we attempted to 
establishh optimal cut-off values of toe blood pressure and transcutaneous oxygen 
pressuree (Tcp02) parameters, as measured in the supine and the sitting position, 
inn order to accurately detect the presence or absence of CLI, defined as chronic 
severee arterial insufficiency requiring short-term invasive treatment. 
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Patient ss and method s 

Inn a one-year period, a consecutive series of 49 patients referred to the vascular 
laboratoryy was prospectively investigated with uni- or bilateral clinical symptoms 
accordingg to Fontaine stages III (n=23) or IV (n=26). Patients with an acute arterial 
occlusionn or clinically manifest venous insufficiency were excluded. Thus, 27 
maless and 22 females with 65 clinically severe ischemic legs participated in the 
studyy after informed consent. The patients' mean age was 72 years (range: 47-94 
years).. Diabetes was present in 22 (45%) of the patients, smoking in 22 (45%), 
hypertensionn in 19 (40%), cardiac diseases in 14 (29%), cerebrovascular 
disorderss in 12 (24%) and hypercholesterolemia in 7 (18%) of the patients. 

Inn the present study the need for invasive therapy within six weeks after the 
diagnosiss was used as a gold standard for the presence of CLI. Because the 
choicee for invasive treatment does not necessarily imply its effectiveness, the 
validityy of this gold standard was ascertained by assessing the incidence of major 
amputationss (of the foot or higher) in the year after the therapeutic intervention. 
Amputationss in the patients treated conservatively would indicate an incorrect 
therapyy choice. In addition, peripheral blood pressure and Tcp02 were assessed 
withinn one week after invasive treatment, to appreciate its effectiveness. 

Inn our department, the decision regarding invasive or conservative treatment 
wass based on clinical findings and ankle blood pressures. The surgeons involved 
weree blinded for the Tcp02 and toe pressure results. When the responsible 
vascularr surgeon intended to treat invasively, duplex investigation and/or 
angiographyy of the aorto-iliac and femoro-popliteal arteries was performed. The 
outcomee of the decision as to the required therapy was registered as either 
conservativee treatment (i.e., local wound care, analgesics, antibiotics, or toe 
amputation)) or an invasive therapeutic intervention (i.e., vascular reconstruction, 
angioplastyy or primary amputation) within six weeks after the diagnosis, since the 
presencee of critical ischemia was regarded (arbitrarily) to require an intervention at 
leastt within that period. In case contraindications prevented an intervention, the 
patientt remained part of the 'intervention' group, as he was still regarded as 
requiringg invasive therapy. 

Thee patients were investigated in the supine and the sitting position after 
acclimatizationn in a room with a temperature between 22-23 . Ankle systolic 
bloodd pressures in the dorsal pedal and posterior tibial arteries were measured 
usingg a 8 MHz Doppler probe (Stöpler, PV lab) and a cuff (width: 12 cm) around 
thee ankle. Ankle pressure was defined as the highest value of the two ankle 
arteriess measured. The ankle-to-brachial blood pressure index (ABPI) was 
calculatedd by dividing the ankle pressure by the highest brachial blood pressure, 
measuredd by means of an automatic blood pressure monitor (Critikon, Dynamap™ 
Plus),, and was expressed as a percentage. Toe systolic pressures were 
measuredd in the big and second toe by means of photoplethysmography17 

(Stöpler,, PV lab) and a digital cuff with a width of 1.9 or 2.5 cm, depending on the 
sizee of the toe. The highest pressure of both toes was taken as the toe pressure. 
Tcp022 (Radiometer, TCM3) was measured on the dorsum of the foot at an 
electrodee temperature of . 

Thee results of the non-invasive measurements were compared with the 
therapeuticc action taken in order to define in retrospect the best suitable 
parameterss and their cut-off values for the assessment of CLI that needs 
therapeuticc intervention. For this purpose receiver-operator characteristic (ROC) 
curvess were drawn for the parameters obtained in both positions.18 The diagnostic 
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powerr of the parameter to detect CLI requiring treatment was expressed as the 
surfacee area under the curve (ranging from 0.5 [indifferent] and 1 [perfect 
agreement])) and the accompanying sensitivity and specificity related to the 
optimumm cut-off value, chosen on the basis of the highest accuracy. Subsequently, 
likelihoodd ratios were calculated to assess whether the diagnostic test results 
wouldd generate a substantial change from pre-test to post-test probability19 for the 
presencee of CLI requiring invasive treatment. For this purpose, the results of each 
parameterr were divided in three levels: indicating CLI, indifferent, and indicating 
noo CLI. Separation of these levels was done by taking an (approximately) 
equidistantt range around the optimum cut-off values derived from the ROC curves 
forr each parameter. Then, the LR was calculated for each level (LR for CLI: % true 
positivee / % false negative rate; LR for no CLI: % true negative / % false negative 
rate). . 

Statisticall analysis of the significance of differences between the results in the 
supinee and sitting positions was performed by means of the independent samples 
T-testt after having tested for skewness. 

Tablee 1. Arm, ankle, and toe blood pressures, ankle brachial pressure index and 
Tcp022 in patients of the invasively and conservatively treated groups as measured 
inn the supine and sitting positions 

Parameter r 

Brachiall pressure 
(mmm Hg) 

Anklee pressure 
(mmm Hg) 

ABPI I 
(%) ) 

Toee pressure 
(mmm Hg) 

Tcp02 2 
(mmm Hg) 

Criticall limb ischemia** 

Conservativee treatment 

Supine e 
Sitting g 

Supine e 
Sitting g 

Supine e 
Sitting g 

Supine e 
Sitting g 

Supine e 
Sitting g 

Supine e 

1644 (28) 
157(29) ) 

125(37) ) 
162(29) ) 

777 (23) 
104(25) ) 

722 (39) 
127(46) ) 

37(13) ) 
49(15) ) 

22 (7%) 

P-value' ' 

0.11 1 
0.19 9 

<0.001 1 
<0.001 1 

<0.001 1 
0.002 2 

<0.001 1 
<0.001 1 

0.001 1 
0.04 4 

0.002 2 

Invasivee treatment 

152(27) ) 
1488 (24) 

700 (42) 
110(44) ) 

466 (25) 
766 (33) 

244 (24) 
511 (46) 

23(19) ) 
388 (20) 

244 (63%) 

Dataa are expressed as means (standard deviation). ABPI = ankle/brachial blood pressure 
index. . 
** Paired Student's T-test 
*** Number of legs with CLI as defined by the European Consensus Document 
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Result s s 

Off the 65 severely ischemic legs included, 38 (58%) were found to require 
invasivee therapy. Hence, the pre-test probability for invasive treatment was 0.58. 
Alll but two underwent an intervention within one month. Two patients had 
contraindicationss for intervention. No major amputations in the conservative group 
andd four in the invasively treated group were observed in the one-year period after 
thee diagnosis. These occurred after 3 days (primary amputation), and after 2, 4 
andd 21 weeks. No sympathectomies were performed during the follow-up period. 

Thee data about the patients' supine and sitting brachial, ankle, and toe blood 
pressuress and Tcp02 in both treatment groups are shown in table 1. Forty percent 
off the legs included complied with the definition of CLI according to the European 
Consensus.. Although the vast majority (93%) of patients treated conservatively did 
nott have CLI according to the European Consensus, a considerable number of 
patientss (37%) without CLI were treated invasively. As expected, all parameters 
(exceptt for the brachial blood pressure) increased significantly after changing to 
thee sitting position, as a result of the orthostatic pressure increase. Age, gender, 
Fontainee stage, ulcer size, as well as the presence of diabetes did not differ 
significantlyy between the two treatment groups. Patients who underwent invasive 
treatmentt showed significantly worse peripheral blood and oxygen pressures than 
thosee treated conservatively. Invasive treatment caused a significant increase in 
systolicc blood pressure, ABPI, toe pressure (70-+113 mm Hg, 46^-82% and 
24->577 mm Hg, respectively; p<0.002), and TcpCv, (23^-37 mm Hg; p<0.04), all as 
measuredd in the supine position. 

Thee relation of toe pressures and Tcp02 results between the supine and sitting 
positionss are shown as scatter plots in figures 1. The toe pressures showed a 
moree or less linear relationship between both positions with an mean intercept (i.e. 
increasee upon dependency) of about 25 mm Hg. The Tcp02 relationship showed a 
somewhatt logarithmic course and had a wider divergence from the mean. 

Figur ee 1 . Scatter plots of the supine and sitting toe pressures (1a) and Tcp02 

(1b),(1b), including the regression lines and 95% confidence intervals of the mean and 
individualindividual results. Each stripe on a data circle represents one case. 

Figuree 1b 

755  10 0 12 5 15 0 17 5 20 0 22 5 100 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 

Toee pressure supine (mm Hg) Tcp022 supine (mm Hg) 
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Figur ee 2. ROC curves of the toe blood pressure in the supine (2a) and the sitting 
(2b)(2b) position. Some cut-off values are indicated with an asterisk. 

Figuree 2a Figuree 2b 
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Too assess the optimal parameters and cut-off values to detect CLI requiring 
invasivee therapy, ROC-curves for the toe and oxygen pressures measured in the 
supinee and sitting positions are presented in figures 2 and 3. The best diagnostic 
valuess were seen with the toe pressure in the supine position. In the sitting 
position,, the areas under the curve for each parameter were lower than while 
supinee (table 2). The optimal cut-off values and corresponding diagnostic values 
aree shown in table 2. The LR's for each optimal cut-off value were somewhat 
higherr while supine than while sitting. 

Thee LR's after dividing the results of each parameter into three levels is shown 
inn table 3. Applying a cut-off value of <30 mm Hg for the toe pressure in the 
supinee position produced a substantial elevation of the probability that CLI exists 
(LR=7.0).. On the other hand, a toe pressure >50 mm Hg ruled out the presence of 
CLII with a considerably high probability (LR=0.15). While sitting, the same was 
truee when toe pressure was <70 or >110 mm Hg. The Tcp02 produced similar 
findings,, but with lower LR's in both positions. Combination of the toe pressure 
andd TcpOz parameters improved the predictive values for the presence of CLI 
substantiallyy (supine position: LR=12.4). All patients who underwent an 
amputationn during follow up had a toe pressure and Tcp02 below the cut-off 
values,, except for the patient undergoing a primary amputation, who had a Tcp02 

off 38 mm Hg. When a combination of the toe pressure and Tcp02, using the ROC-
derivedd cut-off values, would have been used to decide for invasive treatment, 
eightt patients (12%) would have received another form of treatment: four would 
thenn have been treated conservatively instead of invasively and the other four vice 
versa. . 

Measuringg in the sitting position did not appear to clearly enhance the diagnostic 
valuee of the tests as compared with those in the supine position. Although in the 
sittingg position all patients were ruled in as having CLI requiring treatment when 
toee pressure was <70 and Tcp02 <40 mm Hg. 
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Tablee 2. Optimal cut-off values and corresponding diagnostic values of the 
differentt parameters in both positions to detect ischemia requiring invasive 
treatment t 

Parameter r 
cut-offf value 

Toee pressure 

Tcp02 2 

supine e 
sitting g 
supine e 
sitting g 

Optimal Optimal 

388 mm Hg 
855 mm Hg 
355 mm Hg 
499 mm Hg 

AreaArea (SE) 

0.877 (0.05) 
0.877 (0.05) 
0.755 (0.06) 
0.700 (0.07) 

Sensitivityy Specificity 

822 % 83 % 
777 % 81 % 
722 % 68 % 
677 % 65 % 

PPV V 

82% % 
86% % 
76% % 
76% % 

NPV V 

76% % 
71% % 
63% % 
54% % 

LR R 

4.70 0 
4.06 6 
2.44 4 
1.90 0 

Areaa = surface area under ROC-curve; SE = standard error; PPV = positive predictive 
value;; NPV = negative predictive value; LR = likelihood ratio. 

Discussio n n 

Thiss study shows that 'critical limb ischemia', when defined as severe arterial 
insufficiencyy according to the clinical Fontaine stage and ankle blood pressures, 
doess not imply the necessity of invasive treatment, because of its low (58%) pre-
testt probability to detect the presence of severe leg ischemia that requires 
invasivee therapy. The additional measurement of toe blood pressures and/or 
Tcp022 are indispensable for this decision, because these substantially increase 
thee pre-test probability: we found likelihood ratios for a toe pressure below 30 mm 
Hgg of 7.0, for a Tcp02 below 25 mm Hg of 3.3, and for the combination of both of 
12.4,, as measured in the supine position. 

Thee percentage of patients who received invasive therapy in this study may 
seemm relatively low, since all patients with critical limb ischemia require some form 
off intervention. This percentage may vary among different centers and surgeons, 
dependingg on their interpretation of the clinical symptoms, which may be 
confoundedd by other diseases. On the other hand, an ischemic ulcer with a 
healingg tendency may just as well be treated with watchful waiting and local 
woundd care in patients with relative contraindications for invasive treatment. 
Furthermore,, patients were included on the basis of rest pain and/or ischemia 
ulceration,, but not necessarily with blood pressures below the European 
Consensuss cut-off criteria. This may also explain the relatively high ankle 
pressuress as found in this patient group. 

Whenn discussing 'critical limb ischemia' in medical literature a definition of this 
conceptt is mandatory to be able to objectively appreciate whether 'critical' refers to 
eitherr the clinical symptoms, or certain pressure parameters measured, or the 
indicationn for invasive treatment, or the prediction of treatment outcome, or an 
imminentt amputation. In this study 'critical limb ischemia' was defined as such 
severee leg ischemia that requires invasive treatment, the indication for which 
(includingg primary amputation) we used as a gold standard. This also included 
thosee patients in whom invasive treatment was indicated, but could not be 
implementedd due to absolute contraindications for operation. The effectiveness of 
thee treatment given, judged by the amputation rate in both treatment groups, and 
thuss the integrity of the gold standard, appeared to be good. We advocate this 



588 Chapter 4 - Assessing ischemia requiring intervention 

Figur ee 3. ROC curves of the Tcp02 in the supine (3a) and the sitting (3b) position. 
SomeSome cut-off values are indicated with an asterisk. 
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definitionn as the most useful and practical in the daily practice of the medical 
professionn concerned with these patients. In doing so, this will also standardize 
thee reports on clinical outcome, e.g. as to resolution of symptoms and limb 
salvage,200 which allows a better comparison between different studies. So far, 
variouss other definitions of critical ischemia have shown poor predictive values as 
too treatment choice and outcome .21 Including new parameters and viewpoints, 
suchh as those proposed in the present study, into this definition may therefore be 
useful. . 

Inn order to answer whether invasive treatment should be the therapy of choice, 
non-invasivee objective parameters can play an important role, provided that other 
cut-offf values, such as those proposed in this study, are used rather than the 
Europeann consensus criteria. The significant difference in ankle blood pressures 
betweenn the invasive and conservative treatment groups suggests the surgeons 
didd appreciate the ankle blood pressure (being the only parameter disclosed) in 
thee choice for invasive treatment, although the mean ankle pressure in the 
patientss treated invasively was rather high (70 mm Hg). Apparently, even a high 
anklee pressure did not withhold the surgeons from invasive treatment. Therefore, 
addingg this parameter to the clinical symptoms, using the abovementioned cut-off 
value,, is still insufficient to decide for invasive therapy. In contrast, the presence of 
aa toe pressure less than 30 mm Hg and a partial oxygen pressure of less than 25 
mmm Hg substantially increases the likelihood that ischemia exists requiring 
invasivee treatment. 

Thee likelihood ratio used in this study is a relatively new parameter that offers 
moree information for the individual patient than the mere sensitivity and specificity, 
ass it is calculated as the % true positive / % false positive rate and indicates the 
increasee from pre-test likelihood of a diagnosis to the likelihood of the diagnosis 
givenn a certain positive test result.19 E.g., a pretest probability of 58% for the 
presencee of leg ischemia requiring invasive treatment, as was found in this study, 
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increasess to a post-test probability of about 90% when the LR is 10, and is 
reducedd to 10% when LR is 0.07. 

Investigationn of the patients in the sitting position did not considerably enhance 
thee diagnostic power of the parameters measured. This finding is supported by a 
previouss study in which the Tcp02 was found to be able to discern different stages 
off leg ischemia particularly in the supine position.11 Apparently, the pressure 
measurementss may be facilitated while sitting, but do not improve their diagnostic 
valuee as to the indication for treatment. In addition, ankle, toe and oxygen 
pressuress are measured at different localizations and, hence, may have a different 
interpretation:: a low oxygen tension may indicate a local threatening of skin 
viability,, a low toe pressure was found to indicate the need for invasive therapy,22 

whereass a reduced ankle pressure may merely indicate the presence of arterial 
insufficiency,, but its cut-off value appears not specific as to the indication for 
invasivee therapy. 

Thee application of toe and oxygen pressure measurements to date is not 
ubiquitous,, probably because some knowledge and expertise as to these 
techniquess is required. The reliability of plethysmographic techniques is limited in 
certainn circumstances: e.g. when digital temperature is low. The Tcp02 

measurementt is fairly reproducible25-24 as long as stable measuring conditions are 
provided.. The spatial variability of Tcp02 measurements while ischemia may be 
patchyy could have been a cause for the lower diagnostic power as compared with 
thee toe pressure results. Despite these possible drawbacks, these methods 
appearedd to offer useful information additional to standard clinical and blood 
pressuree parameters. The techniques are therefore valuable in centers that are 
moree frequently involved with vascular patients in more complex or unclear 
situations. . 

Tablee 3. Likelihood ratios for the presence of CLI requiring invasive therapy for the 
differentt (combination of) parameters (in mm Hg) as obtained in both positions 

Paramete r r 

Toee pressure (supine) 

Toee pressure (sitting) 

Tcp022 (supine) 

Tcp022 (sitting) 

Toee pressure & TcpOz (supine) 

Toee pressure & Tcp02 (sitting) 

Cut-offf value 

<30 0 
30-50 0 
>50 0 
<70 0 
70-110 0 
>110 0 
<25 5 
25-40 0 
^40 0 
<40 0 
40-55 5 
^55 5 
<300 & <25 
neitherr category 
^500 4^40 
<700 & <40 
neitherr category 
^110&& >55 

Likelihoodd ratio 

6.97 7 
1 1 
0.15 5 
7.11 1 
0.79 9 
0.16 6 
3.3 3 
0.93 3 
0.29 9 
3.03 3 
0.91 1 
0.4 4 
12.4 4 
0.92 2 
0.07 7 
OO O 

0.79 9 
0.1 1 
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Inn conclusion, in patients with clinically severe leg ischemia the choice for 
invasivee treatment can be facilitated by means of a toe rather than an ankle blood 
pressuree measurement in the supine position. A transcutaneous oxygen pressure 
measurementt may be added to further increase the diagnostic power to 
differentiatee between the existence or absence of severe leg ischemia requiring 
invasivee treatment. 
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Abstrac t t 
Objectiv ee The value of a new diagnostic test is usually performed by analyzing its 
accuracyy in relation to a reference standard. Such a comparison is not possible in 
casecase a reference standard is not available and is, in principle, incomplete. Here we 
describee a potentially better - but still not very common - model of diagnostic 
research,, viz. a diagnostic randomized clinical trial (D-RCT), and discuss its pros 
andd cons. 
Method ss  Hereto we use a trial investigating the diagnostic and therapeutic 
managementt of critical limb ischemia as an example. Patients clinically suspected 
off critical limb ischaemia will be randomized either for the conventional 
managementt strategy (treatment on the basis of ankle blood pressure, duplex and 
angiography)) or the new strategy (based on transcutaneous oxygen and toe 
pressures).. The impact of the diagnostic work-up on the diagnostic and 
therapeuticc process and clinical outcome will be evaluated. 
Result ss  A D-RCT is suited when a true reference standard is lacking and two 
differentt concepts are to be compared. Furthermore, such a randomized clinical 
triall is the best available research method to control for confounding and bias. 
Besides,, a D-RCT not only evaluates the effect on diagnosis, but also incorporates 
thee total effect on clinical outcome, like side effects of the tests, use of the results 
byy the physician, and side effects of the therapy. However, the D-RCT has some 
disadvantagess as to the power and size of the trial, and the influence of treatment 
onn the outcome parameter. 
Conclusion ss  Taking these considerations into account, a D-RCT can provide 
valuablee information as to the evaluation of diagnostic tests. However, more 
experiencee with this new concept is required. 



64 4 Chapterr 5 - Design issues of a diagnostic RCT 

Introductio n n 

Traditionally,, the introduction of new diagnostic techniques is mainly based on the 
evaluationn of the test performance in relation to a reference (or gold) standard. 
However,, such an evaluation is not always possible and, in principle, incomplete. 
Inn many cases correct diagnosing in relation to a reference standard is not the 
ultimatee goal. This goal is to improve the clinical outcome by enhancing the 
appropriatee choice of treatment. Ideally diagnostic tests are evaluated in terms of 
theirr effect on improving clinical outcome, by means of a diagnostic randomized 
clinicall trial (D-RCT). 

Inn therapeutic research, the randomized clinical trial is generally accepted as the 
ultimatee type of evaluation. However, the use of this research design in the 
evaluationn of diagnostic procedures is less well established.1 In this paper we 
describee the rationale, theoretical considerations, design issues, limitations, and 
solutionss of a randomized clinical trial in the evaluation and implementation of 
diagnosticc tests, with the diagnostic and therapeutic issues around critical limb 
ischemiaa as an example. 

DescriptionDescription of the clinical problem 
Criticall limb ischemia is a controversial concept. The question which critical limb 

ischemiaa requires intervention when is still under debate.2"6 According to the 
TransAtlanticc Inter-Society Consensus (TASC) on the Management of Peripheral 
Arteriall Disease the term critical limb ischemia can be used for all patients with 
chronicc ischemic rest pain, ulcers, or gangrene attributable to objectively proven 
arteriall occlusive disease.2 However, these clinical characteristics are not specific 
forr critical limb ischemia but could also be caused by other diseases. Particularly 
inn patients with multifactorial disease (peripheral vascular disease in combination 
withh e.g. diabetes and/or venous insufficiency) the decision and timing of vascular 
interventionn is difficult. Therefore, objective criteria to functionally quantify the 
degreee of ischemia are necessary for the definition of critical limb ischemia.3,7 

Variouss consensus documents have formulated criteria based on ankle blood 
pressure.. However, objective criteria have never achieved a consensus.4"6 At 
present,, diagnostic angiography or duplex scanning is frequently performed to 
evaluatee the extent of vascular obstructions. The limitation of these investigations 
iss that they do not provide functional information about tissue perfusion but only 
anatomicalanatomical information, which is not always related to the severity of clinical 
symptomss and the clinical outcome of the disease. 

Therefore,, the indication for vascular intervention is usually based on the skilled 
vieww of a vascular specialist. The timing of vascular intervention is difficult, since 
vascularr intervention is accompanied with serious side effects (risk of operation, 
woundd infections, early occlusion, which may ultimately result in amputation or 
death).88 On the other hand, postponing an intervention may also be detrimental to 
thee patient. Moreover, critical limb ischemia has a considerable impact on health-
relatedd quality of life.9 This leads to substantial variation between diagnostic 
proceduress and indications for vascular intervention among vascular surgeons, 
hospitalss and countries.10,11 

Hence,, we are in want of simple objective criteria to identify when a vascular 
interventionn is required. Previous retrospective investigations have shown that a 
combinationn of toe blood pressure <TP) and transcutaneous oxygen pressure 
(Tcp02)) measurements might be a good indicator for vascular intervention.12,13 

Bothh are simple and quick tests that provide functional information about the 
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peripherall tissue perfusion and it is the disturbance in peripheral (micro-) 
circulationn which causes the clinical signs and symptoms.6'14"16 However, the 
attributablee value of TP and Tcp02 in the identification of patients for vascular 
interventionn has never been evaluated. 

PhasesPhases of the diagnostic process 
Overr the past years, new insights have emerged to improve the evaluation of new 
diagnosticc tests.1 Yet, methodological standards for a research design of (new) 
diagnosticc techniques are not welll established. According to Guyatt and 
colleagues,, diagnostic technologies should be evaluated for: [1] technological 
capability,, [2] range of possible use, [3] diagnostic accuracy, [4] impact on 
diagnosticc thinking, [5] therapeutic impact and [6] patient outcome.17 More recently 
ann evaluation in terms of costs has been advocated.16 Although important, it is 
beyondd the scope of this article. 

Thee first aspect, technological capability, encloses the precision of measuring a 
phenomenon,, which includes reliability and, thus, the reproducibility and technical 
performancee of a test at various times, places, equipment, and operators. 
Thee second aspect concerns the exploration of the range of possible uses of a 
neww diagnostic technique to provide important diagnostic information in various 
clinicall situations and diseases. This includes the fact-finding phase in which the 
testt must be correlated to as much clinical information as possible. 
Thee third aspect, diagnostic accuracy, comprises the independent comparison 
withh a reference standard using ROC analysis and calculation of likelihood ratios. 
Whenn a reference standard is lacking, the consensus of a panel of experts, the 
combinationn of diagnostic tests, or the long term follow-up could serve as a 
substitutee reference standard.10 

Thee fourth aspect concerns the impact of the outcome of a test combination on 
thee diagnostic process (also called diagnostic thinking efficacy). The aim of 
diagnosingg is to reduce the uncertainty of the physician, which is influenced by the 
resultt of a test. The impact on the diagnostic process addresses how the outcome 
off a test influences the judgment of the physician about the presence or absence 
off a disease. This is different in that the order of the tests and contribution of each 
testt to the other (including clinical judgment of the physician) is evaluated, as 
opposedd to the evaluation of the diagnostic accuracy of a single test. This phase is 
difficultt to measure individually, but can be evaluated by measuring pre and post 
testt diagnostic probabilities of a physician (the probability of the presence of the 
diagnosis).18 8 

Thee therapeutic (fifth) aspect evaluates whether the test actually influences the 
treatingg physician's choice of treatment. To change morbidity and/or mortality or 
improvee quality of life, a diagnostic test must change therapy.17 Ideally, all 
performedd diagnostic tests contribute substantially to the choice of accurate 
therapy.. But usually this is not the case, and frequently a whole series of 
diagnosticc tests is performed, part of which is used only to reassure the physician 
withoutt actually affecting the choice of therapy. In this phase the choice of therapy 
oughtt to be the result of evaluation. 

Thee most important (sixth) aspect of diagnostic tests is the influence on patient 
outcomeoutcome (morbidity and mortality). Even though a test may be good, the test is 
uselesss or even contraindicated if the treatment it engenders does not alter clinical 
outcome.. In this phase, the clinical outcome of a treatment strategy using the 
conventionall diagnostic information is compared with that of a strategy taking into 
accountt of the new diagnostic information. 
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TheThe value of TP and Tcp02 in relation to the phases in the diagnostic process 
Thee evaluation of most diagnostic procedures used in medicine meets the first 
threee demands, but only few address all aspects.19 The ankle pressure, TP and 
Tcp022 have been evaluated on the first two levels. The technological capability of 
thee ankle pressure is well accepted and established.20"22 The inter-observer 
reproducibilityy of TP and Tcp02 in clinical practice have recently been evaluated 
andd is acceptable and comparable with the ankle pressure.14 The evaluation of the 
rangerange of possible uses has been studied extensively. The ankle pressure, TP, and 
Tcp022 are well correlated to the severity of vascular disease, symptoms, risk of 
amputation,, prediction of wound healing, and effect of limb salvage 
therapy.7'12-13-23"25 5 

Thee evaluation with regard to the third aspect (diagnostic accuracy) is 
impossiblee because a true reference standard is lacking. When diagnostic 
informationn is employed in such a way that it directly influences treatment 
decisions,, a reference standard by definition does not exist. Some alternatives 
havee been proposed. Firstly, in natural history studies, the diagnostic tool is 
evaluatedd as a predictor of clinical outcome without intervention.26 However, a bad 
outcomee does not necessarily constitute an indication for therapy. Secondly, other 
studiess have related TP and Tcp02 to clinical outcome after therapy.2729 However 
thiss may not correspond to the indication for vascular intervention. Thirdly, other 
studiess have evaluated the diagnostic accuracy using the actual indication for 
vascularr intervention as indicated by the vascular specialist blinded for TP and 
Tcp022 as the reference standard. Against this method one could argue that the 
potentiall for improving conventional decision making (the reference standard) is 
ignored.. From these studies one can only conclude that TP and Tcp02 

correspondd best with the clinical intuition of the vascular surgeon.612 Therefore, 
thesee methods can only be used to establish cut-off values but can never improve 
thee clinical outcome. 

Yett the continuing discussion of identifying critical limb ischemia demonstrates 
thatt there is no solution for the classical concept of determining diagnostic. 
However,, it must be born in mind that new diagnostic methods are employed with 
aa view to improve patient outcome. Therefore, the clinical outcome should be 
incorporatedd in the evaluation. 

Thee fourth {impact on the diagnostic process) and fifth aspect (influence on 
treatment}treatment} are interesting for theoretical considerations but cannot be evaluated 
independentt of the last and most important aspect: clinical outcome. The impact of 
thee latter three aspects is paramount and can simultaneously be evaluated in a 
diagnosticc randomized controlled trial (D-RCT), since the evaluation of the impact 
onn diagnostic process and influence on treatment can only be evaluated in terms 
off the eventual best clinical outcome. Therefore, the present study was designed 
too evaluate the value of the combination of TP and Tcp02 (new management 
strategy)) in comparison with the conventional management strategy (ankle 
pressure,, duplex scanning, angiography and expertise of a team of vascular 
specialists)) in terms of their influence on the diagnostic process, on the choice of 
therapyy and most importantly, on patient outcome. 
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Implementatio nn of a D-RCT in the stud y desig n 

Ourr study includes patients clinically suspected of critical limb ischemia by a 
vascularr specialist and referred to the vascular laboratory. It excludes the so-
calledd clear-cut cases (patients with obviously severe and mild disease) leaving 
onlyy patients with an uncertain decision. Patients are randomly be assigned to the 
conventionalconventional or the new management strategy (figure 1). 

Underr the conventional strategy, decisions for further diagnostic imaging of the 
arteriess (primary duplex scanning and - if indicated - followed by angiography), are 
onlyy based on clinical symptoms, physical examination, and ankle pressure. 
Additionally,, the TP is only measured in patients with diabetes mellitus and 
incompressiblee arteries (ankle brachial pressure index > 115%) since withholding 
functionall information about the severity of the disease is unethical and 
unacceptablee to the vascular surgeons in our Department. Subsequently, the 

Figur ee 1 . Flow chart of the trial. Patient clinically suspected of critical leg ischemia 
areare randomized for either the conventional or new management strategy. 
AccordingAccording to the conventional strategy the decision for further diagnostic imaging 
ofof the arteries (primary duplex scanning and - if indicated - followed by 
angiography),angiography), and thus the intention for a vascular intervention, are based on 
clinicalclinical symptoms, physical examination and ankle pressure (and TP only in 
patientspatients with incompressible arteries) by the vascular surgeon involved. According 
toto the new strategy the results of the combination of TP and Tcp02 measurements 
determinedetermine the intention for vascular intervention. A vascular intervention and, 
subsequently,subsequently, a duplex and/or angiography to define the type and place of 
intervention,intervention, are indicated only if one of the two measurements is below the cut-off 
level.level. I.e., in this strategy the therapeutic decision is based on objective 
parametersparameters as opposed to the clinical eye of the surgeon in the conventional 
strategy. strategy. 
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proposedd therapy (conservative treatment, bypass or percutaneous transluminal 
angioplasty)) is discussed at a consensus meeting of the vascular surgeons, 
interventionn radiologist, and vascular technologist. 

Underr to the new strategy, the results of the combination of TP and Tcp02 

measurementss will determine the intention for vascular intervention in addition to 
thee clinical symptoms, physical examination, and ankle pressure. A vascular 
interventionn and, subsequently, a duplex and/or angiography are indicated if either 
off two measurements is below the cutoff level (TP <30 mm Hg and/or TcpOa <35 
mmm Hg). Thus, the therapeutic decision in the new strategy is based only on 
objectivee parameters, as opposed to mainly subjective parameters in the 
conventionalconventional strategy group. The final decision for vascular intervention (indication 
andd type) will be made at the vascular consensus meeting, after which every 
possiblee and clinical useful vascular intervention is performed until TP and Tcp02 

willl exceeded the cut-off value. 
Alll patients are followed for eighteen month. During this period the diagnostic 

andd therapeutic regime is based on the policy of the randomization result. Thus, 
thee randomization settles the diagnostic procedure, which in its turn determines 
thee therapeutic decisions. During the follow-up period reiteration of the assigned 
diagnosticc procedure may imply a change in therapy. 

Tablee 1. Power analysis based on the scores of the bodily pain subscale of SF-36 

conventiona l l 
strateg y y 

TestTest result 

intervention n 

conservative e 

Total l 

'Truth' 'Truth' 

intervention n 

30% % 

20% % 

50% % 

conservative e 

20% % 

30% % 

50% % 

50% % 

50% % 

100% % 

BPP score Mean n 
BP P 

30%% x 70 + 20% x 30 I 

20%% x 30 + 30% x 70 j 

54 4 

neww strateg y 

TestTest result 

intervention n 

conservative e 

Total l 

'Truth' 'Truth' 

intervention n conservative e 

45%% I 5% 

5%% j 45% 

50% % 50% % 

50% % 

50% % 

100% % 

BPP score Mean n 
BP P 

45%% x 70 + 5% x 30 j 

5%% x 30 + 45% x 70 

66 6 

Patientss includes in this study have severe bodily pain (Bodily Pain sub score of the SF 36: 
BPP = 30; 100 means no pain), as compared to the reference population (BP = 70), with an 
overalll standard deviation of 20.9 Correct diagnosing (and consequently correct treatment) 
increasess the bodily pain score to the same value as in the reference population (BP = 70), 
whereass incorrect diagnosing keeps the bodily pain at the same level as at inclusion (BP = 
30).. Furthermore, in the conventional strategy 60% (30%+30%) of the patients are correctly 
diagnosed,, while this increases to 90% (45%+45%) in the new strategy.12 Thus, the mean 
bodilyy pain in the group of patients in the conventional strategy increases to 54, while the 
bodilyy pain in the new strategy group increases to 66. Subsequently, power analysis shows 
thatt 90 (2 x 45) patients must be included to refute the null-hypotheses that the diagnostic 
accuracyy between the subgroups was the same (p-value < 0.05 is considered significant, 
two-sided;; and 1-6 = 0.80). 
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OutcomeOutcome parameters 
Thee primary end point is the change in pain measured by the bodily pain sub-
scoree of the SF-36.30 Secondary endpoints are the change in the clinical situation 
ass judged by (limb-) survival, amputation frequency, wound healing, and change in 
health-relatedd quality of life, as investigated by the SF-36, and the number of 
diagnosticc procedures performed. Amputations are classified in minor and major 
amputationss as suggested by Rutherford.3 The outcome parameters are assessed 
att 1, 3, 6, 9, 12 and 18 month after inclusion of the trial. The statistical methods 
includee ANOVA for Pain, quality of life and severity of wounds and Kaplan-Meier 
survivall analyses for patient and limb survival. 

PowerPower analysis 
Powerr analysis on the basis of the bodily pain sub-scale of the SF-36 revealed 
thatt 90 patients must be included to refute the null-hypotheses that the diagnostic 
accuracyy between the subgroups is the same (details of the calculation and 
assumptionss are shown in table 1).9 

Discussio n n 

Thee ongoing problem of defining critical limb ischemia is a typical research 
questionn where traditional methods of evaluation of diagnostic accuracy cannot be 
applied.. As a result, we chose to evaluate the diagnostic value of TP and Tcp02 in 
termss of their effect on clinical outcome using randomization. 

ProsPros and cons of randomization 
AA D-RCT as described here aims to prove whether the use of two simple, 
objectivee tests can improve patient outcome in comparison to the clinical eye of an 
(experienced)) vascular specialist. The lack of a true reference standard makes a 
D-RCTT especially suitable. Furthermore, a D-RCT also addresses a possibly 
harmfull effect of diagnosis and therapy. This is particularly important in potentially 
harmfull and/or invasive diagnostic procedures (such as angiography) and 
therapiess with a high complication and failure rate (such as bypass surgery). 

AA randomized clinical trial is the best strategy to control for bias and 
confounding,, and an effective strategy for an objective and controlled 
comparison.177 In addition, in a D-RCT two different concepts of diagnostic tests (in 
thiss particular instance anatomical information derived from the larger vessels 
versuss functional information from the local, peripheral vessels) and a whole 
managementt strategy, including the effect on clinical outcome, can be compared. 
Thiss is important as the decision for intervention (diagnosis) is not a snapshot, but 
aa continuous interactive process and in which the vascular specialist continuously 
judgess the clinical situation (e.g. pain, severity and progress of wound healing), 
neww diagnostic findings (e.g. peripheral blood pressures or the extension of 
disorderss as found by duplex scanning and angiography), comorbidity, and the risk 
off complications and failures of invasive therapy. 

AA D-RCT also has its limitations. A problem with the use of a D-RCT is that it 
mightt be unethical withholding a diagnostic test, especially when this test is 
alreadyy being used. This may be applicable to our situation. Although the TP is 
measuredd only rarely in hospitals in our country, withholding TP in patients with 
incompressiblee arteries is hard to accept for the physicians in our hospital and 
mayy therefore reduce their willingness to participate in this trial. Therefore, we 
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allowedd TP measurements in patients with diabetes mellitus and incompressible 
arteries. . 

Thee incorporation of treatment in the outcome measurement introduces a so-
calledd black box in which many factors (the efficacy and use of the test including 
subjectivee judgment of physicians) are involved, which could enhance or mitigate 
thee value of the test.1 One aspect of the black box in D-RCT is that the outcome is 
dependentt on the treating physician's capability of interpreting the role of the 
measurement.. If, in theory, decision making with the new measurement does not 
leadd to a better clinical outcome, this can be caused by two factors. Firstly, the 
measurementt does not contain valid information. Secondly, the information is 
valuable,, but the participating physicians do not know how to utilize the 
information.. Differentiation between these aspects is not possible in a D-RCT but 
cann be evaluated in a retrospective diagnostic review.17 Therefore, D-RCT is not 
suitedd in the early phase of the evaluation of a diagnostic test, but is a valuable 
adjuvantt in the end-stage of the evaluation of diagnostic tests. 

Judgmentt of the effect of a test in a D-RCT also dependents on the effects of 
thee chosen therapy on the outcome parameter. In other words, the effect of the 
testt on the patient outcome is established through the effect of therapy. This is 
importantt in situations when adverse effects of the therapy have a large impact, 
whenn therapy is unsuccessful in many patients, or when the disease is self-limiting 
inn time and withholding therapy does not largely influence the course of the 
disease.199 Moreover, a test is without value if current therapy provides no benefit. 
Thiss does not imply that the application of future therapy may benefit from the 
diagnosticc knowledge of the test. In other words, the diagnostic value of a test is 
determinedd by the therapeutic option used in the study. One could argue that the 
bestt possible test identifies only those patients who benefit from a specific 
therapy,, independently of the 'diagnosis'. The total effect of all these factors on the 
majorr outcome parameters is difficult to analyze in the studies performed thus far 
andd can best be analyzed in a D-RCT. 

SampleSample size 
Thee total influence of factors in the black box on the outcome parameter could be 
considerablee and to determine empirically the effect of tests per se can therefore 
requiree a very large sample size. The size and power of a trial are the limiting 
factorr of a D-RCT. The expected difference in clinical outcome between the 
groupss of randomization defines the size and power of the D-RCT. As stated 
before,, the clinical outcome is influenced by the effect size of therapy. Secondly, 
thee result of an evaluation depends on the prevalence of the disease in the 
populationn of the trial. In populations with a low indication for therapy, a 
considerablee number of patients should be included to show significant differences 
betweenn diagnostic strategies. Therefore our study includes patients with a 
clinicall suspicion of critical limb ischemia, with exclusion of clear-cut cases. 
Inclusionn of borderline patients makes it more likely to detect a difference between 
thee randomization groups, since it is not likely that different management 
strategiess result in a different clinical outcome in undisputable (clear-cut) cases. 

Furthermore,, it is important to evaluate the value of a test in patients 
representativee of those in whom the test will be applied in clinical practice.31,32 The 
clinicall usefulness of a test is underestimated if the study is carried out in a 
populationn of patients with a clear cut indication for vascular intervention, or in 
patientss who do not need an operation anyway. Since the value of a (new) test is 
nott likely to change therapy and to alter clinical outcome in these group of 
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Figur ee 2. Scheme of research models. In the first research model (2a) all patients 
areare randomized. However, differences in outcome will only be observed if the two 
testtest results disagree. This model requires larger sample sizes (or reduces the 
powerpower of the trial). In the second (discordant) research model (2b) only patients in 
whomwhom the two test results differ are randomized. The possibility of a different 
outcomeoutcome between the two strategies is thereby increased. 
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patients.. The evaluation of the tests in a group of 'borderline' patients also makes 
ourr patient group more representative for the clinical problem and reduces the 
numberr of patients required to detect a significant difference. 

AlternativeAlternative design 
Ourr study includes all patients, and randomizes them for two management 
strategies;; with or without the new diagnostic test (TP and Tcp02). When 
comparingg two diagnostic modalities one could also choose to perform both tests 
inn all patients and to randomize only those with discordant results (figure 2).1 

Theoreticallyy we could have followed this design principle by recording a treatment 
decisionn before and after TP and Tcp02. Subsequently, we could have 
randomizedd only those patients with discordant results. The advantage is that 
fewerr patients have to be included. However our problem implies a chain of two 
managementt strategies with prolonged decision making. Therefore our problem 
lackss a single decision moment, which is a a prerequisite for randomization of 
patientss with discordant results. 

Inn conclusion, a D-RCT is the study design of choice for the evaluation of TP and 
Tcp022 in the management of critical limb ischaemia. It settless the problem of the 
lackingg reference standard, and moreover it provides information on choice of 
treatmentt and patient outcome. 
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Abstrac t t 
Objectiv ee The definition of critical limb ischemia (CLI), requiring vascular 
interventionn is still under debate. The clinical eye of the physician and ankle blood 
pressuree measurements used so far may fall short in the appreciation of the 
severityy of the disease, which makes the decision making for a vascular 
interventionn rather subjective. Previous studies have shown that two simple 
functionall tests (transcutaneous oxygen pressure; Tcp02, and toe blood pressure; 
TP)) measurements can give reliable information about the need for vascular 
intervention.. Therefore, we evaluated the diagnostic value Tcp02 and TP in the 
managingg of patients clinically suspected of critical leg ischemia. 
Method ss  Ninety-six patients with 128 legs clinically suspected of CLI and referred 
too the vascular laboratory for routine investigation, were randomized for two 
diagnosticc management strategies: the conventional strategy (clinical judgment 
andd ankle pressure determined the diagnostic and therapeutic strategy) vs. a new 
strategyy (Tcp02 and TP determined the diagnostic and therapeutic strategy). 
Result ss  Ater a follow-up of 18 months, 26/62 legs in the conventional and 28/66 
legss in the new strategy were treated conservatively. The new strategy did not 
scoree significantly different from the conventional strategy as to the clinical 
outcomee (pain score: 50 vs. 48, 8 vs. 10 amputations, and 11 vs. 8 deaths, 
respectively). . 
Conclusio nn  Two simple objective diagnostic tests (TP and Tcp02) did not improve 
clinicall outcome when incorporated in the routine management of patients 
suspectedd of CLI. Nevertheless, these techniques might still be helpful for 
physicianss less experienced with CLI and who are in doubt of the need for 
vascularr intervention. 
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Introductio n n 

Thee definition of critical leg ischemia <CLI) requiring intervention is still under 
debate.177 According to the TransAtlantic Inter-Society Consensus (TASC) on 
Managementt of Peripheral Arterial Disease the term CLI can be used for all 
patientss with chronic ischemic rest pain, ulcers, or gangrene, attributable to 
objectivelyy proven arterial occlusive disease.3 However, these clinical 
characteristicss are not specific for CLI, but could also be caused by other 
diseases.. Particularly in patients with multifactorial disease (peripheral vascular 
diseasee in combination with diabetes or venous insufficiency) the indication for 
interventionn in patients suspected of CLI can be difficult. Various consensus 
documentss have proposed criteria based on the ankle blood pressure (AP). 
However,, objective criteria have never achieved a full consensus.5"7 The latest 
consensuss does not define objective criteria for vascular intervention in patients 
clinicallyy suspected of CLI. At present, diagnostic angiography or duplex scanning 
iss frequently performed to evaluate the extent of vascular obstructions. The 
limitationn of these investigations is that they do not provide functional information 
aboutt tissue perfusion, but only anatomical information, which is not always 
relatedd to the severity of clinical symptoms and clinical outcome of the disease. 

Therefore,, the indication for vascular intervention is frequently based on the 
skilledd view of a vascular specialist. The timing for vascular intervention is difficult, 
sincee vascular intervention is accompanied with serious side effects (risk of 
operation,, wound infections, early occlusion, ultimately resulting in amputation or 
death).88 In contrast, postponing an intervention can harm the patient. Moreover, 
CLII has a considerable impact on health-related quality of life.9 This leads to a 
considerablee variation between diagnostic procedures and indications for vascular 
interventionn among hospitals and countries.1011 

Hence,, there is a need for simple objective criteria to identify CLI requiring 
vascularr intervention. Previous investigations have shown retrospectively that a 
combinationn of toe blood pressure (TP) and transcutaneous oxygen pressure 
(Tcp02)) measurements might be a good indicator for CLI, and subsequent need 
forr vascular intervention.1213 Both are simple, and quick tests that provide 
functionall information about the peripheral tissue perfusion, and it is actually the 
disturbancee in peripheral (micro-) circulation which causes the signs and 
symptoms.714"166 Several studies have shown the diagnostic advantage of 
transcutaneouss oxygen measurements to the evaluation of patients with arterial 
insufficiencyy of the leg.17"20 Tcp02 measurements may be used to direct therapy 
becausee they have been shown to accurately predict the presence of significant 
vascularr disease.17 Moreover, additional measurement of toe blood pressures 
and/orr TcpO- substantially increases the pre-test probability for vascular 
intervention. . 

Inn the present diagnostic randomized clinical trial (D-RCT) we compared the 
clinicall outcome of patients clinically suspected of CLI and managed by the new 
strategyy (based on the combination of TP and Tcp02 and on indication duplex 
and/orr angiography) with those managed by the conventional strategy (based on 
APP and duplex and/or angiography). 
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Patient ss and method s 

Patients Patients 
Alll in-patients and outpatients of the Academic Medical Center from 1 April 1997 
tilll 1 June 1999, referred to the vascular laboratory for a diagnostic work-up, and 
clinicallyy suspected of CLI by a vascular surgeon, were asked to participate in this 
diagnosticc randomized clinical trial. Clinical CLI was defined as 1: pain at rest in 
thee lower leg for more than two weeks, and/or 2: ulcers persisting for more than to 
weeks,, and/or 3: diffuse gangrene of the forefoot. Patients suspected of an acute 
arteriall occlusion were excluded. To improve the significance of this study we 
excludedd the so-called clear-cut cases leaving only patients with an uncertain 
diagnosis,, because only in these patients additional diagnostic effort is relevant.21 

Clear-cutt cases were defined as patients with obviously severe disease (presence 
off extensive necrosis) or, on the other hand, clearly mild disease (presence of 
clinicall CLI, but with palpable peripheral pulses). 

Patientss were randomized for either the conventional or the new management 
strategyy (figure 1), which could also have consequences for the therapy assigned. 
Thee potential types of therapy were equivalent for both groups (vascular 
interventionn or conservative therapy), but the groups differed in the diagnostic 
informationn available at the time the decision was made. This differing information 
couldd lead to a different treatment and might influence clinical outcome in the end. 

Thee randomization was performed by computer and was pre-stratified for the 
presencee of diabetes mellitus and bilateral symptoms of CLI. If both legs of a 
patientt were clinically suspected of having CLI, both legs were included in this 
trial,, but the randomization was only assigned once. 

Figur ee 1 . Scheme of the randomization and follow-up. 

Patientt clinically suspected of CLI 
(966 patients, 128 legs) 

Conventionall strategy 
622 legs of 46 patients 

I I 
ABII (and TP in DM) 

Duplexx and/or 
Angiography y 
488 legs (77%) 

Intervention n 
277 legs (44%) 

T_ T_ 

Conservative e 
355 legs (56%) 

Follow-up p 
X X 

Follow-up p 

Evaluationn endpoints 

Neww strategy 
666 legs of 50 patients 

Tcp022 < 35 or 
TPP < 30 mm Hg 

Duplexx and/or 
Angiography y 
455 legs (68%) 

1 1 
Intervention n 
300 legs (45%) 

I I 
Follow-up p 

Tcp022 > 35 
andd TP > 30 
mmm Hg 

Conservative e 
366 legs (54%) 

I I 
Follow-up p 

Evaluationn endpoints 
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Methods Methods 
Thee AP was measured in all patients. The TP and Tcp02 were only measured in 
patientss assigned to the new strategy. In the conventional strategy, TP was also 
measuredd in the patients with diabetes mellitus and in whom the AP was not 
reliablee due to incompressible arteries (ABPI > 115%), because withholding any 
functionall information about the severity of the disease would be unethical and 
unacceptablee for the vascular surgeons in our department. The AP, TP (PV lab, 
Stöpler,, Electric Diagnostic Instruments, Burbank, CA) and Tcp02 (TCM3, 
Radiometer,, Copenhagen, Denmark) at an electrode temperature of C were 
measuredd according to standard procedures as described before.14 The 
reproducibilityy of all techniques has been studied and appears to be acceptable for 
alll techniques across the whole range of pressures.14 

Duringg a follow-up period of V/z year, the diagnostic regime was based on the 
assignedd randomization, which might have consequences for the assigned 
therapyy and clinical outcome. The appropriate measurements (AP, TP, Tcp02 and 
assessmentt of the outcome parameters) were assessed at regular intervals, viz. 1, 
3,, 6, 9, 12, and 18 months after inclusion in this trial. The diagnostic and decision 
algorithmm for the patients is shown in figure 1. 

Accordingg to the conventional strategy, the decision for further diagnostic 
imagingg of the arteries (primary duplex scanning) was left at the discretion of the 
vascularr surgeon involved, as based on clinical symptoms, physical examination 
andd ankle pressure (and TP in patients with incompressible arteries as explained 
above).. No specific levels were advocated. Angiography (intra-arterial digital 
subtractionn angiography) was only performed in patients with multilevel disease or 
inn situations where it was not possible to evaluate the arteries due to calcifications. 
Thee proposed therapy (conservative treatment, bypass or PTA) could be 
discussedd at a weekly multidisciplinary meeting of vascular surgeons, intervention 
radiologistss and vascular technologist. The decision was made on the basis of 
consensus,, and no specific ankle pressure or toe pressure levels prompted 
conservativee treatment, arterial bypass or balloon angioplasty. 

Tablee 1. Baseline clinical characteristics of patients 

Managemen tt  strateg y 

Demographi c c 
Agee (years) 
Malee / female 
Otherr  disorder s 
Diabetess Mellitus 
Hypertension n 
Historyy of cerebrovascular or transient ischemic attack 
Historyy of coronary heart disease 
Vascula r r 
Smoking g 
Twoo legs included 
Painn and qualit y of lif e 
SF-366 physical summary score 
SF-366 mental summary score 
SF-366 pain score 
Dataa are presented in numbers with a percentage (%), 
(SD). . 

Conventional l 
n=46 6 

711 ) 
29/17 7 

211 (46%) 
200 (44%) 
111 (24%) 
18(39%) ) 

211 (46%) 
15(32%) ) 

288 (  9) 
411 ) 
266 ) 

New w 
n=50 0 

722 ) 
29/21 1 

222 (46%) 
222 (44%) 
12(24%) ) 
244 (48%) 

299 (58%) 
17(34%) ) 

299 (  9) 
411 ) 
288 (  14) 

orr mean with standard deviation 
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Accordingg to the new strategy the results of the combination of toe pressure 
(TP)) and Tcp02 measurements indicated the intention for vascular intervention. 
Thiss intervention, and therefore a pre-intervention duplex and/or angiography, was 
onlyy indicated if one of the two measurements was below the cut-off level (TP < 
300 mm Hg and/or Tcp02 < 35 mm Hg) and the presence of the symptoms of CLI. 
Thee final planning of the vascular intervention (as to indication and type) was 
madee at the vascular consensus meeting as described before, with the intention to 
performm every possible and clinical useful vascular intervention to restore the toe-
pressuree and Tcp02 above the cut-off value. 

Conservativee treatment in both groups included control of pain (analgesia), 
woundd and foot care (appropriate dressing, debridements, topical antibiotics), and 
systemicc antibiotics or anticoagulants if necessary. On indication diagnostic 
assessmentt for differential diagnosis was performed (diabetic neuropathy and 
ulcers,, venous insufficiency, nerve compression etc.) and appropriate treatment 
wass performed 

OutcomeOutcome parameters 
Primaryy endpoint was the change in the clinical situation objectivised by pain and 
woundd healing. Pain severity was appreciated per leg by using a visual analog 
scalee (VAS): the patient values pain in the leg by placing a mark on a line of 100 
mmm length, zero being equivalent to maximum pain and 100 to no pain. Next, the 
painn was investigated per patient over the last month using the summary score of 
thee pain scale of the SF-36. This is calculated from two questions in the 
questionnairee and ranges from zero, representing maximum pain, to 100, i.e. no 
pain.3,22,233 The presence and severity of the wound(s) was graded by calculating 
thee Knighton wound severity score. This score is devised from clinical (e.g. 
periwoundd erythema and edema), anatomic (e.g. presence of exposed bone and 
tendon),, and measured wound variables (e.g. surface area, depth).24 

Amputationss were classified in minor amputations (retention of a sufficiently 
functionall foot remnant to allow standing and walking without a prosthesis) and 
majorr amputations as suggested by Rutherford.4 The number of diagnostic 
proceduress (duplex and angiographic examinations) irrespective of routine 
controlss were investigated. The change in health-related quality of life (HRQOL) 
wass investigated by the SF-36.325 

StatisticalStatistical analysis 
Analysiss was by intention of randomization. Differences between groups were 
comparedd using a t-test, for continuous variables, and a chi-square test for 
categoricall data. Pain, quality of life and severity of wounds was assessed by 
meanss of ANOVA (univariate analysis of variance). The presence of wounds was 
assessedd by a Student's t-test. Patient survival was estimated with the Kaplan-
Meierr method and differences were evaluated by a log-rank test. The power 
analysiss was performed on the bodily pain sub-scale of the SF-36, and revealed 
thatt 90 patients must be included to refute the null-hypothesis that the diagnostic 
accuracyy between the subgroups is the same (details of the calculation and 
assumptionss are presented elsewhere).21 
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5454  (87% ) 
311 (50% ) 
44 (7% ) 
111 (18% ) 
111 (18% ) 
1088 (±53 ) 
0.5 66 ( ± 0.24 ) 
622 < ± 57) t 
--

422 ( ± 33 ) 
1.7(0.5-6.0 ) ) 
23(19-31 ) ) 

577 (86% ) 
355 (53% ) 
44 (6% ) 
55 (8% ) 
10(15% ) ) 
911 ( ± 53 ) 
0.5 88 ( ± 0.29 ) 
455 ( ± 42 ) 
333 (±19 ) 

411 ( ± 30 ) 
2.4(0.5-10 . . 
27(17-42 ) ) 

Tabl ee 2. Baseline characteristics of the ischemic legs at inclusion 

Managemen tt  strateg y Conventional New 
nn = 62 n = 66 

Restt pain 
Ulcerationss or gangrene 
Previouss minor amputation 
Previouss bypass operation 
Previouss PTA/TEA procedure 
Anklee systolic pressure (mm Hg) 
Anklee to brachial pressure index 
Toee pressure (mm Hg) 
Tcp022 (mm Hg) 
Painn and severit y of clinica l symptom s 
Visuall Analog Scale of pain in involved leg 
Woundd surface area (cm2) * 
Knightonn wound severity score * , 
Dataa are presented in numbers with percentage (%), mean (SD), or median (*) with 
interquartilee ranges (25%-75%), t the toe pressure measured in 15 legs with 
incompressiblee arteries in patients in the conventional strategy. 

Result s s 

Ninety-sixx patients with 128 legs clinically suspected of CLI were randomly 
assignedd to the conventional (62 legs of 46 patients ) or new management 
strategyy (66 legs of 50 patients). In the study period 63 patients were excluded 
fromm the study because of the presence of obviously severe disease. The patients 
includedd in this trial were referred to the Vascular Laboratory by a surgeon 
(62.7%),, dermatologist (16.2%) internist (14.2%), or others {4.4%). Patient 
characteristicss at baseline are listed in tables 1 and 2 and showed no significant 
differencess between the two groups. Almost half of the patient had diabetes 
mellitus,, hypertension and/or history of coronary heart syndrom. 87% of the legs 
hadd symptom of rest pain, while half had ulcerations and/or gangrene. 

Thee AP, ABPI, TP and Tcp02 were rather high, because only patients with an 
uncertainn diagnosis were include, with exclusion of clear cut cases (Table 2). The 
numberr of diagnostic procedures and vascular interventions was not significantly 
differentt between the two management strategies (table 3). In almost half of the 
patientss a vascular intervention wa3 performed (45%) during the total observation 
period.. In 34 legs in the conventional-strategy and in 29 legs in the new strategy 
(PP = 0.11) a diagnostic procedure was performed within one month after inclusion. 

TPP was measured in 15/62 (24%) legs of the patients assigned to the 
conventionalconventional strategy. Eight out of 46 patients in the conventional and 3/50 
patientss in the new strategy were lost during follow-up (not significantly different), 
yett the occurrence of wounds or amputations in these patients was checked with 
thee general practitioner. 

Inn time, the pain per involved leg did not differ significantly between the two 
groupss (P = 0.9, figure 2a). The same was true for the pain in patients, as 
assessedd by the SF-36 (P = 0.07, figure 2b) although there was a tendency in 
favorr of the new strategy. The prevalence of wounds (P= 0.04, figure 2c) was 
significantlyy lower in the conventional strategy, whereas the severity of the wounds 
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(P== 0.55; figure 2d) was not significantly different. The quality of life assessed by 
thee SF-36 physical and mental summary score was not significantly different 
betweenn the groups (P = 0.10 and P = 0.28, resp.; figure 2e and 2f). 

Thee Kaplan-Meier estimates of patient survival were not significantly different in 
thee two groups (log-rank statistic: 0.12, P = 0.7, figure 2g). In both groups 12 
patientss died during the study period (25%). The number of major and minor 
amputations,, and interventions did not differ significantly between the two groups 
(tablee 3). None of the patients treated conservatively lost their limb to amputation 
becausee of a delay in intervention if conservative therapy was chosen. The time to 
firstfirst intervention was not significantly different (P= 0.9, figure 2f). 

Discussio n n 

Ourr study shows that the use of Tcp02 and toe blood pressure (TP) 
measurementss in the management of patients suspected of CLI does not have 
advantagess over the clinical judgment of an experienced vascular surgeon. The 
therapeuticc choice made did not lead to a better clinical outcome in one strategy 
relativee to the other. Furthermore, the number of diagnostic procedures was not 
reducedd by the use of these two objective measurements. Apparently, the clinical 
eyee of an experienced physician can also sufficiently appreciate the local (micro-) 
circulationn of the endangered tissues of the distal leg, as do the TP and Tcp02, in 
orderr to plan the subsequent management policy. 

Manyy previous studies have proposed the use of Tcp02 and TP in the diagnosis 
off CLI requiring intervention.12'1316'20'2629 However, a true reference standard for 
CLII requiring vascular intervention does not exist, reason of which these studies 
havee related TP and/or Tcp02 to substitute reference standards, such as the 
clinicall indication for intervention12, wound healing1620'26,30, or outcome after 
revascularisation.277 Therefore, we chose to evaluate the value of TP and Tcp02 in 
relationn to diagnostic process and clinical outcome in a diagnostic randomized 
clinicall trial (D-RCT).21 A randomized clinical trial (RCT) is the highest standard in 
research.. A D-RCT not only evaluates the effect on diagnosis, but also 
incorporatess the total effect on clinical outcome, like side effects of tests (risks of 
angiographies)) and therapy, and use of the results by the physician. The lack of a 
truee reference standard makes a D-RCT especially suitable in these cases.21 

Tablee 3. Number of amputations and interventions 

Managemen tt  strateg y Conventional New p 
nn = 62 n=66 

Minorr amputation* 
Majorr amputation 
Numberr of patients with duplex/angiogram 

Totall number of duplex scant 
Totall number of angiograms! 

Numberr of patients with vascular intervention(s) 
PTAt t 
Bypasss surgeryt 

*:: Minor amputations performed in patients who underwent major amputations are not 
included,, f Multiple diagnostic procedures and interventions may be performed in one 
patient. . 

6(10%) ) 
33 (5% ) 
488 (77% ) 

50 0 
31 1 

277 (44% ) 
16 6 
18 8 

9(14%) ) 
44 (6% ) 
455 (68% ) 

56 6 
36 6 

300 (45% ) 
24 4 
18 8 

0.5 9 9 
0.6 8 8 
0.2 4 4 

0.8 3 3 



Timee fro m randomisatio n (months ) Timee fro m randomisatio n (months ) 

OO 50 
5 5 

Timee from randomisatior(rnonth$ Timee from randomisatio n (months ) 

Timee from randomisatio n (months ) Timee from randomisatio n (months ) 

Timee from randomisatio n (days) Timee from randomisatio n (days) 
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Figur ee 2. (left page) 
GraphicGraphic presentation of the results of the main outcome variables in time of the 
patientspatients in the new (—) strategy and conventional strategy (- - - -): 
2a)2a) the pain score per leg by visual analog scale (0 = no pain, 100 = maximum 
pain), pain), 
2b)2b) pain score per patient according to the pain score of SF-36 scale (0 = 
maximummaximum pain, 100 = no pain), 
2c)2c) percentage of patients with wounds, (* P P = 0.04), 
2d)2d) Knighton wound severity score (0 = minor superficial wound, 100 = worst 
clinicalclinical wound), 
2e)2e) physical summary score of SF-36 (0 = worst clinical situation, 100 = best 
clinicalclinical situation), 
2f)2f) mental summary score of SF-36 (0 = worst clinical situation, 100 = best clinical 
situation), situation), 
2g)2g) Kaplan-Meier plot of patient survival, and 
2h)2h) Kaplan-Meier plot of the time to first vascular intervention. 

However,, the D-RCT has some disadvantages as to the influence of treatment 
onn the outcome parameter, and the power and size of the trial. The expected 
differencee in clinical outcome between the groups of randomization defines the 
sizee and power of the D-RCT. There are many factors that influence the outcome, 
likee the effect size of therapy and the prevalence of the disease in the population 
off the trial. Better diagnostic information may therefore not necessarily lead to 
betterr therapeutic decisions or improvement of clinical outcome. The availability of 
therapiess and the capability of the physician to choose the better therapy utilizing 
thee diagnostic information are a prerequisite for a better outcome. 

Thee present study was performed only in patients with an uncertain diagnosis, 
withh exclusion of the so-called clear-cut cases (patients with obviously severe and 
mildd disease). Therefore, our study truly represents the population in whom the 
diagnosticc problem is relevant. This may also improve the power of the study, 
becausee in these patients therapeutic and clinical differences between the 
managementt strategies are more likely to appear. 

Onee might speculate that this study might fail to show any difference since the 
potentiall value of TP is reduced by applying TP also in patients in the 
conventionalconventional group who had incompressible arteries. However, this was regarded 
unavoidablee since withholding functional information about the severity of the 
diseasee in this group of patients is unethical and was unacceptable to the vascular 
surgeonss in our department. 

Thee present study did not show a reduction of the number of diagnostic 
proceduress in the new strategy. The number of duplex scans in the new strategy 
mightt be 'falsely' elevated, because in a considerable number of patients no 
seriouss obstructions could be identified by duplex scanning requiring vascular 
interventionn (n= 15). This could be caused by our choice of a relatively high and 
safee cut-off value for the Tcp02 (35 instead of 30 or even 25 mm Hg),20 and the 
naturall variation of the measurements, which makes it likely that in repeated 
measurementss one of these values is below the cut-off value.14 Measurements 
performedd only on clinical indication might reduce the number of false-low 
pressuress considerably. 

Thee question is if there is still a place for the use of TP and Tcp02? We think 
thatt in selective cases measurements might still benefit the patients. Especially 
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lesss experienced physicians can use these methods as an aid to judge the 
severityy of CLI. Furthermore, TP and Tcp02 could offer additional information to 
reassuree the clinical diagnosis in doubtful situations. This is particularly the case 
whenn ankle pressures are unreliable, e.g. in diabetic patients, or when the leg 
ulcerr has a combination of underlying etiologies. TP and Tcp02 could also be used 
ass an objective instrument in the follow-up in clinical and research settings, as well 
ass in individual cases. However, these aspects were not evaluated in the present 
study,, and need further evaluation. 

Wee conclude that, although Tcp02 and TP measurements give additional 
informationn in selected cases, the standard incorporation of the two diagnostic 
toolss do not lead to a better patient outcome or a reduction in the number of 
diagnosticc or therapeutic interventions in situations where the diagnosis of CLI is 
unclear. . 
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Abstrac t t 
Introductio nn  Capillary blood pressure is an essential parameter in the study of the 
(patho-)) physiology of the microvascular perfusion. Presently, capillary pressure 
measurementss in humans are performed using a servonulling micropressure 
systemm containing a oil-water interface, which suffers some drawbacks. In 
addition,, the effect of the preparation of the skin and the presence of the tip of the 
pipettee in the capillary during the measurement on microcirciculatory perfusion has 
neverr been described. Therefore, we assessed the feasibility of capillary pressure 
measurementss using an alternative micropressure system using an air-water 
interfacee (900A, WPI), as well as the effect of the measurement on local 
microcirculation. . 
Method ss  In 19 healthy male volunteers the apex of capillaries in the eponychium 
off the fourth finger was punctured, after skin peeling, by a micropipette connected 
too a servo-nulling micropressure system. Red blood cell velocity (RBCV) was 
assessedd after peeling during the measurement and at an adjacent area. 
Result ss  Mean capillary pressure (in 16/19 volunteers) was 20.5  3.7 mm Hg 
(systolic:: 26.2  5.6 mm Hg, diastolic 17.6  3.9 mm Hg). RBCV was not 
significantlyy different between before (0.52 mm/s) and during the measurement 
(0.511 mm/s), and at an adjacent area (0.51 mm/s). 
Conclusionss Capillary pressure can be measured well with the alternative set-up 
usedd without hampering capillary flow, while the pressures obtained are in 
agreementt with the results reported earlier by other investigators. 
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Introduction n 

Capillaryy microcirculation is essential for the nutrition of the skin, based on 
transcapillaryy exchange of fluids and solutes. In this process capillary blood 
pressuree is a crucial factor, since the fluid exchange across the capillary 
membranee of a single, short section of a capillary, as initially proposed by 
Starling,11 is dependent on the transmural pressure gradient.2 Furthermore, the 
capillaryy pressure parameter may play an important role in microvascular 
regulatoryy mechanisms upon a change in posture, in peripheral ischaemia, and to 
investigatee therapeutic effects of vasoactive drugs or vascular interventions. 

Capillaryy pressure can be estimated by indirect functional measurements but 
alsoo by direct cannulation.34. In the direct method, the pressure is measured by 
directt cannulation of the capillary. In 1930 Landis cannulated the capillaries with a 
micropipettee communicating with a manometer, the height of which was adjusted 
too balance the blood pressure under observation.5 However, the size of the tip of 
thee pipette is too small to allow fast intermittent flow in order for the manometer to 
tracee heart beats.6 Therefore Wiederhielm et al.7 designed a dynamic, servo-
nullingg micropressure system. In this system the micropipette, filled with a 2M 
NaCII solution, is used as a ultra-low compliance transducer. The servo-nulling 
systemm balances the change in impedance, caused by an influx of blood into the 
pipettee tip, by a counteracting pressure equal to the capillary pressure. In the 
commerciallyy available system by Intaglietta et al. this counteracting pressure is 
generatedd by a magnetic driving unit and transmitted to the pipette through a 
systemm filled with oil.6,8 This system has been used in humans in the finger nail fold 
by,, among others, Mahler et al.,9 and Tooke and Shore et al.4,10 

Somee practical drawbacks of the oil-filled servo-nulling system used thus far in 
humanss are that the system needs to be absolutely free of air, which makes a 
pipettee change a delicate procedure. In addition, measurements have thus far 
beenn performed through a layer of water, which reduces the visualisation of the 
capillariess with time.11 Recently, another servo-nulling micropressure system has 
becomee available using an air-water interface as described by Fein.12 The system 
hass been used in many animal models but has never been applied in humans. 

Furthermore,, the disadvantage of any direct method is that the finger nail fold 
hass to be prepared by paring away the cuticle and upper layer of the stratum 
corneum.. In addition, the flow and, consequently, the pressure can be disturbed 
byy the relatively large pipette tip (0 approx. 4 mm) inserted in the tiny capillary (0 
approx.. 8 mm). To date, the effect of skin preparation and presence of the tip of 
thee pipette in the capillary on capillary perfusion has not been described. 
Inn this study we investigated the feasibility and reliability of capillary pressure 
measurementss of the nail fold (eponychium) in humans at heart level, by using this 
alternativee micropressure system, and assessed the effect of skin preparation, 
presencee of the tip of the pipette and pressure measurements on capillary red 
bloodd cell perfusion. 
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Subject ss and method s 

Nineteenn healthy men (mean age: 28  5 yr.) were investigated after a 30 min 
acclimatizationn period in a temperature controlled environment . 
Volunteerss refrained from smoking and caffeine containing drinks for at least four 
hourss before the measurement. All measurements were performed in the supine 
positionn with the hand at heart level. The investigation protocol was approved by 
thee local medical ethical committee and conforms with the principles outlined in 
thee declaration of Helsinki. Written informed consent was obtained from all 
volunteers. . 

Intracapillaryy blood pressure measurements were performed in the fourth finger 
off the non-dominant hand. Simultaneously, total skin perfusion was investigated 
byy means of laser Doppler perfusion measurements. The blood pressure of the 
middlee finger was measured using a Finapres BP Monitor (2300, Ohmeda, 
Louisville,, CO, USA). Also, ECG and skin temperature (monitor 78342A, Hewlett 
Packard,, USA) were monitored (figure 1). All measurements were sampled on-line 
andd analysed off-line by means of a data acquisition system (AcqKnowledge III 
andd MP 100WSW, Biopac System, Inc., Santa Barbara, CA, USA). The power 
supplyy of the whole system was electrically isolated for subject safety. During the 
samee session the brachial systolic and diastolic blood pressures (Dinamap Plus, 
Criticon,, Tampa, Fl, USA) were measured. 

Figur ee 1 . Schematic drawing of the application of the equipment as used in this 
study.study. The capillary blood pressure is measured with a servo-nulling 
micropressuremicropressure system by direct cannulation, while visualized with a standard 
capillarycapillary microscope connected to a monitor. Simultaneously, the skin 
temperature,temperature, skin perfusion (laser Doppler), continuous finger blood pressure and 
ECGECG are monitored and stored in a computerized data acquisition system. 
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IntravitalIntravital capillaroscopy 
Thee capillaries of the finger nail fold were visualized by means of a capillary 
microscopee with motor focusing in combination with a video circuitry as described 
before.133 In short: The hand was fixed with a mass of clay on a cross table. A light 
off 100 W AC mercury arc, with two heat absorption filters (Leitz Ploemopak 2.1, 
Germany)) and a polarizing filter in a POL-cube (Leitz, Germany) achieved incident 
illumination.. In the POL-cube a 50% mirror is positioned at a 45-degree angle. The 
crossedd analyzer in the POL-cube cancels the light reflected directly from lenses 
andd skin, while the light from deeper tissues is transmitted.14 Capillaries were 
puncturedd while visualized using a 10x objective (PL Fluotar, 10/0.30 Leitz Wetzlar 
Germany),, and a digital camera (Tm-6CN Pulnix America Inc., Sunnyvale, Ca, 
USA),, giving a total magnification on a monitor (PM 931, Ikegami, Korea) of about 
311 Ox (screen: 180 x 136 mm = 0.58 x 0.44 mm skin area). The images were 
storedd on videotape for off-line analysis of the capillary red blood cell velocity 
(RBCV). . 

CapillaryCapillary pressure measurements, circuit description 
Capillaryy pressure was measured by direct puncturing of the capillaries by a 
micropipettee filled with a 2M NaCI solution, connected to the servo-nulling micro 
pressuree system (900A World Precision Instruments, Sarasota, FL), which has 
beenn described in detail by Fein.12 The apparatus contains an electrical circuit 
(locatedd in the control unit and probe) and an air circuit (located in the pressure 
pod)pod) which regulates pressure inside the pipette so that it equals the pressure 
outsidee the tip (figure 2). The electrical circuit is formed by a Wein bridge 
oscillator,, which generates a 1000 Hz (sinusoidal voltage) constant carrier current 
throughh the microelectrode. A pressure control driver will automatically adjust the 
microelectrodee tip resistance to a change in pressure outside the tip of the pipette. 
AA buffer amplifier between the detector and the pressure control driver 
compensatess for the inherent lag in propagating the pressure changes transmitted 
too the micropipette. The lag would normally cause the system to oscillate. A 
dampingdamping knob sets the amplitude of the buffer amplifier. Furthermore, a sensitivity 
knobb regulates the sensitivity of the measurement. 

Beforee each pressure measurement each new pipette was balanced and 
calibratedd against atmospheric pressure in a drop of 0.9% NaCI solution, 
embeddedd in a ring of grease (High vacuum grease, Dow Corning Corp., Midland, 
Ml,, USA), at an adjacent site of the finger measured. At first each pipette was 
balancedd in the open loop mode. The resulting Voltage change, which is caused 
byy the variation of the individual pipette, is compensated in the follower circuit by 
advancingg the electrode resistance dial so that the balance null is achieved 
(detectedd by a null detector). Thereafter the electrode resistance dial is somewhat 
increasedd (until the null detector reads 50 micro amperes). Then the system is 
switchedd to the measuring mode. The pressure control driver will then 
automaticallyy adjust the microelectrode resistance to the higher value of 
resistancee by drawing some of the external dilute solution into the tip. When a the 
properr resistance is reached the null detector needle turns to 0 microamperes. 
Noww the interface between the 2 M NaCI solution and the 0.9% NaCI solution is 
locatedd somewhere inside the pipette. The pressure required to balance the 
systemm is called the calibration pressure and is subtracted from the subsequent 
pressuree reading. 
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Thee air circuit is located in the pressure pod, which is connected to a pressure 
sinkk (-300 mm Hg) and pressure source (+400 mm Hg) source. In the pressure 
pooff the counteracting pressure is balanced by an equilibrium between a constant 
outfloww of air to the vacuum and a adjustable inflow of pressure by a piezo-electric 
valvee (figure 2). This counteracting pressure is conducted via a small flexible tube 
(lengthh 20 cm) and a pipette holder to the base of the pipette. To increase the 
responsee time we minimized the volume of the connecting tubes. The pipette 
holderr (MTO-AMC, Amsterdam, The Netherlands) allows for the electrical and air 
circuitt between the pipette and the micropressure system (figure 2). The interface 
betweenn the 2M NaCI solution and air is located in the pipette, while the electrical 
contactt between the apparatus and the 2M NaCI solution is achieved by an 
Ag/AgCII wire coming from the pipette holder and extending into the pipette. 

CapillaryCapillary pressure, investigation protocol 
Thee micropipettes, with a tip diameter varying between 3 and 4 urn, were pulled 
beforehandd by means of a micropipette puller (Narishige PB-7, Sea Cliff, NY, 
USA)) from a borosilicate glass tube (inner diameter: 0.73/0.75mm, outer diameter: 
0.96/0.988 mm, MTO-AMC, Amsterdam, the Netherlands) with an omega dot to 
stiffenn the tip and to facilitate filling. The pipettes were filled with a 2M NaCI 
solutionn with 10 E/ml heparin to prevent plugging. Typically, the resistance varied 
betweenn 0.2 and 0.5 Meg Ohms. The pipette was manoeuvred into the apex of a 
capillaryy at an angle of approx. 40  to the skin by means of a micromanipulator 
(modell M, Leitz, Wetzlar, Germany). Hereto the micromanipulator was mounted 
onn a statue with an angle of . 

Firstly,, the cuticle and the upper layer of the stratum corneum of the epidermis 
weree removed with a surgical banana-shaped knife, a small gush, and/or tweezers 
too facilitate the puncture of the capillaries.15 Volunteers were grounded to the 
micro-pressuree system using an monitoring electrode (Red Dot Ag/AgCI nr 2255, 
3MM Health Care, Borken, Germany). Thereafter each new pipette was calibrated, 
andd the sensitivity and damping were adjusted until an optimal signal without noise 
wass achieved. 

Subsequently,, the capillaries were punctured while the servo-nulling system was 
inn the open loop mode. The capillaries were punctured gently and the influx of 
somee erythrocytes into the pipette indicated that the tip of the pipette was located 
inn the capillary. Then the system was promptly switched to the measuring mode, 
throughh which the erythrocytes were flushed out of the pipette. During the 
measurementt the capillary and finger pressure waveform was evaluated on a 
monitorr (7803b, Hewlett-Packard GMBH, Boeblingen Germany). The correct 
positionn of the tip of the pipette could be checked by temporarily switching the 
systemm to the open loop mode, which caused an influx of blood in the tip of the 
pipette.. Furthermore, the position of the tip of the pipette was adjusted so that flow 
throughh the capillary was visually unobstructed. A measurement was regarded 
validd when the capillary pulse pressure waves were in phase with the waveforms 
off the ECG, finger pressure and laser Doppler, whilst capillary flow was 
unobstructedd for at least 5 s. The mean systolic and diastolic and mean pressures 
weree derived from the valid interval. After the investigation any remaining shards 
weree removed by wiping with a paper tissue. The puncture area was disinfected. 

Separately,, the accuracy of the system was evaluated every other 5 procedures 
byy calibrating the system against a reference pressure system in a test set-up. 
Thee response time of the system was evaluated by applying a steep pressure 
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Figur ee 2. Schematic drawing of the principle of the micropressure system as 
describeddescribed by Fein.12 The pipette, filled with a 2M NaCI solution is used as an ultra-
lowlow compliance transducer, of which the impedance is assessed continuously by 
thethe servo-nulling system. As soon as the pipette enters the capillary, the higher 
capillarycapillary pressure urges blood to enter the pipette. This results in an inward 
displacementdisplacement of the intertace at the pipette tip between 2M NaCI solution (with a 
relativelyrelatively low resistance) and blood (having a higher resistance) from the capillary. 
AnAn influx of blood into the pipette increases the impedance and vice versa. This 
changechange in impedance is detected by the system, which in turn generates 
counteractingcounteracting pressure that readjust the starting impedance and with that the 
interface.interface. This counteracting pressure reflects the capillary pressure and is 
measuredmeasured with a pressure transducer. This counteracting pressure is generated by 
thethe equilibrium of a continuous airflow from a pressure source (+400 mm Hg) to a 
pressurepressure sink (-300 mm Hg), of which the inflow can be regulated by a piezo-
electricelectric valve. The pipette holder constitutes the interface between the 2 M and the 
electricalelectrical and air circuit which is located in the pipette. 
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increasee and decrease generated by a modified Finapres (BMI, TNO Amsterdam) 
too our test set-up. The reliability of the measurements was assessed by duplicate 
measurementss at an adjacent capillary of the same fingers in 10 volunteers. 

TotalTotal skin perfusion 
Locall skin perfusion was assessed simultaneously by means of a laser Doppler 
(Perifluxx 4001, Perimed, Sweden), which was attached adjacent to the puncture 
placee at the nail fold using an unheated small probe (PF 407), a probe holder (PF 
PHH 07-4) and double sided adhesive tape (Double-Stick Discs, 3M Health Care, 
St.. Paul, MN). The filter time was set at 0.03 s to trace heartbeats. Laser Doppler 
iss a simple non-invasive technique to assess total cutaneous blood flow, as it not 
onlyy measures flow in the capillaries, but also in the subpapillary venular and 
arteriolarr plexus and arteriovenous shunts.16 

ArterialArterial blood pressure measurements 
Continuouss finger blood pressure measurements were performed using a 
Finapress instrument (Finapres BP monitor, Omeda, Louisville, CO) on the middle 
fingerr of the target hand. The method is based on the development of the dynamic 
(pulsatile)) unloading of the finger arterial walls using an inflatable cuff with built-in 
photo-electricc plethysmograph.17 

CapillaryCapillary red blood cell velocity 
Fromm the recorded images the mean capillary red blood cell velocity (RBCV, in 
mm/s)) was assessed in three capillaries in a peeled skin area and in another three 
capillariess of an untouched, adjacent skin area onn the same finger. RBCV was 
alsoo assessed during the pressure measurement to investigate the effect of the 
presencee of the tip of the pipette in the capillary during the measurement on 
capillaryy perfusion. RBCV was measured by means of the Cap-Image software 
(Zeintl,, Biomedical Engineering, Heidelberg, Germany), using the flying spot 
method. . 

Statistics Statistics 
Thee results are expressed in means with standard deviations ) and ranges, after 
testingg for skewness. Possible differences in RBCV between just before and 
duringg the capillary pressure measurement were evaluated by the paired Student 
t-test,, while the comparison of the RBCV in a peeled skin area with an untouched, 
adjacentt area was performed using the unpaired Student t-test. The reliability of 
thee capillary pressure measurements is expressed as the standard deviation of the 
differencess between two repeated measurements in the same finger. 

Result s s 

Inn 16 out of the 19 (84%) volunteers one, and in 10/16 more acceptable 
measurementss could be obtained. Generally, 1-15 pipettes were needed for a 
successfull measurement. The resistance was routinely set at 0.4 Meg Ohms and 
usuallyy only a marginal adjustment of sensitivity and damping was necessary to 
achievee a stable signal. The average total investigation time was 1V2 hour per 
volunteerr (range: 1-3 hours), including set-up of the equipment (15 min) and 
preparationn of the skin (15 min). Penetration of the capillary by the tip of the 
pipettee could easily be observed by an influx of some erythrocytes before the 
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systemm was switched on. If the flow through the capillary was visually 
unobstructedd the pulse contour of the pressure could be visualised clearly, 
showingg a steep upstroke in phase with the other measurements, whereas 
obstructingg the flow caused irregularities or an increase in the pressure recording 
(figuree 3). The duration of one continuous pressure recording varied from 5 s. to 2 
min,, and was typically stable over time (figure 4). 

Meann capillary pressure was 20.5  3.7 mm Hg (range 15.0 - 29.6 mm Hg). 
Meann systolic and diastolic capillary pressures were 26.2  5.6 (range 17.0 - 37.9) 
mmm Hg and 17.6  3.9 (range 12.9 - 25.5) mm Hg, respectively. Mean systolic and 
diastolicc blood pressures of the adjacent middle finger were 136  17 mm Hg and 
700  8 mm Hg, respectively. 

RBCVV after preparation of the skin (0.52  0.11 mm/s) did not differ significantly 
(p=0.22)) from RBCV in an untouched area of the nail fold of the same finger (0.51 

 0.13 mm/s; n=11 fingers). The capillary RBCV was not influenced by the 
presencee of the tip of the pipette in the capillary during the measurement: the 
RBCVV before (0.51 6 mm/s) and during the pressure measurement (0.53
0.166 mm/s; n=36 evaluations) were not significantly different (p=0.12). The mean 
temperaturee of the investigated finger was 29.5 , which did not change 
duringg the investigation. The reliability of the pressure in two capillaries in the 
samee finger, expressed as the standard deviation of the difference between two 
pairedd measurements (n=10), was small: 2.8 mm Hg. The variability of the system 
wass less than 0.1 mm Hg. The response time (10 - 90%) did not exceed 10 ms 
andd was faster during an increase than a decrease in pressure (figure 5). No 
complicationss during and after the procedure were reported. 

Figur ee 3. Typical example of a recording of the laser Doppler flux, capillary and 
fingerfinger pressure and ECG. The pressure wave with the dicrotic notch is clearly 
visiblevisible in the pressure signal. 
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Figur ee 4. Typical example of the variation over a longer time period of ECG, laser 
Doppler,Doppler, capillary and finger pressure, with a valid measurement period indicated 
betweenbetween the arrow, proceeding a period in which the pipette is obstructing the flow 
(encircled)(encircled) and disturbed by noise. 
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Discussio n n 

Withh this alternative set-up capillary pressure can be measured quite well and in a 
relativelyy limited time. It furthermore overcomes some drawbacks of previous 
techniques.. The mean apical capillary pressure as measured here is in agreement 
withh the direct apical capillary pressure measured by other investigators in the nail 
foldd of the finger, varying between 17.3 and 21.1 mm Hg (18.7 [15.6 - 20.7]18, 19.1 
[14.11 -23.6]19, 18.0 5 (only men, mean age: 32.5, n = 20)20, 19.4 0 " , 21.1
4.921,, 17.3 [9.0 - 21.6]10 mm Hg). The reliability of capillary pressure measured in 
differentt capillaries across the nail fold is agreement with those reported by others 
(5.44  2.0%).15 

Withh the indirect methods only the mean capillary pressure can be estimated 
fromm a whole or part of an organ in animal models (small intestine or skeletal 
muscle)222 or a whole limb in humans, although its use remains debatable.3'23 

Theoreticall drawbacks of direct capillary pressure measurements (which applies 
forr both the conventional and the here proposed system) might be in the first place 
thatt manipulation of the skin and capillaries may influence the reliability of the 
capillaryy pressure and velocity. However, this study showed that capillary flow is 
nott influenced by the removal of the stratum corneum nor by the presence of the 
tipp of the pipette in the capillary. Secondly, the measurement can sometimes be 
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hamperedd by movement artefacts. Nevertheless, direct capillary pressure 
measurementss appear to be the only way to obtain reliable data about capillary 
pressure. . 

Minimall breakage of the pipette tip does not influence the recording. Since the 
bridgee balance is set higher than the lowest pipette resistance the interface 
betweenn blood and 2M NaCI solution is slightly inside the pipette. With a small 
breakagee of the tip, the resistance alters slightly and the interface is displaced. As 
longg as the interface remains inside the pipette, the system will work. The system 
iss therefore independent of minor changes in the pipette resistance. 
Hypothetically,, even mixture of the 2M NaCI solution with blood or 0.9% NaCI 
wouldd not lead to erroneous measurements. Furthermore, small shards caused by 
breakagee of the pipette did not caused any problems afterwards. 

Thee advantages of the present set-up are that it is relative insensible to 
disturbances,, e.g. the pipette can be replaced quickly without extreme prudence. 
Furthermore,, the position of the tip of the pipette can be checked by the influx of 
erythrocytess at the start and during the measurement, since the erythrocytes can 
passs through a cylindrical tube as narrow as 2.8 urn.24 With this set-up the 
measuringg time is not limited by a reduced visibility of the capillaries by the 0.9% 
NaCII solution covering the measurement surface. Since we removed the 
superficiall dead layers of the skin the capillaries were clearly visible without oil.13 

Moreover,, the method presented a good accuracy and response rate, so that the 
capillaryy pressure wave form can be investigated, which can be important in the 
investigationn of the influence of pulsatile perfusion pressure on the basal (micro-) 
vascularr tone.20,25"27 

Figur ee 5. Graph of the accuracy and rise-and-dive time of the micropressure 
systemsystem (black line) calibrated against the reference pressure (grey line) in a test 
set-up. set-up. 
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Inn conclusion, the micropressure system used in this study is a reliable and 
worthwhilee method to measure capillary pressures in the human nail fold. 
Furthermore,, this study showed that the capillary flow and pressure is not 
hamperedd by the measurement itself. The method presented appears a promising 
tooll to further investigate the (patho-)physiology and evaluation of therapeutic 
interventionss of various diseases effecting the microcirculation (e.g. peripheral 
vascularr diseases, diabetes mellitus, and vasospastic disorders) in both animals 
andd humans. 
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Abstrac t t 
Backgroun dd  Capillary circulation is delicately regulated by microvascular 
constrictionn mechanisms, thereby controlling capillary perfusion and transmural 
pressure.. The influence of posture on capillary flow has been investigated both in 
diseasedd and healthy people. However, its influence on capillary pressure is less 
investigated.. Hence, we measured capillary pressure for the first time dynamically 
inn the supine and sitting positions in the hallux of healthy volunteers. 
Method ss  The capillaries in the eponychium of the hallux were punctured using a 
micropipettee connected to a micropressure system (900A, WPI). Also, non-
invasivee peripheral arterial and invasive venous pressures were measured in both 
positions. . 
Result ss  The rise in systolic capillary pressure from supine to sitting position (32 
mmm Hg; from 39 to 71 mm Hg, resp.) was significantly (p<.001) smaller than the 
risee in systolic arterial toe pressure (57 mm Hg; from 87 to 144 mm Hg, resp.) and 
venouss pressure (41 mm Hg, from 26 mm Hg to 67 mm Hg, resp.). 
Conclusion ss  Capillary pressure in the hallux increases upon dependency, 
howeverr not as much as the toe blood pressure does. This study shows that 
activationn of the peripheral vasoconstiction mechanisms appears to reduce the 
transmissionn of the rise in arteriolar pressure to the capillaries upon dependency. 
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Introductio n n 

Capillaryy microcirculation is essential fortissue nutrition, based on transcapillary 
exchangee of fluids and solutes. The fluid exchange across the capillary membrane 
off a single, short section of a capillary, as initially proposed by Starling,1 is 
dependentt of the transmural pressure gradient, in which the capillary blood 
pressuree (CP) is a crucial factor.2 Microcirulatory perfusion in the skin of fingers 
andd toes is mainly regulated by local mechanisms3, including the myogenic 
responsee of the precapillary arterioles after a change in transmural pressure,4 and 
thee venuloarteriolar response (VAR), based upon a local axon reflex leading to 
arteriolarr constriction when venular pressure is elevated.5,6 Disturbed constriction 
responses,, leading to capillary hypertension, may cause edema formation.3,7 

Thuss far the regulation of CP has been investigated in healthy and diseased 
subjectss in the capillaries of the finger nail fold only, using a direct cannulation and 
aa servo-nulling micropressure system.8 This direct method appeared to be a 
reliablee technique to give valuable information about the (patho-) physiology of 
microcirculatoryy perfusion.9,10 Shore et al.11 demonstrated that elevation of 
systemicc blood pressure through exercise did not change capillary pressure in the 
hand,, and suggested that protective mechanisms minimize the transmission of 
changess in systemic blood pressure to the capillary bed, whereas an increase in 
venouss pressure in the arm gave a pronounced rise in capillary pressure.12 

Thee regulation of capillary pressure in the foot is likely to be much more robust 
thann in the hand in order to counteract the considerable changes in arterial and 
venouss pressure upon a change in posture. On the other hand, various diseases 
(arteriall and venous insufficiency, diabetic microangiopathy, etc.) mainly affect, or 
aree more pronounced in, the microcirculation of the foot.13"15 To date, however, the 
regulatoryy mechanisms of capillary pressure in the foot have only been 
investigatedd by and in Levick and Michel using a direct, static capillary pressure 
measurementt technique.16 They showed that capillary pressure can rise up to 100 
mmm Hg in standing position, and that in the dependent extremity there is a tight 
controll of capillary pressure probably by arteriolar vasoconstriction. Furthermore, 
theyy showed that capillary pressure approaches venous pressure in the 
dependentt position.16 However, this work was performed only in two volunteers 
withh a static measurement system. Furthermore, dynamic measurements allow for 
additionall analysis of the capillary pulse pressure and capillary pressure waveform 
duringg the cardiac cycle and yields information about pre-capillary resistance.12,17 

Knowledgee about the regulation of the pre-capillary resistance in the foot may 
increasee our understanding of the edema formation in patients suspected of 
capillaryy hypertension, e.g. venous insufficiency and diabetes mellitus, and the 
reappearancee of postural vasoconstriction in the foot, e.g. after revascularization 
proceduress that increase peripheral blood pressure. However, the (patho-) 
physiologicall knowledge of capillary pressure regulation in health and disease is 
mainlyy derived from investigations performed in the fingers.11,17"19 Therefore, in this 
studyy we investigated the effect of postural changes on capillary pressure and 
perfusionn and in the hallux in healthy subjects by means of capillary microscopy, 
laserr Doppler fluxmetry, and a servo-nulling micropressure system. 
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Subject ss and method s 

Thee left foot of twenty healthy volunteers was investigated after a 30 min 
acclimatizationn period in a temperature controlled environment . All 
measurementss were performed in the sitting and the supine position with the foot 
att heart level in random order. The height from toe to heart (represented by the 
fourthh intercostal space) was measured in sitting position. Volunteers refrained 
fromm smoking and caffeine containing drinks for at least four hours before the 
measurementt to avoid a possible effect on vascular tone. The investigation 
protocoll was approved by the local medical ethical committee and conforms with 
thee principles outlined in the declaration of Helsinki. Written informed consent was 
obtainedd from all volunteers. 

Dynamicc intracapillary blood pressure measurements were performed in the 
eponychiumeponychium of the hallux of the left foot in the sitting and supine positions. Laser 
Dopplerr fluxmetry (PF 407, Periflux 4001, Perimed, Sweden; filter time 0.03 s) of 
thee adjacent area, continuous blood pressure of the second toe (Finapres BP 
Monitorr 2300, Ohmeda, Louisville, Co, USA) and ECG were assessed 
simultaneously,, to validate the capillary pressure (figure 1 and 2). The laser 
Dopplerr was used to investigate total cutaneous perfusion,20 whereas the capillary 
redd blood cell velocity was assessed to evaluate nutritive perfusion. Skin 
temperaturee of the toe (Monitor 78342A, Hewlett Packard, USA) was monitored to 
evaluatee a possible variability due to temperature changes.16-21 All synchronous 
measurementss (ECG, laser Doppler, temperature, capillary and continuous toe 
pressure)) were sampled on-line and analyzed off-line by means of a data 
acquisitionn and analysis system (AcqKnowledge III and MP 100WSW, Biopac 
System,, Inc., Santa Barbara, CA, USA). After this experiment the brachial 
(Dinamapp Plus; Criticon, Tampa, Fl, USA) and ankle pressures (highest of dorsal 

Figur ee 1 . Photograph of measurement setup in sitting position 
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pedall artery and posterior tibial arteries at the level of the ankle) were measured 
withh an 8 Mhz Doppler probe (PV lab, Stöpler, Electric Diagnostic Instruments, 
Burbank,, CA) and a cuff (12 cm width) just above the ankle. The toe pressure was 
measuredd on the hallux of the same foot as the capillary pressure by means of 
photo-plethysmographyy (PPG; PV lab, Stöpler, Electric Diagnostic Instruments, 
Burbank,, CA) and a digital cuff with a width depending on the diameter of the toe. 
AA cuff width closest to 120% of the diameter of the hallux was chosen (cuff: 1.5, 
2.55 or 3.3 cm, Hokanson, Bellevue, WA, USA).22 Additionally, peripheral venous 
bloodd pressure was measured in the great saphenous vein at the foot, by means 
off a 22 gauge venflon connected to a pressure transducer (Monitor 78342A, 
Hewlettt Packard, USA) in 8 subjects in the same positions in which the capillary 
pressuree measurements were performed. 

IntravitalIntravital capillary microscopy 
Thee capillaries of the hallux nail fold were visualized by means of a capillary 
microscopee with motor focusing in combination with a video circuitry as described 
before.9144 Capillaries were punctured while visualized using a 10x objective (PL 
Fluotar,, 10/0.30 Leitz Wetzlar Germany), and a digital camera (TM-6CN Pulnix 
Americaa Inc., Sunnyvale, Ca, USA), giving a total magnification on a monitor (PM 
931,, Ikegami, Korea) of about 31 Ox (screen: 180x 136 mm = 0.58 x 0.44 mm skin 
area).Thee images were stored on videotape for off-line analysis of the capillary 
diameterr (in (jm), capillary density (in mm"2), and capillary red blood cell velocity 
(RBCV;; in |_im/s) during the capillary pressure measurement as described before 
(Cap-Imagee software, Zeintl, Biomedical Engineering, Heidelberg, Germany).923 

Figur ee 2. Detail of the measurement setup: (1) micropipette, (2) laser Doppler, (3) 
skinskin thermometer, (4) manchet of continuous toe blood pressure measurement, 
(5)(5) reference electrode, (6) lens of capillary microscope. 
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CapillaryCapillary pressure 
Capillaryy pressure was measured by a direct servo-nulling method. The principles 
off the measurement technique, circuit description, and calibration have been 
evaluatedd and described in detail before for the fingers, but are essentially the 
samee for the measurements in the toes.9 In short, the capillary loops were 
puncturedd in the apex with micropipettes (tip diameter varying between 3 and 4 
|jm),, filled with a 2M NaCI solution (with 10E/ml heparin to prevent plugging), 
connectedd to the servo-nulling micro pressure system (900A World Precision 
Instruments,, Sarasota, FL, USA). The apparatus contains an electrical and an air 
circuit,, which regulates the pressure inside the pipette so that it equals the 
pressuree outside the tip. The electrical circuit is formed by a Wein bridge oscillator, 
whichh generates a 1000 Hz (sinusoidal voltage) constant carrier current through 
thee microelectrode. An influx of blood into the capillary would change the 
impedancee of the pipette. A pressure control driver will automatically adjust the 
microelectrodee tip impedance to a change in pressure outside the tip of the 
pipette.9,24 4 

Thee cuticle and upper layer of the stratum corneum of the epidermis were 
removedd to facilitate puncturing of the capillaries. The position of the tip of the 
pipettee was adjusted so that flow through the capillary was visually unobstructed 
andd a synchronous waveform was received (figure 3). A measurement was 
regardedd valid when the capillary pulse pressure waves were in phase with the 
waveformss of the ECG, toe pressure and laser Doppler, whilst capillary flow was 
unobstructedd for at least 5 s. The mean systolic, diastolic and mean pressures 
weree derived from the valid interval. Furthermore, the capillary pulse pressure 
amplitudee (CPPA), which can be used as a measure of the precapillary resistance, 
wass defined as the difference between the diastolic and systolic peak.12 After the 
investigationn any remaining shards were removed by wiping with a paper tissue 
andd the puncture area was disinfected. 

Figur ee 3. Example of a recording of the laser Doppler flux, capillary and second 
toetoe pressure (Finapres) and ECG in sitting (left panel) and supine (right panel) 
position.position. Note the difference in (especially capillary pressure) wave forms between 
bothboth positions. 

lA^^^\\^^-~4^ lA^^^\\^^-~4^ 
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Statistics Statistics 
Thee results are expressed in means with standard deviations after testing for 
skewness.. Statistical analysis of possible differences between the sitting and 
supinee positions in all measurements was evaluated using the paired t-test. 

Result s s 

Inn 13 out of 20 (65%) volunteers (mean age 34  10 yrs.; 4 men and 9 women) 
acceptablee measurements could be obtained in both positions. The number of 
failuress diminished with growing experience and were caused by movement 
artefactss (n= 5) and thickness of the skin (n= 2). The duration of a complete 
investigationn in both positions varied between 2 to 4 hours. If the flow through the 
capillaryy was visually unobstructed, the pulse contour of the pressure could be 
visualizedd clearly, showing a steep upstroke in phase with the other recordings 
(figuree 3). The difference in pulse contour between the sitting and supine positions 
duee to a change in pre-and post-capillary resistance is clearly visible in these 
figures.. The duration of one continuous pressure recording varied from 5 s. to 6 
min,, and was typically stable over time (figure 4). 

Figur ee 4. Typical example of the variation over a longer recording period of ECG, 
laserlaser Doppler, capillary and second toe pressure (Finapres). 

0.00 30 60 90 
seconds s 
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Capillaryy pressure in the sitting position was significantly higher than in the 
supinee position (see table 1 and figure 5). The same was true for the toe, ankle, 
andd venous pressures, whereas brachial pressures and skin temperature did not 
changee significantly during the investigation. However, the rise in systolic capillary 
pressuree (mean 32 mm Hg) was significantly (p=0.001) less than the rise in 
systolicc ankle and toe pressures (both mean 57 and 57 mm Hg, see Table 1), but 
lesss than the rise in venous pressure (mean 41 mm Hg). There was a significant 
differencee between the arterial-capillary blood pressure fall between supine and 
sittingg position (56 and 81 mm Hg, respectively). Capillary systolic pressure rose 
too up to 100 mm Hg in the sitting position. However, the remaining microcirculatory 
parameterss (CPPA, capillary density, RBCV, capillary diameter, LDF) did not 
changee significantly upon the change in posture, indicating that capillary volume 
floww and total skin flow did not alter substantially by change in posture (Table 1). 

Discussio n n 

Thiss study shows that dynamic capillary pressure measurements are feasible in 
thee capillary nail fold of the toe, both in the sitting and supine positions. Even the 
pulsee contour of the blood pressure is clearly visible with this method. Secondly, 
thiss study confirms the observations of Levick and Michel16 that the capillary 
pressuree increases substantially in sitting position, but not as much as the 
increasee in arterial pressure. This is probably due to activation of pre-capillary 
(arteriolar)) vasoconstriction mechanisms. 

Tablee 1. Measurement parameters in the sitting and supine positions 

Supinee (sd) Sitting (sd) Sitting-supine p 
differencee (sd) 

Brachiall systolic (mm Hg) 
Brachiall diastolic (mm Hg) 
Anklee systolic (mm Hg) 
Toee systolic (mm Hg) 
Toee systolic Finapres (mm Hg) 
Toee mean Finapres (mm Hg) 
Toee diastolic Finapres (mm Hg) 
Capillaryy systolic (mm Hg) 
Capillaryy mean (mm Hg) 
Capillaryy diastolic (mm Hg) 
Pressuree fall (mm Hg) 
Capillaryy density (/mm2) 
CPPAA (mm Hg) 
RBCVV (mm/s) 
Capillaryy diameter (urn) 
Temperaturee ) 
LDFF (Volts) 
Highh heart-toe (cm) 
Venouss pressure (mm Hg) 
Highh heart-toe (cm) 
Resultss are expressed in means with standard deviations, and differences are tested with the paire t 
test.. Abbreviations: Pressure fall: pressure difference between toe pressure and mean capillary 
pressure;; CPPA: capillary pulse pressure amplitude, RBCV: capillary red blood cell velocity; LDF: 
laserr Doppler fluxmetry. 

117(7) ) 
70(7) ) 
118(7) ) 
87(17) ) 
98(16) ) 
65(15) ) 
50(16) ) 
39(12) ) 
32(8) ) 
28(8) ) 
56(17) ) 
55(12) ) 
11(7) ) 
0.19(0.04) ) 
9.5(1.7) ) 
26(2) ) 
0.18(0.17) ) 
0 0 
26(3) ) 
0 0 

118(8) ) 
73(4) ) 
175(8) ) 
144(18) ) 
1711 (25) 
126(18) ) 
106(17) ) 
71(11) ) 
63(8) ) 
59(8) ) 
811 (20) 
58(14) ) 
12(5) ) 
0.19(0.07) ) 
9.11 (1.0) 
26(2) ) 
0.22(0.21) ) 
79(6) ) 
67(5) ) 
86(6) ) 

2(10) ) 
3(7) ) 
57(9) ) 
57(17) ) 
733 (26) 
611 (16) 
56(14) ) 
32(10) ) 
32(7) ) 
31(6) ) 
25(19) ) 
3(15) ) 
0.11 (5.1) 
0.00 (0.06) 
-0.4(1.8) ) 
0.5(1.3) ) 
0.055 (0.25) 

41(4) ) 

0.58 8 
0.12 2 
<0.001 1 
<0.001 1 
<0.001 1 
<0.001 1 
<0.001 1 
<0.001 1 
<0.001 1 
<0.001 1 
<0.001 1 
0.56 6 
0.50 0 
1.0 0 
0.51 1 
0.26 6 
0.50 0 

<0.001 1 
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Figur ee 5. Individual results of capillary pressure plotted against the heart-toe 
heightheight difference. 
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Inn this study systolic capillary pressure in the toe while sitting was found to be 
ratherr high (70 up to 100 mm Hg), which is much higher than commonly known.2 

Ourr results correspond with the static capillary pressure measurements using a 
manometricc technique as performed by Levick and Michel, who found a capillary 
pressuree of 67 mm Hg when the hydrostatic pressure difference between heart 
andd capillary was 80 mm Hg, and pressures up to 100 mm Hg in the standing 
position.166 This increased pressure in the sitting position considerably influences 
thee forces governing fluid movement across the capillary wall, since the capillary 
pressuree is a crucial factor in this process, and is bound to lead to interstitial 
edemaa formation. The fluid exchange across the capillary membrane of a single, 
shortt section of a capillary, as initially proposed by Starling,1 is dependent of the 
transmurall pressure gradient.225 An increase in hydrostatic pressure causes 
extravascularr fluid accumulation and edema formation. This process is linearly 
relatedd to the ortho- or hydrostatic pressure. An increase in mean capillary 
pressuree from 32 to 64 mm theoretically increases the fluid passage across the 
capillaryy wall (fluid filtration rate rises from 0.1 to about 0.4 |Jm2/um3).2 Under 
physiologicall situations the orthostatic venous pressure is reduced by the calf 
musclee pump.26 This in turn might lower the capillary pressure, and seems to be 
ann essential factor in the prevention of edema formation, provided the venous 
valvess are sufficient. Unfortunately, the effect of the calf muscle pump could not be 
evaluatedd in our set-up, because even an isometric contraction of the calf muscle 
mayy cause movement artifacts that break the tip of the pipette. 

Thee height difference between heart and toe was 79 cm, causing an orthostatic 
pressuree equal to 58 mm Hg, which corresponds with the increase in ankle and 
toee blood pressures (59 mm Hg). Ubbink et al. studied the effect of posture on skin 
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capillaryy perfusion in the foot and concluded that post-capillary pressure appears 
too be an important factor in the regulation of capillary perfusion, because an 
increasee in venous resistance mimics the effects of leg dependency.23 Previous 
investigationss showed that microcirculatory perfusion in the foot changes upon a 
changee in posture, which results in a reduced red blood cell velocity2327, resulting 
inn a decreased laser Doppler flux (LDF), probably caused by arteriolar 
vasoconstriction.28,299 However, these observations are not confirmed in the present 
study.. The LDF did not showed any significant difference because LDF was 
measuredd at the dorsum of the toe which is known to have a smaller effect on 
posturall changes than the pulp of the toe, since the pulp has a large number of 
arteriovenouss anastomoses, which are rare at the dorsal site.3,30 Surprisingly we 
didd not observed a significant reduction of RBCV in sitting position, which might be 
causedd small group of patients, the measurement time (during the pressure 
measurement),, or the used measurement technique. 

Thee present study showed direct evidence for arteriolar vasoconstriction. The 
pressuree fall between artery and capillary increased significantly, whereas flow 
(RBCVV and capillary diameter, and laser Doppler) remained unchanged (table 1). 
Thiss suggests that activation of the postural (arteriolar) vasoconstriction response 
apparentlyy reduces the transmission of the digital arterial pressure to the 
capillaries.56,311 This is confirmed by an increase in the pre to post capillary 
resistancee ratio {(Pa-Pcy(Pc_Pv)} reflecting the distribution of resistance in the local 
circulation.166 We calculated this ratio from the systolic arterial toe, capillary, and 
venouss foot pressures. The ratio in the sitting position (ratio: 18) is much higher 
thann in the supine position (ratio: 4), which means an increase in pre-capillary 
(arteriolar)) resistance in the sitting position. This would be in agreement with our 
hypothesiss that arteriolar vasoconstriction mechanisms (probably mainly the 
venoarteriolarr reflex) prevent transmission of the increase in arterial pressure to 
thee capillaries,56 Although this could not be confirmed by a reduction in CPPA, a 
reductionn in the number of perfused capillaries, or a reduction in laser Doppler skin 
perfusion.. Therefore the present observations indicate that flow regulation 
outweighss pressure regulation in the microcirculation. 

Inn summary, this is the first study measuring dynamically the capillary pressure 
inn the toe. Our results indicate that the systolic capillary blood pressure can rise 
substantiallyy (up to 100 mm Hg) upon leg dependency, but remains lower than the 
increasee in toe systolic pressure. Apparently, activation of the peripheral 
vasoconstrictionn responses reduces the transmission of the arteriolar pressure to 
thee capillaries, and probably contributes as an edema preventing factor. This 
techniquee seems suitable to provide valuable information about the 
pathophysiologyy of microvascular disorders in the foot. 
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Abstrac t t 
Backgroun dd  Capillary perfusion and transmural pressure are delicately regulated 
byy microvascular constriction mechanisms, which are activated upon a change in 
posture.. Capillary flow is known to be disturbed in patients with severe peripheral 
arteriall disease. To date, however, the influence of this disease on capillary 
pressuree is unknown. 
Method ss  Capillary pressure in the nail fold of the hallux and ankle and toe blood 
pressuress were measured in the sitting and supine positions in 8 patients with 
intermittentt claudication (F2), in 7 patients with rest pain and/or ischemic ulcers 
(F3-4),, and in 12 age-matched healthy controls (FO). 
Result ss  Toe and capillary pressures in the three groups (FO, F2 & F3-4) were 
significantlyy (p<0.001) higher in the sitting (toe: 140, 104, and 64 mm Hg, 
respectively,, and capillary: 64, 63, and 62 mm Hg, respectively) than in the supine 
positionn (toe: 91, 49 & 14 mm Hg resp. and capillary: 22, 23 & 16 mm Hg resp.). 
Withh increasing disease severity, toe pressures decreased significantly in the 
sittingg (p< 0.001) and supine positions (p= 0.001), whereas capillary pressures did 
nott (sitting: p= 0.50; supine: p= 0.19). 
Conclusion ss  An increase in orthostatic pressure increases both toe and capillary 
pressures.. Arterial insufficiency of the leg seems to leave the capillary pressure 
unscathed.. Apparently, arteriolar vasodilation compensates for the lower arterial 
pressuree in both positions, even in patients with a tissue perfusion compromised 
byy ischemia. 
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Introductio n n 

Capillaryy microcirculation is essential for the nutritive status of tissue. Capillary 
perfusionn pressure is essential to maintain adequate perfusion in the 
microcirculationn and physiologic transcapillary exchange in the skin of the foot. 
Patientss with severe arterial occlusion in the legs have a compromised 
microcirulationn due to a lowered peripheral blood pressure, which can result in 
continuouss ischemic pain (at rest) or tissue loss.1 

Skinn microcirculatory perfusion has been studied intensively in health and 
diseasedd by various techniques, such as laser Doppler fluxmetry, capillary 
microscopyy and transcutaneous oxygen measurements.2"5 In health, capillary 
perfusionn is delicately regulated by mainly local vasoconstriction mechanisms.6"8 

Peripherall arterial disease (PAD) causes a disturbance of these regulatory 
mechanisms,, which results in an increased peripheral (capillary) perfusion upon 
dependency,, which may explain the pain relief these patients experience upon leg 
dependency,22 but might also cause (postoperative) edema formation.5910 

Too date, knowledge about the blood pressure in the capillaries of the foot skin is 
derivedd either from indirect estimations or invasive pressure measurements.8/l1,12 

Thiss gives important information about the relation between peripheral perfusion, 
pressure,, and resistance.8,13 In patients with peripheral vascular disease, capillary 
pressuree is unknown. Appreciation of the regulation of microcirculatory perfusion 
inn various disease states is particularly important in the improvement and 
developmentt of conservative (vaso-active drug therapy, intermittent compression 
therapy,, spinal cord stimulation, etc.) and operative treatment strategies or 
complicationss (post-operative edema formation) of PAD.3,914"16 

Recently,, a new technique has become available, which we have adapted to 
performm measurements of capillary pressure simultaneously with skin capillary and 
microcirculatoryy perfusion.17 With this technique we investigated the 
pathophysiologyy of the microcirculatory changes in patients in various stages of 
PADD using microcirculatory techniques including capillary pressure 
measurements. . 

Subject ss and method s 

Fromm October 1999 to June 2000 in and outpatients suffering from PAD were 
randomlyy recruited by the vascular specialists. Healthy controls were recruited in 
thee same period from relatives of the investigators. Written informed consent was 
obtainedd from all patients and subjects. The presence and location of PAD were 
assessedd by duplex scanning. Patients with diabetes mellitus were excluded, 
sincee diabetes is known to influence capillary pressure per se.18 None of the 
patientss suffered from edema in the foot. Thus, the diseased feet of 9 patients with 
intermittentt claudication (Fontaine stage 2: F2) and of 7 patients with ischemic rest 
pain,, ulcers or gangrene (F3-4) and with a toe pressure below 30 mm Hg,1 as well 
ass 13 feet of 13 age-matched, healthy controls (F0; asymptomatic and with an 
ankle/brachiall pressure index [ABPI] >90%) were investigated. The investigation 
protocoll was approved by the local medical ethical committee and conforms with 
thee principles outlined in the declaration of Helsinki. Measurements were 
performedd after a 30 min acclimatization period in a temperature controlled 
environmentt . The height from toe to heart (represented by the fourth 
intercostall space) was measured in sitting position. Subjects refrained from 
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smokingg and caffeine containing drinks for at least four hours before the 
measurementt to avoid a possible effect on vascular tone. 

Dynamicc intracapillary blood pressure measurements were performed in the 
eponychiumeponychium of the hallux of the foot in the sitting and supine positions with the foot 
att heart level, in a random order. Laser Doppler fluxmetry (PF 407, Periflux 4001, 
Perimed,, Sweden, filter time 0.03 s) of the adjacent area on the dorsum of the 
hallux,, continuous blood pressure of the second toe (Finapres BP Monitor 2300, 
Ohmeda,, Louisville, Co, USA)19 and ECG were assessed simultaneously. A 
capillaryy pressure measurement was regarded valid when the capillary pulse 
pressuree waves were in phase with the waveforms of the ECG, toe pressure and 
laserr Doppler. The laser Doppler was used to investigate total cutaneous 
perfusion,200 whereas the capillary red blood cell velocity was assessed to evaluate 
nutritivenutritive perfusion. Skin temperature of the toe was monitored to evaluate any 
variabilityvariability due to temperature changes.12,21 

Alll synchronous measurements (ECG, laser Doppler, temperature, capillary and 
continuouss toe pressure) were sampled on-line and analyzed off-line by means of 
aa data acquisition system. After the experiment the brachial and ankle pressure 
(dorsall pedal artery and posterior tibial arteries at the level of the ankle), and toe 
systolicc blood pressure of the of the hallux were measured to evaluate the 
influencee of postural changes on systemic and local arterial blood pressure.22 

CapillaryCapillary pressure 
Thee capillaries of the hallux nail fold were visualized by means of a capillary 
microscopee with motor focusing in combination with a video circuitry as described 
before.2,177 The images were stored on videotape for off-line analysis of the 
capillaryy diameter (in um), capillary density (in mm"2), and capillary red blood cell 
velocityy (RBCV; in |jm/s, using the flying spot method) during the capillary 
pressuree measurement.8,17 

Tablee 1 . Patient characteristics 

F0 0 

n== 12 
Male/femalee 6/6 
Agee (median, interquartile ranges, in years) 58 (48-65) 
Smokingg 1 
Hypertensionn 0 
Historyy of cerebrovascular ischemic event 0 
Historyy of coronary heart disease 0 
Hypercholesterolemiaa 0 

F2 2 

8 8 
6/2 2 
644 (57-65) 
4 4 
2 2 
0 0 
0 0 
4 4 

F3-4 4 

7 7 
3/4 4 
577 (50-76) 
3 3 
4 4 
1 1 
4 4 
2 2 

F0:F0: healthy volunteers; 
F2:F2: legs of patients with intermittent claudication; 
F3-4F3-4 legs of patients with ischemic rest pain, ulcers or gangrene. 
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Capillaryy pressure was measured by a direct servo-nulling method. The 
principless of the measurement technique and circuit description have been 
evaluatedd and described in detail before.17 In short, the cuticle and upper layer of 
thee stratum corneum of the epidermis removed to facilitate puncturing of the 
capillaries.. This procedure does not influence the capillary flow.17 The capillaries 
weree punctured by means of micropipettes (tip diameter varying between 3 and 4 
|jm),, filled with a 2M NaCI solution (with 10E/ml heparin to prevent plugging), 
connectedd to the servo-nulling micro pressure system (900A World Precision 
Instruments,, Sarasota, FL). Each new pipette was calibrated, and the sensitivity 
andd damping were adjusted until an optimal signal without noise was achieved. 
Thee pipette was manoeuvred into the apex of a capillary at an angle of approx. 40
too the skin by means of a micromanipulator (model M, Leitz, Wetzlar, Germany). 
Heretoo the micromanipulator was mounted on a statue with an angle of . 
Furthermore,, the position of the tip of the pipette was adjusted so that flow through 
thee capillary was visually unobstructed. A measurement was regarded valid when 
thee capillary pulse pressure waves were in phase with the waveforms of the ECG, 
toee pressure and laser Doppler, whilst capillary flow was unobstructed for at least 
55 s. Previous investigations showed that capillary blood flow is not influenced by 
thee capillary blood pressure measurements.17 The mean systolic and diastolic and 
meann pressures were derived from the valid interval. Furthermore the capillary 
pulsee pressure amplitude (CPPA; in mm Hg) was defined as the difference 
betweenn the diastolic trough and systolic peak.2324 The CPPA is inversely related 
too the precapillary resistance, generated by the arteriolar tone. After the 
investigationn any remaining shards were removed by wiping with a paper tissue 
andd the puncture area was disinfected. The response time (10 - 90%) of this 
systemm does not exceed 10 ms, which is adequate to trace heart beats.17 

Separately,, the accuracy of the system was evaluated every other 5 procedures 
byy calibrating the system against a reference pressure system in a test set-up. 
Thee reliability of the measurements was assessed by duplicate measurements at 
ann adjacent capillary of the same toe in 24 subjects. 

Statistics Statistics 
Becausee of the non-parametric distribution of the data and the limited number of 
observations,, the results are expressed in medians with interquartile ranges (IQR). 
Statisticall analysis of possible differences between sitting and supine positions in 
alll measurements was evaluated by the Wilcoxon signed-ranks test. The 
differencess between groups of patients were analyzed by means of the Kruskal-
Walliss test. The reliability of the capillary pressure measurements is expressed as 
thee standard deviation of the differences between two repeated measurements in 
thee same toe. 

Result s s 

Inn 12/13 volunteers (F0), in 8/9 patients with intermittent claudication (F2) and in 
6/77 patients with rest pain, ulcers and/or gangrene (F3-4) acceptable capillary 
pressuress could be measured in both positions (overall success percentage 90%; 
figuree 1). Failures were caused by inadvertent movements of the subjects. Subject 
characteristicss are presented in table 1. In one patient with rest pain, capillary 
pressuree could only be measured in the sitting position, because the capillaries 
visuallyy disappeared while supine. The results are presented in table 2. 
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Penetrationn of the capillary by the tip of the pipette could easily be observed by 
ann influx of some erythrocytes before the system was switched on. If the flow 
throughh the capillary was visually unobstructed the pulse contour of the pressure 
couldd be visualised clearly, showing a steep upstroke in phase with the other 
measurements,, whereas obstructing the flow caused irregularities or an increase 
inn the pressure recording (figure 1). The duration of one continuous pressure 
recordingg varied from 5 s to 6 min, and was typically stable over time (figure 1). 
Thee measurements were totally painless. 

Systolicc brachial pressure in the patient group was not significantly different from 
thee healthy volunteers, and did not change significantly upon postural changes. As 
expected,, the ankle pressures, ABPI's and toe pressures in both positions were 
significantlyy higher in healthy volunteers than in patients with PAD, and increased 
significantlyy in all groups after changing from the supine to the sitting position 
(tablee 2). 

Thee systolic, mean and diastolic capillary blood pressures were not significantly 
differentt between healthy volunteers, F2, and F3-4 patients, both in the supine and 
thee sitting position, despite a significant difference in ankle and toe blood 
pressuress between the groups (figure 2). There was, however, a significant 
increasee in capillary pressure upon changing to the sitting position in all three 
groups,, which was related to the orthostatic blood pressure increase. The capillary 
pulsee pressure amplitude was significantly lower in patients than in healthy 
volunteers,, as depicted in the recordings of the pressure profiles presented in 
figuree 3, illustrating a reduced precapillary resistance. 

Figur ee 1 . Typical example of the variation over a longer time period of ECG, laser 
Doppler,Doppler, capillary and toe blood pressures, with a valid measurement period 
indicatedindicated between the arrow, proceeding a period in which the pipette is 
obstructingobstructing the flow (encircled) and disturbed by noise. 

ta^^^jjojjiii^^ ta^^^jjojjiii^^ 

acceptablee measurement 

s iWi)l lM^ ^ 

100 0 

50 0 

0 0 
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Figur ee 2. Systolic toe pressures and systolic capillary pressures in sitting and 
supinesupine positions in healthy volunteers (O), in patients with intermittent claudication 
(A)(A) and in patients with ischemic rest pain, ulcers or gangrene (O). 

1800 -, 

toee supine capillary supine capillary sitting toe sitting 

Thee reliability of the pressure in two capillaries in the same toe, expressed as 
thee standard deviation of the difference between two paired capillary pressure 
measurementss (n=24; 9 in sitting and 15 in supine position, and 11 healthy 
subjectss and 13 patients), was small (systolic: 5.12 mm Hg; mean: 3.84 mm Hg; 
andd diastolic: 3.94 mm Hg). 

Capillaryy density did not differ between groups and did not change upon 
posturall changes. Capillary red blood cell velocity in supine position was 
significantlyy lower in F3-4 patients than in F2 patients and healthy volunteers. Skin 
temperaturee and laser Doppler perfusion were not different between the three 
groupss and did not change after a change in posture. 

Discussio n n 

Thiss is the first study that shows that capillary pressure in both positions does not 
differr between healthy and ischemic circumstances, despite the marked reduction 
off arterial pressure in patients with PAD. Local arteriolar vasoconstriction 
mechanismss appear to play an important role in the delicate regulation of capillary 
pressure,, even in PAD. Its strict regulation shows that this parameter appears 
essentiall in the maintenance of the nutritive transmural transport function of the 
capillaries. . 
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Figure ss 3. Typical example of recordings in a healthy subject in the sitting position 
ofof laser Doppler perfusion, capillary and toe blood pressures, and ECG of a 
healthyhealthy volunteer in sitting (3a) and supine (3b) position, and in a patient with rest 
painpain in sitting (3c) and supine (3d). Note the difference in capillary pulse pressure 
amplitudeamplitude (CPPA). 

Figuree 3a Figure 3b 

Figuree 3c Figure 3d 
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Thee clinical symptoms in these patients are generally thought to be caused by a 
reducedd arterial perfusion and, subsequently, a local shortage of microcirculatory 
perfusion,, which is represented by a reduced transcutaneous oxygen pressure, 
laserr Doppler perfusion, and capillary red blood cell velocity.25 The present study 
addss evidence that a severe reduction in peripheral blood pressure may result in a 
reducedd capillary perfusion, but capillary pressure remains within certain limits. 
Apparently,, the arteriolar constriction mechanisms (e.g. the myogenic and veno-
arteriolarr responses6"8) that regulate the arterial pressure down to the capillary 
pressuree are not activated to the same extent in PAD patients, but respond to the 
lowerr arterial pressure. Previous studies have already shown that this is a local 
phenomenon,, occurring even unilaterally, when arterial pressure is reduced in only 
onee leg.7,8 These ischemic conditions lead to a reduced arteriolar constriction and 
thus,, a reduced precapillary resistance (i.e. a smaller pressure drop at the 
microcirculatoryy level, as opposed to the pressure drop due to the stenoses in the 
largerr arteries), thereby maintaining capillary pressure at the expense of capillary 
perfusion.. The importance of maintaining capillary pressure rather than capillary 
perfusionn is in agreement with previous observations of capillary perfusion in 
variouss degrees of PAD suggesting that capillary perfusion is maintained during a 
decreasee in arterial pressure until it substantially diminishes when the ankle 
pressuree drops below 20 mm Hg.26 This is also theoretically plausible, because 
capillaryy pressure (and not flow) is part of the Starling equation, which defines the 
capillaryy transmural forces by which transcapillary fluid exchange is regulated. 
Thus,, regulation of capillary pressure can also have an edema preventing 
purpose. . 

Maintenancee of capillary pressure appears to be less effective upon a change to 
thee sitting position, where capillary pressure is much higher due to the additional 
orthostaticc pressure. The increase of capillary pressure in the sitting position is in 
agreementt with the observations in healthy volunteers.12 From this, one could 
postulatee that precapillary vasoconstriction mechanisms are driven by changes in 
thee local pre- to postcapillary pressure difference rather than an absolute 
(orthostatic)) pressure, which is exerted on both the venous and arterial sides of 
thee capillary. Under physiological circumstances the orthostatic venous pressure is 
reducedd by the calf muscle pump, which could not be investigated in our setup.27 

Whenn this pump is not activated, as was the case in this study, postcapillary 
resistancee increases. In turn, this will lead to an increased capillary pressure, 
whereass the pre-to postcapillary pressure drop remains similar. Thus, the calf 
musclee pump seems to be an essential factor in the regulation of capillary 
pressuree upon postural changes and the prevention of transcapillary fluid 
extravasation,, provided the venous valves are sufficient. 

Previouss investigations have shown a 50% reduction in laser Doppler perfusion 
whenn healthy volunteers change to the sitting position as a result of activation of 
thee venoarteriolar constriction response, whereas this reduction could not be 
observedd in patients with PAD.928 We found a reduction LDF of about 50% in the 
groupp of healthy volunteers, and found a much smaller reduction in group with 
PADD (median 20% and 17%), although this was not significantly different. This is 
probablyy due to the large variation and limited number of subjects investigated, but 
alsoo because of the difference in vascularization of the various measurement 
sites.. We measured LDF on the eponychium, adjacent to the capillary pressure 
measurementt site, whereas LDF is usually measured at the dorsum of the foot, 
wheree the number of arteriovenous shunts is considerably higher, which augments 
thee changes in perfusion upon a change in posture. 
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Inn some patients with low toe pressures, systolic capillary pressure appeared to 
bee somewhat higher than the systolic toe pressure (figure 3). This may seem 
implausible,, but is probably caused by the measurement variation of the toe 
pressure.. Especially in the lower pressure ranges, the conventional technique for 
thee measurement of toe blood pressures (photoplethysmography) is known to 
underestimatee the toe pressure.29 

Inn conclusion, the present study is the first exploration of toe capillary pressure 
inn patients with PAD. The local pre-capillary resistance component appears to be 
ann essential factor in the regulation of capillary perfusion pressure, keeping 
capillaryy transmural pressure differences within limits to maintain physiological 
transcapillaryy transport. Although the measurements are time consuming and try 
thee patience of both physician and subject, these first results suggest it will be 
worthwhilee to investigate capillary pressure in subgroups of patients with PAD 
(patientss with rest pain vs. those with tissue loss, those with and without diabetes), 
andd other vascular disorders, and in relation to vascular interventions or non-
invasivee therapeutic options. 

Referenc ee Lis t 

11 Dormandy JA, Rutherford RB. Management of peripheral arterial disease (PAD). TASC 
Workingg Group. J Vase Surg 2000; 31(1 Pt 2):S1-S296. 

22 Ubbink DT, Jacobs MJ, Slaaf DW, Tangelder GJ, Reneman RS. Capillary recruitment and pain 
relieff on leg dependency in patients with severe lower limb ischemia. Circulation 1992; 
85(1):223-229. . 

33 Ubbink DT, Spincemaille GH, Reneman RS, Jacobs MJ. Prediction of imminent amputation in 
patientss with non-reconstructable leg ischaemia by means of microcirculatory investigations. J 
Vasee Surg 1999; 30:114-121. 

44 Barker JH, Anderson GL, Menger MD. Clinically applied microcirculation research. Baco 
Raton,, New York, London, Tokyo: CRC press, 1995. 

55 Ubbink DT, Kitslaar PJ, Tordoir JH, Tangelder GJ, Reneman RS, Jacobs et al. The relevance 
off posturally induced microvascular constriction after revascularisation in patients with chronic 
legg ischaemia. Eur J Vascular Surg 1992; 6(5):525-532. 

66 de Graaff JC, Ubbink DT, Bulier HR, Jacobs MJ. The diagnosis of deep venous thrombosis 
usingg laser Dopplerskin perfusion measurements. Microvasc Res 2001; 61(1):49-55. 

77 Henriksen O. Sympathetic reflex control of blood flow in human peripheral tissues. Acta 
Physioll Scand Suppl 1991; 603:33-39. 

88 Ubbink DT, Reneman RS, Jacobs MJ. Effects of venous pressure and posture on skin capillary 
perfusion.. Eur J Clin Invest 1999; 29(9):737-743. 

99 Delis KT, Lennox AF, Nicolaides AN, Wolfe JH. Sympathetic autoregulation in peripheral 
vascularr disease. Br J Surg 2001; 88(4):523-528. 

100 Anonymous. Second European Consensus Document on chronic critical leg ischemia. Eur J 
Vascularr Surg 1992; 6 Suppl A: 1-32. 

111 Perry MA, Colebatch JG, Glover WE, Roddie IC. Measurement of capillary pressure in humans 
usingg a venous occlusion method. J Appl Phys 1986; 60(6):2114-2117. 

122 Levick JR, Michel CC. The effects of position and skin temperature on the capillary pressures 
inn the fingers and toes. J Physiol 1978; 274:97-109. 

133 Richardson D. Effects of gravity on regional and capillary blood flows in the human toe. 
Microvascc Res 1988; 35(3):334-340. 

144 Ubbink DT, Jacobs MJ. The significance of microcirculatory examinations. Eur J Vase 
Endovascc Surg 1998; 16(5):373-376. 

155 Nilsson L, Apelqvist J, Edvinsson L. Effects of alpha-trinositol on peripheral circulation in 
diabeticc patients with critical limb ischaemia. A pilot study using laser Doppler fluxmetry, 
transcutaneouss oxygen tension measurements and dynamic capillaroscopy. Eur J Vase 
Endovascc Surg 1998; 15(4):331-336. 

166 Lamah M, Mortimer PS, Dormandy JA. In vivo microscopic study of microcirculatory perfusion 
off the skin of the foot in peripheral vascular disease. Eur J Vase Endovasc Surg 1999; 
18(1):48-51. . 



Chapterr 9 - Capillary pressure in PAD 119 9 

177 de Graaft JC, Ubbink DT, Lagarde SM, Jacobs MJ. The feasability and reliability of capillary 
pressuree measurements in the finger nail fold. Microvasc Res 2002; 63(3):270-278. 

188 Sandeman DD, Shore AC, Tooke JE. Relation of skin capillary pressure in patients with 
insulin-- dependent diabetes mellitus to complications and metabolic control. New Engl J Med 
1992;; 327(11):760-764. 

199 Imholz BP, Wieling W, van Montfrans GA, Wesseling KH. Fifteen years experience with finger 
arteriall pressure monitoring: assessment of the technology. Cardiovasc Res 1998; 38(3):605-
616. . 

200 Stern MD, Lappe DL, Bowen PD, Chimosky JE, Holloway GA, Jr et al. Continuous 
measurementt of tissue blood flow by laser-Doppler spectroscopy. Am J Physioi 1977; 
232(4):: H441-H448. 

211 Hahn M, Shore AC. The effect of rapid local cooling on human finger nailfold capillary blood 
pressuree and blood cell velocity. J Physiol 1994; 478(Pt 1): 109-114. 

222 de Graaff JC, Ubbink DT, Legemate DA, de Haan RJ, Jacobs MJ. Interobserver and 
intraobserverr reproducibility of peripheral blood and oxygen pressure measurements in the 
assessmentt of lower extremity arterial disease. J Vase Surg 2001; 33(5):1033-1040. 

233 Mahy IR, Tooke JE, Shore AC. Capillary pressure during and after incremental venous 
pressuree elevation in man. J Physiol 1995; 485(Pt 1):213-219. 

244 Shore AC, Sandeman DD, Tooke JE. Capillary pressure, pulse pressure amplitude, and 
pressuree waveform in healthy volunteers. Am J Physiol 1995; 268(1 Pt 2):H147-H154. 

255 Ubbink DT, Kitslaar PJ, Tordoir JH, Reneman RS, Jacobs, MJ. Skin microcirculation in diabetic 
andd non-diabetic patients at different stages of lower limb ischaemia. Eur J Vascular Surg 
1993;7(6):659-6. . 

266 Ubbink DT, Jacobs MJ, Slaaf DW, Tangelder GJ, Reneman RS. Microvascular reactivity 
differencess between the two legs of patients with unilateral lower limb ischaemia. Eur J 
Vascularr Surg 1992; 6(3):269-275. 

277 Janssen MC, Claassen JA, van Asten WN, Wollersheim H, de RM, Thien. Validation of the 
supinee venous pump function test: a new non-invasive tool in the assessment of deep venous 
insufficiency.. Clin Sci 1996; 91 (4):483-488. 

288 Belcaro G, Vasdekis S, Rulo A, Nicolaides AN. Evaluation of skin blood flow and venoarteriolar 
responsee in patients with diabetes and peripheral vascular disease by laser Doppler flowmetry. 
Angiologyy 1989; 40(11):953-957. 

299 de Graaff JC, Ubbink DT, Legemate DA, de Haan RJ, Jacobs MJ. The usefulness of a laser 
Dopplerr in the measurement of toe blood pressures. J Vase Surg 2000; 32{6):1172-1179. 





Chapte rr  10 

Thee impac t of periphera l and coronar y artery diseas e 
onn health-relate d qualit y of lif e 

Jurgenn C. de Graaff, Dirk Th. Ubbink, Elisabeth (Use) J.C. Kools, 
Stevenn A.J. Chamuleau , Michael J.H.M. Jacobs 

Annn Vase Surg, 2002;16:495-500 

Abstrac t t 
Introductio nn  Vascular diseases, like peripheral arterial diseases (PAD) and 
coronaryy artery disease (CAD) are common diseases with a high morbidity. We 
investigatedd and compared these diseases as to their impact on daily life using 
health-relatedd quality of life (HRQOL) analysis. 
Method ss  In 89 patients with PAD, and 89 patients with multivessel CAD the SF-
366 was assessed before diagnostic staging and compared with a age-matched 
referencee population. 
Result ss  Both groups of patients had a significantly impaired HRQOL as compared 
withh a reference population. Patients with PAD scored significantly (p<0.001) 
lowerr than those with CAD on the domains general health perception, change in 
health,health, physical functioning, social functioning and pain. 
Conclusion ss  Patients with PAD have an reduced HRQOL in comparison with 
patientss with CAD. Each disease has impact on a specific domain of the HRQOL. 
Vascularr disease mainly influences physical health. 
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Introductio n n 

Thee burden of life threatening diseases (such as coronary artery disease, CAD) on 
healthh related quality of life (HRQOL) is generally accepted and has been 
investigatedd intensively,1"3 but the influence of limb threatening disease (such as 
peripherall arterial disease, PAD) has gained less attention. Many aspects of the 
HRQOLL in patients with PAD haves been described using various 
questionnaires.4"66 Previous studies performed in patients with PAD mainly focused 
onn the relation between HRQOL and the outcome and success of therapy (e.g. 
amputationn and bypass therapy).7"10 These studies show that aggressive (infra-
genicular)) bypass surgery is preferred over amputation, since it is associated with 
aa superior HRQOL.4,11'12 The general opinion is that the impact of PAD on HRQOL 
iss less than that of CAD, as the latter appears more life-threatening. Yet the 
burdenn of PAD per se has never been evaluated and compared either to other 
seriouss diseases or a reference population. 

Qualityy of life is a broad concept that comprehends daily functioning (physical) 
andd experience (emotional), and also addresses the financial or social situation. In 
medicall research the emphasis is on 'health' and therefore the term health-related 
qualityy of life (HRQOL) is in use.13 The Short Form (SF)-36 is a frequently used, 
validatedd general questionnaire and can be applied in health and disease.14 This 
allowss comparison of the influence of various diseases on the HRQOL in relation 
too a reference population.15 The SF-36 appeared appropriate in patients with lower 
limbb ischaemia,16 and has been proposed as the standard questionnaire in the 
assessmentt of HRQOL in patients with vascular disease.17 This study aims to 
evaluatee the impact of PAD on patient's well being in relation to HRQOL, in order 
too get a better understanding of the patients sufferings and needs by the 
physician.. Therefore, this study assesses the impact of PAD on HRQOL using the 
SF-366 questionnaire in relation to a reference population, and relative to coronary 
arteryy disease (CAD), being commonly regarded to seriously influence general 
health. . 

Subject ss and Method s 

Betweenn April 1997 and May 1999, all patients referred to the Vascular Laboratory 
andd clinically suffering from chronic, severe PAD (presence of pain at rest, 
ulcerationss or gangrene and an ankle brachial index < 90% or incompressible 
arteries)) were included in a study concerning the diagnosis of critical 
limbischemia,, comprising appreciation of the HRQOL. 

Inn the same period, patients with CAD in the Department of Cardiology were 
involvedd in a study evaluating the effectiveness of intracoronary measurement of 
bloodd flow velocity as an alternative for scintigraphic stress-testing in the diagnosis 
andd management of an intermediate lesion in multi-vessel coronary artery 
disease.. All patients with chronic multivessel CAD and stable angina pectoris 
(CCSS 1 to CCS 3 and Braunwald classification 1)1819 also participated in the 
HRQOLL investigation. For both studies approval of the medical ethical committee 
wass obtained. 

Thee patients of both trials were asked to complete the SF-36 before the results 
off diagnostic staging and prognosis were known. The 36 items of the SF-36 are 
dividedd into four dimensions, which are subdivided into nine domains covering all 
threee components (physical, mental and social) quality of health (table 1).14 
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Tablee 1. Dimensions, domains and number of items per domain in the SF-36 

Dimension n Domain n Standardd n  of 
abbreviationn items 

functionall status 

welll being 

generall evaluation 
health h 

physicall functioning 
sociall functioning 
rolee limitation by physical problems 
rolee limitation by emotional problems 
mentall health 
vitality y 
bodilyy pain 
generall health perception 
changee in health 

PF F 
SF F 
RP P 
RE E 
MH H 
VT T 
BP P 
GH H 
CH H 

10 0 
2 2 
4 4 
3 3 
5 5 
4 4 
2 2 
5 5 
1 1 

Tablee 2.Comorbidity of patients 

Totall number of patients 
Agee (mean, sd and range in yrs) 
Menn (%) 
Diabetess (%) 
Smokingg (%) 
Hypertensionn (%) 
Hyperlipemiaa {%) 
Stroke/TIAA history (%) 
CADD (%) 

CCS1 1 
CCSS 2 
CCSS 3 
Braunwaldd 1 

Priorr myocardial infarction 
PADD (%) 

Fontainee stage 3 
Fontainee stage 4 
Meann ABPI (%) 
Anklee pressure (mmHg 

PAD D 
nn (%) 

89 9 
722 , 41-95) 
54(61%) ) 
388 (43%) 
255 (28%) 
411 (46%) 
19(21%) ) 
211 (24%) 
499 (44%) 

33 (3 %) 

11 (1%) 
344 (38%) 
89(100%) ) 

366 (41 %) 
533 (59%) 
577 ) 
1000 ) 

CAD D 
nn (%) 

89 9 
600 , 32-80) 
63(71%) ) 
9(10%) ) 

422 (47%) 
333 (37%) 
477 (53%) 
--
89(100%) ) 

22 (2%) 
111 (12%) 
522 (58%) 
244 (27%) 
366 (40%) 

88 (9%) 
0 0 
0 0 
--
--

Comorbidityy of patients with peripheral arterial disease (PAD), coronary arterial disease 
(CAD).. TIAA = transient ischemic attack in medical history; CAD = presence of coronary 
arteryy disease, i.e. angina pectoris or myocardial infarction in medical history; CCS = 
Classificationn (1: almost no, 2: mild, and 3: marked limitations) of stable angina pectoris 
relatedd to symptoms according to the Canadian Cardiovascular Society,18 Braunwald 1 = 
unstablee angina pectoris without pain at rest.79 



1244 Chapter 10 - Quality of life in vascular disease 

Thee items of the questionnaire are scored and transformed into a 0-100 scale in 
whichh 0 represents the worst and 100 optimal health. Incomplete questionnaires 
weree handled in accordance with the standards indicated in the manual. 

Thee SF-36 of patients with PAD and CAD were compared with each other and 
withh the score of the SF-36 of an age-matched sample of the Dutch general 
populationn using the Student's t-test. The relations between age, sex and the 
presencee of co-morbidity (diabetes mellitus [DM], hypercholesterolemia, smoking, 
hypertensionn and presence of CAD) versus the score per domain of the SF-36 
weree evaluated by forward multivariate linear regression analysis. A p-value of 
<0.055 was considered statistically significant. 

Figur ee 1 . Mean of SF-36 scales by patients with peripheral arterial occlusive 
diseasedisease (PAD), coronary artery disease (CAD) and population sample by 
referencereference age group. Abbreviations: PF - Physical Functioning; RP = Role 
limitationslimitations by Physical problems; BP = Bodily Pain; GH = General Health; VT = 
Vitality;Vitality; SF = Social Functioning; RE = Role limitations by Emotional problems; 
MHMH = Mental Health, and Change in Health (CH). 

PF F 
100T T 

•• - Population (>70 yr) 

** - Population (60-70 yr) 

PAD D 

CAD D 
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Result s s 

Inn the two-year inclusion period, 89 patients with PAD, and 89 patients with CAD 
completedd the questionnaire. Patients characteristics are listed in table 2. The 
patientss with PAD were significantly older and had more comorbidity (mainly DM) 
thann those with CAD. Besides, 4% patients who belonged to the group with PAD 
alsoo suffered from CAD (stable angina pectoris: 3, instable angina pectoris: 1) 
whilee 34 (38%) had had a prior myocardial infarction. In the CAD group 9% of the 
patientss also suffered from mild PAD and 36 (40%) had had a myocardial 
infarctionn in the past (table 2). 

Thee scores of the domains scored by the SF-36 are depicted in figure 1 and 
listedd in table 3. Patients with PAD and CAD scored significantly lower on all 
domainss as compared to the reference population, and markedly lower on physical 
functioning,functioning, role limitations by physical problems, and bodily pain. Patients with 
PADD scored significantly lower than CAD patients on physical functioning, bodily 
pain,pain, general health, social functioning and change in health. 

Thee correlation analysis showed that there was a small but significant inverse 
relationn between age and the domain bodily pain and physical functioning. The 
relationss between the score per domains and sex and the presence of CAD, DM 
andd sex are presented in table 4. 

Tablee 3. Score of SF per domain 

Domain n 

n= = 

PF F 

RP P 

BP P 

GH H 

VT T 

SF F 

RE E 

MH H 

CH H 

PADD d 

89 9 

24.00 8 

21.99 7 

30.88 7 

43.00 0 

47.22 4 

38.99 4 

43.22 1 

59.88 7 

38.55 4 

Pi i 

* * 

t t 
t t 
t t 
t t 
t t 
t t 
t t 
--

Popp >70 
yrss d 
400 400 

58.99  30.8 

56.99 7 

68.11 4 

58.99 1 

61.88 6 

75.66 0 

74.55  38.2 

73.00 7 

--

P2 2 

* * 
NS S 

t t 
t t 
NS S 

* * 
NS S 

NS S 

t t 

CADD d 

89 9 

49.88 9 

22.66 2 

63.99 4 

55.99 8 

51.22 1 

53.99 6 

43.99 6 

64.77 3 

51.44 8 

P3 3 

t t 
t t 
* * 

t t 
* * 

t t 
* * 

t t 
--

Popp 61-70 
yrss d 
400 400 

71.771.7 6 

67.33 9 

70.55 6 

61.77 2 

67.77 6 

82.00 6 

81.11 0 

76.99 4 
--

Scoress per domain in patients with peripheral arterial disease (PAD), coronary artery 
diseasee (CAD) and an age-matched Dutch reference population (pop 61-70 yr and pop >70 
yr),, with p-value of the Student's t test of the comparison between PAD and an age-
matchedd reference population above 70 yr (p1), between PAD and CAD (p2), between 
C7ADD and an age-matched reference population (p3). Abbreviations: PF = Physical 
Functioning;; RP = Role limitations by Physical problems; BP = Bodily Pain; GH = General 
Health;; VT - Vitality; SF = Social Functioning; RE = Role limitations by Emotional 
problems;; MH = Mental Health, and CH = Change in Health. *:<0.05, f: <0.01 $:<0.001, 
NS:: not significant. 
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Discussio n n 

Thee present study showed that patients with chronic peripheral arterial diseases 
(PAD)) as well as chronic coronary artery disease (CAD) both have an overall 
reducedd HRQOL, while PAD patients have an even lower HRQOL in comparison 
withh CAD patients. It seems clear, for vascular specialists, that elderly patients 
withh critical limb ischemia will have poor scores on the SF 36. However, this has 
neverr been approved in a clinical study, such as the present one. Comparing the 
influencee of different diseases on HRQOL is relevant, since the attitude of the 
doctorr (and society) should be influenced by the impact of a disease on a disease 
specificc aspect of quality of life. Furthermore, by looking more closely at the 
outcomee of the domains of the SF-36 it is possible to give specific attention and 
directt treatment to the most impaired aspects of quality of life of patients with PAD 
(i.e.. physical functioning, role limitations by physical problems and bodily pain, 
figuree 1). 

Previouss investigations using other questionnaires showed that increased lower-
limbischemiaa results in deterioration on all dimensions of the EuroQOL (mobility, 
selff care, usual activities, pain and anxiety and depression)20 and the General 
Weil-Beingg Questionnaire.21 The present study shows that patients with PAD are 
seriouslyy limited in physical functioning, which is related to their complaints (rest 
pain,, ulcers or gangrene). This is in agreement with observations by Feinglass et 
al.,, who found that the ankle brachial index is correlated with the domain physical 
functionfunction in patients with claudication.22 By analogy, the present study showed that 
patientss with PAD feel very limited in their daily functioning indicated by the low 
scoree for Role limitations by Physical problems. Their limited mobility might also 
explainn the low score for the domain social health, which includes the presence of 
emotionall ties. 

Tablee 4. The relation between age, sex and the presence co-morbidity versus the 
scoree per domain 

Domain n 

PF F 
RP P 
BP P 
GH H 
VT T 
SF F 
RE E 
MH H 
CH H 

CAD D 

ns s 
-.19* * 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
.16* * 

DM M 

-.17* * 
ns s 
.233 t 
- .27* * 
ns s 
ns s 
.16* * 
ns s 
ns s 

Choi. . 

ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 

RR R 

ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 

Smoking g 

ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 

Sex x 

- . 2 3 | | 
-.244 t 
ns s 
ns s 
ns s 
-.16* * 
-.201 1 
ns s 
ns s 

Age e 

-.17* * 
ns s 
-.244 t 
ns s 
ns s 
ns s 
ns s 
ns s 
ns s 

Resultss from forward multivariate linear regression analysis, only the significant regression 
coefficientss (upper) with p-values (*:<0.05, | : <0.01 t:<0.001) are presented. 
Abbreviations:: CAD = coronary artery disease; Choi. = hypercholesterolemia; RR = 
hypertension,, : PF = Physical Functioning; RP = Role limitations by Physical problems; BP 
== Bodily Pain; GH = General Health; VT = Vitality; SF = Social Functioning; RE = Role 
limitationss by Emotional problems; MH = Mental Health, and CH = Change in Health. 
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Inn this study we compared the HRQOL of patients with PAD and CAD. There are 
manyy other diseases that can serve as a control for critical limb ischemia. To our 
opinionn stable angina was the best reference group. We aimed to compare CLI 
withh another, generally well-known, chronic cardiovascular disease. The impact of 
heartt disease on HRQOL is well studied and well known in society, and can 
therefore,, along with a healthy control group known from literature, serve as a 
excellentt reference.123,24 Furthermore, CLI was compared with a chronic disease 
ratherr than an acute disease, since the acute character of a disease may interfere 
differentlyy with health perception than does a chronic disease. 

Patientss with CAD in this study also have an overall impaired HRQOL, which is 
agreementt with results of previous investigations in similar patients.1 In contrast to 
patientss with PAD, patients with CAD score relatively high on the domain physical 
functioning,functioning, which is an objective domain, whereas they scored surprisingly low on 
thee domain role limitations by physical problems, which indicate that they feel very 
limitedd by their physical condition. Apparently, this group of patients with CAD 
believee that they are physically limited by their disease, although objectively their 
physicall function is not very much affected. 

Comparisonn of the impact on quality of life between different diseases may be 
flawedd by the different nature of the diseases and confounding factors like 
comorbidity.. The two diseases compared in this study are both chronic conditions 
withh an atherosclerotic origin. The age of the CAD patients was lower than those 
withh PAD, which might have biased our results25, e.g. patients with CAD may have 
higherr expectations considering their physical functioning. However, we did not 
findd a relation between age and the domains of the SF-36 except for bodily pain 
andd physical functioning. 

Iff patients suffered from both PAD and CAD, it would have masked possible 
differencesdifferences in the results between the two patient groups. The large incidence of 
CADD in the peripheral vascular group might confound comparison. However, 
multivariatee linear regression analysis (as is shown in table 4) revealed that only 
thee domains "Role limitations by Physical problems" (RP) and "Change in Health" 
(CH)) were slightly, but significantly, confounded by the presence of CAD 
(regressionn coefficients -0.19 and 0.16, respectively). Other predictors could also 
havee influenced the results. However, only gender and the presence of diabetes 
mellituss had a significant relation to the outcome in 4/9 domains, of which only 
physicalphysical functioning and social functioning were statistically different between 
patientss with PAD and CAD. 

Inn conclusion, the specific impact of diseases on HRQOL can be evaluated with 
genericc standardised questionnaires; the questionnaire of choice is the SF-36. 
Thiss investigation suggests that a disease should not only be evaluated on clinical 
features,, but the burden of a disease might be at least as important. Furthermore, 
aa limb threatening disease has a similar, or even a greater, impact on HRQOL as 
coronaryy artery disease, as may be clear from the high incidence of amputations 
orr high co-mortajity and low life-expectancy in patients with PAD.26 Knowledge 
aboutt the specific influence of these diseases on quality of life can make 
practitionerss more aware of the patients' suffering and needs. 
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Generall  discussion , clinica l implication s and 
suggestion ss for furthe r researc h 

Improvin gg the diagnosi s and managemen t of critica l lim b ischemi a 

MicrocirculatoryMicrocirculatory techniques 
Microcirculatoryy techniques (capillary microscopy, transcutaneous oxygen 
pressuree [TcpOJ measurements and laser Doppler) have been available and 
evaluatedd in peripheral arterial disease (PAD) for almost 30 years now 1 These 
techniquess have provided understanding in the pathophysiology of critical limb 
ischemiaa (CLI), but have also been studied to investigate their usefulness in the 
diagnosiss and management of CLI. At the time the studies described in this thesis 
weree performed, routine clinical practice was based on the guidelines described in 
thee European Consensus Document, in which an ankle blood pressure <50 mm 
Hgg was the main discerning parameter. However, as shown in the study described 
inn chapter 3 and as implemented in the latest Transatlantic inter-Society 
ConsensusConsensus on the Management of Peripheral Arterial Occlusive Disease (TASC 
2000),, a definition of CLI based solely on the ankle pressure (AP) is regarded 
obsolete.. However, the TASC document does not provide other 'absolute' 
guideliness for the diagnosis of CLI. At present, the diagnosis and management of 
patientss suspected of CLI is mainly based on the clinical judgment of a vascular 
specialist,, which tends to be subjective and lacks uniformity. Therefore new 
conclusiveconclusive measurements appear necessary for standardization of clinical 
practice,, as well as careful selection of patients, and a better comparison between 
differentt studies. 

Recentt investigations have shown that the toe pressure (TP) and 
microcirculatoryy techniques correlate better with the need for vascular intervention 
thann the conventional macrocirculatory techniques (AP and ankle brachial 
pressuree index [ABPI]).35 In a prospective study in patients with diabetic foot 
problems,, the Tcp02 showed a good prognostic value as to wound healing and the 
selectionn of patients requiring vascular intervention.6 The TP and Tcp02 were 
foundd to be simple non-invasive techniques that provide functional information 
aboutt the endangered most distal macrocirculation (TP) and microcirculation 
(Tcp02)) in patients suspected of CLI. Therefore, a combination of these 
techniquess might be an objective parameter for the standardization and definition 
off CLI. However, despite its diagnostic potential, these techniques are rarely used 
inn clinical practice. Hence, the ultimate question regarding the clinical usefulness 
off these microcirculatory techniques needed to be answered. 

ToeToe blood pressure measurements 
Att present, the TP is mainly measured by means of photoplethysmography (PPG) 
Howeverr this technique has its shortcomings in the lower pressure ranges which ' 
aree most relevant in CLI. At low pressures, the PPG lacks the pulsatile signal 
necessaryy to determine resumption of blood during deflation of the cuff 
surroundingg the hallux. To overcome this drawback, we used the laser Doppler 
(LD)) technique instead, which can be done irrespective of the presence of 
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pulsations.. In Chapter 2 we described the evaluation of the clinical value and 
reproducibilityy of laser Doppler vs. conventional PPG in the measurement of TP. 
Laserr Doppler appears to be a reliable alternative for conventional PPG. The 
resultss of the measurements of both techniques are comparable and well 
reproduciblee (intra-class correlation coefficient [ICC]: 0.86 - 0.92). Moreover, LD 
seemss to be more sensitive in low pressure ranges than PPG. Laser Doppler 
couldd measure adequately TP in 19 legs (out of 112 legs) while PPG did not. This 
iss particularly relevant in the assessment of the presence of critical ischemia. 

AA practical disadvantage of the LD used was that three devices (LD, cuff inflator, 
andd data acquisition system) were necessary. However, this problem has been 
solvedd in a new, commercially available, device containing all three elements. 
Thee sensitivity of the laser Doppler might be further enhanced by the use of 
heatedd probes. Local heat causes hyperemia which increases total skin 
microciruclatoryy perfusion without disturbing the measurement. This increased 
perfusionn might pronounce the reappearance of flow during deflation of the cuff. 
Thiss new application of the laser Doppler and new device are worthwhile to be 
evaluated. . 

MeasurementMeasurement variability 
Onee of the reasons that TP and Tcp02 are not generally used as diagnostic 
parameterss is that these measurements are thought to be unreliable due to the 
largee measurement variability. The ankle/brachial pressure index (ABPI) is known 
too be a reliable parameter, whereas the reproducibility of TP and Tcp02 are less 
thoroughlyy evaluated in clinical practice. Hence, we performed a study on the 
intra-- and /nter-observer reproducibility of TPI, Tcp02, ankle pressure (AP), 
brachiall pressure (BP) and ABPI. The results of this study are described in 
chapterchapter 3. . 

Thee /nf/a-and /nter-observer reproducibility at one ofay and after one week ox 
BPP AP, ABPI and TP is good and comparable (ICC range 0.80-0.99), except for 
theBPP after one week. The Tcp02 is somewhat less, but still moderate 
reproduciblee (ICC range 0.62-0.98). However, the absolute variations of all 
parameterss were found to be larger than assumed thus far (approximately 15 X>). • 
Inn contrary to previous reports we not only evaluated the /nfra-observer 
measurementt variability, but also the biological fluctuation over time and /nter-
observerr variability, which is more like the clinical practice. 
Thee finding that the biological variation of the Tcp02 is greater than the biological 
variationn of the blood pressure parameters, can be explained by the fact that the 
TcpOO is a microcirculatory parameter. The microcirculation is influenced by both 
centrall (cardiovascular and pulmonary status) and local factors (local blood flow 
skinn metabolic activity, and diffusion conditions, such as epidermal thickness and 
composition).. Whereas the other pressure parameters are mainly influenced by 
centrall pressure regulating factors. 

Forr clinical practice the reproducibility is expressed as the repeatability 
coefficientt (RC), as it indicates when the difference between two measurements 
cann be interpreted as significant. A significant difference between two 
measurements,, i.e. a difference larger than the RC, indicates that the difference is 
nott caused by the variation of the measurement itself, but by a change in the 
clinicall situation, e.g. when the treatment has been successful or the disease has 
progressed.. In the present study the /nter-observer RC of BP was 31 mm Hg, of 
AP-- 44 mm Hg, of ABPI: 27 %, of TP: 41 mm Hg, and of Tcp02: 30 mm Hg. A RC 
off 44 mm Hg indicates that two ankle pressure measurements that differ less than 
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444 mm Hg cannot, with a certainty of more than 95%, be considered to be really 
different;; a difference less than 44 mm Hg could also be a results of measurement 
variation.. In clinical practice, especially when low values (or values around a cut-
offf value) are measured, the RC should be taken into account. If the measurement 
resultt plus or minus its RC includes the cut-off value, repetition of the 
measurementt is advocated. The variation of the measurements has never been 
expressess in RC thus far, therefore a comparison with literature is not possible. 

OptimumOptimum cut-off values 
Thus,, knowing the reproducibility, our next goal was to assess the optimal cut-off 
valuess of TP and Tcp02 for CLI in comparison to a reference standard. Although 
thee choice of the reference standard is crucial for the final outcome of the study a 
truee reference standard for CLI does not exist. Previous studies have used wound 
healing,, success of vascular intervention and need for amputation as a reference 
standardd for CLI. Classification of CLI based on objective parameters is necessary 
forr standardization of clinical practice, a careful selection of patients, and a better 
comparisonn between different studies. Therefore, we used the 'clinical indication 
forr vascular intervention' (within six months) as the best 'substitute' reference 
standard,, since this definition is most useful and practical in the daily practice of 
thee medical profession concerned with these patients (chapter 4). 

Thee results of this study show that patients with symptoms of CLI and a high 
anklee pressure or ABPI may well have leg ischemia requiring treatment (58%) 
andd that the choice for invasive therapy in patients with severe leg ischemia can 
indeedd be facilitated by measuring TP and Tcp02 using cut-off values of TP below 
300 mm Hg and a Tcp02 below 25 mm Hg. The additional measurement of toe 
bloodd pressures and/or Tcp02 substantially increase the pre-test probability for 
vascularr intervention. Therefore, we concluded that TP and Tcp02 might improve 
thee management (differentiate between the existence or absence of severe leg 
ischemiaa requiring invasive treatment) of patients clinically suspected of CLI. 

StudyingStudying the clinical inference; design 
Thee evaluation of a diagnostic test in relation to a substitute reference standard 
ass described in chapter 4, is in principle incomplete, because the effect on clinical 
outcomee is not evaluated. The new diagnostic tool has no advantage for clinical 
practicee as long as it does not improve clinical outcome. Therefore we designed a 
prospectivee diagnostic randomized clinical trial (D-RCT) to further evaluate the 
valuee of Tcp02 and TP in clinical practice. From a methodological point of view a 
D-RCTT is a relatively uncommon model of diagnostic research. In chapter 5 we 
describee the rational, theoretical considerations, design issues, limitations and 
solutionss of a RCT, taking the diagnostic and therapeutic issues around critical 
limbb ischemia as an example. 

AA D-RCT is suited when a true reference standard is lacking and two different 
conceptss (functional versus anatomical information) incorporated into a whole 
managementt strategy, including the effect on clinical outcome, are to be 
compared.. This is important as the decision for intervention (diagnosis) is not a 
snapshot,, but a continuous interactive process in which the vascular specialist 
continuouslyy judges the clinical situation, new diagnostic findings, comorbidity 
andd the risk of complications and failures of invasive therapy. Besides, a D-RCT 
nott only evaluates the effect on diagnosis, but also incorporates the total effect on 
clinicall outcome, side effects of the tests, use of the results by the physician and 
sidee effects of the therapy. On the other hand, the D-RCT has some 
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disadvantagess as to the power and size of the trial, and the influence of treatment 
onn the outcome parameter. Incorporation of treatment in the outcome variables 
introducess a so-called black box in which many factors (the efficacy and use of the 
testt including subjective judgment of physicians, and effect of therapy) are 
involvedd which could enhance or mitigate the value of the test. Taking these 
considerationss into account, a D-RCT is the best available strategy to evaluate the 
valuee of TP and Tcp02 in clinical practice. 

Too improve the significance of this study we excluded the so-called clear-cut 
casess (patients with obviously severe and clearly mild disease) leaving only 
patientss with an uncertain diagnosis, because only in these patients additional 
diagnosticc effort is clinically relevant. Furthermore, inclusion of borderline patients 
makess it more likely to detect a difference between the randomization groups, 
sincee different management strategies are not likely to result in a different clinical 
outcomee in undisputable (clear-cut) cases. 

StateState of the art of microcirculatory techniques in the management of CLI 
Manyy previous reports have suggested the benefit of TP and Tcp02 in the 
managementt of patients suspected of CLI.3'69"12 However, contrary to these 
previouss reports and to our evaluation as described in chapter 4, the D-RCT 
describedd in chapter 6 showed that the use of TP and Tcp02 did not improve 
clinicall outcome. There were no significant differences in pain, wound healing, 
survival,, limb-survival, or quality of life between the two groups of randomization. 
Furthermore,, the number of diagnostic procedures was not reduced by the use of 
thesee two objective measurements. 

Thee study failed to show a difference between the two randomization groups 
becausee apparently, the clinical eye of an experienced physician can also 
sufficientlyy appreciate the local (micro-) circulation of the endangered tissues of 
thee distal leg, as do the TP and Tcp02, in order to plan the subsequent 
managementt policy. Therefore, we conclude that the routine use of TP and Tcp02 

hass no additional clinical value in the management of patients suspected of CLI. 
Thiss study might have failed to show a significant difference because the 

outcomee in a D-RCT is influenced by many other factors (black box). Furthermore, 
wee might have increased the number of false positive results (diagnostic duplex or 
angiographyy without treatable vascular defect), since we preferred relatively high 
cut-offf values as we did not like to under-treat patients. Additionally, the 
measurementt variation of a single TP and, in particular, Tcp02 might have 
introducedd a considerable number of false negatives and positives. 
Thee TP (using laser Doppler) and Tcp02 might still be advocated as an objective 
instrumentt in the follow-up in research settings. Therefore, we recommend the use 
off Tcp02 only in research settings, and repeated measurements are than 
advocated.. The cut-off values of a TP below 30 mm Hg and a Tcp02 below 35 
mmm Hg can be used as objective criteria for CLI in research. Furthermore, the TP 
iss still necessary in the evaluation of patients with diabetes in whom the ankle 
pressuree is not always reliable due to media sclerosis.13'14 
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ImprovingImproving  our knowledg e of the pathophysiolog y of CLI 

TheThe importance of capillary pressure and microcirculation in CLI 
Microcirculatoryy perfusion is essential for the nutrition of the skin, and it is actually 
thee compromised microcirculation that causes the symptoms in patients with CLI. 
Capillaryy perfusion and transmural pressure are delicately regulated by 
microvascularr constriction mechanisms, which are activated upon a change in 
posture,, but become deactivated by ischemia and/or metabolic waste products 
inducingg vasodilation. Capillary flow (red blood cell velocity) and total skin 
perfusionn (laser Doppler flux) are known to be disturbed in patients with severe 
peripherall arterial disease.1516 However, information about the capillary pressures 
wass lacking thus far. 

TechnologicalTechnological aspects of capillary pressure measurements 
AtAt present, capillary pressure measurements in humans are performed using a 
servonullingg micropressure system containing an oil-water interface. Such a 
systemm has some drawbacks, e.g. the system needs to be absolutely free of air 
andd the measurements are performed through a layer of water, which reduces the 
visualizationn of the capillaries with time.17 In an attempt to overcome these 
drawbacks,, we assessed the feasibility and reproducibility of capillary pressure 
measurementss in the fingers using an alternative micropressure system using an 
air-waterr interface. 

Inn chapter 7 we describe the results of this study which showed that capillary 
pressuree can be measured well with the alternative set-up. The pressures 
obtainedd are in agreement with the results reported by other investigators using a 
micropressuree system containing an oil-water interface. The reproducibility of the 
presentt system was found to be acceptable and comparable with the conventional 
method.. Irrespective of the system, dynamic capillary pressure measurements 
mightt have two other drawbacks which influence reliability. First, insertion of the 
relativelyy large pipette tip (0 approx. 4 urn) in the tiny capillary (0 approx. 8 |jm) 
cann disturb the flow and, consequently, the pressure. Second, the puncture of 
capillariess by the fragile pipettes require preparation of the skin by paring away the 
cuticlee and upper layer of the stratum corneum, which might induce a local 
inflammatoryy response with disturbance of flow and pressure. Although the effects 
off both interventions on capillary pressure have not been evaluated directly, the 
resultss of this study show that capillary pressure can be measured without 
hamperingg capillary flow. This indicates that direct capillary pressure 
measurementss can be performed reliably with this technique. 

InfluenceInfluence of leg dependency on skin microcirculation in healthy volunteers 
Accordingg to the literature, capillary pressure in the foot has only been 
investigatedd in two healthy subjects by static pressure measurements, as is 
describedd in the classical work of Levick and Michel: "The effects of position and 
skinn temperature on the capillary pressures in the fingers and toes."18 They 
showedd that capillary pressure increases upon leg dependency, and that capillary 
pressuree is related to venous pressure. In chapter 8 we described and evaluated a 
setupp that provides simultaneous information of local flow (capillary density, 
capillaryy diameter, capillary blood cell velocity and laser Doppler) and dynamic 
capillaryy pressure in both sitting and supine positions in the toes of healthy 
volunteers. . 
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Thee results show that capillary pressure in the hallux increases significantly 
uponn dependency, albeit not as much as the toe blood pressure does. Local flow 
didd not change significantly upon postural changes. These observations show that 
activationn of the peripheral vasoconstriction mechanisms appears to reduce the 
transmissionn of the orthostatic rise in arteriolar pressure upon dependency to the 
capillaries.. This would be in agreement with our hypothesis that arteriolar 
vasoconstrictionn mechanisms prevent transmission of the increase in arterial 
pressuree to the capillaries as an oedema preventing factor.1920 However, the 
constantt microcirculatory flow indicates that flow regulation outweighs pressure 
regulationn in the microcirculation of the foot skin. Arteriolar vasoconstriction seems 
too adapt to venous pressure (probably by the venoarteriolar reflex) to guarantee a 
constantt flow through the microcirculation. However this theory is not confirmed by 
previouss observations showing that microcirculatory perfusion in the foot changes 
uponn a change in posture, as was shown by a reduced red blood cell velocity y 

andd a decreased laser Doppler flux (LDF), probably caused by arteriolar 
vasoconstriction.23244 This difference could be caused by the difference in 
measurementt technique and location. Our observations might have clinical 
implicationss for the evaluation of vascular interventions. Since capillary pressure 
cann be regulated by vasoconstriction mechanisms, capillary flow (and possibly 
macrocirculatoryy flow) might give more important information about the function 
andd effectiveness of vascular interventions than peripheral blood pressure 
measurements. . 

InfluenceInfluence of leg dependency on skin microcirculation in patients with PAD 
Thee same appeared to be true in situations with a critically reduced peripheral 
arteriall blood pressure as in patients with PAD. The results presented in chapter 9 
showw that capillary pressure in patients with PAD is not significantly different from 
capillaryy pressure in healthy volunteers. In contrast with pressure, microcirculatory 
floww (assessed by laser Doppler fluxmetry) and red blood cell velocity, is 
significantlyy reduced in patients with severe PAD (Fontaine stages III and IV) as 
comparedd to healthy volunteers and patients with intermittent claudication. This 
impliess that the local, pre-capillary resistance appears to be an essential factor in 
thee regulation of capillary perfusion pressure keeping capillary transmural 
pressuree differences within limits to maintain physiological transcapillary transport. 

Thesee observations suggest a narrow balance between transcapillary transport, 
capillaryy pressure and capillary flow. Generally, capillary (transmural) pressure is 
maintainedd at a minimum closing pressure (about 20 mm Hg) at the expense of 
flow.. Above this minimum level, e.g. in the sitting position, capillary pressure in the 
foott increases upon a rise in venous pressure, maintaining capillary flow. 
Thesee early observations support the idea that conservative therapeutic options 
thatt increase flow by reducing the venous pressure (like venous compression 
therapy)) can be effective. However, further research in the microcirculatory 
regulationn mechanisms in ischemic tissue including peripheral vascular disease is 
necessaryy to unravel the regulation mechanisms and therapeutic prospects. 
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FutureFuture perspectives of capillary pressure measurements 
II feel that capillary pressure measurements (in hands and feet) can offer new 
insightss in the pathophysiology of various diseases. The present study is the first 
explorationn of toe capillary pressure in patients with PAD, and has only been 
performedd in 7 patients with CLI and 8 patients with intermittent claudication. The 
presencee and formation of oedema before and after a revascularization procedure 
hass not been evaluated yet. Further investigation in patients with and without 
oedemaa formation before and after vascular intervention should reveal the role of 
capillaryy pressure in the formation of oedema, which is also known as an 
importantt compounding factor in other diseases. In addition, the relation to 
vascularr interventions or non-invasive therapeutic options in PAD and to the 
presencee of diabetes and diabetic neuropathy appear worthwhile to be 
investigated.. Beside PAD, this method might also add to our insight in the 
pathophysiologyy of various other vascular diseases, like chronic venous 
insufficiencyy and microcirculatory disorders such as primary and secondary 
Raynaud'ss disease (vasospastic disorders). Also, the influence of various 
cardiovascularr drugs on capillary pressure is still unknown.25 Last but not least, the 
rolee of capillary pressure in the formation of oedema and treatment of sepsis 
('vasodilation'' or 'vasoconstriction') remains unresolved thus far.2627 

Improvin gg our knowledg e of the impac t of CLI on qualit y of lif e 

Finally,, health related quality of life (HRQOL), was studied. The results of the 
studyy presented in chapter 10 show that patients with PAD have a seriously 
reducedd HRQOL on all domains of the SF-36. Patients with PAD score 
exceptionallyy low on domains related to their complaints, such as physical 
functioningfunctioning and role limitations by physical functioning, but also on other domains 
nott directly related to their complaints, like role limitations by emotional problems 
andd social functioning. Remarkably, these aspects only slightly improve in time 
despitee intensive treatment, as can be derived from the graphs presented in 
chapterchapter 6. The present vascular surgical policy seems to reduce pain and the 
numberr of wounds, but only slightly improves physical and mental health. This 
observationn is also confirmed in a recent publication by Hernandez-Osma and 
Cairolss who concluded that changes in dimensions of QOL obtained by limb 
revascularizationn do not differ from those of other therapeutic approaches 
likeconservativee treatment and primary amputation.28 

Att present, the treatment of CLI mainly focuses on the improvement of leg 
survival,, whereas other aspects of the patient's well being (physical functioning 
andd emotional support) are underexposed. Hence, more research on and attention 
too the status and treatment of HRQOL of patients with CLI seems necessary for 
optimall treatment. However, the SF-36 has its limitations, and may not detect 
smalll changes in patients with PAD because it focuses on general health, has 
largee variability and is rather subjective.2930 Therefore, new specific questionnaires 
forr PAD should be developed, evaluated and used to generate knowledge about 
thee patients sufferings and needs.3132 
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Conclusio n n 

Microcirculatoryy techniques can provide important (additional) information about 
thee severity and pathophysiology of patients with CLI, but have no additional value 
inn the routine clinical diagnostic and therapeutic work up. Apparently, a clear 
judgmentt on the basis of skilled physical examination does not need additional 
microcirculatoryy techniques. 

However,, the microcirculatory techniques are still useful in research. The 
combinationn of TP and Tcp02 can used as objective criteria for CLI in the 
standardizationn of research (new guidelines). Furthermore, the TP can best be 
measuredd with a laser Doppler. 

Withh the development of capillary pressure measurements in the foot, further 
examinationn of the pathophysiology of CLI and other (vascular) diseases by 
microcirculatoryy flow and pressure parameters is now possible. New 
pathophysiolocall insights may offer new perspectives in conservative (non-
invasive)) treatment of CLI. 
PADD has a large impact on the quality of life. Much more attention should be paid 
too improve HRQOL in patients with CLI. Further disease specific research in this 
fieldd is mandatory. 
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Algemen ee discussie , klinisch e implicatie , en 
suggestie ss voor verde r onderzoe k 

Verbeterin gg van diagnostie k en managemen t van kritiek e ischemi e 

MicrocirculatoireMicrocirculatoire technieken 
Microcirculatoiree technieken (capillair microscopie, transcutane 
zuurstofdrukmetingg [Tcp02] en laser Doppler) zijn sinds ongeveer 30 jaar 
beschikbaarr en onderzocht bij patiënten met perifeer vaatlijden.1 Deze technieken 
hebbenn inzicht verschaft in de pathofysiologie van kritieke ischemie. Daarnaast is 
hunn waarde voor de diagnostiek en behandeling van kritieke ischemie onderzocht. 
Opp het moment dat de studies in dit proefschrift werden uitgevoerd, was de 
routinematigee klinische praktijk gebaseerd op het Europese Consensus 
Document.. Hierin wordt kritieke ischemie gedefinieerd als een enkeldruk (AP) 
lagerr dan 50 mm Hg. 

Echter,, zoals beschreven in hoofstuk 3 en zoals geïmplementeerd in de laatst 
verschenenn Transatlantische Inter-Society Consensus voor de behandeling van 
perifeerr vaatlijden (TASC 2000), is een definitie van kritieke ischemie die alleen 
gebaseerdd is op de enkeldruk obsoleet.2 In het TASC document worden niettemin 
geenn alternatieve 'absolute' richtlijnen gegeven voor de diagnostiek van kritieke 
ischemie.. Nochtans is de diagnostiek en het management (bepalen van de 
behandelingsstrategie)) van patiënten die verdacht zijn van kritieke ischemie vooral 
gebaseerdd op de klinische beoordeling door de vaatspecialist. Dit is een 
subjectievee beoordeling waardoor een standaardisatie niet mogelijk is. Hierom zijn 
nieuwee afdoende technieken nodig voor zowel een zorgvuldige selectie van 
patiëntenn als voor standaardisatie van de klinische praktijk en wetenschappelijk 
onderzoek.. Recente studies hebben aangetoond dat teenbloeddruk en 
microcirculatoiree technieken beter correleren met de noodzaak voor een 
vasculairee interventie dan conventionele macrocirculatoire technieken (enkeldruk 
enn enkel-arm index [ABPI]).3"5 In een prospectieve studie met patiënten met 
diabetischee voeten had de Tcp02 goede prognostische waarde voor 
wondgenezingg en de selectie van patiënten voor vasculaire interventie.6 De 
teenbloeddrukk en Tcp02 zijn eenvoudige, niet invasieve technieken die functionele 
informatiee verschaffen over het meest bedreigde distale deel van de 
macrocirculatiee (teenbloeddruk) en microcirculatie (Tcp02). De combinatie van 
beidee technieken zou een objectieve definitie kunnen zijn voor kritieke ischemie. 
Dezee diagnostische technieken worden zelden in de klinische praktijk gebruikt, 
omdatt de uiteindelijke klinische waarde van deze technieken vooralsnog 
onduidelijkk is. 

TeenbloeddrukTeenbloeddruk metingen 
Tott op heden wordt de teenbloeddruk doorgaans gemeten met behulp van 
fotoplethysmografiee (PPG). Deze techniek schiet echter tekort bij het meten van 
lagee drukken, welke juist relevant zijn bij de beoordeling van kritieke ischemie. Bij 
lagee drukken zijn er geen pulsaties meer zichtbaar in het PPG signaal die 
noodzakelijkk zijn voor het detecteren van de hervatting van de doorbloeding 
tijdenss het leeg laten lopen van de manchet om de grote teen. Daarom hebben we 
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gebruikk gemaakt van de laser Doppler methode, omdat hierbij de aanwezigheid 
vann pulsaties in de doorbloeding niet noodzakelijk is. In hoofdstuk 2 beschrijven 
wee de evaluatie van de klinische waarde en reproduceerbaarheid van de 
teenbloeddrukk gemeten met behulp van PPG versus laser Doppler. 

Dee resultaten tonen dat laser Doppler een betrouwbaar alternatief is voor PPG. 
Dee resultaten van de metingen met beide technieken zijn vergelijkbaar en goed 
reproduceerbaarr (intra-class correlatie coëfficiënt [ICC]: 0.86- 0.92). Bovendien 
blijktt de laser Doppler bij lagere drukken gevoeliger te meten dan PPG. Met 
behulpp van Laser Doppler kon adequaat teenbloeddruk gemeten worden bij 19 
benenn (van in totaal 112 benen), terwijl dit met behulp van PPG niet mogelijk was. 
Ditt is voornamelijk relevant bij de beoordeling van de aanwezigheid van kritieke 
ischemie. . 

EenEen praktisch nadeel van de laser Doppler tehniek is dat er drie apparaten 
nodigg zijn (laser Doppler, manchet compressor, en data acquisitie systeem). Dit 
probleemm is inmiddels gepareerd doordat er een apparaat op de markt is gekomen 
datt alle drie de elementen bevat. 

Dee gevoeligheid van de laser Doppler zou nog verder verbeterd kunnen worden 
doorr gebruik te maken van verwarmde peilstiften. Locale verwarming geeft een 
vasodilatatiee wat de totale microcirculatoire doorbloeding van de huid verbetert 
zonderr de meting te beïnvloeden. Deze toename van de doorbloeding zou het 
signaall van hervatting van de doorbloeding in de teen kunnen versterken. Deze 
nieuwee applicaties van zowel de laser Doppler als van het nieuwe apparaat 
verdienenn verder onderzocht te worden. 

Meetvariatie Meetvariatie 
Eenn van de redenen dat de TP en Tcp02 niet algemeen gebruikt worden als 
diagnostischee instrumenten is dat zij verondersteld worden niet betrouwbaar te 
zijnn door hun grote meetvariatie. De enkelbloeddruk en enkel/arm index zijn 
betrouwbaree parameters, terwijl de reproduceerbaarheid van TP en Tcp02 veel 
minderr grondig onderzocht zijn onderzocht in de klinische praktijk. Daarom 
hebbenn we de intra-, en inter-waarnemer reproduceerbaarheid van de TP, Tcp02, 
enkelbloeddrukk (AP) en arm bloeddruk (BP) en enkel-arm drukindex (ABPI) 
onderzocht.. De resultaten van deze studie zijn beschreven in hoofstuk 3. 

Dee intra- en inter-waarnemer reproduceerbaarheid na 1 dag en na 1 week van 
BP,, AP, ABPI en TP blijkt goed en vergelijkbaar met elkaar (ICC range 0,80 -
0,99),, met uitzondering van de meting van BP na 1 week. De Tcp02 blijkt wat 
minderr reproduceerbaar te zijn, maar is nog steeds redelijk reproduceerbaar (ICC 
rangee 0,62 - 0,98). De absolute variatie van alle parameters bleek echter groter te 
zijnn dan tot nu toe werd verondersteld (ongeveer 15%).7'8 In tegenstelling tot 
eerderee bevindingen is in de huidige studie niet alleen de intra-waarnemer variatie 
gemetenn maar ook de inter-waarnemer variatie, alsmede de biologische 
fluctuatiess in de tijd, wat meer overeenkomt met de klinische praktijk. 

Dee biologische variatie van de Tcp02 is groter dan de biologische variatie van 
dee bloeddruk metingen. Dit kan verklaard worden uit het feit dat de Tcp02 een 
microcirculatoiree parameter is. De microcirculatie wordt beïnvloed door zowel 
centralee (cardiovasculaire en pulmonale status) als lokale factoren (huid 
doorbloeding,, huid metabolisme en diffusie condities zoals dikte en samenstelling 
vann epidermis). Daarentegen worden de andere drukparameters voornamelijk 
beïnvloedd door variatie in de centrale bloeddrukregulatie. 

Voorr de interpretatie van de reproduceerbaarheid in de klinische praktijk wordt 
dezee uitgedrukt in de reproduceerbaarheids coëfficiënt (RC). De RC geeft aan 
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wanneerr het verschil tussen twee metingen significant kan worden verondersteld. 
Eenn significant verschil tussen twee metingen, i.e. een verschil groter dan de RC, 
geeftt aan dat het verschil niet veroorzaakt is door de variatie van de meting zelf, 
maarr door een verandering van de klinische situatie, zoals een succesvolle 
behandelingg of een verslechtering van de klinische situatie. In de gepresenteerde 
studiee was de RC vann BP: 31 mm Hg, van AP : 44 mm Hg, van ABPI: 27%, van 
TP:: 41 mm Hg, en van Tcp02: 30 mm Hg. Een RC van 44 geeft aan dat een 
verschill tussen twee enkeldrukken dat kleiner is dan 44 mm Hg, niet met meer 
dann 95% zekerheid kan worden verondersteld echt van elkaar te verschillen. Een 
verschill kleiner dan 44 mm Hg kan ook veroorzaakt worden door meetvariatie. In 
dee klinische praktijk moet de RC bij de interpretatie van uitslagen van onderzoek 
meegenomenn worden. Dit geldt in het bijzonder voor uitslagen rondom 
grenswaarden.. Indien de meetuitslag plus of minus de RC de grenswaarde 
overschrijdtt dient deze meting herhaald te worden. De variatie is tot nog toe nog 
niett uitgedrukt middels de RC, daarom is een vergelijking met de literatuur ook 
niett mogelijk. 

IdentificatieIdentificatie van optimale grenswaarden 
Onzee volgende stap was het bepalen van de optimale grenswaarden voor TP en 
Tcp022 bij de definitie van kritieke ischemie in vergelijking tot een referentie 
standaard.. Hoewel de keuze voor de referentie standaard van cruciaal belang is 
voorr de uitkomst van deze studie, bestaat er geen goede referentie standaard 
voorr kritieke ischemie. In voorgaande studies zijn wondgenezing, succes van 
vasculairevasculaire interventie en noodzaak van amputatie gebruikt als referentie 
standaardd voor kritieke ischemie. 

Classificatiee van kritieke ischemie is noodzakelijk voor de standaardisatie van 
dee klinische praktijk, een zorgvuldige indicatiestelling voor vasculaire interventie 
enn een goede vergelijking tussen de uitkomsten van verschillende onderzoeken. 
Daaromm hebben we de klinische indicatie voor vasculaire interventie (binnen 6 
maanden)) gebruikt als de beste plaatsvervangende referentie standaard. Deze 
definitiee is het best toe te passen in de klinische praktijk en praktisch in het gebruik 
bijj de behandeling van deze patiënten. 

Dee resultaten van deze studie laten zien dat bij patiënten met de symptomen 
vann kritieke ischemie en een hoge AP en/of ABPI wel degelijk sprake kan zijn van 
ischemiee waarbij een vasculaire interventie noodzakelijk is (58%). De selectie van 
patiëntenn die vasculaire interventie behoeven kan bevorderd worden door gebruik 
tete maken van TP en Tcp02. Er is sprake van kritieke ischemie indien de TP lager 
iss dan 30 mm Hg of de Tcp02 lager is dan 25 mm Hg. Indien de TP en Tcp02 

lagerr zijn dan de grenswaarde wordt de waarschijnlijkheid aanzienlijk vergroot dat 
vasculairee interventie noodzakelijk is. We concluderen dat de identificatie van 
patiëntenn die vasculaire interventie behoeven met behulp van TP en Tcp02 kan 
verbeteren. . 

BeoordelingBeoordeling van de klinische consequentie; design 
Dee evaluatie van diagnostische tests in relatie tot een plaatsvervangende 
referentiee standaard, zoals beschreven in hoofdstuk 4, is in principe niet compleet, 
omdatt het effect op de klinische uitkomst niet geëvalueerd is. Het nieuwe 
diagnostischee instrument biedt geen voordelen voor de klinische praktijkvoering 
zolangg het de klinische uitkomst niet verbetert. Daarom hebben we een 
diagnostischee gerandomiseerde klinische studie (D-RCT) opgezet om de waarde 
vann Tcp02 en teenbloeddruk in de klinische praktijk verder te kunnen 
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onderzoeken.. Vanuit methodologisch oogpunt is een D-RCT een relatief 
ongebruikelijkk model van diagnostisch onderzoek. In hoofstuk 5 beschrijven we de 
beweegredenen,, theoretische overwegingen, problemen, beperkingen en 
oplossingenn van een D-RCT, waarbij de diagnostische en therapeutische kwesties 
rondomm kritieke ischemie als een voorbeeld worden gebruikt. 

EenEen D-RCT is geschikt wanneer een echte referentie standaard niet 
beschikbaarr is en het effect van twee verschillende concepten (functionele versus 
anatomischee informatie) van behandelingsstrategieën op de klinische uitkomst 
mett elkaar vergeleken dienen te worden. Dit is van bijzonder van belang in 
situatiess wanneer de beslissing voor interventie (diagnose) niet op één moment 
genomenn wordt, maar een interactief proces in de tijd is, waarin de vaatspecialist 
eenn beoordeling maakt op basis van de klinische situatie, diagnostische 
bevindingen,, co-morbiditeit en complicatie risico. Bovendien kan met een D-RCT 
niett alleen het effect op de diagnose beoordeeld worden. Met een D-RCT wordt 
hett totale klinische effect beoordeeld, waaronder de bijwerkingen van diagnostiek, 
dee interpretatie en gebruik van de uitslag van de test door de arts, en complicaties 
vann behandeling. Anderzijds heeft een D-RCT ook enige nadelen zoals de power 
(onderscheidendd vermogen) en grootte van studie en de invloed van de 
behandelingg op de uitkomst parameter. Het opnemen van de behandeling in de 
uitkomstvariabelee introduceert namelijk een zogeheten black box waarin 
verschillendee factoren (de doeltreffendheid en gebruik van de test inclusief de 
subjectievee beoordeling door de arts en resultaten van behandeling) zijn 
betrokkenn welke de waarde van de test kunnen versterken of verminderen. 
Welbeschouwdd is de D-RCT de best bruikbare methode voor de beoordeling van 
dee waarde van TP en Tcp02 in de klinische praktijk. 

Omm de significantie van de studie te verbeteren zijn alle zogenaamde clear-cut 
casescases uitgesloten van deelname (patiënten met duidelijk ernstige en milde 
symptomenn van ziekte). Alleen de patiënten bij wie twijfel bestond over de 
diagnosee werden geïncludeerd in de studie omdat bij deze groep patiënten 
aanvullendee diagnostische informatie klinisch relevant is. Tevens zal een verschil 
tussenn de twee groepen eerder gedetecteerd kunnen worden indien alleen twijfel-
patiëntenn geïncludeerd worden in de studie, omdatt de twee 
behandelingsstrategieënn bij clear-cut cases niet snel tot een verschil in 
behandelingg en klinische uitkomst zullen leiden. 

StandStand van zake van de microcirculatoire technieken bij het management van 
kritiekekritieke ischemie 
Velee voorgaande studies hebben gesuggereerd dat de toepassing van TP en 
Tcp022 voordelen biedt bij het management van patiënten die verdacht worden van 
kritiekee ischemie.3'69-12 Echter, in tegenstelling tot deze eerdere studies en onze 
eigenn studie zoals beschreven in hoofdstuk 4, laat de D-RCT, zoals beschreven in 
hoofdstukk 6, zien dat het gebruik van TP en Tcp02 niet tot een klinische 
verbeteringg leidt. Er waren geen significante verschillen in pijn, wondgenezing, 
overleving,, amputaties, en kwaliteit van leven tussen de twee gerandomiseerde 
groepen.. Verder was het aantal diagnostische procedures niet verminderd door 
hett gebruik van deze twee objectieve parameters (TP en Tcp02). Kennelijk is de 
ervarenn arts met zijn klinische blik goed in staat om de ernst van de locale 
microcirculatiee afwijking te beoordelen en op basis hiervan een behandelplan op 
tee stellen. We concluderen dus dat het routinematig gebruik van TP en Tcp02 

geenn toegevoegde klinische waarde heeft bij het management van patiënten die 
verdachtt worden van kritieke ischemie. 
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Ookk al laat de huidige studie geen significant verschil zien tussen de beide 
managementt strategieën, kan het gebruik van TP en Tcp02 in potentie beter zijn. 
Dee meer meerwaarde van deze technieken kan immers gemaskeerd worden door 
velee factoren die invloed hebben op de uitkomst (zie voorgaande alinea over de 
blackblack box). Bovendien zou het aantal foutpositieve resultaten (diagnostische 
duplexx of angiografie zonder dat er een behandelbare vaatafwijking was) 
toegenomenn kunnen zijn doordat we een relatief hoge grenswaarde hebben 
gehanteerdgehanteerd bij de indicatie voor vasculaire interventie. Dit was nodig omdat we 
wildenn voorkomen dat patiënten onterecht niet behandeld zouden worden. Tevens 
zouu de meetvariatie van een enkele TP, en vooral Tcp02, een groot aantal 
foutnegatievee en foutpositieve uitkomsten kunnen hebben veroorzaakt. 

Inn tegenstelling tot de beperkte klinische waarde, is het gebruik van TP (middels 
laserr Doppler) en Tcp02 nuttig als een objectief instrument in de follow-up van 
patiëntenn bij onderzoek. Daarom raden wij aan om Tcp02 metingen alleen te 
beperkenn tot onderzoekssituaties, waarbij dan tevens herhaalde metingen 
noodzakelijkk zijn. Voor onderzoeksdoeleinden kan kritieke ischemie gedefinieerd 
wordenn indien er sprake is van een TP lager dan 30 mm Hg en een Tcp02 lager 
dann 35 mm Hg. Tevens is de TP noodzakelijk in de beoordeling van patiënten met 
diabetess mellitus bij wie de enkeldruk niet betrouwbaar te meten is ten gevolge 
vann media sclerose.13,14 

Verbetere nn van de kenni s van de pathofysiologi e van kritiek e ischemi e 

HetHet belang van de capillaire druk en microcirculatie bij kritieke ischemie 
Microcirculatoiree doorbloeding is essentieel voor de voeding van de huid. Het is 
feitelijkk de aangetaste microcirculatie die de symptomen veroorzaakt bij patiënten 
mett kritieke ischemie. Capillaire doorbloeding en transmural druk zijn nauwkeurig 
geregeldd door microcirculatoire vasoconstrictiemechanismen, die worden 
geactiveerdd door veranderingen in houding, maar op non-actief worden gezet door 
ischemiee en/of metabole afvalproducten. Dit proces leidt tot vasodilatatie. Het is 
bekendd dat capillaire doorstroming (rode bloedcel stroomsnelheid) en totale huid 
doorbloedingg (laser Doppler flux) veranderd zijn bij patiënten met ernstig 
vaatafwijkingenn van de benen.1516 Echter, informatie over de capillaire bloeddruk 
bijj deze groep patiënten was vooralsnog onbekend. 

TechnischeTechnische aspecten van capillaire bloeddrukmetingen 
Dee capillaire bloeddruk wordt bij mensen doorgaans gemeten met een servo-
nullingg microdrukmeter, die een olie-water interface bevat. Dit systeem kent 
enkelee beperkingen. Het systeem dient absoluut luchtvrij te zijn en de metingen 
dienenn verricht te worden onder een laagje water, wat de visualisatie van de 
capillairenn in de loop van de tijd belemmert.17 In een poging deze beperkingen te 
verbeterenn hebben we de uitvoerbaarheid en reproduceerbaarheid van capillaire 
bloeddrukmetingenn in de vingers onderzocht. Hierbij werd een alternatieve 
microdrukmeterr gebruikt, die een water-lucht interface bevat. In hoofdstuk 7 
beschrijvenn we de resultaten van deze studie, waaruit blijkt dat de capillaire 
bloeddrukk goed met deze alternatieve methode kan worden gemeten. De 
bloeddrukkenn komen overeen met de resultaten zoals beschreven door anderen 
diee gebruik hebben gemaakt van een (conventionele) microdrukmeter met een 
olie-waterr interface. De reproduceerbaarheid van het onderhavige systeem was 
acceptabell en vergelijkbaar met de conventionele methode. 



144 4 Chapterr 12 - Algemene discussie 

Onafhankelijkk van het gebruikte systeem kent de dynamische capillaire 
bloeddrukk twee nadelen die de betrouwbaarheid zouden kunnen beïnvloeden. 
Allereerstt kan het aanprikken van de relatief grote pipet (diameter  4 urn) in een 
nietigg capillair (diameter  8 jjm) de doorbloeding en dientengevolge de druk 
beïnvloeden.. Ten tweede is het noodzakelijk om de huid te prepareren door de 
opperhuidd en bovenste lagen van het stratum corneum te verwijderen. Dit 
voorkomtt dat bij het aanprikken van de capillair de fragiele pipet breekt. Dit 
preparerenn zou een lokale ontstekingsreactie kunnen veroorzaken, wat een 
verstoringg van de doorbloeding en druk tot gevolg kan hebben. Hoewel het effect 
vann beide interventies op de bloeddruk in de capillairen niet direct onderzocht is, 
latenn de resultaten van de studie zien dat de bloeddruk in de capillairen gemeten 
kann worden zonder dat de doorbloeding gestoord wordt. Dit impliceert dat de 
directee bloeddrukmetingen in capillairen betrouwbaar kan geschieden. 

InvloedInvloed van de stand van het been op de microcirculatie bij gezonde 
proefpersonen proefpersonen 
Volgenss de literatuur is de bloeddruk in de capillairen van de voet tot nu toe alleen 
nogg maar gemeten bij twee vrijwilligers met behulp van een statische methode, 
zoalss beschreven in het klassieke werk van Levick en Michel: "het effect van 
houdingg op en huidtemperatuur op de bloeddruk in capillairen van de vingers en 
voeten."188 Zij laten zien dat de capillaire bloeddruk in de tenen toeneemt na het 
latenn afhangen van het been, en dat de bloeddruk van de capillairen gerelateerd is 
aann de bloeddruk in de venen. In hoofdstuk 8 beschrijven en evalueren we een 
opstellingg die simultane informatie geeft over de doorstroming (capillaire dichtheid, 
capillairee diameter, capillaire rode bloed stroomsnelheid en laser Doppler) en 
dynamischee capillaire bloeddruk metingen in de voeten van gezonde vrijwilligers in 
zowell zittende als liggende houding. 

Dee resultaten laten zien dat de capillaire bloeddruk in de grote teen significant 
toeneemtt bij afhangen, maar dat deze toename niet zo groot is als de toename in 
dee arteriële bloeddruk. De locale doorbloeding bleek niet significant te veranderen 
bijj deze houdingsverandering. Deze bevindingen bewijzen dat activatie van 
periferee vasoconstrictie mechanismen een overdracht van de orthostatische 
druktoenamee in de arteriën ten gevolge van houdingsverandering compenseert. 
Ditt is in overeenkomst met onze hypothese dat arteriolaire vasoconstrictie 
mechanismenn de overdracht van een toename in arteriële druk naar capillairen 
proberenn te vermijden om oedeemvorming te voorkomen.1920 

Dee constante microcirculatoire doorstroming suggereert dat 
doorstromingsregulatiee belangrijker is dan bloeddrukregulatie in de voet. 
Arteriolairee vasoconstrictie mechanismen lijken zich aan te passen aan de 
veneuzee druk (mogelijk door middel van de veno-arteriolaire respons) om een 
constantee doorstroming van de microcirculatie te waarborgen. Deze theorie is 
echterr niet bevestigd bij eerder observaties die aantonen dat microciculatoire 
doorbloedingg in de voet verandert bij houdingsveranderingen, zoals blijkt uit een 
afnamee in de rode bloedstroomsnelheid21'22 en laser Doppler flux.23,24 Het verschil 
tussenn deze en onze waarnemingen kan verklaard worden door het verschil in 
meettechniekk en meetlocatie. 

Onzee observaties kunnen nuttig zijn bij de klinische evaluatie van vasculaire 
interventies.. Omdat capillaire druk geregeld kan worden door vasoconstrictie 
mechanismen,, zou capillaire doorstroming (en mogelijk microcirculatoire 
doorstroming)) betere informatie kunnen geven over het effect en functioneren van 



Chapterr 12 - Algemene discussie 145 5 

vasculairee interventies dan perifere bloeddrukmetingen die tot nu toe gebruikt 
worden. . 

InvloedInvloed van houding op de microcirculatie bij patiënten met perifeer vaatlijden 
Bijj een kritiek verminderde perifere arteriële bloeddruk zoals bij patiënten met 
perifeerr vaatlijden blijkt de regulatie mechanisme op een zelfde manier te werken. 
Dee resultaten zoals gepresenteerd in hoofdstuk 9 laten zien dat de capillaire 
bloeddrukk bij patiënten met perifeer vaatlijden niet significant vermindert ten 
opzichtee van gezonde vrijwilligers. In tegenstelling tot de capillaire bloeddruk, is de 
microcirculatoiremicrocirculatoire doorstroming (zoals gemeten met laser Doppler) en rode 
bloedcelbloedcel stroomsnelheid significant verminderd bij patiënten met ernstig perifeer 
vaatlijdenn (Fontaine stadia III en IV) in vergelijking tot gezonde proefpersonen en 
patiëntenn met claudicatio intermittens (Fontaine stadium II). Dit impliceert dat 
locale,, pre-capillaire weerstandsveranderingen essentieel zijn in de regulatie van 
dee capillaire perfusie druk, waarbij de capillaire transmurale drukverschillen 
wordenn beperkt ten behoeve van transcapillair transport. 

Dezee observaties suggereren een nauwkeurige balans tussen transcapillair 
transport,, capillaire bloeddruk en capillaire doorstroming. In het algemeen wordt 
getrachtt de capillaire (transmurale) druk boven de kritieke sluitdruk van capillairen 
tee houden (ongeveer 20 mm Hg), ook al gaat dit ten koste van doorstroming. 
Bovenn dit minimum, zoals in zittende houding in de teen, kan de capillaire 
bloeddrukk stijgen ten gevolge van een stijging in de veneuze druk, waarbij de 
capillairee doorstroming gewaarborgd wordt. 

Dezee eerste observaties ondersteunen de opvatting dat conservatieve 
therapeutischee mogelijkheden die de doorstroming verbeteren door vermindering 
vann de veneuze druk (zoals veneuze compressie therapie) effectief kunnen zijn. 
Naderr onderzoek naar de microcirculatoire regulatie mechanismen in ischemisch 
weefsell bij onder andere perifeer vaatlijden is noodzakelijk om de regulatie 
mechanismenn te ontdekken en therapeutische mogelijkheden te verkennen. 

ToekomstigeToekomstige mogelijkheden van capillaire bloeddruk metingen 
Capillairee bloeddrukmetingen (in handen en voeten) kunnen nieuw inzicht 
verschaffenn in de pathofysiologie van diverse ziekten. De gepresenteerde studies 
zijnn een eerste verkenning van de capillaire bloeddruk in de tenen bij patiënten 
mett perifeer vaatlijden, welke zijn verricht bij slechts 7 patiënten met kritieke 
ischemiee en bij 8 patiënten met claudicatio intermittens. De aanwezigheid en 
ontwikkelingg van oedeem voor en na revascularisatie is vooralsnog niet 
onderzocht.. Nader onderzoek bij patiënten met en zonder oedeem, en voor en na 
eenn vasculaire interventie, kunnen inzicht verschaffen in de rol van de capillaire 
bloeddrukk in de vorming van oedeem. Oedeemvorming is tevens een belangrijke 
factorr bij vele andere ziekten. Verder is de relatie tussen vasculaire interventies, 
enn conservatieve therapeutische mogelijkheden bij perifeer vaatlijden en de relatie 
tussenn diabetes en diabetische neuropathie nuttig om verder onderzocht te 
worden.. Behalve bij perifeer vaatlijden zou deze methode ook nieuw inzicht 
kunnenn verschaffen in de pathofysiologie van diverse vaatziekten, zoals 
chronischee veneuze insufficiëntie en microcirculatoire stoornissen, waaronder 
primairee en secundaire Raynaud (vasospastische ziekten). Tevens is de invloed 
vann diverse cardiovasculaire medicijnen vooralsnog onbekend.25 Als laatste, maar 
niett minder belangrijk, is de rol van de capillaire bloeddruk bij het ontstaan van 
oedeemm en bij de behandeling van sepsis (vascodilatatie of vasoconstrictie) nog 
onopgehelderd.2627 7 
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Dee invloe d van kritiek e ischemi e op de kwalitei t van leven 

Tott slot is de kwaliteit van leven bij patiënten met ernstig perifeer vaatlijden 
onderzocht.. Uit de studie zoals beschreven in hoofstuk 10 blijkt dat patiënten met 
perifeerr vaatlijden een ernstig verlaagde, gezondheid gerelateerde kwaliteit van 
levenn hebben (HRQOL) op alle domeinen van de SF-36 vragenlijst. Patiënten met 
perifeerr vaatlijden scoren bijzonder laag op domeinen die gerelateerd zijn aan hun 
klachten,, zoals fysiek functioneren en rolbeperkingen ten gevolge van fysiek 
functioneren.. Maar deze patiënten scoren ook bijzonder slecht op domeinen die 
niett gerelateerd aan hun klachten zoals rolbeperkingen ten gevolge van 
emotionelee problemen en sociaal functioneren. Opmerkelijk is dat al deze 
aspectenn nauwelijks verbeteren ondanks intensieve behandeling, zoals kan 
wordenn afgeleid uit de grafieken gepresenteerd in hoofdstuk 6. De huidige 
vaatchirurgischee behandeling is gericht op pijnvermindering en wondgenezing, 
maarr leidt niet of nauwelijks tot een verbetering in de fysieke en mentale 
gezondheid.. Deze bevindingen worden bevestigd in een recente publicatie van 
Hernandez-Osnaa die concludeert dat veranderingen in de dimensies van kwaliteit 
vann leven zoals verkregen na revascularisatie niet verschilt van andere 
therapeutischee opties zoals conservatieve therapie en primaire amputatie.28 

Opp dit moment richt de behandeling van patiënten zich vooral op het verbeteren 
vann de fysieke gezondheid van het been, terwijl andere aspecten van welzijn 
(fysiekk functioneren en emotionele ondersteuning) onderbelicht blijven. Er dient in 
ditt kader nader onderzoek verricht te worden naar de status en behandeling van 
dee kwaliteit van leven zodat patiënten met kritieke ischemie beter integraal 
behandeldd kunnen worden. De SF-36 heeft echter zijn beperkingen en is niet in 
staatt om kleine veranderingen in patiënten met perifeer vaatlijden te meten omdat 
hett een algemene gezondheidsvragenlijst is. Tevens is er een grote variatie en is 
dee vragenlijst tamelijk subjectief.29* Het is daarom nodig om nieuwe specifieke 
vragenlijstenn voor perifeer vaatlijden te ontwikkelen en te evalueren. Alleen op 
dezee manier kunnen we de tekortkomingen en behoeften van vaatpatiënten beter 
lerenn herkennen en behandelen.31,32 
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Algemen ee conclusie s 

Microcirculatoiree technieken kunnen belangrijke aanvullende informatie 
verschaffenn over de ernst en de pathofysiologie van patiënten met kritieke 
ischemie,, maar hebben geen toegevoegde waarde in de klinische routine-
diagnostiekk en management. Kennelijk behoeft de klinische beoordeling door een 
ervarenn specialist geen aanvullende microcirculatoire evaluatie. 

Dee microcirculatoire technieken zijn daarentegen nog steeds erg nuttig voor 
wetenschappelijkk onderzoek. De combinatie van TP en Tcp02 zou als objectief 
criteriumm voor kritieke ischemie kunnen worden gehanteerd in de standaardisatie 
vann wetenschappelijk onderzoek. De teenbloeddruk kan het best gemeten worden 
mett behulp van een laser Doppler. 

Mett de ontwikkeling van capillaire bloeddrukmetingen in de voet is het mogelijk 
omm nader onderzoek te verrichten naar de pathofysiologie van kritieke ischemie en 
anderee ziekten doordat het nu mogelijk is om de microcirculatoire evaluatie van 
doorstromingg en druk parameters simultaan te meten. Nieuw pathofysiologisch 
inzichtt kan perspectief bieden op nieuwe (niet invasieve) behandelingsstrategieën 
vann kritieke ischemie. 

Perifeerr vaatlijden heeft een grote invloed op de kwaliteit van leven. Er zou 
meerr aandacht besteed moeten worden aan onderzoek en behandeling die de 
kwaliteitt van leven van patiënten met perifeer vaatlijden verbeteren. Nader r 
ziektespecifiekk onderzoek naar de kwaliteit van leven is noodzakelijk. 
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