
Diagnosis of Peripheral
Arterial Disease Based

on Distal Limb Pressures





Diagnosis of Peripheral
Arterial Disease Based

on Distal Limb Pressures

PhD Thesis by

Christian Høyer

Department of Clinical Physiology,
Viborg Regional Hospital, Denmark

and

Department of Health Science and Technology,
Aalborg University, Denmark



ISBN 978-87-93102-77-4 (paperback)
ISBN 978-87-93102-78-1 (e-book)

Published, sold and distributed by:
River Publishers
Niels Jernes Vej 10
9220 Aalborg Ø
Denmark

Tel.: +45369953197
www.riverpublishers.com

Copyright for this work belongs to the author, River Publishers have the sole
right to distribute this work commercially.

All rights reserved c© 2014 Christian Høyer.

No part of this work may be reproduced, stored in a retrieval system, or trans-
mitted in any form or by any means, electronic, mechanical, photocopying,
microfilming, recording or otherwise, without prior written permission from
the Publisher.



v 

Contents 

Preface ix 

List of publications xi 

Abbreviations xiii 

Supervisors and evaluation committee xv 

1. Introduction 1 
1.1 Peripheral arterial disease ................................................................ 1 
1.2 Small-vessel versus large-vessel arteriosclerotic disease ................ 3 
1.3 The value of PAD screening ........................................................... 3 
1.4 Methods for PAD diagnosis and evaluation of lower limb 

blood flow .................................................................................... 4 
1.5 Methodological requirements in studies of diagnostic 

accuracy ...................................................................................... 19 
1.6 Conclusions leading to the present thesis ...................................... 20 

2. Aims 21 

3. Materials and methods 23 
3.1 Study populations .......................................................................... 23 
3.2 Methods ......................................................................................... 26 

4. Study I: Randomised diagnostic accuracy study of a fully 
automated portable device for diagnostic peripheral  arterial  
disease by measuring the toe–brachial index 31 
4.1 Major findings ............................................................................... 31 
4.2 Discussion ..................................................................................... 35 
4.2 Study limitations ........................................................................... 37 
4.3 Conclusions ................................................................................... 37 

 



vi  Contents 
 

 

5. Study II: Reliability of mercury-in-silastic strain gauge  
plethysmography curve reading: Influence of clinical clues  
and observer variation 39 
5.1 Major findings ............................................................................... 39 
5.2 Discussion ..................................................................................... 42 
5.3 Conclusions ................................................................................... 44 

6. Study III: Diagnostic accuracy of laser Doppler flowmetry vs. 
strain gauge plethysmography for segmental pressure 
measurement 45 
6.1 Major findings ............................................................................... 45 
6.2 Discussion ..................................................................................... 49 
6.3 Conclusions ................................................................................... 51 

7. Study IV: Number of distal limb and brachial pressure 
measurements required when diagnosing peripheral arterial 
disease by laser Doppler flowmetry 53 
7.1 Major findings ............................................................................... 53 
7.2 Discussion ..................................................................................... 60 
7.3 Conclusions ................................................................................... 62 

8. Study V: Reliability of laser Doppler flowmetry curve reading 
for measurement of toe and ankle pressures: Intra- and 
inter-observer variation 63 
8.1 Major findings ............................................................................... 63 
8.2 Discussion ..................................................................................... 69 
8.3 Conclusions ................................................................................... 72 

9. General conclusions 73 

10. Perspectives 75 

11. English summary  77 

12. Dansk resumé (Danish summary) 79 

References 81 

Appendix A 103 



Contents vii 

Appendix B 105 

Appendix C 107 

Appendix D 109 

Appendix E 111 

About the author 113 
 

   
 
 





ix 

Preface 

This PhD thesis is based on studies performed at the Department of 
Clinical Physiology, Viborg Regional Hospital from 2010 – 2013. 
Financial support was generously provided by the Morten Scheibel 
Foundation, the Region Midt Research Foundation, the Aase og Ejner 
Danielsens Foundation, the Snedkermester Sophus Jacobsen Foundation, 
the RHVS Research Foundation, the Rosa and Asta Jensen Foundation, 
Aalborg University, and Aalborg University Hospital. 
 
First of all, I would like to thank my principal supervisor Lars J. Petersen 
for his guidance and contributions; his structured approach to science and 
inspirational enthusiasm has been invaluable. Likewise, I thank my co-
supervisor Jes Sandermann for keeping focus on the clinical perspectives 
of the research. It has been a true privilege to gain from his vast knowledge 
on vascular disorders. Additionally, I would like to thank Jan Abrahamsen 
for providing a firm theoretical introduction on the field of physiology and 
vascular pathology as well as providing optimal settings for my research. 
José A. Bierrun Manresa is thanked for sharing his immense statistical 
knowledge, and keeping the projects on a short leash in terms of the 
methodological matters.  
 
I am deeply indebted to all members of the staff at the Department of 
Clinical Physiology. Their laborious and endless efforts to help me in my 
research have been exceptional, especially considering that my trials were 
performed supplementary to daily routine examinations at a busy 
laboratory. In particular, I would like to express my sincere gratitude to 
Susanne Pavar, Begitte H. Pedersen, and Jens Peder D. Paludan for their 
commitment and contributions to the studies. My fellow PhD students 
including my sister Marie are thanked for discussions, support, and sharing 
fun, and frustrations. Finally, I dedicate this thesis to my dear wife Anette, 
and my two wonderful daughters Line and Emma. Without their love and 
unparalleled support, this thesis would have been completed at least one 
year earlier. 

Christian Høyer, Viborg, October 2013 





 

xi 

List of publications 
 
 
This PhD thesis is based on the following five papers: 
 
 
Paper I Høyer C, Sandermann J, Petersen LJ. Randomised diagnostic 

accuracy study of a fully automated portable device for 
diagnosing peripheral arterial disease by measuring the toe-
brachial index. Eur J Vasc Endovasc Surg 2013 Jan; 
45(1):57-64. 

 
Paper II  Høyer C, Pavar S, Pedersen BH, Manresa JAB, Petersen LJ. 

Reliability of mercury-in-silastic strain gauge 
plethysmography curve reading: influence of clinical clues 
and observer variation. Scand J Clin Lab Invest 2013 
Aug;73(5):380-6. 

 
Paper III Høyer C, Sandermann J, Paludan JP, Pavar S, Petersen LJ. 

Diagnostic accuracy study of laser Doppler flowmetry vs. 
mercury-in-silastic strain gauge pletysmography for 
segmental pressure measurement. J Vasc Surg 2013 
Dec;58(6):1563-70. 

 
Paper IV Høyer C, Manresa JAB, Petersen LJ. Number of 

measurements required and influence of brachial blood 
pressure when diagnosing peripheral arterial disease by laser 
Doppler flowmetry. Physiol Meas 2013 Sep 18;34(10):1351-
62. 

 
Paper V Høyer C, Paludan JP, Pavar S, Manresa JAB, Petersen LJ. 

Reliability of laser Doppler flowmetry curve reading for 
measurement of toe and ankle pressures: Intra- and inter-
observer variation. Eur J Vasc Endovasc Surg 2014 
Mar;47(3):311-18.





 

xiii 

Abbreviations 
 
 
ABI Ankle-Brachial Index 
BBP Brachial Blood Pressure 
CI Confidence Interval 
CLI Critical Limb Ischaemia 
CT Computer Tomography 
CV Coefficient of Variance 
CVD Cardiovascular Disease 
DTA Diagnostic Test Accuracy 
DUS Doppler Ultrasonography 
GRADE Grading of Recommendations Assessment, Development 

and Evaluation 
ICC Intraclass Correlation Coefficient 
LDF Laser Doppler Flowmetry 
LoA Limits of Agreement 
MAC Mediacalcinosis 
MRI Magnetic Resonance Imaging 
PAD Peripheral Arterial Disease 
PAL Palpation of Foot Arteries 
PP Photo-Plethysmography 
P-PP Portable Photo-Plethysmography 
PU Perfusion Units 
QUADAS Quality Assessment of Diagnostic Accuracy Studies 
QUAREL The Quality Appraisal of Reliability Studies 
SGP Strain Gauge Plethysmography 
STARD The Standards for Reporting of Diagnostic Accuracy 
STC Stethoscope 
TBI Toe-Brachial Index 
 





 

xv 

Supervisors and evaluation committee 
	
	
Supervisors 
 

Lars Jelstrup Petersen, Professor, M.D., D.M.Sc. 
Dept. of Nuclear Medicine, Aalborg University Hospital & 
Dept. of Clinical Medicine, Aalborg University 
Denmark 
 
Jes Sandermann, Ass. Professor, M.D. 
Dept. of Vascular Surgery, Viborg Regional Hospital & 
Dept. of Clinical Medicine, Aarhus University 
Denmark 
 

 
Evaluation Committee 
 

Peter Søgaard, Professor, M.D., D.M.Sc. (chairman) 
Dept. of Cardiology, Aalborg University Hospital & 
Dept. of Clinical Medicine, Aalborg University 
Denmark 
 
Eric Wahlberg, Professor, M.D., Ph.D., M.B.A. 
The Heart Center, Linköping University Hospital & 
Linköping University 
Sweden 
 
Lene Rørdam, Ass. Professor, M.D., D.M.Sc. 
Dept. of Clinical Physiology and Nuclear Medicine  
Bispebjerg University Hospital & Copenhagen University 
Denmark 
 
 





 

1 

1 
Introduction 

New Chapter 

1.1 Peripheral arterial disease 

Arteriosclerosis is a generalised condition that causes stenosis of the blood 
vessels by formation of fibro-fatty plaques throughout the arterial tree.1 In 
the lower limbs, this condition can manifest itself as peripheral arterial 
disease (PAD) and induce a broad spectrum of clinical conditions ranging 
from asymptomatic disease to critical limb ischaemia.2 Presence of PAD 
indicates a severe degree of systemic atherosclerosis, and PAD often 
coexists with cardiovascular disease (CVD) and cerebrovascular disease 
which 65% of the patients with PAD suffers from.3 Due to the generalised 
nature of PAD, diagnosis of the condition is concurrently a strong predictor 
of risk of cardiovascular morbidity and mortality4, even in the absence of 
traditional cardiovascular risk factors.5 It is estimated that the prevalence 
for having PAD is approximately 15-20% of people over 70 years, and 
more than 50% of the cases are non-symptomatic.3, 6 Asymptomatic PAD 
patients have nearly the same risk of cardiovascular events as symptomatic 
patients.7 The development of arteriosclerosis is associated with conditions 
with modifiable risk factors such as smoking, diabetes, chronic kidney 
disease, dyslipidaemia, hypertension, and hyperhomocysteinaemia, as well 
as non-modifiable risk factors, e.g. age, genetics, and gender.8  
 
Formation of a stenosis of the vessel lumen can be generated by subintimal 
calcification, which can lead to the reduction of peripheral flow and, thus, a 
decrease in distal limb pressures. PAD can correspondently be diagnosed 
non-invasively by measuring distal limb blood pressures and relating it to 
the brachial blood pressures by calculating an ankle-brachial index (ABI) 
or a toe-brachial index (TBI).2 Patients with an ABI ≤ 0.90 have a three- to 
six-fold increased risk of cardiovascular mortality, with relative risk 
increasing with decreasing ABI.2 However, patients with increased ABI (> 
1.40) likewise have an increased risk of cardiovascular events, which is 
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1.2 Small-vessel versus large-vessel arteriosclerotic disease 

Peripheral arterial disease is conventionally sub-divided into large- and 
small-vessel disease, where the latter concerns vessels with a diameter 
below 2-3 mm (or distally to the ankle level).19 Atherosclerosis is a chronic 
inflammatory disease, and accumulations of inflammatory cells are 
prominent in atheromatous plaques.20 It is considered a dynamic condition 
with gradual progression over time. It has been argued that the 
development of small-vessel disease constitutes an early phase of 
arteriosclerotic disease, which is supported by the fact that a large 
proportion of small-vessel conditions deteriorate to large-vessel disease.21-24 
This is important because the current methods used for PAD screening 
mainly target large-vessel disease and largely underestimate the true 
disease prevalence.25, 26 However, it has been argued that small-vessel PAD 
constitutes an entity of its own.19, 27-29 Analyses of risk factors have shown 
that small-vessel disease to some extent seems to be epidemiologically 
distinct from large-vessel disease.30 Studies have shown that atherosclerotic 
plaques are distributed according to the dominant risk factors. For instance, 
smokers are prone to develop proximal lesions, whereas patients with 
diabetes have a higher ratio of distal lesions.19 Aorto-iliac disease has been 
shown to predominantly affect younger individuals and has a more rapidly 
progressive course than distal disease. It has been shown that cigarette 
smoking, lipids, and inflammation contribute to large-vessel disease 
progression, whereas diabetes is a significant predictor of small-vessel 
disease progression.24 In terms of lower limb disease, the prevalence for 
having an indication of small-vessel PAD (low TBI) but no large-vessel 
disease (a normal ABI) in different large-scale studies ranges from 9%-
27%.21, 22, 30-33  

1.3 The value of PAD screening 

Complications of atherosclerosis remain the primary case of mortality in 
industrialised countries despite massive efforts to limit risk factors. Given 
that more than 50% of PAD cases are asymptomatic, screening programs 
have been proposed to detect the large group of patients at high risk for 
developing symptomatic arteriosclerosis.34 In theory, the detection of PAD 
at an early stage could improve cardiovascular risk management on a 
population basis and, ultimately, reduce or even prevent complications 
related to arteriosclerosis.35  
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Ferket et al. (2011) performed a systematic review of major cardio-vascular 
guidelines to investigate the recommendations for PAD screening.36 A total 
of eight guidelines meet the inclusion requirements of evidence-based 
structure, five of which recommended the implementation of screening. 
The dominant approach to screening is Doppler derived measurement of 
the ABI (large-vessel PAD) as the primary tool in age groups varying from 
40-60 years. The overall conclusion of the study was that there is currently 
lack of sufficient evidence in the literature to assess the value of screening 
for early PAD detection. However, no randomised controlled trials of PAD 
screening versus no screening have been performed. A more opportunistic 
approach to screening has likewise been proposed in which the target group 
include high-risk patients e.g., with high Framingham risk scores or known 
cardio-vascular morbidity.37 When screening high-risk patients in primary 
care, by using appropriate age groups and known cardio-vascular risk 
factors, studies have reported prevalences for PAD of 27-29%.38, 39  
 
Thus far, PAD screening has focused on large-vessel disease by measuring 
the ABI, and the measurement of the TBI is generally recommended as a 
secondary tool in patients where the ABI is unreliable.2, 40 This is mainly 
due to the easy access to Doppler-derived ABI. Measurement of the TBI 
has historically been limited to vascular laboratories due to expensive and 
cumbersome techniques. However, recently developed methods have been 
introduced that allow improved access to TBI assessment.41 
Implementation of the TBI as a primary test for PAD could potentially 
allow the detection of PAD patients who remain undiagnosed by current 
methods. 

1.4 Methods for PAD diagnosis and evaluation of lower limb 
blood flow  

The pathophysiology leading to claudication, ischaemic resting pain, or 
tissue loss involves a composite line of factors leading to reduced tissue 
oxygenation, and reduced deliverance of nutrients. These involve systemic 
factors such as blood oxygenation, haemoglobin content, cardiac output, 
central blood pressure, and local factors such as regional blood pressure, 
tissue metabolism, and oedema which can alter the diffusion path.42 To 
assess local perfusion, new methods have been introduced based on the 
measurement of tissue oxygenation, such as transcutaneous oxygen 
measurement43, near infrared spectroscopy44, and laser Doppler Imaging.45 
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These methods have, for instance, been introduced in the field of wound 
treatment but are mainly used in experimental settings.  
 
The reference standard for having PAD is, by many vascular laboratories, 
considered to be the finding of an obstruction of >50% of the vessel lumen 
in at least one major lower limb vessel.8 The likelihood of having PAD can 
be approximated by a variety of low cost methods such as clinical 
examination including pulse palpation46 and patient history.8 The presence 
of vessel stenosis can be visualised by a range of different imaging 
techniques such as contrast angiography, magnetic resonance angiography 
(MRI), computed tomography angiography (CT), and Duplex 
Ultrasonography (DUS).47 The advantage of these methods is that they 
allow for detection of the vessel lesion site and thus aid in planning of a 
subsequent vessel revascularisation. In a systematic review by Collins et al. 
(2007) based on 107 studies, contrast enhanced MRI angiography was 
found to have a median sensitivity of 95%, and a specificity of 97% for 
detecting a lower limb stenosis > 50% when using contrast angiography as 
the reference.47 The corresponding numbers for CT angiography were 91% 
for the sensitivity and 91% for the specificity. Finally, DUS showed a 
sensitivity of 88% and a specificity of 96% for the same comparison. 
However, a major problem regardless of the method used is that a 
substantial stenosis can be present without leading to limitation of lower 
limb flow.48 This problem can be solved exercise testing or by measuring 
the pressure gradient over the stenosis by the use of pressure catheters. 
However, the latter requires an invasive procedure.49 Another way to 
predict the presence and severity of vessel stenosis is by the use of pulse 
wave analysis, which has been used increasingly in recent years.50  
 
Measuring distal limb pressures remains a simple non-invasive approach to 
assess the blood-flow in the lower limbs and has been used for this purpose 
for more than 50 years.51 Distal pressures can be used to predict the 
presence of a vessel stenosis that limits blood flow as well as to assess the 
level of blood flow reduction. Distal blood pressures can be measured in a 
resting state as well as during exercise using, e.g., treadmill testing.52, 52, 53 
During exercise, an increased blood flow across a vessel stenosis increases 
the pressure gradient, resulting in a decline in distal pressures. Normal 
distal pressures in a resting state and reduced pressures during exercise 
testing can thus imply a vessel stenosis that only restricts blood-flow upon 
increased haemodynamic requirements.54-57 Studies have shown that 
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approximately 30% of patients suspected of PAD with a normal ABI, show 
abnormal exercise testing.52, 53, 58, 59 Furthermore, by measuring the limb 
pressures at different levels (segmental pressure measurement) the location 
of the vessel stenosis can be approximated.14  

1.4.1 Distal limb pressure assessment 

A variety of methods have been used to assess distal limb pressures.60 
Traditionally, an occlusion cuff is positioned on the site of measurement 
(e.g., ankle or toe), and inflated to a supra-systolic pressure level. The cuff 
is then gradually deflated, and when the systolic pressure is reached, the 
blood flow returns as originally described by Riva-Rocci in 1896.61 The 
different methods in use apply different techniques for detecting the 
reestablishment of blood-flow.62 Although the mechanism behind the 
systems used for blood-flow detection differs, they all generate a signal that 
reflects the return of pulsation (a fast AC signal) and changes in absolute 
blood flow/volume increment (a rather slow DC signal).63 However, the 
different methods in use have different qualities regarding applicability and 
are influenced differently by factors such as low blood flow, limb tremor, 
and other factors.64 Accuracy in low pressures is vital because the 
important diagnosis of critical limb ischaemia entails the measurement of 
toe pressures below 30 mmHg.2  
 
The higher of the right and left brachial pressures is usually used as a 
reference to the lower limb pressures. However, peripheral arterial disease 
can also affect the upper limbs, e.g., causing stenosis of the subclavian 
artery, leading to a pressure difference between the arms.65 However, 
arterial occlusive disease involving vessels to both arms can, in rare cases, 
mask this condition. 
 
In patients with severe arteriosclerosis, the distal limb pressure is highly 
affected by the gravitational pull on the blood column and thus increases 
when the limb is positioned lower than heart level and decreases when the 
limb is elevated above heart level.66 This can be used as an alternative 
approach to distal pressure measurement by continuously measuring flow 
and gradually elevating the limb until the flow disappears in a patient 
resting in supine position. The pressure can then be calculated by inserting 
the distance to the bench in a formula: the so-called Pole test. This method 
has been shown to have a closer relation with intra-arterial blood pressure 
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measurement than cuff-derived assessment in patients with severe limb 
ischaemia. However, the method, is limited to patients with ankle pressures 
< 60 mmHg.66, 67 

1.4.1.1 Strain Gauge Pletysmography 

Strain gauge plethysmography (SGP) involves a mercury-based strain 
gauge positioned distal to the occlusion cuff.68 This method is based on the 
detection of volume changes using the theory of Wheatstone’s bridge and 
was introduced in the 1960s.69 It is still considered the method of reference 
in many vascular laboratories in northern Europe due to ample validation 
against intra-arterial pressure and angiographic findings.70, 71 However, this 
method is gradually being replaced by other techniques worldwide due to 
the mercury content involved. Lately, new strain gauges based on an 
indium-gallium alloy have been introduced.72 

1.4.1.2 Laser Doppler Flowmetry 

One of the relatively new methods in the field is laser Doppler flowmetry 
(LDF). The method has previously predominantly been used for micro-
vascular research.63, 73 LDF allows measurement of capillary flow by 
emission of monochromatic laser light carried by a fibre-optic probe. The 
light hits moving objects such as blood cells, which leads to a change in 
wavelength (the Doppler Shift), and the scatter is detected by a sensor.63 
This method has been shown to be sensitive for measurement of severely 
reduced pressures.64, 74-76 

1.4.1.3 Photo-plethysmography 

Another method that is increasingly used internationally is photo-
plethysmography, which is an optical method that can detect blood filling 
by measuring the changes in light absorption in erythrocytes.50, 77 A light 
source illuminates the tissue, and a photo-detector measures the changes in 
light intensity associated with changes in blood-volume in the capillaries.78 
Photo-plethysmography has been used in a number of new portable 
methods for measurement of toe pressures.41, 79-82  
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1.4.1.4 Doppler Ultrasound 

Doppler ultrasound derived measurement of ankle pressures by hand-held 
devices are widely used internationally.83-85 The method features piezo-
electric crystals, which can transmit and receive ultrasonic waves. The 
magnitude of the signal (the Doppler frequency shift) is dependent on flow 
velocity, flow direction, and the angle of insonation. The signal is weak in 
cases with low blood-flow, which makes it less successful in, for instance, 
the measurement of toe pressures.85, 86 Doppler-based measurements of the 
ABI allows assessment of the pressure based on flow in the posterior tibial 
and dorsalis pedis arteries independently.67 

1.4.1.5 Oscillometry 

Oscillometry is the standard method for automated measurements of 
brachial blood pressures but has also been used for distal limb pressure 
measurements.87, 88 The pressure within the occlusion-cuff fluctuates with 
the pulse, which can be used to detect the point of blood return by 
monitoring subtle pressure changes (oscillations) in the occlusion system.89 
The principle of oscillometry has furthermore been used in new automated 
methods for ABI assessment, but studies have shown that the method is 
unreliable in patients with low ankle pressures.89, 90 

1.4.1.6 Other techniques 

Low-cost methods such as ankle pressure assessment by stethoscope91, 92 or 
digital palpation of foot arteries93, 94 have also been introduced with varying 
success.  

1.4.1.7 Settings and requirements for measurements 

Comparable prerequisites regarding study procedures are essential when 
addressing whether the methods are interchangeable.95 Most vascular 
laboratories that perform method comparison in distal limb pressure 
measurement use rooms with stabile room temperature along with a resting 
period before the test.84 This allows for stabilisation of the haemodynamics 
and minimises the effects of ischaemia induced by, for instance, walking 
prior to the measuring procedure.  
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The approach to limb heating prior to the tests is markedly different among 
vascular laboratories. Different heating methods in use include heating 
overlays/pads, electric blankets, or even hair dryers.21 Measurements such 
as toe pressures have been shown to be highly susceptible to distal 
temperature changes, and it has been argued that insufficient heating leads 
to disease misclassification, which is the reason for recommending lower 
limb heating.96-98 Pre-test heating reduces the influence of sympathetic 
vasomotion, which induces vasodilation, and thus strengthens the signal 
regardless of the method.74 However, it could be hypothesised that 
diagnosis based on non-heated limbs is closer to the pathophysiologic 
normal situation for the patient. The signal when using e.g., LDF or PP can 
also be optimised by local heating in the vicinity of the probe.74 However, 
the sole use of local heating would challenge the test-retest reproducibility 
due to the effects on limb temperature of hyperaemia induced by 
inflammation, recent surgery, or seasonal temperature changes because the 
measured toe pressures correspond to the limb temperature.96 
 
Other factors that can potentially influence the measurements are peripheral 
vasoconstriction caused by medication or smoking prior to the test. 
However, studies have shown that, for instance, beta-blockers have limited 
effect on skin microcirculation.99 Additionally, appropriate sizes and shapes 
of the occlusion cuffs are essential for diagnostic accuracy and 
reproducibility.100-102 
 
The measurement of reliable toe pressures has traditionally been limited to 
vascular laboratories that restrict the access. One of the major problems 
with e.g., SGP, LDF, and PP is the requirement of expensive equipment 
along with well-trained observers. To overcome this issue, new cost-
effective automatic or semi-automatic methods have been introduced to 
allow measurement of pressures for screening purposes, e.g., bedside or at 
the general practitioner.41, 79-81, 84, 89, 103 Data showing studies of diagnostic 
accuracy for different methods are shown in Table I (laboratory methods) 
and Table II (automatic or semi-automatic non-laboratory methods). 
Moreover, software-based reading of curves has been introduced to reduce 
observer bias.104  
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1.4.2 Physiology of distal blood pressure 

Blood pressure is a function of cardiac output and peripheral vascular 
resistance.109 The amplitude of the blood pressure waveform increases as it 
travels distally from the heart, leading to increased systolic blood pressure 
and decreased diastolic blood pressure.83 The amplification of the systolic 
pressure is partly due to the additive effect of the retrograde wave reflection 
from the resistant distal arterioles and other sites of the vascular bed. 
Consequently, the systolic blood pressure is higher at ankle level than 
centrally under normal conditions. In agreement with this, there is a 
correlation of systolic ankle pressures and body height, although the 
clinical relevance of this is negligible.110, 111  

 
The segmental blood pressure is also dependent of the total blood vessel 
area, which increases distally as the arteries divide into smaller vessels. The 
systolic blood pressure at toe level is lower than the blood pressure at ankle 
level in the normal situation. Because distal pressure is affected by changes 
in central blood pressure as well as reflection from resistant distal 
arterioles, it has been speculated that the indices are not fixed.83 In line with 
this reasoning, factors such as increased heart rate or changes in blood 
volume could, in theory, affect the distal pressures due to consequent 
changes in peripheral vascular resistance. However, studies on this have 
shown that these factors have limited clinical relevance.112, 113  

 
Blood pressure is furthermore dependent of the elasticity of the arterial 
system, and reduced vessel compliance lead to further increase in the 
amplitude. In the presence of advanced vessel stiffness, the cushioning 
Windkessel function of the aorta is reduced due to fragmentation of elastin 
fibres leading to a more pulsative distal flow, increment of vessel diameter, 
and the risk of tissue damage.114, 115 In medium to small-size muscular 
arteries such as the radial artery, inter-mammary arteries, and ankle 
arteries, medial arterial calcinosis (MAC) causes circumferential 
calcification of the tunica media and increased vessel rigidity with a similar 
change in flow transmitation.116  

 
During measurement of distal limb pressures, the gradual deflation of the 
occlusion cuff leads to different phases with an initial complete vessel 
occlusion, followed by a period of arterial inflow but compromised venous 
flow, and lastly gradual return of venous flow. The normal response to the 
release of an arterial occlusion is post-occlusive reactive hyperaemia which 
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induces brief vasodilation followed by vasoconstriction.117 In micro-
vascular pathology such as endothelial dysfunction, which is associated 
with, e.g., diabetes, this response pattern is dampened.118 When a venous 
stasis is present, the so-called veno-arteriolar reflex is activated, leading to 
vasoconstriction and ultimately a reduction in peripheral blood flow.119 
This reflex is activated when a venous pressure larger than 40 mmHg is 
present and can induce an up to 50% reduction of the arterial inflow.120 
Studies have shown that this reflex is diminished in patients with micro-
vascular disease.121 Furthermore, repeated measurements, pain, or low 
temperature can lead to vasospasm and can thus reduce the relative flow.  

 
Recently, there has been increasing attention on the uneven distribution of 
lower limb perfusion in different vascular territories of the foot known as 
angiosomes.122 Six major angiosomes of the foot and ankle have been 
identified, originating from the three main arteries and their branches. 
These angiosomes are connected by collateral blood flow, which can be 
limited, but the clinical relevance has been disputed.123  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 [next page]. An example of toe pressure measurement by laser Doppler flowmetry 
(measuring capillary flow) and Strain Gauge Plethysmography (detecting changes in 
peripheral volume). First, the occlusion cuff is inflated to a supra-systolic level, inducing 
zero flow at the site of measurement. Secondly, the occlusion cuff is slowly released, 
ultimately leading to re-establishment of blood-flow. The return of blood-flow is a 
composite signal involving re-flow in the supplying vessels in a given order, systolic 
pressure reached followed by diastolic, reactive hyperaemia, the veno-arteriolar reflex, 
inflow until venous stasis compromise capillary flow, and the release of venous stasis (based 
on own data). 
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1.4.3 Strengths and pitfalls of the ankle-brachial index  

The ankle-brachial index is calculated as the ratio between the ankle 
pressure and brachial pressure.83 The vast majority of inter-society 
consensus guidelines and reviews advocate the use of ABI ≤ 0.90 or ABI < 
0.9 as being diagnostic for PAD.2, 37, 41, 124-129 The magnitude of ABI 
decrease has been shown to correlate with symptoms including walking 
distance.76 It has been suggested that the limit used should be non-fixed and 
change depending on the accuracy of the method in use and the number of 
measurement performed.130 
 
Despite the fact that an ABI ≤ 0.90 is considered robust in PAD 
diagnostics, correlation with angiographic findings remains ambiguous. 
Dachun et al. (2012) showed in a systematic review that the sensitivity for 
this cut-off ranged from 15-79% and the specificity ranged from 83-100% 
for detecting >50% vessel stenosis in the lower limb.131 The sensitivity was 
particularly low in elderly patients and in patients with diabetes. This is in 
agreement with findings showing that ABI may underestimate the severity 
of PAD, particularly in patients with diabetes or severe arterial 
calcification.132-136 
 
Fowkes et al. (2008) reviewed the evidence supporting the ABI as a 
prognostic marker combined with Framingham risk factors in a meta-
analysis. Based on 16 population cohort studies (n=48,294), they showed 
an inverse J-shaped correlation with ABI and death with a low risk for 1.11 
< ABI < 1.40.4 An ABI ≤ 0.90 was associated with a two-fold increase in 
10-year mortality, cardiovascular mortality, and major coronary events 
compared with the overall rate in each Framingham risk factor category. 
They suggested that 0.91 < ABI < 1.00 constituted a borderline abnormal 
finding due to the increased mortality when compared to patients with a 
1.00 < ABI < 1.30.4 This borderline classification has also been proposed in 
other studies.137, 138 Aboyans et. al (2010) showed in the Multi-ethnic Study 
of Atherosclerosis that ABI < 1.00 is associated with coronary artery 
disease despite the absence of traditional arteriosclerotic risk factors.139 
Furthermore, the ABI has been shown to correlate with glomerular 
filtration rate140 and survival141 in patients with chronic kidney failure, as 
well as coronary artery calcification.142 

 
In cases with advanced vessel stiffness, the ankle arteries can be 
incompressible and the pressure cannot be measured despite inflation of the 
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occlusion cuff > 250 mmHg.143 In situations with less advanced vessel 
stiffness, the ankle artery systolic pressure is measurable but exceeds the 
normal range. The limits recommended for diagnosis of supra-normal ABI 
are controversial, with different limits being used, such as ABI > 1.1532, 
ABI > 1.3011, 124, 128, 132, ABI > 1.402, 18, 126, 129 (recommended by TASC-II), 
and ABI > 1.50.39 Regardless of the limits used, the ABI has been shown to 
underestimate the presence of MAC when compared to findings from 
imaging techniques.144 Typical radiological findings of MAC are linear 
railroad track-type calcifications.9, 11 Studies have shown that more than 
half of the patients with supra-normal ABI have masked multilevel PAD, 
based on angiography.32, 145 X-ray verified MAC has been shown as a 
prognostic indicator for cardiovascular disease and death in patients with 
chronic kidney failure.144 

1.4.4 Strengths and pitfalls of the toe-brachial index  

The toe-brachial index is defined as the ratio between toe pressure and 
brachial pressure. Høyer et al. 2013f (by the author and supervisors of  
this thesis) reviewed the literature regarding the evidence supporting  
the use of the TBI in the diagnosis of PAD.146 The measurement of  
absolute toe pressures is well validated in the diagnosis of critical limb 
ischaemia and is a prognostic marker for wound healing.14, 71, 147, 148 
However, the review showed that the use of the TBI for the diagnosis of 
PAD remains highly controversial, particularly regarding the diagnostic 
limits. Although most guidelines2, 125, 138 and reviews on PAD 
diagnostics124, 126, 128, 129 advocated a TBI of < 0.70 as the cut-off, it is not 
strictly evidence-based. Other limits are frequently used in observational 
studies and clinical settings such as TBI < 0.75149, TBI < 0.7421, TBI < 
0.65150, TBI < 0.6423, 41, 151, TBI < 0.6011, 31, 32, 132, 152 or TBI ≤ 0.54.153  
 
A total of eight studies in normal populations were identified in the review, 
of which only one study ruled out arterial stenosis using imaging 
techniques.21, 149, 153-157 A normal range (mean ± 2 SD) of 0.71 – 1.14 was 
estimated based on the weighted average in studies with pre-heating of the 
limbs as shown in Figure 3. However, large methodological issues were 
detected, such as a lack of imaging techniques to exclude PAD, small study 
sample sizes, inclusion of persons with inappropriate age distributions, and 
the use of different and likely not directly comparable techniques.  
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associated with chronic kidney failure31, 150, 165, coronary artery stenosis152, 
micro-vascular diseases166 such as erectile dysfunction167, and systemic 
sclerosis.157 Furthermore, the TBI has been shown to be a predictor for re-
stenosis following percutaneous trans-luminal angioplasty.168 
 
It has been proposed that a low TBI in the setting of a normal ABI reflects 
small-vessel disease, while patients with a low ABI have large-vessel 
disease.24, 30 However, the group is more heterogeneous because a subgroup 
of patients with vessel stiffness would produce a falsely normal ABI, and 
mask the presence of true large-vessel disease.32, 66, 133, 134 Moreover, 
because the toe vessels are susceptible to vasoconstriction63, patients 
without PAD could falsely be classified as having a low TBI. This effect 
can be minimised by measuring the TBI under standardised conditions, 
such as using rooms with stable temperatures and implementing pre-test 
limb heating.96, 97 Under standardized conditions, the day-to-day variation 
of toe pressures seems comparable to that of ankle pressures.169 Studies 
have shown that approximately one-third of the patients with a TBI < 0.7 
and a normal ABI progress to an abnormal ABI after a 4.6 year-follow-
up.22 

1.4.5 Variation in distal pressure measurements 

Distal limb pressures are known to be prone to substantial variation 
between measurements contributed by biological variation as well as 
variation attributed to the method.64 Important factors compromising 
reproducibility include observer variation170, temperature control96, 
occlusion cuff size100 and positioning101, and the interpretation of the 
derived signal.104, 169  
 
The important influence of short-term biological variation, for instance, 
caused by alterations in haemodynamics and vasospasm, is revealed by the 
substantial improvement in agreement between methods when conducting 
measurements simultaneously as opposed to subsequently.64, 75 
 
A mean day-to-day variation for the SGP method (standard deviation of 
mean pressure differences) ranging from 6-10 mmHg for toe pressures and 
9-11 mmHg for ankle pressures has been reported.169, 171-173 Studies on LDF 
reproducibility have shown an intra-day variation ranging from 5-27 
mmHg and week-to-week variation ranging from 13-34 mmHg for toe 



 1.5 Methodological requirements in studies of diagnostic accuracy  19 
 

 

pressures.43, 43 Studies on PP reproducibility have shown a week-to-week 
variation of 17 mmHg for toe pressures.64 The corresponding findings for 
Doppler ultrasound ankle pressure measurements are 5-18 mmHg for intra-
day variation and 11-23 mmHg for week-to-week variation.43  
 
To cope with the known overall variation of distal pressure measurement, a 
change of >0.15 in the ABI is usually required to be considered clinically 
significant.83 No similar definition has been made for the TBI.146 

1.4.6 Strategies for calculating the distal limb pressures 

One of the key differences in measurements across vascular laboratories is 
the use of different test strategies when calculating the blood pressures.174 
In some cases, the pressure indices are calculated by single measurements 
and, in some cases, as an average of multiple measurements.79, 83 The 
evidence supporting these standards is sparse. In other laboratories, the 
number of measurements is based on a predefined reproducibility 
criterion.81, 108 This type of strategy to improve the reliability of 
measurements of brachial blood pressure measurements for diagnosis of 
arterial hypertension is recommended by the American Heart Association.87  
To minimise the effect of variation due to changes in haemodynamics 
between measurements, the brachial blood pressure can be measured 
simultaneously with each corresponding segmental pressure to allow for 
calculation of the indices. However, some laboratories calculate all indices 
based on a single brachial pressure.83  

1.5 Methodological requirements in studies of diagnostic 
accuracy 

A major problem in studies of diagnostic accuracy is biased findings 
caused by the study design. To cope with this issue, a series of tools have 
been developed to aid in designing studies including standards for reporting 
diagnostic accuracy studies such as the STARD recommendations.175 
Additionally, tools have been developed for grading the methodological 
quality of studies, such as GRADE176, QAREL177, QUADAS-I/-II95, 178, and 
the Cochrane diagnostic test accuracy criteria.179 A common theme in these 
recommendations is to ensure a consecutive non-selective study population 
with a disease prevalence that is representative of the target population for 
the given method. Moreover, for the sake of generalisability, the 
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equipment, standards, and observers used should be representative of 
intended future use in a clinical setting. Furthermore, when comparing 
methods, it is crucial to have a well-validated reference standard, proper 
randomisation, and a low influence of clinical clues. Knowledge on e.g., 
clinical clues, patient history can potentially bias the findings and can be 
minimised by blinding observers.180 However, the study should still be as 
close to the clinical setting as possible.179  

1.6 Conclusions leading to the present thesis 

Despite the many promising findings regarding the introduction of different 
automated portable methods for the measurement of toe pressures, the 
presented studies have huge methodological problems, especially 
concerning patient selection and operators. Diagnostic test accuracy studies 
according to the standards mentioned in the previous section (1.5) are 
pivotal for assessing the diagnostic potential of this approach for 
diagnosing PAD. This is needed before being able to assess whether TBI 
assessment could be used as a screening supplementary to or instead of the 
current standard; Doppler-based ABI. 
 
Regardless of the fact that the LDF method is increasingly used as a 
reference standard in vascular laboratories, only a few large-scale studies 
have been conducted on the interchangeability with other laboratory 
methods, using a representative line of patients with appropriate blinding.  
 
Correct signal interpretation is pivotal for correct diagnostic classification 
and is an important factor in the overall reproducibility. However, only a 
few small studies have assessed the reproducibility of curve readings for 
methods such as SGP and LDF.  
 
Lastly, because different vascular laboratories use different approaches to 
calculating distal limb pressures regarding the number of measurements 
and comparisons to brachial arm pressures, studies are needed to explore 
the agreement among the different strategies. 
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2 
Aims 

New Chapter 

1) To evaluate the diagnostic characteristics and feasibility of a new 
portable method for diagnosing PAD by measuring toe pressures 
when using strain gauge plethysmography as a reference standard. 
(Study I) 

 
2) To assess the reproducibility of strain gauge plethysmography 

curve reading and to investigate the potential influence of clinical 
clues for toe and ankle pressure measurements when using 
laboratory technologists as observers. (Study II) 

 
3) To assess the interchangeability between the two laboratory 

standards, laser Doppler flowmetry and strain gauge 
plethysmography, for toe and ankle pressure measurements. (Study 
III) 

 
4) To investigate the influence of different measuring strategies 

concerning the number of measurements and the importance of 
obtaining brachial pressures corresponding to each regional 
pressure for diagnosis of PAD and agreement with absolute 
pressures. (Study IV) 

 
5) To assess the reproducibility of laser Doppler flowmetry curve 

reading for toe and ankle pressure measurements when using 
laboratory technologists as observers. (Study V) 
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3 
Materials and methods 

New Chapter 

3.1 Study populations 

3.1.1 Study I-II 

During a predefined period of two months from 1 September to 31 October 
2010, all patients referred to the vascular laboratory for distal blood 
pressure measurements were invited to participate. The cohort was 
comprised of inpatients and outpatients with known or suspected PAD. If a 
patient was referred more than once during the trial period, only the data 
from the first referral was used. The eligibility criteria were age >18 years 
and mental capacity for complying with the study procedures. Patients were 
excluded if time constraints interfered with the study procedure. Ankle 
pressure measurements were not performed in cases with recent local 
revascularisation due to the risk of thrombosis.83 Finally, the Central 
Denmark Region Committee on Biomedical Research Ethics required that 
the patients had no less than three hours upon receiving and reading the 
letter of invitation to consider participation in the study. The dataflow is 
shown in Figure 4. 

3.1.2 Study III-V 

Consecutive patients referred for distal blood pressure measurements in the 
Spring of 2012 with known or suspected PAD were screened for inclusion 
in the trial. Two hundred patients were scheduled for inclusion in the study. 
The same inclusion criteria were applied as used in Study I-II, with the 
exception that the Central Denmark Region Committee on Biomedical 
Research Ethics did not require a minimum time to consider participation 
in the study. A total of 223 patients were screened, and 200 patients (90% 
of referred patients) were included in the period between February 20 and 
April 10, 2012. The dataflow is shown in Figure 5. 
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3.2 Methods  

3.2.1 Test standards (Study I+III) 

The patients rested in a supine position in a room with stable temperature 
for at least 15 minutes prior to the measurements. Adequate limb 
temperature was provided by heating the lower extremities with heating 
overlays (Action Shear Smart®, Action Products Inc., Hagerstown, MD, 
USA) at 35-40ºC. The skin temperature of the first toe was measured prior 
to each segmental pressure assessment using an infrared thermometer (TN1 
thermometer®, Electronic Temperature Instruments Ltd., Worthing, UK).   

3.2.2 Accepted measurements (Study I+III) 

All measurements in Study I + III were made at least in duplicate at each 
measuring site. The measurements were repeated until two readings were 
obtained with a maximum difference of 10 mmHg. A maximum of five 
measurements were performed at each site. An average of the two 
measurements with a difference ≤ 10 mmHg was used to calculate the 
segmental pressure. In cases where three pressures were obtained with a 
difference of ≤ 20 mmHg between the highest and lowest value, an average 
of the three was used.  

3.2.3 Measuring sequence (Study I) 

Toe pressures were measured by the index test and reference test in both 
limbs by two different operators blinded to the results of the other test. In 
the case of toe amputations or an inability to apply the cuff to the first toe, 
measurements were performed on the second toe using both methods. All 
patients were randomised in blocks of four (opaque, sealed envelopes) to 
determine which test would be used first. Following the measurement of 
toe pressures by the index and reference tests, ankle pressures were 
assessed by SGP in all patients. 

3.2.4 Measuring sequence (Study III) 

Eligible patients were randomised for measurements by both techniques in 
one of the two sequences: (1) SGPtoe pressures-LDFtoe pressures-SGPankle pressures-
LDFankle pressures or (2) LDFtoe pressures-SGPtoe pressures-LDFankle pressures- 
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SGPankle pressures. All patients were randomised in blocks of four using 
opaque, sealed envelopes to determine the sequence. Measurements were 
obtained by different operators for each method, who were blinded to the 
results of the other test. Pressure measurements at the toe or ankle level 
were conducted in both limbs simultaneously. The same occlusion cuffs 
were used by both systems, and there was no repositioning of the cuffs 
between tests. The occlusion cuffs were connected to pressure controllers 
specific for each device. 

3.2.5 Blood pressure measurements 

3.2.5.1 Reference test: SGP (Study I+III) 
A Digitmatic DM2000® (Medimatic A/S, Hellerup, Denmark) was used 
for the SGP with measurements of both limbs conducted simultaneously. A 
mercury-in-silastic strain gauge was wrapped around the pulp of the toe for 
all SGP measurements. For the toe pressure measurements, appropriately 
sized pneumatic occlusion cuffs (ranging 90-130x15-25 mm) were placed 
at the base of the toe. Prior to filling the occlusion cuff, a 10-second manual 
pressure was applied to the pulp of the toe to empty the vascular bed. For 
the ankle pressure measurements, occlusion cuffs of 290-420x120 mm 
were used, and the lower limbs were elevated 50-70 cm 30 seconds prior to 
inflation to reduce the peripheral blood volume. The deflation time for the 
occlusion cuff (average 3 mmHg/sec) and the sensitivity were adjusted 
appropriately by the primary observer according to the institution’s 
practice.  

3.2.5.2 Index test: ADP (Study I) 
The automated photoplethysmographic device (SysToe®, Atys Medical, 
Soucieu-en-Jarrest, France) was used. A 120x25 or 90x15 mm pneumatic 
occlusion cuff was placed on the base of the toe (proximal cuff). The sensor 
was positioned on the toe pulp with two-sided adhesive tape and covered 
by another pressure cuff (distal cuff).79 Upon initiation of an automated 
sequence, the distal cuff was inflated to empty the vascular bed of the toe. 
After five seconds, the proximal cuff was automatically inflated to 300 
mmHg, followed by a rapid deflation of the distal cuff. During the 
automatic deflation of the proximal cuff (3 mmHg/sec), the photosensor 
detected the influx of erythrocytes when the segmental pressure superseded 
the pressure in the proximal cuff. The APD measures one limb at a time 
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and uses a software algorithm that automatically calculates the toe 
pressures. 

3.2.5.3 Index test: LDF (Study III) 
The MoorVMS-LDF® (Moor Inc, Axminster, Devon, UK) system was 
used for the LDF measurements. The two probes (VP-1, Moor Inc, 
Axminster, Devon, UK) were embedded in a moulded flexible socket and 
secured using adhesive discs. The tubes from the occlusion cuffs were 
connected to the pressure controller (MoorVMS-PRES®, Moor Inc, 
Axminster, Devon, UK). Following the positioning of the probe, an 
automated protocol was initiated that inflated the occlusion-cuff (inflation 
time approximately 3 sec) to a pressure selected by the operator (150-250 
mmHg), well above the systolic arm pressure. After a hold period of 10 
seconds, the proximal cuff deflated automatically (3 mmHg/sec) with the 
probe measuring skin blood flow throughout the deflation period with a 
sampling rate of 40 Hz.  

3.2.5.4 Brachial blood pressure (Study I+III) 
Brachial blood pressures were measured in the supine position using an 
automated device (Digital Blood Pressure Monitor, UA-852, A&D 
Instruments, Abingdon, UK). The blood pressure was measured in both 
arms, and the side with the highest systolic pressure was selected as the 
reference for the ABI and TBI calculations. The brachial pressure was 
acquired simultaneously with all separate measurements of the toe and 
ankle pressures. 

3.2.6 Post-trial data reanalysis 

3.2.6.1 Study I-II 
In addition to the on-site pressure reading, the SGP curves were re-analysed 
after the experiment was finalised following a period of at least three 
months. Two independent observers rated the curves with no information 
on patient history, signs, or symptoms. It was not permitted to make any 
marks or notes on the SGP curves during the sampling that could interfere 
with the subsequent blinded re-evaluation of the measurements. 
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3.2.6.2 Study III, V 
At least three months after the completion of the trial, two independent 
observers re-analysed the LDF curves without information regarding 
patient history, signs, or symptoms. The observers received supervised 
training in LDF curve interpretation during the study period and additional 
training prior to the readings. 

3.2.6.3 Study IV 
The segmental pressures derived from Study III, were re-calculated using 
the following three methods: [M-1], only the first measurement was used; 
[M-2], an average of the first two measurements, and [RC], an average of 
two measurements with a difference ≤ 10 mmHg (“reproducibility 
criterion”). In cases where three pressures were obtained with a difference 
≤ 20 mmHg between the highest and lowest value, an average of the three 
was used. The TBI and ABI were calculated using (1) only the baseline 
brachial blood pressure obtained as a reference (BBP-one) and (2) all the 
corresponding brachial blood pressures (BBP-all). 

3.2.7 Observers 

3.2.7.1 Study I-II 
The measurements and initial readings were performed by 13 laboratory 
technologists who routinely perform distal blood pressure measurements. 
Their experience with SGP ranged from 1.5 to 28 years (median 3.5 years). 
All of the technologists received supervised training with the APD before 
conducting the study. Two of these laboratory technicians, who were 
responsible for distal blood pressure methods at our department, were 
assigned to secondary re-reading of the curves; they had experience of 1.5 
and 5 years with the SGP method. 

3.2.7.2 Study III-V 
The measurements and on-site readings were conducted by ten laboratory 
technicians with experience with the SGP method ranging from 2.8 to 29.3 
years (median 4.8 years). They had no prior experience with LDF but 
received detailed training before and during the study. The two laboratory 
technicians who were assigned to secondary re-reading of the curves had 
3.4 years of experience with distal pressure measurement. 
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3.2.8 Statistics 

The data are presented as the means ± standard deviations. Agreement in 
diagnostic classification (PAD/not PAD) was analysed using Cohen’s 
Kappa (κ). A κ value ranging from 0.41-0.60 indicated moderate 
agreement, a value between 0.61-0.80 indicated substantial agreement, and 
a value between 0.81-0.99 indicated almost perfect agreement.181 Quantile-
quantile plots and histogram analysis of the data were used to investigate 
whether the variables were normally distributed. Agreement on absolute 
pressure values and indices was assessed using an intra-class correlation 
coefficient (absolute agreement, single measures, two-way random model). 
Reproducibility for repeated measurements was assessed using coefficient 
of variance. Difference-mean plots (Bland-Altman) were constructed to 
assess the discordance in the range of pressures.182, 183 In the case of 
heteroscedasticity, the difference-mean plots were substituted with 
differences expressed as relative differences vs. mean plots.184  Paired or 
unpaired t tests were used for intragroup comparison of the variables of the 
various methods. A P-value < 0.05 was considered to be statistically 
significant. Pre-test power calculations were not performed because the 
primary end-point was not to detect a systematic difference among the 
methods but to investigate the applicability of the methods in an everyday 
clinical setting. To ensure a representative study population, study sizes of 
approximately 200 patients were selected for the studies prior to inclusion. 
Statistical analysis was performed using SPSS software version 20.0 (SPSS 
Inc., Chicago, IL, USA).   
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4 
Study I: Randomised diagnostic accuracy 

study of a fully automated portable device for 
diagnosing peripheral arterial disease by 

measuring the toe-brachial index 
New Chapter 

4.1 Major findings 

4.1.1 Patients and data sampling 

Among the 204 patients, five patients had lower limb amputations leaving 
201 right and 202 left limbs eligible for segmental pressure assessment. 
Ankle blood pressures were not measured in a few patients due to recent 
vascular surgery. All patients had successful toe pressure measurements by 
both methods in at least one limb. Of the 403 examined limbs, the APD 
was able to measure toe pressures in accordance with our reproducibility 
criteria in 400 (99.2%) limbs, and SGP was able to measure toe pressures 
in 402 (99.8%) limbs. Please confer to appendix A for demographic 
characteristics. 

4.1.2 Agreement in diagnostic classification 

Of the 204 patients, PAD was diagnosed using SGP in 161 patients 
(78.9%) and using APD in 177 patients (86.8%) based on TBI 
measurements. A total of 159 patients (77.9%) were classified as having a 
TBI < 0.70, and 25 patients (12.3%) had a normal TBI according to both 
methods, leading to an overall agreement in diagnostic classification in 184 
patients (90.2%). Two patients (0.9%) had a TBI < 0.70 according to APD 
alone, and 18 patients (7.8%) had a TBI < 0.70 according to SGP only. 
When adding the ABI from the SGP measurements to diagnose PAD, two 
patients were re-classified from non-PAD to PAD. These two patients had a 
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TBI < 0.70, as measured by APD.  A total of 35 of 204 patients (17.2%) 
had an ABI > 0.90 but a TBI < 0.70 as measured by SGP. 34 of the 35 
patients also had TBI < 0.70 as measured by APD. Fourteen of these 
patients were suspected of vascular stiffness based on a history of diabetes 
or chronic kidney disease, or ABI > 1.40.  

 
 

Table III:  Agreement in PAD diagnosis 
 

  
 

 
 
 
 
 
 
 
 
 
 
 

Table IV:  Test accuracy of the APD with SGP as reference test 

 
 
 
 
 

SGP APD  

 PAD Not PAD Total 

PAD 161 2 163 

Not PAD 16 25 41 

Total 177 27 204 

κ = 0.685 (95% CI: 0.546-0.824) 

 Sensitivity Specificity PPV NPV 

TBI < 0.7 98.8% 58.1% 89.8% 92.6% 

TBI < 0.7 or ABI ≤ 0.9 98.8% 61.0% 91.0% 92.6% 

CLI 83.3% 97.8% 78.9% 98.4% 
PPV: positive predictive value, NPV: negative predictive value. CLI diagnosis is 
based on Fontaine III/IV as well as SGP toe pressures. 
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ankle measurements lasted 15:16 ± 7:18. The APD was less painful (0.5 ± 
1.1) than SGP regarding the toe (1.3 ± 2.2) or ankle pressure measurements 
(2.0 ± 2.3) (p < 0.05). 

4.2 Discussion 

Our results showed good correlation of segmental blood flow 
measurements between the APD and the SGP over a range of pressures, 
including patients with low pressures. Disease classification showed a large 
degree of agreement, suggesting excellent diagnostic characteristics of the 
APD. The APD had a high sensitivity for detecting PAD according to the 
TASC-II criteria, and a TBI reading below 0.5 using the APD was 
indicative of corresponding abnormal SGP findings. An APD 0.50 ≤ TBI < 
0.71 would require an additional test to establish the PAD diagnosis. 

 
The APD was able to perform measurements according to our 
reproducibility criteria in 99.2% of the included limbs. As the measuring 
sequence is fully automated, it offers an observer-independent 
interpretation of the segmental pressure. In addition, in our study, the APD 
induced less pain and was less time consuming compared to the SGP for 
measuring the TBI and ABI.  

 
An earlier study (Pérez-Martin et al, 2010) has shown acceptable test-retest 
variation using the same equipment and found a good correlation with 
absolute pressures compared to laser Doppler flowmetry.79 However, this 
study did not focus on PAD diagnosis on a patient basis but absolute 
pressure comparisons, and it was conducted in a selected population. In 
addition to the device tested in this study, a number of other automatic and 
semi-automatic portable devices based on photoplethysmographic 
principles have been developed for practical and cost-effective toe-pressure 
measurements.41, 103, 104, 170 These devices have all been compared to 
standardised distal pressure assessments with varying success. Generally, 
prior studies have failed to follow recommendations for diagnostic 
accuracy studies as outlined by STARD and Cochrane DTA, especially 
regarding patient selection and disease classification. The primary tool for 
PAD screening, which is Doppler derived measurement of ABI, has a low 
rate of success for toe pressure measurements.86  
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The segmental pressures in this study were acquired using a standardised 
laboratory setup, including pre-test limb heating and a stable room 
temperature. Inadequate limb heating leads to reduced toe pressures and 
disease misclassification.97 Nonetheless, the implementation of low-cost 
TBI screening in primary or secondary care using the APD seems plausible 
given the minimal observer training required. Making pre-test limb heating 
and limb temperature measurements standard prior to toe pressure 
assessment would be imperative to strengthen reproducibility in non-
laboratory settings.   

 
Screening is a major key for detecting early-stage disease, which allows 
initiation of optimal medical treatment and reducing modifiable risk factors 
for high-risk patients.25 Current practical low-cost tools for PAD screening 
in primary care or for bedside use include clinical examination46 with pulse 
palpation8, patient history8, and Doppler-ABI.46, 84 An abnormal ABI has 
been proven to be a valid predictor of cardiovascular morbidity and 
mortality.4 However, in patients with vascular stiffness, there is a risk of 
overestimating the ankle pressures, leading to disease misclassification.133 
In contrast, the distal pedal arteries are less susceptible to media calcinosis, 
which makes the measurement of toe pressures useful.41 In concurrence, the 
toe blood pressure measurement is strongly endorsed by the TASC-II 
guidelines,2  and have previously been shown to correlate well to 
angiographic findings.158 An interesting observation is that 17.2% of the 
patients in this study who were diagnosed as having PAD according to the 
SGP-derived TBI had a normal ABI. As the SGP method at our 
Department previously has been shown to correspond to Doppler ABI, 
these patients would likely be classified as normal based on ABI screening 
only.105 This finding is in agreement with the results from studies in 
patients with diabetes21 or chronic kidney disease.31 Nonetheless, 60% of 
the patients with a normal ABI but TBI < 0.70 in our study were not 
suspected of having vascular stiffness based on the diagnosis of diabetes, 
chronic kidney disease or ABI > 1.40. The TBI-based APD method could 
potentially be used as an initial test for identifying patients who need 
further diagnostic vascular examination. This could lead to improved 
overall screening for PAD and potentially detect high-risk patients who 
remain undiagnosed by current standards. 
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4.2 Study limitations 

The patients recruited in this study had a higher prevalence of PAD than 
would be anticipated in an age-matched general population or in primary 
care.  

4.3 Conclusions 

Using SGP as a reference, the APD showed high sensitivity and acceptable 
specificity for detecting PAD. The APD could be justified as a gatekeeper 
for further vascular diagnostics with minimal observer training required. In 
addition, a good correlation in absolute toe pressures was found for APD 
and SGP. Nearly one in five patients had PAD according to TBI 
measurements but not according to the ABI measurements. This is a 
potential way to improve PAD screening and diagnosis in a subgroup of 
high-risk PAD patients, who remain undiagnosed by the current standards. 
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5 
Study II: Reliability of mercury-in-silastic 

strain gauge plethysmography curve reading: 
influence of clinical clues and observer 

variation 
New Chapter 

5.1 Major findings 

5.1.1 Patients and data sampling 

The 204 enrolled patients included 201 right and 202 left limbs (limb 
amputations, n=5) with a total of 804 curve-sets produced. One right and 
one left ankle pressure were not performed due to recent vascular surgery. 
The measuring site was excluded from analysis if one of the three observers 
deemed the entire dataset unacceptable. This was the case in eight of the 
804 datasets (1%) of which seven were rejected by observer B exclusively. 
This generated individual mean segmental blood pressure values from 200 
right and 202 left toe readings and 198 right and 196 left ankle readings 
eligible for analysis.  

5.1.2 Diagnostic classification 

In the blinded versus non-blinded comparison of the 204 patients, 163 
(79.9%) were classified as having PAD and 39 (19.1%) as not having PAD 
during the primary (A-1) as well as secondary reading (A-2). One patient 
deemed as having PAD during the primary investigation (A-1) was re-
categorised after reinterpretation with the observer blinded to clinical input 
(A-2) and one patient was also re-categorized for the opposite situation. 
This leads to an agreement in diagnostic classification on a patient basis 
(PAD/not PAD) in 202/204 (99.0%). Analysis using Cohen’s kappa 
showed a strong agreement with κ = 0.969 (p < 0.001).  
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In the inter-observer readings, 163 (79.9%) patients were diagnosed with 
PAD and 38 (18.6%) as not meeting the criteria for PAD by both observers 
(A-2 and B). One patient was diagnosed as having PAD during the blinded 
re-reading (A-2) by the other blinded observer (B) only, and two patients 
according to observer A-2 only. The overall agreement for inter-observer 
readings was 201/204 (98.5%) with κ = 0.953 (p < 0.001). Both observers 
diagnosed 18 (24.7%) patients with Fontaine III-IV as having an ankle 
pressure < 50 mmHg and/or a toe pressure < 30 mmHg, and 53 patients 
(72.6%) who did not meet this criteria.  

5.1.3 Observer variation 

The comparison of mean individual data from the initial investigation to the 
blinded re-reading by the same observer (A-1/A-2) and another observer 
(A-2/B) are shown in table V. The mean differences for A-1/A-2 and A-2/B 
data were less than 2 mmHg in all instances. The blinded observer (A-2) 
reported significantly lower pressure in three of four measuring sites 
compared to the unblinded condition (A-1) (p value < 0.043). The inter-
observer data demonstrated significant differences in one of the four sites 
(p value < 0.034). Intraclass correlation coefficients showed excellent 
correlation (all ≥ 0.969) for both blinded/non-blinded and inter-observer 
data (Table V). Bland-Altman plots for blinded/non-blinded data are shown 
in Fig. 8, and inter-observer data in Fig. 9. In both cases, the Bland-Altman 
plots showed that in general, there is less variation in toe pressure than in 
ankle pressure readings. 
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such as objective findings, patient history, and the results of any previous 
distal blood pressure measurements. However, the readers were blinded to 
such information during the second interpretation. We hypothesized that 
the observers would be prone to include visual findings such as skin colour 
change during cuff deflation when interpreting the curves. The results of 
the study indicated low impact of clinical clues on interpreting of the 
curves. The average difference between the observers were less than 2 
mmHg for both ankle and toe pressure measurements. Some of these small 
differences were found to be statistically significant since the large sample 
size allows the detection of small effects, although there is a possibility that 
some of the significant differences are due to chance. In any case, however, 
the average differences detected are smaller than the predefined curve 
reading accuracy of 5 mmHg. Our findings also indicate a low intra-
observer variation, as re-reading of the curves by the same observer showed 
variation comparable to what was found in the inter-observer study, despite 
the different prerequisites regarding masking to clinical clues. A few 
measurements with major discrepancy between observer readings were 
primarily found in ankle-readings, which is in concurrence with the 
findings of Arveschoug et al. (2008) who investigated the influence of 
curve-reading by different observers on SGP reproducibility in a small 
study (n=30).169 In addition, our study indicates minimal influence of 
suspected or established vascular stiffness on the variation in curve 
interpretation. 
 
Distal blood pressures, including SGP based measurements, have been 
subjected to numerous studies regarding day-to-day variation.43, 169, 171-173 
Our study has shown that observer variation has a minimal effect on SGP 
curve readings. However, overall variation of the method includes 
individual instrument settings such as sensitivity, speed of emptying of the 
air-filled reservoir, positioning of occlusion-cuffs etc. These aspects have 
previously been investigated in several studies describing low test-retest 
variation when repeating SGP measurements by the same observers. A 
mean day-to-day variation (standard deviation of mean pressure 
differences) ranging from 6-10 mmHg for toe pressures and 9-11 mmHg 
for ankle pressures have been reported.169, 171-173 Compared to our findings, 
it would seem that variation based on observer readings in the SGP method 
account for less than half of the total test-retest variation. 
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Low observer influence is highly relevant when using the SGP method for 
studies of diagnostic accuracy, since proper blinding of the observers is 
imperative for data quality.177 Studies have shown that non-blinded 
assessors generate substantially biased interpretation of the results.180 
Interpretation of pressure curves is also an issue with other methods used 
for segmental pressure measurement. The photo-plethysmographic 
techniques detect changes in the blood filling of the capillaries, laser 
Doppler methods use the Doppler shift undergone by an emitted laser light 
which detects erythrocyte flux (numbers and movement), whereas SGP 
detect distal volume changes.63 All methods require manual curve 
interpretation since the automated computerised algorithms often fail. 
Although the mechanism behind the blood flow detection systems differs, 
they share generation of a curve which reflect changes in absolute blood 
flow/volume increment (the rather slow DC signal) and return of pulsation 
(a fast AC signal).63 To be best of the authors’ knowledge, there is no 
consensus of which of these two parameters should be prioritized upon 
interpretation of a given pressure curve. It is likely that the detection of 
weak AC signals is better in some techniques than others, and studies have 
shown systematic bias between the various methods in use.74 Moreover, the 
observer repeatability of curve-readings in the various new methods 
remains to be clarified. 
 
Mercury-in-silastic SGP is a well-established approach to distal blood 
pressure measurements and has been in use for over five decades. Despite 
the introduction and application of various new approaches for assessment 
of distal limb perfusion, the SGP still remains one of the best validated 
methods. Further studies are needed to test whether the different methods 
are fully interchangeable and equally reproducible.  

5.3 Conclusions 

The study showed no substantial effect of clinical clues or patient history 
on SGP curve readings with regard to final disease classification as well as 
absolute pressure values. In addition, the inter-observation among the 
technicians was very modest. The findings emphasized the robustness and 
repeatability of the SGP method. 
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6 
Study III: Diagnostic accuracy of laser Doppler 
flowmetry vs. strain gauge plethysmography 

for segmental pressure measurement 
New Chapter 

6.1 Major findings 

6.1.1 Patients and data sampling 

A total of 223 patients were screened, and 200 patients (90% of referred 
patients) were included in the study. The recruitment period lasted 30 
working days from February 20 to April 10, 2012. The skin temperatures 
averaged 30.8˚C (±1.9) during the toe pressure measurements and 29.8˚C 
(±1.8) during the ankle pressure measurements with no significant 
difference between the temperatures during the index and reference tests. 
Please confer to appendix C for demographic characteristics. 

6.1.2 Variation in brachial blood pressures 

The mean brachial blood pressure was 138 ± 20 mmHg during the SGP toe 
pressure measurements and 138 ± 21 during the LDF toe pressure 
measurements with no significant difference between the methods (P = 
0.107). The brachial blood pressure was significantly higher with SPG 
during the ankle measurements than with LDF (140 ± 21 mmHg vs. 137 ± 
21 mmHg, P < 0.001).  

6.1.3 Agreement in segmental pressures and indices 

The absolute pressures and pressure indices obtained using the two 
methods are compared in Table VI. The LDF method measured 
significantly higher toe pressures than SGP on both sides, with a mean 
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difference of 5.8 mmHg for right limbs and 7.0 mmHg for left limbs (both, 
P < 0.001). There were no significant differences between the two methods 
regarding mean ankle pressures on either side (both, P > 0.129). The LDF 
method showed higher values for TBI and ABI compared to SGP for both 
limbs (for all, P < 0.002). The Bland-Altman plots for toe and ankle 
pressure measurements (Figure 10) did not reveal a systematic difference in 
any pressure range.  

6.1.4 Agreement in diagnostic classification 

The two methods agreed in the diagnostic classification of PAD in 191 of 
200 patients, as displayed in Table VII. Cohen’s Kappa showed an 
agreement of κ = 0.775 (95% CI: 0.631 – 0.919). 
 
A total of 82 patients had Fontaine III or IV. Agreement in CLI diagnosis 
in terms of ankle pressures < 50 mmHg or/and toe pressures < 30 mmHg 
was found in 75 patients, as shown in Table VIII. The agreement according 
to Cohen’s Kappa was κ = 0.780 (95% CI: 0.624 – 0.936).  
 

Table VII: Agreement in diagnostic classification of PAD. 
 
 
 
 
 
 
 
 
 
 

Table VIII: Agreement in diagnostic classification of critical limb ischemia 
(CLI) for patients with Fontaine III-IV. 

 
 
 
 
  

SGP LDF  

 PAD Not PAD Total 

PAD 173 6 179 

Not PAD 3 18 21 

Total 176 24 200 

SGP LDF  

 CLI Not CLI Total 

CLI 18 5 23 

Not CLI 2 57 59 

Total 20 62 82 
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6.2 Discussion 

The study showed good correlation for LDF toe and ankle pressure 
measurements with the well validated SGP method over a wide range of 
pressures. The two methods showed substantial agreement in disease 
classification with respect to the diagnosis of PAD and CLI. Generally, the 
agreement between the methods was excellent, including subgroup analysis 
of diabetes, body mass index, or Fontaine classification. 
 
Although the LDF method is increasingly used as a reference standard in 
vascular laboratories, few studies have been conducted to study the 
interchangeability with other methods on a large scale.64, 74, 75, 79, 185 
Previously, a small study pioneering the use of LDF in segmental pressure 
measurements by Andersson et al. (1986) compared the method to SGP.75 
The study included a small number of highly selected patients. The authors 
showed an excellent correlation between the two methods for both ankle 
and toe pressures when the methods were used simultaneously. However, 
the agreement was markedly reduced when the comparison was performed 
using successive measurements. The authors suggested that the variation in 
the comparison was caused by variation in the lower limb blood pressure. 
This finding is in agreement with the known test-retest variation, as shown 
in prior studies using SGP or LDF measurements.64, 169 Our setup did not 
allow for simultaneous measurements because of the incompatibility 
between the systems. For this reason, we did not expect perfect agreement 
between the methods. In our study, the LDF method systematically yielded 
results that were 5-7 mmHg lower than the SGP method at the toe level but 
were only 1-2 mmHg lower than SGP at the ankle level. However, the 
mean brachial pressures were 3 mmHg higher during ankle pressure 
measurements made by SGP compared to LDF. The instantaneous inflation 
of the occlusion cuff used by the SGP method may induce discomfort, 
particularly in patients with leg ulcers. This discomfort may have induced 
elevated systemic arterial pressure and potentially masked a greater true 
difference between the methods.108  In agreement with this finding, both the 
TBI and ABI values were significantly lower for SGP than for LDF. It 
could be hypothesized that the flow changes (LDF) after deflation can be 
detected prior to the detection of volume changes (SGP).  
 
Previous, studies on LDF toe pressure measurements have shown good 
correlation with other methods, such as photo-plethysmography.64, 74, 81, 103 
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In most of these studies, LDF was shown to produce slightly higher 
pressure readings than photo-plethysmography. In general, the studies 
showed a more pronounced variation between the methods than we 
encountered in our study. The approach to limb heating prior to the tests in 
the mentioned studies is markedly different. Measurements of toe pressures 
have been shown to be highly susceptible to distal temperature changes, 
and it has been argued that insufficient heating can lead to disease 
misclassification.97 Thus, lower limb heating has been recommended to 
improve standardization.96, 97 The LDF signal can also be optimized by 
local heating in the vicinity of the probe, as shown by Ubbink et al. 
(2004).74 However, the sole use of local heating would likely challenge the 
test-retest reproducibility due to the effects on limb temperature by 
hyperemia induced by inflammation, recent surgery, or seasonal 
temperature changes, as the measured toe pressures correspond to the limb 
temperature.96 The impact on laboratory and clinical conditions on disease 
classification (PAD/no PAD) remains largely unknown. 
 
Although the mechanism behind the various blood flow detection systems 
differs, they share a signal curve that reflects changes in absolute blood 
flow/volume increment and return of pulsation.63 It is likely that weak AC 
signals are better detected in some techniques than in others. In agreement 
with this, LDF has been shown to be a more sensitive detection method for 
low pressures (reduced signal) compared to photoplethysmography.64, 74 
Accuracy in low pressures is vital because diagnosing CLI entails 
measuring toe pressures below 30 mmHg.2 In our study, which included a 
large proportion of patients with recent surgery and distal wounds, the 
completion rate for the LDF was comparable to that of SGP.  
 
In guideline recommendations, the methods used for toe or ankle pressure 
measurements are generally considered fully interchangeable.2, 40 However, 
it is evident that a high level of variation is present among the different 
techniques. It remains undetermined whether that variation is due to 
biological blood pressure variation, experimental test conditions, or 
technical variation in the different detection systems. These features 
complicate the identification of an optimal laboratory reference standard 
for the measurement of segmental blood pressure. Additionally, in order to 
correctly interpret the readings from the various methods on patient 
management, future studies should include clinical outcome such as  
wound healing. SGP is the only method that has been subjected to 
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comparison to the true reference standard, which is intra-arterial pressure 
measurement.70, 158 However, the findings of our study indicate a high 
degree of interchangeability between LDF and SGP for such measure-
ments.  

6.3 Conclusions 

LDF showed good correlation with SGP over a wide range of toe and ankle 
pressures as well as substantial agreement in the diagnostic classification 
for PAD including CLI. The LDF method yielded systematically higher 
TBI and ABI indices, as well as higher toe pressure readings than SGP; 
however, no significant difference was found in absolute ankle pressure 
measurements. 
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7 
Study IV: Number of distal limb and brachial 

pressure measurements required when 
diagnosing peripheral arterial disease by laser 

Doppler flowmetry 
New Chapter 

7.1 Major findings 

7.1.1 Patients and data sampling 

A total of 200 patients were enrolled of which 52 patients (26%) were 
diagnosed with diabetes, 49 (25%) with chronic kidney insufficiency, 151 
(76%) with arterial hypertension, and 55 (28%) were current smokers. The 
majority of patients (159, 79%) were referred from the Department of 
Vascular Surgery. The Fontaine classification were distributed as follows; 
I: 37 (18%), II: 81 (40%), III: 41 (21%), and IV: 41 (21%).  
 
The patients presented with 195 right and 191 left limbs (limb amputations, 
n=12) with 1 816 pressure curves produced. A total of 24 ankle pressures 
were not obtained due to recent surgery, fractures, or large wounds. Two 
toe pressures were not obtained due to amputations. Accepted 
measurements were acquired in 195 right toes, 191 left toes, 188 right 
ankles, and 188 left ankles. Following the reproducibility criterion, more 
than two measurements were acquired in 60 (31%) right toe pressures, 61 
(32%) left toe pressures, 57 (30%) right ankle pressures, and 57 (30%) left 
ankle pressures. 

7.1.2 Brachial blood pressure 

The baseline brachial blood pressure, measured after 15 min of rest, 
averaged at 144.0 ± 21.4 mmHg. The average brachial blood pressures 
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during the toe pressure measurements (138.0 ± 20.9 mmHg) and ankle 
pressure measurements (137.3 ± 21.4 mmHg) were significantly lower than 
the baseline brachial blood pressure (P both < 0.001). There were no 
significant difference in mean brachial blood pressure during the ankle and 
toe pressure measurements (P = 0.187). The average coefficient of 
variation for brachial blood pressure measurements was 2.86% during the 
toe pressure measurement, and 2.99% during the ankle pressure 
measurements. 

7.1.3 Diagnostic classification 

When using the standard RC method for calculating the indices, a total of 
175 (87%) patients were classified as having PAD and 25 (13%) as not 
having PAD. A total of three patients were re-categorized following 
recalculation of the indices based on one measurement (M-1) with an 
agreement of κ = 0.930 (95% CI: 0.852 - 1.000). One patient was re-
categorized when using the first two obtained measurements (M-2) 
compared to the RC standard with κ = 0.977 (95% CI: 0.931 - 1.000). The 
diagnostic grouping is displayed in table IX. 
 
 
Table IX: Agreement in diagnostic classification of PAD for three strategies using 
correspondent brachial blood pressures as reference. 

 
Abbreviations: RC: reproducibility criterion, M-1: one measurement only, M-2: the first 
two measurements. 

 
 

When reanalysing the data by using the baseline brachial blood pressure as 
reference only, a total of seven patients were reclassified using the RC 
approach, eight patients were reclassified using the M-1 method, and six 

RC M-1  M-2 

 PAD Not PAD  PAD not PAD 

PAD 174 1  175 0 

not PAD 2 23  1 24 

 κ = 0.930  κ = 0.977 
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were reclassified using the M-2 method, as displayed in table X. Analysis 
of agreement in diagnostic classification showed a κ = 0.831 (95% CI: 
0.709 - 0.954), κ = 0.804 (95% CI: 0.670 - 0.937), and κ = 0.847 (95% CI: 
0.726 - 0.968) for the RC, M-1, and M-2 comparison respectively. 
 
 
Table X: Agreement in diagnostic classification of PAD using only baseline brachial-blood 
pressure as reference vs. using all correspondent brachial blood pressures. 
 

Abbreviations: All BBP: brachial blood pressures used correspondent to all distal limb 
pressures, One BBP only: only baseline brachial-blood used as reference. 
 

7.1.4 Agreement and reliability in calculated indices 

There was no systematic bias for any of the measuring sites when 
comparing the TBI or ABI derived by the RC method to the indices derived 
by M-1 or M-2 (all P values > 0.104). The data is presented in table XI. 
Bland Altman plots are shown in Fig. 11, and they did not show 
discordance in any range of pressures or sign of heteroscedasticity (no 
variation related to the magnitude of the indices). 
 
  

One BBP 
only RC (all BBP)  M-1 (all BBP)  

 PAD Not PAD  PAD not PAD  

PAD 173 5  173 5  

not PAD 2 20  3 19  

 κ = 0.831  κ = 0.804  

     
One BBP 
only M-2 (all BBP) 

 PAD PAD 

PAD 175 175 

not PAD 1 1 

 κ = 0.847 
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using just the first brachial blood pressure as compared to using all 
correspondent brachial blood pressures measured (P all < 0.01). Difference-
mean plots constructed for TBI and ABI calculations showed increasing 
variation related to the magnitude of the indices (plots not shown). Plots 
showing the relative difference versus mean values are displayed in Figure 
12. 
 
Subgroup analysis was likewise performed for patients with diabetes versus 
nondiabetics for the three comparisons. No systematic bias was observed 
for the mean difference relative to the mean value for any of the 
comparisons in the various measuring sites (all P > 0.40). No significant 
differences were shown between the limits of agreement in any of the 
comparisons. 

7.2 Discussion 

7.2.1 Impact of using different strategies for calculating the indices 

The study showed an excellent agreement in diagnostic classification 
regarding PAD when comparing the reproducibility criterion consisting of 
at least two measurements with no more than 10 mmHg of difference to 
indices calculated by using one or two measurements respectively. In 
particularly, the difference between the calculations based on two pressures 
and pressures based on the reproducibility criterion were negligible. This 
can be explained by the fact that approximately 70% of the indices based 
on the reproducibility criterion are calculated by the first two pressures 
derived. Generally, the presence of diabetes did not influence the overall 
agreement in indices. 
 
The principle underlying the reproducibility criterion is to minimize the 
risk of falsely low or falsely high measurements. In laser Doppler 
flowmetry, as well as other methods, it is well known that several factors, 
e.g. tremor, sudden movement of the feet, coughing, etc. can influence the 
signal leading to misinterpretation of the pressures. This type of strategy to 
improve the reliability of measurements of brachial blood pressure 
measurements for diagnosis of arterial hypertension is recommended by the 
American Heart Association.87 Earlier studies have shown that diagnostic 
accuracy can be enhanced in ankle pressure measurements by increasing 
the number of measurements used.130 Moreover, it has been suggested that 
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repeated measurement in ankle pressure measurements should be reserved 
for patients with 0.80 < ABI < 1.00130 However, an optimal diagnostic 
accuracy for patients with low ABI is clinically relevant since the level 
often guide the clinicians in choosing the optimal management for the PAD 
patient.  
 
Due to the substantial test-retest variation of segmental pressure assessment 
in general, a difference of more than 0.15 for the ABI is usually considered 
significant in a clinical setup.83 The overall variation among the strategies 
demonstrated in this study was smaller than this threshold difference. 
Studies have shown that the variation in absolute ankle pressures is 
comparable to that of toe pressures but there are no correspondent limits in 
use regarding variation for the TBI.169  
 
Based on our finding, the overall impact of using the presented 
reproducibility criterion compared to using one or two measurements is 
minimal. However, from a clinical point of view, it should be kept in mind 
that the time used to obtain an additional measurement is less than two 
minutes. 

7.2.2 Importance of measuring corresponding brachial blood 
pressures 

The study results underlined that using one brachial blood pressure for 
calculation of the indices differ to some extent in terms of diagnostic 
classification and indices in comparison to simultaneous arm and leg 
pressure measurements. The baseline brachial blood pressures were 
significantly higher than values obtained during the subsequent toe and 
ankle pressure measurements. It could be speculated that the experimental 
setup induce vascular reactions similar to “white-coat hypertension”.87, 146 
However, elevated brachial blood pressures prior to the subsequent 
segmental pressure measurements is a well-described problem despite 
implementing a pre-test resting period.83 This is particularly an issue with 
the hand-held Doppler methods, since brachial blood pressures are 
traditionally obtained prior to the lower limb pressure measurement.  
 
Since the distal pressure is affected of changes in the central blood pressure 
as well as reflection from resistant distal arterioles, it has been speculated 
that the indices are not fixed.83 Such indices may vary based on changes in 
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the general hemodynamics which can be altered by pain or anxiety. 
However, the impact of changes in systemic blood pressures or heart rate 
on the ABI has been shown to be minimal.112, 113 According to these 
findings, it is imperative to secure measurement of brachial blood pressures 
correspondent to each segmental pressure in order to minimize the effect of 
changes in systemic blood pressure when calculating the indices.  

7.2.3 Study limitations 

In the present setup, there was not a reference standard (such as 
angiography) to verify the presence or absence of PAD. Thus a true 
reference for disease classification was not available. However, the 
correlation of ABI and TBI to angiographic findings remains unclear. 
Studies have shown sensitivities ranging from 15-79% and specificity from 
83-100% for detecting >50% vessel stenosis in the lower limb by using the 
established diagnostic limits.131 The evidence supporting the diagnostic 
limits is stronger as a prognostic indicator for cardiovascular morbidity and 
mortality but this is not plausible to include in a setup such as ours.4 

7.3 Conclusions 

The present study shows minimal differences in diagnostic classification 
and pressure indices when comparing calculations based on the 
reproducibility criterion, one, or two measurements. However, the study 
showed that it is important to measure brachial blood pressures 
correspondent to each segmental pressure. 
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8 
Study V: Reliability of laser Doppler flowmetry 

curve reading for measurement of toe and 
ankle pressures: Intra- and inter-observer 

variation 
New Chapter 

8.1 Major findings 

8.1.1 Patients and data sampling 

A total of 200 patients were enrolled from which 52 patients (26%) were 
diagnosed with diabetes, 49 (25%) with chronic kidney insufficiency, 151 
(76%) with arterial hypertension, and 55 (28%) were current smokers. The 
majority of patients (159, 79%) were referred from the Department of 
Vascular Surgery. The Fontaine classification were distributed as follows; 
I: 37 (18%), II: 81 (40%), III: 41 (21%), and IV: 41 (21%).  
 
The patients presented with 195 right and 193 left limbs (limb amputations, 
n=12) with 1 816 pressure curves produced. A total of 24 ankle pressures 
were not obtained due to recent surgery, fractures, or large wounds. Two 
toe pressures were not obtained due to amputations. Measurements were 
acquired in 195 right toes, 189 left toes, 188 right ankles, and 188 left 
ankles. The measuring site was excluded from analysis if one of the 
observers deemed the entire dataset unacceptable. This was the case in nine 
of the 760 datasets (1%). Individual mean segmental blood pressure was 
based on 2-3 measurements in most patients. An average of 2.4 ± 0.7 
curves were used for toe pressures and 2.4 ± 0.6 curves were used for ankle 
pressures in order to achieve a dataset according to the reproducibility 
criteria. More than two measurements were acquired in 60 (31%) right toe 
pressures, 61 (32%) left toe pressures, 57 (30%) right ankle pressures, and 
57 (30%) left ankle pressures. The distal skin temperatures averaged 30.8˚C 
(±1.9) during the toe pressure measurements and 29.9˚C (±1.8) during the 
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ankle pressure measurements. For further details about patient 
demographics, medical history and clinical variables please refer to 
appendix C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13 [next page]. Examples of LDF toe pressure curves. Following inflation of the 
occlusion-cuff to supra-systolic pressure, the signal stabilizes at the biological zero. The 
occlusion cuff is slowly deflated, and as the flow returns, the arterial inflow (A) can be 
detected (Phase I). The capillary flow is restricted until the venous stasis is gradually 
released (V) allowing unrestricted flow (Phase II). In curve (a), there is a clear distinction 
between the phases and in curve (b) they are partly merged. In curve (c) and (d), there is no 
clear distinction of the onset of the two phases as well as an initially weak DC signal. In 
curve (a), (b), and (c), there is a good quality in the AC signal (pulsation) as opposed to 
curve (d). 
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8.1.2 Diagnostic classification 

In the intra-observer readings, 173 (86.5%) patients were diagnosed with 
PAD and 21 (10.5%) as not meeting the criteria for PAD by both observers. 
The observer disagreed in the diagnosis of six patients (3.5%). The overall 
agreement for inter-observer readings was 194/200 (97.0%) with κ = 0.858 
(95% CI: 0.746 – 0.970).  Among the 82 patients with Fontaine III-IV, the 
intra-observer reading agreed in the diagnosis of CLI in 22 and agreed that 
54 did not have CLI. The observers disagreed in six cases leading to an 
agreement of a κ = 0.828 (95% CI: 0.696 – 0.961). 
 
In the inter-observer comparison, 175 (87.5%) were classified as having 
PAD and 17 (10.5%) as not having PAD by both observers. The observers 
disagreed in eight cases (4.0%), leading to an agreement in diagnostic 
classification on a patient basis in 192/200 (96.0%). Analysis using 
Cohen’s kappa showed an agreement of κ = 0.787 (95% CI: 0.643 – 0.932). 
The observers agreed in the diagnosis of CLI in 76 patients (23 as having 
CLI, and 53 as not having CLI). The observers disagreed in six cases 
leading to an agreement in 76 of the 82 patients with Fontaine III-IV with κ 
= 0.832 (95% CI: 0.702 – 0.961). 

8.1.3 Observer variation 

Comparison of curve-reading for the intra-observer and inter-observer data 
are presented in Table XIII. The second reading showed lower readings 
than the first reading for all four measuring sites in the intra-observer 
comparison and in three of the four sites in the inter-observer comparison 
(p values < 0.008). However, the mean differences are less than 2.4 mmHg 
in all instances. Intraclass correlation coefficients showed excellent 
correlation for both intra- and inter-observer data (all ≥ 0.947). Bland-
Altman plots for intra-observer data are shown in Figure 14, and for inter-
observer data in Figure 15. In both comparisons, the plots show less 
variation in ankle pressure readings than toe pressure readings with no 
indication of heteroscedasicity. 
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curve reading is sparse. In this study, we demonstrated substantial intra- 
and inter-observer agreement among in the diagnostic classification of 
PAD and CLI. Additionally, we found a low inter- and intra-observer 
variation for reading of ankle pressures. However, the variation for reading 
of toe pressures curve reading was more pronounced. The observer 
variation for reading of toe pressures was smaller in patients with diabetes 
or chronic kidney failure than in patients not diagnosed with these 
conditions. There were no similar associations in ankle pressure readings.  
 
So far, only one previous study has shown the observer variation of LDF 
curve readings. Påhlsson et al. (2008) found a mean intra-observer 
variability of 2-3 mmHg for toe pressure measurements in a small study 
(n=16) with diabetic patients using nurses and vascular technologists as 
observers.104 Another study have shown limits of agreement for one-week 
reproducibility of LDF measurements of approximately +/- 30 mmHg.64 
Combined with the findings in our study, observer variation in curve 
readings is likely an important factor in reproducibility. The reproducibility 
of signal interpretation for other methods such as strain gauge 
plethysmography has previously been investigated.169, 186 The observer 
variation in those studies regarding reading of ankle pressures is 
comparable to the variation found in our study. However, the variation in 
reading of toe pressures encountered in our study was more pronounced for 
the LDF method.  
 
Påhlsson et. al. (2008) proposed the frequent presence of biphasic curve 
patterns in LDF toe pressure measurements as a potential source of 
variation, as they can be difficult to interpret.104 Based on findings in earlier 
animal and clinical studies, they hypothesized that this could be attributed 
to the response to post occlusive reactive hyperemia in the presence the 
combination of a vascular stenosis along with a normal capillary bed. The 
normal response to reactive hyperemia following arterial occlusion, such as 
during segmental pressure measurement, is brief vasodilation followed by 
vasoconstriction. In micro-vascular pathology such as endothelial 
dysfunction which is associated with e.g. diabetes, and chronic kidney 
failure, this response pattern is dampened.118  
 
However, the LDF signal produced in distal pressure measurement is even 
more complex. In addition to the effects of post occlusive reactive 
hyperemia, the return of blood-flow involves re-flow in the different blood 
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vessels in a given order, systolic pressure reached followed by diastolic 
pressure, inflow until venous stasis compromise capillary flow followed by 
release of venous stasis. In theory, all curves would thus produce a biphasic 
pattern caused by the latter. In our study, the onset of the second slope in 
case of a biphasic pattern was consistently near 40-50 mmHg as shown in 
Figure 13. The release of the venous stasis in this pressure range is 
particularly prominent in measurement with strain gauge plethysmography, 
which is based on measurement of distal volume changes.186 However, in 
cases with low arterial pressure (close to the venous pressure), the phases in 
the LDF signal would likely merge. Additionally, factors such as 
vasospasm, limb tremor, edema, and multiple vessel stenosis can also affect 
the signal.50, 73 The magnitude of the inflow following opening of the ankle 
vessels is markedly higher than following opening of the toe vessels, which 
is a likely explanation for the high reproducibility demonstrated for ankle 
pressures. 
 
When a venous stasis is present, the so called veno-arteriolar reflex is 
activated leading to vasoconstriction and ultimately a reduction in 
peripheral blood flow.119 This reflex is activated when a venous pressure 
larger than 40 mmHg is present and can induce up to 50% reduction of the 
arterial inflow.120 Studies have shown that this reflex is diminished in 
patients with micro-vascular disease such as seen in diabetes.121 In patients 
with a normal capillary capacity a fully active reflex would hypothetically 
lead to curves that are difficult to interpret, as it would induce a dampened 
signal until release of the venous stasis. This is in line with the findings in 
our study, as we found a lower variation in curve reading in patients 
diagnosed with diabetes or chronic kidney disease. However, given the 
generalized nature of these co-morbidities, there could be potential masked 
confounders such as medication or distribution of vessel lesion that could 
also explain the variation encountered. The anatomical distribution of 
lesions in arteriosclerosis have been shown to vary according to the risk 
factors such as diabetes and smoking.19 For instance serially linked vessel 
stenosis are known to induce weak signals.50 In cases with poor signal 
quality, the influence of a reduced signal during venous occlusion is 
especially critical, as the massive upslope following release of the venous 
stasis, could be falsely interpreted as the arterial pressure. An example of 
this situation is displayed in curve (d) in Figure 13.  
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8.3 Conclusions 

This study shows substantial intra and inter-observer agreement in 
diagnostic classification and absolute pressures when using laboratory 
technologists as observers.  However, the study reveals that intra and inter-
observer variation for reading of toe and ankle pressures is an important 
factor regarding the overall reproducibility of the laser Doppler flowmetry 
method. The variation of toe pressure reading was higher than that 
encountered in ankle pressures, and our data suggests influence of co-
morbidity related to vascular stiffness such as diabetes, and chronic kidney 
failure on reproducibility. 
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9 
General conclusions 

New Chapter 

Study I showed, in combination with findings in other studies (Table II), 
that automated, portable methods are a feasible approach to select patients 
eligible for at full vascular investigation. The particular method 
investigated study I showed high sensitivity and acceptable specificity for 
detecting PAD using SGP as a reference. In addition, the study showed a 
good correlation in absolute toe pressures for the two methods.  

 
Despite the known considerable variation in distal pressure measurement, 
an important factor in overall reproducibility for the given method is 
correct interpretation of the derived flow curve. Study II showed excellent 
reproducibility for SGP in both ankle and toe pressure readings and 
indicated low bias related to knowledge on patient history and clinical 
clues.  

 
Regarding testing of a potential new reference method, Study III showed 
substantial agreement in diagnostic classification and absolute pressures for 
LDF and SGP. However, Study V indicated issues regarding 
reproducibility of toe pressures readings for LDF, possibly related to 
micro-vasculature disease, when comparing to the findings for SGP in 
Study II. The reproducibility for ankle pressures for LDF was comparable 
to that found for the SGP method. 

 
The findings in study IV revealed that it is important to measure brachial 
blood pressures correspondent to each segmental pressure. However, the 
study showed minimal differences in diagnostic classification and pressure 
indices when comparing calculations based on the reproducibility criterion, 
one, or two measurements. This ultimately indicates that findings among 
diagnostic accuracy studies between different laboratories using different 
strategies for calculating the indices are comparable (Table I).  
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10 
Perspectives 

New Chapter 

A number of interesting research questions emerge from the findings in this 
thesis. First, from a technical point of view, the measurement of toe 
pressures by portable methods seems feasible, especially if the methods are 
improved further. As mentioned previously, TBI assessment by low cost 
methods could potentially be used as a gatekeeper in screening programs to 
select patients eligible for more advanced diagnostic methods, and thus 
detect patients who remain undiagnosed by the current standards. Systemic 
arteriosclerosis remains one of the leading causes of death in industrialised 
countries. However, the literature supporting the TBI as a marker of 
generalised arteriosclerosis and a prognostic indicator of the risk of 
cardiovascular disease and death remain sparse, although studies imply that 
the TBI is in some aspects superior to the ABI. The ample validation of the 
ABI is mainly due to the easy access of ABI measurement in screening 
programs. Large-scale studies are needed to further validate the prognostic 
value of TBI, particularly in patients with normal ABI.  
 
Currently, a study is being conducted by the author of this thesis 
comprising approximately 7,000 distal pressure measurements performed 
over a four-year period in referred patients suspected of PAD, of which 
approximately 20% of the patients have a low TBI but a normal ABI. The 
aim of the study is to analyse the demographic characteristics of this group 
of patients, including comorbidity related to vascular stiffness and the 
analysis of risk of cardiovascular disease and death. Furthermore, is would 
be interesting to implement TBI in other large-scale arteriosclerotic 
screening programs in order to assess whether it is a viable prognostic 
marker. In particular, the limits used for the TBI need to be revised because 
they are currently based on normal values and not based on verified 
disease. Furthermore, another logical step would be to clarify the diagnostic 
agreement between TBI measurements using portable methods, for instance 
at general practitioners to laboratory standards. 
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Despite the low-cost methods for distal pressure assessment, reliable and 
standardised methods for distal pressure measurement are still required for 
accurate assessment. This is particularly important in appropriate 
management of critical limb ischaemia and wound management. Despite 
the overall, satisfactory agreement between laser Doppler flowmetry and 
other lab methods in diagnostic test accuracy studies, the complex 
pathophysiological basis for the signal is not currently fully elucidated. It 
seems that, various factors can affect the curve characteristics and 
compromise reproducibility. In general, the compound neurovascular 
physiology affecting the micro-vasculature during limb pressure 
measurements needs to be investigated further in order to fully understand 
the signal. This has also been planned as a succession to this thesis. 
 
Due to the complex nature of tissue oxygenation and deliverance of 
nutrients, it seems that the newly emerged methods for detection of local 
perfusion such as transcutaneous oxygen measurement can provide 
valuable additional information in addition to distal pressure measurement. 
However, further studies targeting hard endpoints such as the need for 
intervention, amputation, and wound healing are necessary. 
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11 
English summary 

New Chapter 

Atherosclerosis is the leading cause of death in the Western world. It is a 
generalised disease that can affect the blood flow to the heart and brain as 
well as the lower limbs. In the lower limbs, arteriosclerosis leads to 
peripheral arterial disease (PAD), which ranges from asymptomatic disease 
to critical limb ischaemia. PAD can be diagnosed non-invasively by 
measuring blood pressure at the ankle or toe level and calculating a ratio 
with the arm pressure. Blood pressure measurements at the ankle level have 
been used for years to screen for PAD and for risk stratification of patients. 
However, the ankle pressure measurements can be unreliable, especially in 
patients with vascular stiffness, which can, for example, be observed in 
patients with diabetes or chronic kidney failure. Toe pressure 
measurements are less affected by vascular stiffness but have historically 
been limited to vascular laboratories due to expensive and cumbersome 
techniques as well as requiring considerable observer experience. In the 
first study, a new automated portable method for toe pressure measurement 
was compared to the existing reference method, strain gauge 
plethysmography (SGP). The study showed substantial agreement between 
the two methods in measurements of 204 patients and showed that the new 
method has the potential to improve current PAD diagnostics, including in 
general practice. 

 
However, there will be a continuous need for reliable reference methods for 
measuring toe and ankle pressure, especially in relation to the proper 
assessment of wound healing potential and the assessment of critical 
ischaemia. In another study, a potential new reference method, laser 
Doppler flowmetry (LDF), was compared with SGP. 200 patients had 
measurements performed with both methods. The study showed substantial 
agreement between the methods regarding toe and ankle pressures as well 
as diagnostic classification. 
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When blood pressure is measured, a cuff is inflated above the systolic 
pressure and gradually deflated. When the pressure in the cuff reaches the 
toe or ankle systolic pressure, the blood flow returns and can be detected. 
The SGP method measures the volume changes, whereas LDF measures 
blood flow in the capillaries. Both methods involve reading a curve, and 
interpretation of these curves is an important source of variation. The 
observer variation of these methods was examined in two separate studies 
by investigating the agreement for the two methods using 1,950 LDF and 
1,816 SGP curves, respectively. The studies showed very good agreement 
for the SGP method of toe and ankle pressure assessment. Agreement was 
likewise substantial regarding LDF ankle pressure, but showed a higher 
variation in reading toe pressure. Additionally, the study showed an 
association between the variation and presence of micro-vascular disease, 
which poses a problem for the LDF method. 

 
Different laboratories use a different number of measurements to calculate 
blood pressure. In yet another study, the variation among various 
approaches was investigated using different methods of calculation. 
Additionally, the study showed that it is important to measure the arm 
pressure simultaneously with each toe or ankle pressure measurement due 
to significant haemodynamic changes during the measurement process. 
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12 
Dansk resumé (Danish summary) 

New Chapter 

Åreforkalkning er den hyppigste dødsårsag i den vestlige verden. Der er 
tale om en generaliseret sygdom, som kan ramme hjerte og hjerne såvel 
som underekstremiteterne. I underekstremiteterne kan åreforkalkning give 
anledning til perifer arteriel sygdom (PAD) og kan spænde fra 
asymptomatisk sygdom til kritisk iskæmi. PAD kan diagnosticeres ved at 
måle blodtrykket på ankel eller tåniveau og sætte det i forhold til 
armtrykket. Blodtryksmålinger på ankelniveau har i en årrække været brugt 
til screening for PAD samt til risikostratificering af patienter. Imidlertid 
kan ankeltrykmålinger være upålidelige, især ved patienter med karstivhed, 
hvilket fx kan ses hos patienter med sukkersyge eller nedsat nyrefunktion. 
Tåtryksmålinger påvirkes langt mindre af karstivhed, men har traditionelt 
krævet tunge tidskrævende laboratoriemetoder med store krav til 
observatørerfaring. I første delstudie blev en ny automatiseret transportabel 
metode til tåblodtryksmåling sammenholdt med den nuværende 
referencemetode; strain gauge pletysmografi (SGP). Studiet viste god 
overensstemmelse mellem de to metoder ved målinger på 204 patienter og 
viste, at den nye metode har potentiale i forhold til at forbedre den 
nuværende PAD diagnostik herunder i almen praksis. 

 
Der vil dog fortsat være brug for pålidelige referencemetoder til måling af 
tå- og ankeltryk, især i forhold til korrekt bedømmelse af 
sårhelingspotentiale samt vurdering af kritisk iskæmi. I et andet delstudie 
blev en potentiel ny referencemetode, laser Doppler flowmetri (LDF), 
sammenholdt med SGP. I studiet fik 200 patienter foretaget målinger med 
begge metoder, og studiet viste betydelig overensstemmelse i forhold til 
både diagnose samt tå- og ankeltryk. 

 
Når blodtrykket skal måles, blæses en manchet op over det systolisk tryk 
og luftes herefter gradvis ud. Når trykket i manchetten når det systoliske tå- 
eller ankeltryk vender blodgennemstrømningen tilbage og kan måles. SGP 
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metoden måler volumenændringer, hvorimod LDF måler blodgennem-
strømningen på kapillærniveau. Ved begge metoder fremkommer en kurve, 
der skal aflæses, og fortolkning af disse kurver er en vigtig fejlkilde. 
Observatørvariationen for disse metoder blev belyst i yderligere to 
delstudier ved at se overensstemmelsen ved fortolkning af hhv. 1.950 LDF 
og 1.816 SGP kurver. Studierne viste særdeles god overensstemmelse for 
SGP metoden for tå- og ankeltryk. Overensstemmelsen var tilsvarende god 
for LDF ankeltryk, men mindre god mht. tåtryk. Derudover blev der fundet 
en sammenhæng mellem fortolkningsproblemer for kurverne og 
mikrovaskulær sygdom, hvilket udgør et problem for LDF metoden. 

 
Forskellige laboratorier bruger et forskelligt antal målinger til at beregne 
blodtryk med. I yderligere et delstudie blev afvigelsen mellem de 
forskellige metoder søgt belyst ved at bruge forskellige beregningsmetoder. 
Derudover viste studiet, at det er vigtigt at måle armblodtrykket sammen 
med hver tå-eller ankeltrykmåling pga. betydelig variation undervejs i 
måleforløbet. 
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