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Summary 

Laser Doppler perfusion monitoring (LDPM) is a well known optical tech-
nique that can be used for assessing the quality of the microcirculation of 
the skin in a continuous and non-invasive way. Because several vascular 

diseases alter microvascular function, LDPM has become an interesting tool 
in vascular research. After two decades, however, LDPM still exhibits some 

technical limitations that restrict its use in daily clinical practice. 

This thesis presents results of a study that was performed within the 
framework of a European project (SMT4-CT97-2148) aiming at the stan-

dardisation of laser Doppler flowmetry instrumentation and to increase the 
clinical applicability of the LDPM technique. Within the European consor-

tium, various LDPM studies were designed to evaluate the influence of dif-
ferent LDPM probes and devices in a clinical setting. Furthermore, a novel 
method to analyse the LDPM signal was developed that can be helpful for 

clinical evaluation of patients. 
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1.1 The human skin 

The skin is the largest organ of the body. It protects the body against the 

external environment (e.g., temperature, pathogens). The skin consists of 

three layers: the epidermis, dermis and hypodermis [9,28,36]. 

The epidermis, the most superficial layer, varies in thickness from 50 to 

400 µm. It functions as a protecting cover, has no blood vessels, and is 

transparent to light, especially near-infrared radiation [2]. The epidermal 

cells are formed at the stratum basale. Upon every cell division, the origi-

nally formed cells will become located at a larger distance from the stra-

tum basale. When these cells die, they form a layer of tightly cellular de-

bris mostly containing keratin, the stratum corneum. 

The dermis is located underneath the epidermis and is composed of con-

nective tissue, containing collagen and elastic fibres that support the stra-

tum basale mechanically. It has a microvascular network that provides the 

tissue with nutrients and eliminates waste products. The dermal microvas-

culature consists of a superficial (upper) subpapillary plexus and a pro-

found (lower) cutaneous plexus [9] (see Figure 1.1). The subpapillary 

plexus is located at a depth of 400-500 µm from the surface. From the 

subpapillary plexus, capillary loops (10 µm in diameter) arise toward the 

stratum basale to deliver blood to this active epidermal cell generating tis-

sue, the papillary loops. Therefore, this blood flow is referred to as nutri-

tional flow. The subpapillary plexus is connected by ascending arterioles 

and descending venules to the cutaneous plexus, located at about 1.9 mm 

Figure 1.1 Artistic representation of the skin micro-anatomy. 
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from the surface of the skin [28]. In some areas like digits, nose, lips and 

ears, there are interconnections between these two plexuses often pro-

vided with vascular shunts. These so-called arteriovenous anastomoses 

(AVA) are meant to enable a fast increase or decrease of blood flow 

through the skin to regulate the body temperature. [16] This thermoregu-

latory flow prevents the body from large temperature changes. 

The hypodermis is the deepest skin layer and it is not present in body ar-

eas where the skin is thin. The hypodermis contains fatty tissue that func-

tions as a thermal insulation and mechanical shock protector. Most of the 

blood flow through this skin layer is composed by pairs of ascending arteri-

oles and descending venules. Other structures like hair follicles and glands 

are surrounded by a small capillary network. 

1.2 The microcirculation 

By definition, the microcirculation is restricted to the blood flow through 

vessels smaller than 100 µm (i.e., arterioles, capillaries, and venules). The 

microcirculatory flow changes upon variations in concentrations of blood 

gases, hormones, physical factors like temperature and pressure [14], and 

it is controlled by the autonomous nervous system as well. These stimuli 

increase or decrease the microvascular perfusion by regulating vasocon-

striction or vasodilatation of the arterioles. 

The condition of the skin depends mostly on the nutritional flow. This blood 

flow can be altered by diseases like peripheral arterial occlusive disease 

(PAOD) [6,11,31,37,44] and diabetes mellitus (DM) [23,24,32,38,48]. 

PAOD patients suffer from stenotic obstructions in the larger vessels, 

mostly due to the presence of atherosclerosis that significantly decreases 

the blood flow toward the distal parts of the extremities. When the micro-

circulation of the extremities becomes insufficient, ulcers and skin necrosis 

may develop in toes and fingers [44]. 

In diabetes mellitus, patients have a high risk of developing microvascular 

complications not only in the eyes (retinopathy; after more than 10 years 

of DM microaneurysmata are detectable in approximately 80-90% of pa-

tients) and kidneys (nephropathy; approximately 40% of DM patients de-

velop diabetic nephropathy), but also in the skin in which case it typically 

presents as a diabetic foot problem. These patients may paradoxically pre-

sent warm, red feet as a sign of relatively high basal skin flow with abnor-

mally increased thermoregulatory flow. In these patients, the nutritional 

flow becomes insufficient to supply the necessary nutrients during high 

flow demand or in hypoxic conditions. 
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1.3 Assessment of the microcirculation. 

Several techniques have been developed to study the function of the 

microcirculation [1,12,13,42]. From the most popular techniques, the un-

derlying working principles are briefly described, as well as their advan-

tages or disadvantages: 

Transcutaneous oxygen tension (tcpO2). This technique uses a probe 

with an oxygen sensitive electrode and a heating element to assess the 

oxygen supply to the skin. The local skin temperature is increased be-

tween 40-44 °C to provoke a local reactive hyperaemia. The amount of 

oxygen diffused through the tissue is measured by the electrode and 

values in mmHg are obtained. Several studies have shown the clinical 

applicability of this technique [12] which has also been used to help in 

the definition of critical limb ischemia. Disadvantages of this technique 

are that it assesses the microcirculation indirectly, and it needs very un-

comfortable temperatures that cannot be used for a long period of time. 

Photo-plethysmography. This technique measures the intensity fluctua-

tions of light that propagates through the tissue. The light intensity var-

ies with the content of blood. As the arterial flow is pulsatile, and the 

pulsatility increases with perfusion, the changes in skin perfusion can be 

studied by observing the waveform [5,40]. This method assesses the 

function of the microcirculation and cannot measure blood flow in abso-

lute units. 

Vital Capillaroscopy. The papillary capillaries can be observed by means 

of an optical microscope in a non-invasive way. Mostly used on the nail 

folds, this method assesses the anatomy and function of the observed 

capillaries. A variant called dynamic capillaroscopy makes use of a video 

acquisition system coupled to the microscope [1,6]. The images are 

then analysed by a computer, so the number of erythrocytes and their 

speed are computed for individual capillaries. Although this method is 

considered a gold standard for assessing the nutritional flow, vital capil-

laroscopy cannot be used in other body parts and it does not assess the 

total skin microcirculation. 

Orthogonal polarisation spectral (OPS) imaging is a new technique 

which allows the visualisation of superficial blood vessels without using a 

microscope. The tissue is illuminated with green polarised light. The re-

flected light from the tissue is detected by a video camera with a polar-

ising filter oriented 90° to that of the illuminating light. Because this 

second polariser blocks the backscattered light from superficial tissue 

layers, only the backscattered light from deeper layers in the tissue can 

pass the second polariser increasing the visibility of the red blood cells. 
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The movements of the red cells can dynamically be quantified by image 

analysing software, which leads to information on the perfusion. This 

technique can be applied at other locations than the nail fold and may 

become an alternative for dynamic capillaroscopy in the future [15]. 

Laser Doppler flowmetry (LDF) assesses tissue microcirculation in a 

continuous and non-invasive manner. The technique is based on the be-

haviour of monochromatic light travelling through tissue. Part of the 

light will interact with moving red blood cells and will undergo a wave-

length shift explained by the Doppler effect [39,41]. 

Actually, two variants of LDF coexist: laser Doppler perfusion monitoring 

(LDPM) and laser Doppler perfusion imaging (LDPI) [10,46]. The main 

difference between them is that the first uses optical fibres to carry the 

light to and from the tissue, while the second uses a scanning method 

with a distant light source and detector. As a result LDPM measures the 

microcirculatory blood flow through a very small volume of tissue [17], 

whereas LDPI scans a larger tissue area. LDPI cannot assess the micro-

circulation in a continuous way due to the scanning time. 

1.4 Laser Doppler perfusion monitoring 

In LDPM, optical fibres are used to carry the laser light allowing measure-

ments in small areas of the skin surface [17]. Basically, a LDPM monitor 

presents one optical fibre to carry the laser light to the tissue (i.e. illumi-

nating fibre) that ends in a probe. From the probe, another optical fibre 

(i.e., detecting fibre) brings some of the backscattered light to the monitor 

(fig. 1.2). The optical fibres have a diameter in the order of 0.125 mm. 

Furthermore, the distance between the illuminating and detecting fibre that 

are in contact with the skin (i.e., the probe) influences the measuring 

depth in such a way that the larger the fibre separation, the more light is 

detected that has travelled through deeper skin layers [18-22,26]. 

Nowadays the devices use diode lasers that generate low power light at a 

wavelength of 780 nm. Light at this wavelength has the advantage that it 

is slightly absorbed by oxygenated blood and de-oxygenated blood [47] 

(fig. 1.3). 

When light scatters through the tissue it encounters various types of cells 

and substances (e.g., proteins, keratin, melanin, haemoglobin), with vary-

ing optical properties. In case the light encounters a moving red blood cell, 

it will be scattered and undergo a slight wavelength shift explained by the 

Doppler effect. Some of the light will be backscattered to the surface and 

eventually be captured by the detecting fibre and brought to the monitor's
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Figure 1.3. Molar absorptivity of deoxy-haemoglobin (black line) and oxy-haemoglobin 
(grey line). Data from Zijlstra et al. [35]. 

Figure 1.2. Artistic representation of the influence of fibre separation in LDPM 
measurements. The shadowed area represents the probed tissue in which light has 
a high chance to be collected by the detecting fibre. 
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photodetector. Because not all the light runs through a blood vessel, Dop-

pler shifted and non-shifted light will interfere at the photodetector site, 

creating a dynamic speckle pattern. The rate of change of this speckle pat-

tern, and its total light intensity, is proportional to the tissue perfusion. 

The total intensity is then converted by the photodetector to an electrical 

current. Its analysis results in three signals: the flux, concentration of red 

blood cells, and velocity. More detailed description of the LDF technique 

has been presented elsewhere [4,7,39]. 

1.5 Technical limitations of LDPM 

1.5.1 Reproducibility of measurements 

Due the heterogeneous anatomy of the skin and the small volume of tissue 

probed by the LDPM monitor, it is virtually impossible to measure on iden-

tical locations at different occasions (of course it is no problem if the probe 

is left untouched). Furthermore, the microcirculation is very variable in 

time and affected by many factors that cannot be totally controlled simul-

taneously. For example, in a previous study temporal variations of the flux 

signal up to 25% were found in repeated measurements at the same probe 

location [43]. More recently, another study found spatial variations of the 

LDPM signal of 20% [34]. Hence, alternative operational procedures and 

analysis methods are required to improve the reproducibility of LDPM 

measurements. 

1.5.2 Motion artefacts 

A LDPM monitor is unable to discern the origin of the light intensity fluctua-

tions, it simply measures it. Fluctuations of the light intensity may not only 

be caused by the Doppler effect, but may also occur due to the movement 

of the optical cable, when the probe moves relatively to the tissue, local 

muscle contractions, etc. These disturbances may create a flux signal of 

much larger magnitude than the perfusion related signal. Therefore, it is 

still a task of the user to prevent movement artefacts or to manually iden-

tify and handle them. 

1.5.3 Lack of quantitative units and measuring volume 

Currently, it is not possible to express the LDPM flux signal in absolute flow 

units (i.e., ml/min) or tissue flow units (e.g., ml/min/100 g tissue), and an 

arbitrary unit called perfusion unit (PU) is used instead. This is caused by 

the little knowledge of factors such as the exact tissue volume being 

probed, the direction of the blood flow, and the amount of blood vessels 

and their length in the measuring volume. 
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1.5.4 The fibre separation 

As mentioned before, the distance between the illuminating and the de-

tecting fibre influences the measured tissue volume (fig. 1.2). Unfortu-

nately, the effect of the fibre separation on in vivo measurements is not 

yet fully understood and many users are generally unaware of it. Using 

LDPM probes with standardised fibre separations would ease the compari-

son and reproducibility of LDPM measurements. 

1.5.5 The biological zero 

The flux signal recorded during arterial occlusion never falls to zero. There 

is always a minimum flux signal in absence of blood flow called biological 

zero, BZ [25]. This signal is likely to be produced by Brownian motion of 

cells and vasomotion and electrical noise as well. Several authors advice to 

measure and subtract this flux value on every LDPM measurement session 

[45]. In previous studies, direct relations were found between BZ values 

with skin temperature [45] and fibre separation [27]. 

1.5.6 Signal processing 

Commercial LDPM devices process the photocurrent in a slightly different 

way compared to each other. Each LDPM manufacturer has implemented 

its own set of signal processing algorithms and calibration procedure 

[8,30]. The final flux signal is still related to the underlying blood flow, but 

it has been shown that each device gives different flux values even under 

the same conditions [3,29,33,35] (fig. 1.4). Apparently, many LDPM users 

are unaware of these differences and, therefore, the comparisons of LDPM 

flux values, obtained with different brand devices, often fail. Hence, it 

would be preferable to use conversion tools for the measurements or a 

unique LDPM flux unit. 

1.6 Outline of this thesis 

As a part of a European project for the standardisation of the LDPM tech-

nique, this thesis aims to give solutions to some of the limitations men-

tioned above to improve the clinical applicability of LDPM. 

In Chapter 2, we studied the influence of fibre separation on LDPM meas-

urements. In a clinical situation, the flux signals from subjects with and 

without vascular disorders were recorded in a resting condition. Two clini-

cally relevant disease models were chosen besides the healthy controls. 

Patients with PAOD due to atherosclerosis as a model of reduced microcir-

culatory flow, and patients with diabetes mellitus without clinically evident 
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peripheral vascular disease which (supposedly may) represent(s) a model 

for high baseline skin flow, but reduced microcirculatory reserve flow. 

One of the major handicaps of LDPM is that researchers fail to be able to 

compare their own measurements with those obtained by other research 

laboratories. Apart from technical limitations, a lack of standard opera-

tional procedures (SOP) for the execution of tests is responsible. In Chap-

ter 3, an operational protocol for the PORH test was designed and applied 

by three international research groups to healthy subjects and PAOD pa-

tients. The measured flux data were pooled and analysed using a novel 

approach. 

In Chapter 4, a multi-fibre probe was used to compare the flux signal out-

put of two LDPM monitors measuring simultaneously at the same fibre 

separation and at the same skin location of patients with peripheral vascu-

lar disorders and age-matched healthy subjects. To compare the instru-

ments in a broad range of flow conditions, a post-occlusive reactive hyper-

aemia (PORH) test was performed. This test consisted of the arterial occlu-

sion in the upper leg during 3 minutes. After the release of occlusion, a 

transient increase of flux was recorded from the foot of the occluded leg. 

The flux signals and reaction times of the LDPM monitors were compared. 

In Chapter 5, a model for the PORH response is proposed. Using an electri-

cal analogue for part of the circulation, a mathematical approximation for 

the dynamics of the microcirculation during the PORH test is then derived. 

Figure 1.4. Flux signal output of two LDPM monitors measuring skin perfusion 
simultaneously on the same skin location. 
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The resulting model has been applied to the PORH responses recorded with 

LDPM from healthy subjects, DM, and PAOD patients. 

Signal fluctuations of LDPM flux data are not always caused by movement 

artefacts. Interestingly, there are many phenomena at low frequencies as 

well as at higher frequencies (e.g., heartbeat, vasomotion, respiration). In 

Chapter 6, the LDPM flux data recorded from healthy subjects, and DM and 

PAOD patients are analysed to study the signal in the range of frequencies 

where the heartbeat is found (0.5-3.0 Hz). 
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Chapter 2 

The Influence of Probe Fibre 

Distance on Laser Doppler 

Perfusion Monitoring 

Measurements 

Fernando Morales, Reindert Graaff, Andries J. Smit, Rodney Gush, Gerhard 

Rakhorst 

 

Summary 

Laser Doppler perfusion monitoring (LDPM) is a non-invasive technique for 
monitoring skin microcirculation. The aim of this chapter is to investigate 

the influence of fibre separation on clinical LDPM measurements. A dual-
channel LDPM system was used in combination with a probe that consists 
of two sets of detection fibres, at 0.2 mm and 1.0 mm from the illuminat-

ing fibre. Measurements were performed at the big toe of 8 healthy sub-
jects and 11 subjects who had vascular disorders. In most cases, fluxes 

detected at both fibre distances showed very similar fluctuations. For each 
fibre separation, flux values of healthy and patients subjects were not sig-
nificantly different. Furthermore, skin temperature (22-34 °C) influenced 

the toe’s pulp microcirculation markedly, increasing similarly at both probe 
separations, with higher flux at 1.0 mm than at 0.2 mm separation. The 

flux fibre ratio signal, obtained by dividing the flux at 0.2 mm by the flux 
at 1.0 mm, was significantly different between the two groups (p < 0.05). 
In conclusion, the flux detected in vivo by means of LDPM, is influenced by 

the distance between the optical fibres. Use of the flux ratio with a multi-
separation probe deserves attention as it is a possible marker to discrimi-

nate normal tissue perfusion from pathological skin tissue perfusion, inde-
pendently from tissue temperature. 

Published in Microcirculation 2003 (10); 433-441. 



26 2.1. Introduction 

  

2.1 Introduction 

Laser Doppler perfusion monitoring (LDPM) was proposed by Stern as a 

technique for assessing tissue microcirculation in a continuous and not in-

vasive way [22]. In LDPM, low-power laser light is directed toward the 

skin, usually through an optical fibre (i.e., an illuminating fibre). Some of 

the light scattered within the skin is collected by another optical fibre (i.e., 

a detecting fibre) and is conveyed to a photodetector. Part of the light in-

teracts with moving blood, and will undergo a frequency shift that can be 

explained by the Doppler effect. This signal interferes, at the detector, with 

non-Doppler-shifted light from static tissue, and the resulting intensity 

fluctuations are processed. 

The values obtained for the perfusion, the flux, are calculated from the 

frequency-weighted (ω) power spectrum, P(ω), of the intensity fluctuations 

normalised with the intensity squared, 

Flux = ∫ ××
B

A

dPC ωωω )(1 , (2.1) 

where A and B are the lower and upper cut off frequencies, respectively, 

and C1 is a constant that is determined during calibration. The concentra-

tion gives a measure of the number of moving cells in the tissue, and is 

found from 

Concentration = ∫×
B

A

dPC )()(2 ωω , (2.2) 

where C2 is also a constant that is determined during calibration. Further-

more, a mean intensity, DC, can be obtained from the instrument. Reviews 

of the basics of the LDPM technique have been presented elsewhere 

[1,21]. 

Studies based on light propagation in tissue using Monte Carlo computer 

simulations with constant tissue optical properties (i.e., scattering and ab-

sorption) predicted that increasing the separation distance between the il-

luminating and detecting fibres will lead to an increase in detected light 

coming from deeper tissue layers [10,11,15]. This also has been shown 

using similar multifibre probes featuring seven optical fibres for detection 

in a row on measurements in a layered flow model [16] and in a tissue 

phantom for LDPM [15]. 

The skin is an interesting organ with a highly structured vascular network. 

On top is the epidermis which has no blood vessels. Below the epidermis, 
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the papillary dermis (1-2 mm thick) contains most of the physiologically 

important microvasculature [4]. This papillary dermis presents two vascu-

lar plexuses: an upper subpapillary plexus; and a lower sub-cutaneous 

plexus. From the papillary plexus arise the capillary loops, which deliver 

nutrients to the upper skin layers. Therefore, this blood flow is referred to 

as “nutritional flow’’. The subpapillary plexus is connected to the subcuta-

neous plexus by ascending arterioles and descending venules. In some 

body areas like the digits, the nose and the ears, these interconnections 

between the two plexuses, often present shunts called arteriovenous anas-

tomoses, which are meant to increase the amount of blood flow through 

the skin allowing the control of body temperature. Therefore this blood 

flow is referred to as “thermoregulatory flow”. In these body locations less 

than 10% of the total skin circulation flows through the nutritional capillar-

ies [5,12]. 

From the theoretical point of view, LDPM assesses blood microcirculation 

with decreasing influence of flow at large depth [15,17]. Nevertheless, due 

to the large amount of blood flow in the dermal plexus the influence of the 

deep dermal flow is far greater than the influence of the flow in the capil-

lary loops. Therefore, it is not yet possible to use LDPM to assess nutri-

tional blood flow only. Some studies have tried to determine what fraction 

of the microcirculation assessed by LDPM consist of nutritional flow [3,24], 

but it is still a topic for discussion. 

LDPM is a technique that is often used for testing the condition of the skin 

microcirculation in areas susceptible to ischemia [3,14,25], like distal areas 

of lower and upper extremities. The pulp of the big toe is often used for in-

vestigation [12,14,19,23]. Toes have a thick epidermis layer, and the der-

mis shows an abundant amount of arteriovenous anastomoses. The total 

blood perfusion in the toes is higher than in other leg locations [14]. Pa-

tients with peripheral arterial obstructive disease (PAOD) or insulin-

dependent diabetes mellitus (DM) may have skin ischaemia in lower limbs 

and, in the most severe cases, might develop skin ulcers and necrosis. 

These complications are the result of a disturbed microcirculation present-

ing a reduced nutritional flow or nearly lack of it [12]. 

The aim of this study was to investigate the influence of fibre distance on 

clinical measurements of LDPM flux values. This paper describes results 

from the use of a probe having detecting fibres at two different distances 

from the illuminating fibre. The relation between the fluxes at these dis-

tances is investigated. The relationship between flux and toe-skin tempera-

ture was also considered. 
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2.2 Methods 

2.2.1 Instruments 

Blood perfusion was measured using a commercial dual-channel laser Dop-

pler perfusion monitor system (moorLab server and satellite, Moor Instru-

ments Ltd., Axminster, UK). This setup allowed continuous blood perfusion 

registration simultaneously from two different probes. The lower frequency 

cut-off is 20 Hz and the upper cut-off frequency was set to 22 kHz. The la-

ser Doppler perfusion monitor features BNC connectors for the analogue 

outputs of flux signals and for concentration or DC signals, allowing con-

necting the monitor to a computer. The time constant of the output signals 

was set to 0.02 seconds. A personal computer with an acquisition card 

(PC-LPM-16/PnP, National Instruments Co., Austin, TX) was used for signal 

recording with a sampling rate of 40 Hz and 12 bits of resolution. We de-

veloped an acquisition program using LabView version 5.1 (National In-

struments Co.), which ran on a Windows 98 operating system (Microsoft 

Co., Redmond, WA). 

2.2.2 Probe 

The probe was specially made for this study by Moor Instruments. It was 

angled at 90° with nine detection fibres and one illuminating fibre, all with 

core diameter of 125 µm, cladding diameter of 140 µm, and numerical ap-

erture of 0.37 (fig. 2.1). Eight detection fibres were placed at a distance of 

1 mm and one detection fibre was placed at 0.2 mm. All distances were 

considered from the illuminating fibre (i.e., the centre). Only one cord 

came out of the probe, and at the distal edge it ended in three sub-wires 

carrying respectively the 0.2-mm detector fibre, the illuminating fibre and 

the eight 1.0-mm detection fibres. 

2.2.3 Monitor Calibration 

Calibration was performed according to the manufacturer’s instructions, by 

immersing the probe into a water suspension of polystyrene microspheres 

in a pot, as supplied. The Brownian motion of these microspheres creates a 

flux signal that is used as a reference. The calibration was checked each 

day recording the reference flux signal for 2 minutes. These readings were 

performed at a room temperature of 22 °C, in low ambient light and with 

the calibration pot on the floor to avoid vibrations. The probe head was 

carefully positioned to keep it away from the bottom and sides of the pot. 

After each calibration, the monitor determines the internally used con-

stants C1 and C2 (see eqs. 2.1 and 2.2), which resulted in flux values of 

around 225 perfusion units (PU) and concentration values of around 245 
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arbitrary units (a.u.) both. For the concentration signal, the maximum 

value is found during calibration, because all microspheres are moving. 

2.2.4 Subjects 

Nineteen subjects were recruited for this study, but they were not matched 

for sex nor age because we were interested to assess the effect of fibre 

separation over a broad range of microvascular conditions, from healthy 

persons to patients with clinically apparent disease. The group of healthy 

subjects comprised five men and three women (mean age: 29.1 years; age 

range: 23-47 years). The patient group consisted of six men and five 

women with a disease history of peripheral vascular disorders (mean age: 

63.7 years: age range: 45-78 years). Two subjects had (DM), five had 

PAOD, and four had both PAOD and DM. The PAOD patients had Fontaine 

class II claudication with an ankle-brachial index under 0.9. Those patients 

with DM were known to have DM for at least 2 years and had no signs of 

macrovascular disease documented by a normal ankle-brachial index. Pa-

tients presenting any other cardiovascular complications were excluded. 

2.2.5 Procedures 

All subjects were placed in supine position with the feet elevated 10 cm 

above heart level, for an acclimatisation period of 30 minutes, before start-

ing the measurement session. The measuring period lasted 15 minutes in 

every case. Before and after the recording, the toe skin temperature was 

Figure 2.1. Probe with multiple detection fibres. Side view (left) and face view (centre). 
There are the eight detection fibres forming a circle of 1.0 mm radius, which has the 
illuminating fibre in its centre. Another diction fibre is placed at 0.2 mm from the centre 
fibre. 

Light Source

1.0 mm Fibres

0.2 mm Fibre

Light Source

1.0 mm Fibres

0.2 mm Fibre
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obtained with a digital thermometer suitable for clinical use (YSI 2100 

Tele-Thermometer, YSI Inc., Yellow Springs, OH). The measurements were 

taken from the pulp of the big toe on an area close to the probe. 

Control subjects participated twice on different days. They participated 

once to measure flux and concentration signals and the other time to 

measure flux and DC signals, always at a room temperature of 22 °C. Both 

flux measurements from the healthy controls were analysed. Furthermore, 

these results were used to determine the reproducibility of the measure-

ments. Patients participated only once, at which time flux and concentra-

tion signals were recorded at a room temperature of 25 °C. Four of the 

healthy subjects also were studied at a room temperature of 25 °C. These 

four additional measurements were used to observe the effect of an in-

creased room temperature on the flux signals. 

2.2.6 Data Analysis 

The data obtained were converted to perfusion units by correcting for the 

gain used during the measurement. Furthermore, the data were smoothed 

using a 1-second (forty samples) average to reduce the influence of heart-

beat on further calculations. Correlation and regression tests were used for 

comparison of the flux values between fibre separations or between sub-

ject groups. Furthermore, a new signal was derived to study how much of 

the flux detected at 0.2 mm is detected also at 1.0 mm. This new signal is 

the ratio of the flux (i.e., fibre-flux ratio) detected by each detection chan-

nel at the same moment and was obtained dividing the flux detected at 0.2 

mm by the flux obtained at 1.0 mm. The average and SD of this ratio were 

calculated for each subject. 

Averages and SDs were obtained according to the normal procedures. A 

two-tail t-test of two samples with unequal variances was used to calculate 

the significance of the differences between fibre separations or groups of 

subjects. A value of p < 0.05 was considered to represent a significant dif-

ference. 

A reproducibility test was performed from the repeated measurements on 

healthy subjects. The coefficient of variation was calculated from 

( )
( )

100
2

2

21

21 ×




















+
−

= ∑
xx

xx

n
CV , (2.3) 

where n is the number of subjects and x1 and x2 are the averaged flux val-

ues of the first and second measurement of each control, respectively [9]. 

No statistical analysis was performed among the different patient groups. 
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2.3 Results 

Figure 2.2 illustrates examples of flux readings from two subjects: a 

healthy subject (fig. 2.2A) and a patient (fig. 2.2B). In both cases, the up-

per flux signal was at 1.0 mm separation, and the lower flux signal was ob-

tained with the 0.2 mm detection fibre. At both separations, the perfusion 

monitor showed similar changes in blood flow, as can be seen as well in 

the almost constant fibre flux ratio in Figure 2.2A. There was only one 

measurement, from a patient, that showed poor similarity and therefore 

more fluctuation in the ratio (fig. 2.2B). 

One measurement performed on a control subject was omitted due to the 

large amount of movement artefacts. For all remaining measurements, the 

mean flux values were plotted against the toe temperature using a semi-

logarithmic scale (fig. 2.3). The coefficients of the exponential regression 

lines, ln(flux) = intercept + slope x temperature, were calculated for 

healthy subjects and patient, and they show a strong influence of toe tem-

perature on tissue microcirculation (Table 2.1). In each subject, the fluxes 

at separations of 1.0 mm and 0.2 mm differed significantly (Table 2.2), al-

though the detected flux values in the calibration liquid were the same 

(Table 2.2). For a given fibre distance, no significant flux differences were 

found between the patient and healthy subject groups. 

The concentration signal also showed differences between the fibre separa-

tions. The 0.2-mm fibre separation gave lower concentration values than 

the 1.0-mm fibre separation (Table 2.2). However, in the calibration liquid 

the same concentration values were obtained at both separations. 

For each subject, the correlation between fluxes at 1.0 mm and 0.2 mm 

was investigated. Figure 2.4 gives an example of how the fluxes at separa-

tions of 1.0 mm and 0.2 mm were compared for the registration shown in 

Figure 2.2A. The slopes of the trend lines were compared between groups, 

and no significant difference was found. The mean (±SD) correlation coef-

ficients for the healthy subjects (r = 0.95 ±0.07) and for patients (r = 0.86 

±0.17) were not significantly different either. 

Table 2.1. The coefficient for the exponential regression lines in Fig. 2.3. Values as mean ±SD. 

 1.0 mm 0.2 mm 

 Slope Intercept R² Slope Intercept R² 

Controls 0.28 ±0.028 -3.53 ±0.8 0.87 0.28 ±0.022 -4.28 ±0.6 0.91 

Patients 0.29 ±0.006 -3.42 ±1.9 0.68 0.32 ±0.092 -5.46 ±2.7 0.58 
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Figure 2.2. Flux from a healthy subject (A) and a patient (A). The lower half of each plot 
show the flux values in perfusion units (PU), from 1.0 mm (black) and 0.2 mm (grey) 
detection fibres. The upper half of each plot represent the corresponding flux ratio, this 
is, the resulting signal from dividing the flux at 0.2 mm by the flux at 1.0 mm. 



Improving the clinical use of LDPM 33 

Finally, we studied the ratio of the fluxes calculated from all subjects, as 

described above. Although the fluxes did not differ significantly, the aver-

age fibre-flux ratio significantly differed between groups (p = 0.023, Table 

2.2). Figure 2.5 shows the comparison of the calculated ratio of the fluxes 

at 0.2 mm and 1.0 mm as a function of the toe temperature. No relation 

between the ratio and the toe temperature or flux was found. 

The reproducibility for the measurements on healthy subjects resulted in a 

coefficient of variation for flux at 1.0 mm of 49%, and at 0.2 mm of 48%. 

The coefficient of variation for the fibre flux ratio was 17%. 

The measurements on two of the four subjects, which were performed at 

two different room temperatures, showed an increase of 5-8 times in flux 

at a room temperature of 25 °C compared to the value at a room tempera-

ture of 22 °C. The other two subjects did not present any change in flux 

values with respect to the measurements at low room temperature. 

The results in the four healthy subjects measured at a higher room tem-

perature showed that the low fluxes in female subjects, with a toe tem-

perature of 22.5 °C, did not occur. Furthermore, the fibre flux ratio was 

not different from the values at low room temperature, except for one sub-

ject. 

 

 

Table 2.2. Averaged flux values, concentration, and fibre flux ratio results from the calibration 
liquid and from all measurements preformed. Values as mean ±SD. 

 1.0 mm 0.2 mm  

 Flux (PU) 
Concentration 

(a.u.) 
Flux (PU) 

Concentration 
(a.u.) 

Fibre-Flux 
ratio 

Calibration 
(n=10) 

224.98 ±28.7 241.43 ±8.2 224.00 ±22.1 245.38 ±37.9 1.00 ±0.07 

Controls 
(n=8) 

142.90 ±115.3a 210.66 ±50.2 65.25 ±57.8a 86.11 ±43.6 0.46 ±0.08c 

Patients 
(n=10) 

169.82 ±94.3b 231.78 ±19.3 61.17 ±34.2b 116.66 ±67.0 0.36 ±0.12c 

a p = 0.017 for flux values at 1.0 mm versus 0.2 mm of controls. 
b p = 0.003 for flux values at 1.0 mm versus 0.2 mm of patients. 
c p = 0.023 for fibre flux ratio between groups. 
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2.4 Discussion and Conclusions 

The results presented in this chapter are in agreement with those theoreti-

cal [10,11,18] and experimental [7,13,15,16] studies. The separation be-

tween the illuminating and detecting fibres has an influence on LDPM 

measurements, in such a way that for larger separations between illumi-

nating and detecting fibres a bigger skin volume is probed, and, therefore, 

a larger Doppler shift is detected in most cases. 

Jentink et al. showed that the average length of the path followed by the 

detected photons through the tissue increases with the fibre separation 

[11]. As a result, the accumulated Doppler shift will be larger for those 

photons detected at 1.0 mm than at 0.2 mm, at least in a homogeneous 

medium with moving particles as a model for tissue. In the aqueous sus-

pension of latex particles is used to calibrate the LDPM monitor, the flux 

signal that is measured arises from the Brownian movement of the parti-

cles present in the medium. The amount of movement is assumed to be 

uniform all over the medium, thus it should represent a certain level of 

skin perfusion. Hence, the monitor uses the calibration process to correct 

for path lengths due to the fibre separation, for fibre diameters and for the 

number of fibres. After calibration, the resulting flux values from the cali-

bration liquid are the same for both fibre separations (see Table 2.2). 

Therefore, the fibre flux ratio between the 0.2-mm and 1.0-mm separa-

tions was 1.0 in that situation. In skin, the flux detected at the separation 

of 0.2 mm was always lower than that at 1.0 mm (Table 2.2). From this, 

we conclude that the light detected by the 0.2 mm and 1.0 mm fibre sepa-

rations has travelled through different amounts of skin tissue. 

The descriptive analysis of the flux signals showed that the time variations 

of the flux at fibre separations of 0.2 mm and 1.0 mm were similar, and a 

good linear behaviour can be seen in Figure 2.4. Most probably, the rela-

tive changes in blood flow are very similar in both subpapillary and dermal 

plexuses, in healthy subjects. In one patient, we noticed differences be-

tween the flux tracings (fig. 2.2B), which may be due to a more disturbed 

microcirculation compared with those of other patients. 

In patients, the flux as a function of toe temperature was significantly 

lower at the separation of 0.2 mm than at 1.0 mm, but it was in the same 

range as the flux observed in healthy subjects for the separation of 0.2 

mm (fig. 2.3). The calculated slopes for the temperature effect for 0.2-mm 

and 1.0-mm fibre separations had similar values (Table 2.1), showing that 

the fluxes given by each fibre separation were largely influenced by tem-

perature in the same way. We considered the following two explanations 

for this: there is a good correlation between the nutritional flow (superfi-
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Figure 2.4. A direct comparison of the flux values at the 1.0-mm and 0.2-mm fibre 
separations. The data showed here is the same as the data in Figure 2.2A. 
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Figure 2.3. Comparison of the fluxes detected by each of the fibre separations, 
for control subjects and patients as a function of toe temperature. 
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cial) and the relatively deeper located thermoregulatory flow; or the laser 

Doppler signal detected at 0.2 mm is not mainly measuring superficial 

flow, but is dominated by part of the light that has reached the deeper re-

gion of the skin [14], and therefore shows flow variations similar to that 

for the 1.0-mm separation. 

In some cases, the intercept in presentations like Figure 2.4 differed from 

zero. The slopes did not differ significantly between the patient and healthy 

subject groups. For some healthy subjects and patients, who had relatively 

high fluxes, we observed that the intercept in flux value comparison (as 

shown in fig. 2.4) became strongly negative. We suspect that this behav-

iour is due to the response of the monitor to extremely high perfusion, as 

it was observed recently in another study comparing different LDPM sys-

tems [20] having different bandwidths and using 0.50-mm fibre separa-

tion. When using a 0.25-mm fibre separation this problem did not occur. In 

the present study, using a different instrument, the bandwidth may also be 

the limiting factor for very high fluxes when using the 1.0-mm fibre sepa-

ration. 

At low skin temperature, some of the healthy subjects presented very low 

flux values, with the toe temperature being approximately the same as the 

room temperature. This effect was observed on the female healthy sub-

jects only but not on the female patients. Our results suggest that such low 

fluxes might be avoided by measuring at a room temperature of 25-26 °C, 

Figure 2.5. Flux ratio as a function of the toe skin temperature from control subjects 
(●) and patients (o). The SD from each point refers to the variation for the whole 
recording. 
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in which case the minimum toe temperature observed equals the room 

temperature, and there was a corresponding increase in flux (fig. 2.3). 

Furthermore, we noted from Figure 2.5 that the ratio between fluxes at 

0.2-mm separation to that at 1.0-mm separation is not influenced by the 

skin temperature when the measured skin temperature was in the range of 

25-34 °C. 

The probe used in this study allowed the comparison of the fluxes recorded 

at separations of 0.2 mm and 1.0 mm. The use of a fibre flux ratio was 

chosen to see whether the flux in the superficial capillary loops was de-

creased compared to the deeper flux in patients with peripheral vascular 

disease. 

Holmlund et al. used one LDPM probe with detecting fibres at two separa-

tions of 0.14 mm and 0.25 mm from the illuminating fibre in a clinical ap-

plication [8]. They did record flux at one fingertip simultaneously at both 

mentioned fibre separations while performing some temperature-controlled 

tests. They did not study the ratio of the measured fluxes, although their 

results also show flux values that differed with the distance between the 

fibres. 

As mentioned above, this fibre flux ratio was 1.0 in the calibration liquid 

but lower in the skin. Furthermore, the ratio showed very low SD and, its 

reproducibility was better than for the fluxes themselves (see Table 2.2 

and fig. 2.2A). Hence, we consider the fibre flux ratio, as calculated in this 

study, a possible tool for LDPM research that could complement the exist-

ing methods. Because our patient group was composed of patients suffer-

ing from different diseases, all of which result in peripheral vascular disor-

ders, more studies are needed to establish the fibre flux ratio as an inves-

tigative tool. Patients with critical limb ischaemia may present with lower 

superficial blood flow compared to their perfusion in deeper skin layers. In 

that case, a lower fibre flux ratio can be expected, as was also the case for 

some patients in the present study (fig. 2.5). Besides dependence on fibre 

separation, it should be noted that the fibre flux ratio might be affected by 

tissue optical properties [18], which may also depend on age and ethnic 

origin. Furthermore, from the present results on the pulp of the toes we 

expect that it is not possible to find a fibre separation which can be used to 

assess nutritional flow only. 

The fibre flux ratio, which was always much smaller than 1.0, shows that 

the use of a standardised fibre distance in probes with a single detector fi-

bre will facilitate meaningful comparisons of LDPM results from different 

studies, as fluxes at the used fibre separations differed more than a factor 

two. The authors recommend that details of the probe used in the study 
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always be published (i.e., numbers of fibres, fibre core diameter, core-to-

core separations and spatial arrangement). These factors can play an im-

portant role in the results obtained. 

In summary, LDPM measurements are affected by the separation between 

the illuminating and detecting fibres. Therefore, results of studies obtained 

with different fibre separations cannot be compared directly. The stan-

dardisation of probes used in laser Doppler perfusion monitoring will help 

to overcome this problem. Although we are aware that techniques as capil-

laroscopy may give a better evaluation of the nutritional flow than current 

LDPM methods [2,5,6,12], the latter has the advantage that it can be used 

in more body locations. 

In this chapter, we used a multiseparation probe to assess skin blood per-

fusion at two effective distances from one illuminating fibre, allowing us to 

calculate a fibre flux ratio that might be a complementary tool for investi-

gation of the skin microcirculation and its responses. However, also be-

cause of the high correlation between the flux variations at 0.2-mm and 

1.0-mm fibre separations, more studies are needed to investigate whether 

a multiseparation approach such as the one used in this study can be used 

to discriminate between nutritional and non-nutritional skin blood flow. 

Considering the large temperature dependence of the flux, an important 

advantage of using the fibre flux ratio as presented here could be its inde-

pendence from tissue temperature. 
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Summary 

The standardisation of manoeuvres to perform clinically discriminative mi-

crovascular flow-reserve tests is still poorly developed, as well as the re-
sponse analysis. The aim of this study was to establish a reproducible 

analysis method for the post-occlusive reactive hyperaemia (PORH) test 
measured using laser Doppler perfusion monitoring (LDPM). LDPM data 
were measured from the PORH response of 24 Fontaine class II-III periph-

eral atherosclerotic/arterial obstructive disease (PAOD) patients and 30 
healthy subjects. The PORH response was recorded from the dorsum of the 

foot after 3 min of arterial occlusion at the thigh. The resulting tracings 
were analysed by describing their morphology through five defined parame-
ters: resting flux (RF), time to RF level (tRF), maximum flux (MF) during re-

active hyperaemia, time to maximum flux (tMF), and time to half recovery 
(tHR). While the time parameters were discriminative between patients and 

controls, flux parameters were not. The time to resting flux (tRF) led to the 
most discriminative model that correctly predicted 88.5% of the cases. 

Hence, we concluded that obtaining tRF with the presented procedures pro-
vides an optimal model to quantify the patient’s microvascular condition 
from the PORH response. 

Published in Microvascular Research 2005; 69(1-2):17-23. 
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3.1 Introduction 

Laser Doppler perfusion monitoring (LDPM) is a well-known technique for 

assessing tissue microcirculation in a continuous and non-invasive way 

[16]. A typical LDPM monitor makes use of two optical fibres [7]: one to 

bring the laser light to the tissue (i.e. illuminating or source fibre), and an-

other that collects the back-scattered light from the tissue (i.e. detecting 

or collecting fibre). The resulting LDPM flux signal is related to the blood 

perfusion of the illuminated volume of tissue [13]. 

In the past, a typical LDPM monitor used a 633 nm He-Ne laser, but nowa-

days diode laser light of 780 nm is widely used. The advantage is that 

measurements at this wavelength are less influenced by the oxygenation 

of blood [11,19]. Another factor that affects LDPM measurements is the fi-

bre separation: the wider the separation is, the more light is detected that 

has travelled through deeper skin [10,12]. These technical aspects of 

LDPM were studied in a joint effort by several research and technical Euro-

pean groups (SMT project) aiming to standardise the LDPM technique 

[3,15]. 

In clinical practice, LDPM is not generally applied for daily use. One of the 

limitations of the LDPM technique is that it does not allow measurements 

of the microcirculation in absolute units, i.e. ml s-1 (100 g)-1, but in arbi-

trary units called perfusion units (PU) [11]. Furthermore, several studies 

have reported the low clinical value of resting blood flux values [8]. How-

ever, using provocation tests, e.g. post-occlusive reactive hyperaemia 

(PORH), differences between healthy subjects and patients with peripheral 

arterial obstructive disease (PAOD) have been reported [6,8,17]. These 

studies agree on the usefulness of quantitative parameters that consider 

the response times (e.g. time to maximum flux). Particularly interesting 

was del Guercio’s study in which nine different parameters of the PORH re-

sponse were investigated and compared between healthy controls and 

PAOD patients. These differences were more evident performing the occlu-

sion at the thigh than at the ankle. 

This chapter, within the framework of a European project for standardisa-

tion of the LDPM technique, studied PORH on both POAD patients and 

healthy subjects at several clinical centres in Europe, using standardised 

equipment and methods. This study aims to propose a standardised 

method to assess post-occlusive reactive hyperaemia response on PAOD 

patients by means of LDPM. 
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3.2 Methods 

Three different European research groups participated in this study, they 

are referred to as partners A, B and C. All partners agreed to perform post-

occlusive reactive hyperaemia (PORH) measurements in peripheral arterial 

obstructive disease (PAOD) subjects and control subjects according to a 

common protocol (Table 3.1). 

3.2.1 Patients 

The inclusion criteria for the PAOD patients are shown in Table 3.2. The re-

spective local ethical committees approved the studies. A total number of 

54 subjects were measured: 24 patients were type II-III Fontaine class 

(mean age: 65.5 years; range: 45-80 years), with an ankle-brachial index 

(ABI) less than 0.9, without critical limb ischemia (according to the second 

European consensus document on chronic critical leg ischemia (1991)) and 

no signs of diabetes mellitus. The control group consisted of 30 subjects 

without clinical symptoms and signs of vascular disease (mean age: 53.8 

years; range: 22-74 years). 

Table 3.1. Protocol for the PORH measurements. 

1. LDPM monitor: 

• Laser wavelength of 780 nm. 

• Probe with a fibre separation of 0.25 mm. 

• Laser warming up for 30 minutes. 

• Time constant set to minimum. 

• Bandwidth set to maximum. 

• Calibration according to manufacturer’s instructions.  

• No local heating. 

2. Subject preparation and manoeuvres: 

• Room temperature of 25 ±1 °C. 

• Subjects in the supine position. 

• The dorsum of the feet 10 cm above heart level. 

• A blanket covers the legs up to the ankle. 

• 30 minutes for acclimatisation. 

• 18 cm-wide pneumatic cuff installed around the thigh of the leg on 
which the measurements are performed. 

• No clothing allowed between the cuff and the skin. 

• The probe installed preferably on the dorsum of the foot between the 
second and third metacarpal radius. 

• The arterial pressure is measured on the arm. 

• The maximum pressure of the cuff is set to 30 mm Hg above the 
systolic arm pressure. 

• 3 min occlusion time; 1 min in case of strong pain.  
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3.2.2 LDPM monitors 

Each research partner used similar equipment and its own patient and con-

trol groups. Partners A and B used a Pf4001 (Perimed AB, Järfälla, Swe-

den) and partner C used a Pf5001 (Perimed). These laser Doppler perfu-

sion monitors (LDPM) generate low power laser light at a wavelength of 

780 nm. All partners used similar multi-purpose LDPM probes for skin 

measurements, having a core diameter of 0.125 mm and a fibre separation 

centre-to-centre of 0.25 mm. The LDPM monitors were set to the minimum 

time constant (0.2 seconds), and the maximal cut-off frequency was set at 

12 kHz. The instruments were calibrated using the manufacturer’s aqueous 

suspension of polystyrene microspheres and instructions. Partners A and C 

connected the analogue output channels of the monitor to an analogue-to-

digital acquisition card sampling at a rate of 40Hz. Recording software was 

developed using Labview v5.1 (National Instruments Co., Austin, USA). 

Partner B used the digital output of the LDPM monitor in combination with 

the manufacturer's software (Perisoft, Perimed). 

3.2.3 Protocol 

The common protocol (Table 3.1) requires that the subjects comfortably 

rest on a bed in supine position for 30 min prior to the test. The recording 

session lasted 33 min without stops, and had three stages: baseline, occlu-

sion, and reactive hyperaemia. The first stage always lasted 15 min for re-

cording enough reference flux signal. The occlusion lasted 3 minutes at the 

most; in case of strong leg pain 1 minute was the minimum time. After the 

occlusion, the signal was recorded for another 15 minutes to obtain the 

PORH response. 

The probe site, according to the protocol, was at the dorsum of the foot 

because the underlying skin is less influenced by the thermoregulatory 

blood flow due to the absence of arteriovenous anastomoses [5]. 

The occlusion place was the thigh, in line with del Guercio, and was per-

formed using an 18 cm wide pneumatic cuff attached around the measured 

leg. Partner A used a rapid cuff inflator system (E-20 rapid cuff inflator and 

AG-101 air source, D.E. Hokanson, Bellevue, USA) to quickly inflate/deflate 

the cuff. The other two partners used a handheld sphygmomanometer 

pump to inflate the cuff. 

3.2.4 Tracings analysis 

Before calculating the parameters given in Table 3.3, the measurements 

were converted to perfusion units (10 mV = 1 PU, following the manufac-

turer’s instructions), and averaged over one second. Next, the data was 
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plotted for visual inspection. The resting flux (RF) was calculated from the 

longest excerpt free of artefacts and representative of the pre-occlusion 

period. The Biological Zero (BZ) [18] was calculated from the most repre-

sentative excerpt free of large signal fluctuations during occlusion. The 

time at which the flux signal reappeared after occlusion was considered as 

t = 0. The BZ value was then subtracted from all data points. Once the re-

cording was corrected for BZ (fig. 3.1), the value of the time to RF level 

(tRF) was determined as the first flux data-point higher or equal to the RF 

value. Then, the signal was smoothed even more using a 21-seconds mov-

ing average. This 21-seconds average produced an acceptable smoothed 

signal without loosing much of its characteristics. From the resulting aver-

aged tracing, we determined the maximum flux (MF) and the time to MF 

level (tMF) by inspection of the individual data-points of the averaged 

curve. In case of several flux peaks we used the highest one. Before ob-

taining the time to half recovery (tHR) we calculated the half recovered flux 

(HRF) as described in Table 3.3. Then tHR was obtained from the first flux 

data-point lower or equal to HRF. 

3.2.5 Statistics 

The two-tailed Mann-Whitney u-test was used to compare each of the pa-

rameters between groups, and p < 0.05 was considered significant. Fur-

thermore, a binomial logistic regression analysis [1] was performed to find 

a relation among the studied parameters (Table 3) that could optimally 

separate PAOD patients from healthy subjects. A value pPAOD = 0 was con-

sidered to be a control, and pPAOD = 1 a PAOD subject. The cut-off value 

was pPAOD = 0.5. All the data analysis was performed on a personal com-

puter with MSExcel v9 and SPSS v10 programs. 

3.3 Results 

In three patients, the occlusion lasted one minute due to strong leg pain. 

Apart from that, in two patients it was not possible to derive reliable re-

sults for tRF and tHR, the times to reach resting flux and half-recovered flux 

respectively, due to the presence of movement artefacts caused by trem-

ors that disturbed the flux signal. However, it should be noted that none of 

these subjects were excluded from the study. 

Figure 3.1 shows the method of analysis of the post occlusive reactive hy-

peraemia (PORH) response for which results are summarised in Table 3.4. 

The resting flux values (RF) measured at the dorsum of the foot before the 

occlusion were generally low. These were similar between groups, hence 

RF did not discriminate patients from controls. The maximum flux values
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Table 3.2. Inclusion criteria for the PAOD patients. 

• Type II-III Fontaine class PAOD: claudication or rest pain (not fulfilling 
other criteria for critical limb ischemia). 

• Ankle-Brachial Index < 0.9. 

• Beta-blockers, calcium antagonists and other medication that influences 
the vasomotor tone are excluded. Buflomedil or Naftidrofuryl were 
withdrawn at least one week before the study. The following drugs were 
permitted: 

• Statins. 

• Aspirin or other thrombocyte aggregation inhibitors (no dipyridamol 
allowed). 

• ACE-inhibitors, provided the patient is stably instituted. 

• No (history of) congestive heart failure. 

• No diabetes mellitus (has to be excluded by recent, < 3 months, 
measurements of glucose or HbA1c levels according to ADA criteria). 

 

Table 3.3. Definitions of the parameters used in this study. 

BZ Biological Zero: the remaining flux signal during occlusion. 

RF 
Resting Flux: the mean flux signal level during the pre-occlusion period 
in standardised perfusion units (PU). 

t0 
Time of reference: the moment when the flux signal starts rising after 
the end of occlusion and becomes higher than BZ. 

tRF Time to resting flux: the first time after t0 that the flux is higher than RF. 

MF 
Maximum Flux: the highest flux value observed during the PORH 
response in standardised perfusion units (PU). 

tMF Time to maximum flux: the time from t0 when MF occurs. 

tHR 
Time to half recovery of PORH: the time from t0 when the decreasing 
flux reaches half way between RF and MF. The flux value is calculated 
from: HRF = (MF+RF)/2 

MF/RF Ratio of the maximum flux and resting flux. 

 

(MF) for both groups during reactive hyperaemia were not discriminative 

as well. However, the ratio between MF and RF was significantly different 

between both groups (p = 0.002). The time to reach RF level (tRF) had the 

best discriminative properties of the studied parameters, as shown in Fig-

ure 3.2. In the control group, the 95% confidence interval for the mean of 

tRF was between 1.9 and 3.6 seconds, whereas for the patients it was be-

tween 17.3 and 35.1 seconds. The time to maximum flux (tMF) and the 
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time to half-recovery (tHR) were, albeit less strong, other discriminative pa-

rameters between patients and controls (fig. 3.2). Again, longer times 

were observed for the patients. 

The modelled equations to calculate the probability of a subject to have 

peripheral arterial obstructive disease (PAOD), logit(pPAOD), obtained from 

the logistic regression analysis are shown in Table 3.5. Only the four pa-

rameters tRF, tMF, tHR and MF/RF resulted in significant models. Other pa-

rameters, RF, MF, or other combinations of all mentioned parameters did 

not. Ankle-Brachial Index of the PAOD subjects only correlated weakly (R2 

= 0.21) with the calculated value of logit(pPAOD) using the coefficients for 

tRF in Table 3.5. 

Finally, we tested whether tRF with the model of Table 3.5 also correctly 

classified the controls and PAOD subjects for each partner, by using the 

criterion tRF = - Z/X = 6.86 s. From the Groningen, Pisa, and Toulouse con-

trol subjects, 8/9, 15/15, and 6/6 were classified correctly, respectively, 

using tRF < 7 s. For the PAOD patients these numbers were 3/3, 12/15, 

and 2/4, respectively, using tRF ≥ 7 s. 

3.4 Discussion and Conclusions 

This study provides a method for recording and analysing of post occlusive 

reactive hyperaemia (PORH) by means of laser Doppler perfusion monitor-

ing (LDPM), using a standardised protocol that has been used successfully 

to differentiate between patients with peripheral arterial obstructive dis-

ease (PAOD) and healthy controls. Equipment and procedures are used 

that might be available in most vascular research laboratories. The new 

aspect of this study is that a consortium of several research groups and 

manufacturers agreed about this common protocol, and that common re-

sults of measurements according to this protocol have been presented. The 

proposed analysis method showed that the time to resting flux (tRF) was 

the parameter with the best discriminative power that could correctly clas-

sify most of the subjects (Table 3.5). 

The differences between the time parameters of the control group and the 

patient group were highly significant, which confirms findings of other 

studies [4,6,9,14,17]. It should be noted that the measuring set-ups 

among the studies differed by occlusion area and measuring site, and that 

the mentioned studies used the end of occlusion as time reference (t0). 

However, we decided to use the time when flux signal rises again as a ref-

erence time, because this can easily be obtained from the flux registration. 

Thus, even investigators that did not measure the time of latency might 

compare their results with those given in this study. 
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An advantage of the time-analysis is its lower dependence on the flux sig-

nal value, certainly up to some extent. Several factors (e.g. probe geome-

try and its calibration, noise) influence the value of the resulting flux sig-

nal, complicating the comparison of LDPM flux data from different vascular 

laboratories. Nevertheless, this study showed that the time analysis of 

LDPM data obtained by different teams, using similar equipment and pro-

cedures, produce comparable results. 

We chose the thigh as occlusion site because ankle occlusions in PAOD pa-

tients with mediasclerosis, diabetes mellitus, or renal insufficiency are not 

reliable, require very high pressures, and are difficult to perform. Further-

more, del Guercio et al. showed that thigh occlusion leads to better differ-

ences in the hyperaemic response between PAOD patients and healthy 

subjects [6]. 

We compared our results with data available in the literature that were ob-

tained using older generations of LDPM monitors. Del Guercio et al., oc-

cluding on the thigh and measuring on the pulp of the hallux, found signifi-

cant differences between healthy volunteers and PAOD patients for the 

“time of recovery” (tR). The average of his mean tR values minus the mean 

“time of latency” is similar to our mean time to reach resting flux values 

(tRF): for controls 7.2 and 2.7 seconds, respectively; and for PAOD 33 and 

26 seconds, respectively. Furthermore, both Kvernebo and del Guercio also 

studied the time to peak flux with similar set-up [6,8]. Therefore, we could 

calculate mean tMF values from their results as well: 17 s, 35 s and 23 s for 

controls, and 57 s, 93 s and 75 s for PAOD subjects, respectively for 

Kvernebo, del Guercio and ours. It is concluded that these older studies 

confirm our results by showing similar trends of the times to reach resting 

flux and maximum flux (tRF and tMF). 

In this study, the resting flux and maximum flux (RF and MF) were not 

significantly different between the controls and PAOD patients. Similar con-

clusions regarding RF and MF were found previously, using various meas-

uring set-ups and earlier generations of LDPM monitors [2,6,14]. Although 

in this study only one brand of LDPM monitor was used, other modern de-

vices with similar specifications may be used. Some differences among 

LDPM brands exist, which may cause flux values not being directly compa-

rable. However, since the flux values (RF and MF) in this study were found 

not significantly different between the controls and PAOD patients, the dif-

ferences among brands are probably less important for the case of the 

PORH response. 

One might consider the exclusion of patients with diabetes mellitus as a 

limitation of our method, as diabetes mellitus patients represent a majority 
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of patients with peripheral arterial obstructive disease. However, microvas-

cular disease is also one of the hallmarks of diabetes mellitus. Diabetic mi 

crovascular disease presents clinically with a loss of microvascular flow re-

serve and a resting hyperaemia in the feet. These features affect the laser 

Doppler flow response in a manner that may be distinct from that in 

 

Table 3.4. Statistical results of PORH in PAOD (n=24) and controls (n=30). 

 Group Median 
95% interval for mean 
Lower         Upper 

U-test p 
(Z) 

Control 4.60 4.2 8.3 
RF* 

PAOD 5.37 4.64 7.92 

N.S. 
(-0.554) 

Control 16.69 15.86 25.41 
MF* 

PAOD 9.41 9.91 19.15 

N.S. 
(-1.967) 

Control 2.00 1.88 3.59 
tRF

† 

PAOD 31.50 17.25 35.11 

< 0.001 
(-5.661) 

Control 19.00 18.85 27.75 
tMF

† 

PAOD 56.50 50.92 87.74 

< 0.001 
(-4.974) 

Control 68.00 54.57 76.76 
tHR

† 

PAOD 117.00 97.03 147.24 

< 0.001 
(-3.927) 

Control 3.16 0.25 0.38 
MF/RF 

PAOD 2.10 0.39 0.62 

0.002 
(-3.081) 

* Flux in perfusion units (PU), † time in seconds. RF: resting flux; MF: 
maximum flux; tRF: time to RF; tMF: time to MF; tHR: time to half-recovery. 
N.S. is p > 0.05 

 

Table 3.5. Significant logistic regression coefficients applied to the 
discrimination of PAOD patients from control subjects, and the percentages 
of correctly classified measurements. Z is the constant value of the model, 
X is the resulting coefficient for the tested parameter: logit(pPAOD) = 10log 
[pPAOD / (1 - pPAOD)] = Z + X [Parameter]. 

   Correctly Predicted 

Parameter 
tested 

Regression 
coefficients 

Significance 
(p) 

Controls 
(%) 

PAOD 
(%) 

Total 
(%) 

X = 0.492 0.005 
tRF 

Z = -3.373 < 0.001 
96.7 77.3 88.5 

X = 0.092 < 0.001 
tMF 

Z = -3.954 < 0.001 
90.0 75.0 83.3 

X = 0.037 0.001 
tHR 

Z = -3.639 0.001 
83.3 54.5 71.2 

X = -0.812 0.007 
MF/RF 

Z = 2.178 0.010 
66.7 70.8 68.5 
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atherosclerotic PAOD. Although we agree that our analysis might also be of 

value in patients with diabetes mellitus and PAOD, we have limited for the 

current purpose our analysis to patients with PAOD without diabetes melli-

tus. 

Another limitation is that our study design does not allow to assess the di-

agnostic power of our method, because our method was tested in meas-

urements in clinically very distinct groups. A next step should be to assess 

the diagnostic validity and power of the tRF in a less well-defined population 

of patients presenting with possible PAOD, which should then be compared 

to conventional diagnostic tools like (exercise) pressure measurements or 

duplex scanning. 

In summary, this study proposes standardisation of procedures and 

equipment to assess the characteristics of the PORH response by means of 

LDPM. The time parameters used in this study (tRF, tMF, and tHR) better dis-

criminated patients from controls than the flux signals (RF and MF). When 

applied to control subjects and patients with mild to moderate PAOD, the 

time to resting flux (tRF) alone was able to classify subjects with good accu-

racy. Furthermore, the logistic regression analysis showed that addition of 

other parameters to tRF did not improve the model. Therefore, we conclude 

from this multi-centre study that the use of tRF provides an optimal model
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Figure 3.1. Detail of a PORH response of a control subject. The black line is the signal 
averaged over one-second. The grey line is the 21-seconds moving average of the 
black line data. This smoother line was used to obtain tMF, MF and tHR. 
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Figure 3.2. Box-plots of the studied parameters for the control (open boxes) and PAOD (close 
boxes) groups. The boxes represent (top to bottom): highest value, 3

rd
 quartile, median, 1

st
 

quartile and lowest value. The outliers (O) are 1.5-3 box lengths, and the extreme values (*) are 
beyond 3 box lengths from the median. 
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to quantify the patient’s microvascular condition from the standardised 

PORH response with respect to PAOD. A first next step will consist of the 

comparison of tRF measured with different LDPM systems. Other future 

studies should focus on the value of tRF in comparison with conventional di-

agnostic tools, as well as on the use of it in patients with both PAOD and 

diabetic mellitus. 
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Chapter 4 

Comparison of laser Doppler 

perfusion monitors: a study on 

patients and healthy controls 

Fernando Morales, Judith Blaauw, Andries J. Smit, Gerhard Rakhorst, 

Reindert Graaff 

Summary 

Two different commercial multi-channel laser Doppler perfusion monitors 
were compared in a clinical post-occlusive reactive hyperaemia test 

(PORH). Flux signals and response times from the PORH test were stud-
ied at two foot locations. The perfusion monitors assessed skin blood per-

fusion simultaneously at the dorsum of the foot and at the pulp of the 
hallux, using two multifibre probes. Measurements were performed on 
ten patients with peripheral arterial obstructive disease, ten patients with 

diabetes mellitus and ten controls. Resting and maximum fluxes were 
studied as well as three characteristic time parameters from the hyper-

aemic response. In both foot locations, different flux values were as-
sessed at the various fibre distances. Time parameters at each foot loca-
tion were practically the same for both instruments and all fibre dis-

tances. The time from reflux after occlusion release to resting flux, tRF, 
differed significantly between controls and PAOD patients at the dorsum 

of the foot. No differences in flux values were found between patient and 
control groups. Of all investigated variables, tRF had the largest discrimi-
nating value between patients and controls, and was similar for both 

monitors. Flux results from different monitors or fibre distances need cor-
rection to allow comparison. 
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4.1 Introduction 

Laser Doppler perfusion monitoring (LDPM) is a well-known technique to 

assess the tissue perfusion. The main advantage of this technique is the 

possibility of continuous monitoring of the rapid changes of blood flow 

through a small volume of tissue in a non-invasive way. In 1975, Stern 

proposed the clinical use of laser Doppler flowmetry [24] which led to the 

development of clinically oriented instruments using a He-Ne laser emitting 

light of 632.8 nm [3,6,12,23]. Nowadays, there are several manufacturers 

delivering LDPM monitors having in common the use of a diode laser that 

produces monochromatic light of 780 nm. This wavelength allows LDPM 

measurements to be almost unaffected by the oxygen saturation of blood 

[12,27]. This difference in wavelength should be taken into account when 

comparing results obtained with devices that used a He-Ne laser instead 

[2,20], because the oxygen saturation may influence those results. 

LDPM monitors share a common basic functioning principle [6,24], but also 

have some differences [12]. An important difference between the devices 

is the methods for signal processing used by each manufacturer [12]. An-

other difference is the calibration liquid supplied by each manufacturer. 

Typically, the calibration liquid is an aqueous suspension of polystyrene 

spheres, but every manufacturer use different size and concentration of 

spheres. The Brownian movement of these particles is the origin of flux 

signal that is used as a reference. Alternative methods for calibration of 

LDPM monitors have been proposed [11,13]. These two differences lead to 

a somewhat dissimilar signal output of the monitors even if they measure 

simultaneously in the same medium [11,21]. 

Other limitations that need to be solved include lack of quantitative units 

[22], and the existence of the instrumental zero and biological zero [26]. 

Moreover, there is a need for standardised clinical protocols that would al-

low reproducible measurements. 

In LDPM, the measuring depth is largely affected by the separation be-

tween the illuminating and detecting fibres [8,9,19]. This effect has been 

studied for different probes arrangements in vitro [8,11,14] and in vivo 

[4,5,7,10,16]. Although these studies have found that the LDPM flux sig-

nals vary with fibre separation, LDPM manufacturers offer a variety of 

probes with different fibre arrangements. Nevertheless, very little is still 

known of the influence of fibre separation in the clinical application of 

LDPM, or the possible advantages some fibre arrangements might have. 

Currently, there are many LDPM monitors being used for research and, 

eventually, as a clinical tool. Therefore, it is important to know whether the 
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measurements obtained by the actual devices or with the previous genera-

tions are comparable. Several studies compared two or three LDPM de-

vices, but did so only under laboratory conditions [2,15] or in animal ex-

periments [20,22]. Ideally, an adequate performance comparison of moni-

tors is made by sharing only one probe with various monitors and re-

cording tissue perfusion simultaneously [21]. A comparison can be 

achieved also by means of a multiple-fibre probe. However, it is very im-

portant that every monitor assesses the perfusion signal using the same 

fibre distance between the illuminating and detecting fibres, because that 

distance has a major influence on the results [9,11,14], depending on the 

methodology of calibration that is applied. 

The present study aims to compare and evaluate the flux signals recorded 

with two different LDPM multi-channel monitors in a clinical situation over 

a range of conditions with different perfusion levels in patients with periph-

eral arterial obstructive disease, in patients with diabetes mellitus, and in 

control subjects. By means of two LDPM probes with multiple detection fi-

bres, the influence of fibre distance is evaluated in these patient groups. 

The simultaneously obtained flux signals from two foot locations are also 

compared. 

4.2 Methods 

4.2.1 Equipment 

Two LDPM monitors were used: a Pf4001 (dual-channel, Perimed AB, Jär-

fälla, Sweden) and a moorLAB system (quad-channel, Moor Instruments 

Ltd., Axminster, UK). Thus, a total number of six channels were available, 

each consisting of one laser and one detection unit. From these, five detec-

tion units and two lasers from the moorLAB were actually used for this 

study. Both LDPM monitors were set to their minimum time constant (0.2 s 

for Pf4001, 0.03 s for moorLAB). The maximal cut-off frequency was set at 

12 kHz (fixed setting) for the Pf4001 and 22 kHz (selectable setting) for 

the moorLAB. The analogue outputs of both monitors were connected to an 

analogue-to-digital acquisition card (PC-LPM-16/PnP, National Instruments 

Co., Austin, USA) sampling at a rate of 40 Hz with 12 bit of resolution. A 

recording program was developed using Labview v5.1 (National Instru-

ments Co.) running on a personal computer. 

The probe used on the dorsum of the foot was straight and cylindrical with 

one central fibre surrounded by six fibres hexagonally distributed (fig. 4.1 

left). All the fibres had a core diameter of 0.125 mm and a separation be-

tween fibres (centre-to-centre) of 0.25 mm. These six fibres had inde-

pendent connectors, therefore, we could do any combination of source and 
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detection fibres. Only one fibre was used as illuminating fibre (L, fig. 4.1) 

and was connected to the moorLab server’s laser. Two of the fibres located 

at 0.25 mm from the illuminating fibre were respectively plugged into the 

first Pf4001 detector (P1) and the other to the first moorLAB detector 

(M1). The only fibre at 0.50 mm from the illuminating fibre was plugged 

into the first moorLab satellite’s detector (M2). This probe was chosen be-

cause the fibre distances and fibre dimensions are in the range of what is 

delivered with these monitors in general. 

The second probe, designed for measurements on the pulp of the hallux 

[16], was included in this study for comparison purposes. It was a 90°-

angled probe with nine detection fibres and one illuminating fibre, all with 

a core diameter of 0.125 mm (fig. 4.1 right). The illuminating fibre was at 

the centre of a circle formed by the tips of the eight detection fibres, hav-

ing a radius of 1.0 mm. Another detection fibre was located at 0.2 mm 

from the illuminating fibre. Only one cord came out of the probe, and at 

the distal edge, it ended in three sub-wires carrying respectively the 0.2 

mm detector fibre (M3), the illuminating fibre and the eight 1.0 mm detec-

tion fibres (M4). 

The monitors were calibrated using the probes and connections shown in 

Figure 4.1 and using the calibration liquid (motility standard) provided by 

the respective manufacturer, and following each manufacture’s calibration 

instructions. The calibration was performed under low ambient light condi-

tions and at a room temperature of 22 ±1 °C. The resulting flux signals, 

from the respective motility standard, were 250 perfusion units (PU) for 

the Pf4001, and 220 PU for each channel of the moorLAB. After the initial 

calibration, the flux output signal was regularly checked before each meas-

urement against the own motility standard. In case the obtained flux signal 

changed more than ±50 PU from the above calibration values, a new cali-

bration was performed following the above procedure. 

Arterial occlusion was performed using an 18-cm wide pneumatic cuff 

(CC17, D. E. Hokanson Inc., Bellevue, USA) attached around the thigh of 

the measured leg. The cuff was driven by a rapid cuff inflator system (E-20 

rapid cuff inflator and AG-101 air source, D.E. Hokanson) to quickly in-

flate/deflate the cuff. 

4.2.2 Test subjects 

Approval for this study was obtained from the medical ethical committee of 

the University Medical Centre Groningen. Thirty subjects of a comparable 

age participated in this study and were distributed in three groups: 
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• PAOD: Ten subjects of type II-III Fontaine class peripheral arterial 

obstructive disease (with claudication or rest pain, and no critical 

limb ischemia). PAOD was documented by an ABI (ankle-brachial in-

dex) < 0.9, and/or Doppler ultrasound or angiographic studies con-

firming a severe stenosis or occlusion. Most of the patients were 

participants in a so-called walking training program. The mean age 

was 61 ±9 years (range 49-76 years, six men). 

• DM: Ten subjects with diabetes mellitus (type 1 and type 2) without 

symptoms of PAOD. The mean age was 52 ±7 years (range 43-63 

years, seven men). Diabetes had been diagnosed using conventional 

ADA criteria [1]. 

• Controls: Ten healthy subjects with no clinical symptoms of vascular 

disease. The mean age was 55 ±8 years (range 46-68 years, 10 

men). 

Subjects with a history of congestive heart failure were excluded. Further-

more, drugs with vasoactive effects were not allowed in the hours before 

the measurement. 

4.2.3 Test procedures 

The subjects comfortably rested on a bed in supine position for 30 min 

prior to starting the recording. During this period, the two probes were at-

tached to the right foot using double-sided adhesive rings. The straight 

probe was placed on the dorsum of the foot between the 2nd and 3rd meta-

tarsals using a flat-circular probe plastic holder. The other probe was 

placed on the pulp of the big toe using a concave-circular silicon rubber 

holder. The brachial arterial pressure was measured and noted. 

The recording session lasted 33 min without stops, and had three stages. 

The first stage lasted 15 min to record a stable resting flux reference sig-

nal. This was followed by an arterial occlusion by inflating the cuff 30 mm 

Hg suprasystolic for a maximum of 3 minutes. After the cuff deflation, the 

post-occlusive reactive hyperaemia (PORH) was recorded for up to 15 min-

utes. 

4.2.4 Signal processing 

The flux values measured were converted from Volts to perfusion units (10 

mV = 1 PU), and averaged over one second to eliminate the heartbeats. 

The Biological Zero (BZ) [25] was then calculated by averaging the flux 

signal from the most representative excerpt of the occlusion period, as 
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Figure 4.1. Optical-fibre layout of the two skin probes used in this study. 
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(channel)

Distance 
[mm]

M1 M4M3M2P1
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this flux signal often presented relatively large signal fluctuations. The BZ 

value was then subtracted from every flux data value. Next, several pa-

rameters were calculated as follows: 

• Resting flux (RF) was defined as the mean flux calculated from the 

longest signal excerpt free of artefacts, and representing the pre-

occlusion period. 

• The time to resting flux (tRF) was defined as the time when the 

first flux data-point was higher or equal to the RF value. 

• The flux signal was averaged even more using a 21-seconds moving 

average to obtain the following properties: 

• The time to maximum flux (tMF) and maximum flux (MF) values 

during the PORH curve were determined at the highest flux value af-

ter the cuff release. 

• The time of half recovery (tHR) was obtained by calculating first 

the half recovery flux (HRF) value defined as: HRF = (MF+RF)/2. 

Then, the tHR value was obtained from the first flux data-point lower 

or equal to HRF. 

• The flux ratio was defined as the ratio between MF and RF. This pa-

rameter shows the relative increase of flux and give an idea of the 

remaining reserve capacity of the microvasculature. 

• The fibre flux ratio is the ratio between flux values obtained at two 

fibre separations during resting flux conditions. These were calcu-

lated only from the probes of the Moor monitor because it measured 

simultaneously with different fibre separations. 

4.2.5 Data analysis 

The comparison of data from different channels was performed for RF, MF, 

and Flux-Ratio values using scatter plots for each of the following channel 

pairs: M1-M2, M1-P1, M2-P1, and M3-M4. A second order curve was fit 

through the origin to calculate the R2 value.  

Summary statistics were calculated and the values were checked for nor-

mality. Because not all data were normal, the decimal logarithm was calcu-

lated to meet the normality requirements for using parametric tests. Cases 

with missing values were excluded per test. For every channel, the t-test 

was used to check the clinical value of each parameter to distinguish the 

patient groups. For every group, the parameters were compared for the 



62 4.3. Results 

  

above mentioned channel pairs by using the paired samples t-test. All the 

statistical tests were two-tailed and a p < 0.05 was considered significant. 

The statistical analysis was performed using SPSS version 11. 

4.3 Results 

Comparison of patient groups and Controls 

4.3.1 Comparison of fluxes  

The flux signals from the toe were much larger than those from the dor-

sum. Large flux spikes were often observed from the dorsum signals, 

which sometimes complicated the graphical analysis of the tracing. In a 

few cases, signal artefacts occurred during the occlusion, however in most 

cases these were not accompanied by visible foot movements. Because of 

the large signals recorded from the toe, fewer artefacts were observed at 

this location. 

In the dorsum as well as on the toe, none of the RF values for any monitor 

as well as for any fibre separation configuration were significantly different 

for the patient groups compared to the control group (Table 4.1). This was 

also true for the values of MF. 

Furthermore, the comparison of the ratio between RF and MF fluxes, the 

Flux Ratio, did not show any significant difference between the Controls 

and the patient groups (Table 4.1) for any of the channels at both foot lo-

cations. 

Finally, the ratio between RF values for smaller and larger fibre distances, 

the Fibre-Flux Ratio, was investigated for the Moor LDPM. For the dorsum 

as well as for the toe, the Fibre-Flux Ratio results were the same, and thus 

not significantly different for each group. The Fibre-Flux Ratio of the toe 

had a smaller value than that of the dorsum (Table 4.1). 

4.3.2 Comparison of time-parameters 

In three cases, tRF could not be calculated for the Flux signal (1 Control, 

and 2 PAOD) due to movement artefacts at cuff-release time. In the dor-

sum, tRF yielded significant differences (p < 0.01) between PAOD patients 

and Controls in all three channels, whereas between DM patients and Con-

trols only significant differences (p < 0.05) were found for the Perimed 

LDPM, P1 (Table 4.1). On the toe, no significant differences were found be-

tween Controls and patient groups for tRF. 
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For tMF the results at toe and dorsum differed. At the dorsum, the Perimed 

LDPM (P1) was the only device that significantly discriminated between 

PAOD and Controls (p < 0.05). Both toe channels showed significant dif-

ferences between PAOD and Controls for tMF only, with p < 0.02 at 0.2-mm 

fibre separation (M4) and p < 0.04 at 1.0-mm fibre separation (M3). 

For tHR only significant differences were found for P1 between PAOD and 

Controls (p = 0.049). 

Comparison among channels 

4.3.3 Flux differences between channels at the same foot location 

In the control group, significant differences were found for the RF values 

for the following channel comparisons: M1-M2 (p = 0.02), M1-P1 (p = 

0.05), and M3-M4 (p < 0.001). For the PAOD patients, significant differ-

ences were found for M1-M2 (p = 0.001), M2-P1 (p < 0.05), and M3-M4 (p 

< 0.001). For the DM patients, the significantly different channel compari-

sons were M1-M2 (p < 0.001), M2-P1 (p < 0.01), and M3-M4 (p < 0.001). 

Table 4.1. Summary of the parameters calculated in this study. The parameters are: average 
resting flux (RF), time to RF (tRF), maximum flux (MF), time to MF (tMF), time of half recovery 
(tHR), the flux ratio (MF/RF), and the fibre-flux ratio. Values as mean ±SD. 

  Dorsum Probe Hallux Probe 

  
Moor 0.25 
(ch. M1) 

Moor 0.5 
(ch. M2) 

Perimed 0.25 
(ch. P1) 

Moor 1.0 
(ch. M3) 

Moor 0.2 
(ch. M4) 

Control 8.4 ±11.7 11.6 ±10.6 10.0 ±7.1 173.0 ±156.6 52.0 ±55.4 

DM 11.3 ±10.1 18.0 ±14.8 13.8 ±13.9 143.8 ±117.5 53.4 ±39.2 
RF 
(PU) 

PAOD 8.5 ±7.3 12.8 ±9.9 11.3 ±12.6 120.4 ±90.0 37.5 ±23.1 

Control 3.1 ±3.9 3.2 ±3.8 2.9 ±3.6 7.9 ±6.8 7.6 ±6.3 

DM 15.2 ±20.3 15.6 ±21.0 17.0 ±23.3 18.2 ±12.9 18.0 ±12.6 
tRF 
(s) 

PAOD 24.3 ±19.2 24.4 ±19.1 25.8 ±20.9 29.9 ±34.3 23.1 ±27.2 

Control 37.0 ±13.9 37.0 ±13.6 32.6 ±12.7 47.8 ±20.0 43.0 ±17.3 

DM 45.3 ±31.3 49.4 ±40.9 53.9 ±31.4 70.2 ±47.7 54.9 ±37.0 
tMF 
(s) 

PAOD 82.1 ±72.2 77.6 ±65.0 81.3 ±71.1 71.1 ±41.7 86.2 ±53.4 

Control 24.2 ±20.6 37.9 ±26.6 29.0 ±12.9 280.6 ±158.2 92.6 ±69.4 

DM 19.4 ±11.8 31.2 ±17.8 22.4 ±15.1 223.1 ±125.1 88.5 ±40.9 
MF 
(PU) 

PAOD 23.0 ±16.7 32.9 ±21.2 27.2 ±22.4 224.1 ±103.1 79.9 ±44.5 

Control 70.8 ±13.0 73.6 ±15.8 70.1 ±15.2 102.2 ±37.7 103.1 ±45.2 

DM 83.7 ±39.2 90.4 ±42.9 91.6 ±46.9 100.4 ±43.1 91.0 ±40.0 
tHR 
(s) 

PAOD 122.1 ±71.8 129.3 ±79.4 127.6 ±80.7 132.6 ±68.8 122.1 ±53.2 

Control 4.49 ±3.92 4.68 ±4.72 4.13 ±3.96 3.23 ±2.98 3.88 ±4.09 

DM 2.38 ±1.29 2.36 ±1.38 2.50 ±1.68 2.50 ±1.91 2.51 ±1.74 Flux ratio 

PAOD 3.14 ±1.35 2.90 ±1.05 2.97 ±1.30 3.04 ±2.38 3.14 ±2.36 

Control 0.63 ±0.22 - 0.31 ±0.14 

DM 0.61 ±0.07 - 0.41 ±0.09 
Fibre Flux 
ratio 

PAOD 0.65 ±0.20 - 0.35 ±0.10 
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In other words, the only non-significant differences occurred in compari-

sons with different instruments, M1-P1 in the patients with PAOD or DM 

and M2-P1 in the Controls. 

For the maximum flux (MF) in the dorsum, the M2 channel showed the 

highest values, whereas the M1 and P1 channels gave lower but similar MF 

values (Table 4.1). In the Control and PAOD groups significantly different 

MF-values were found only for the comparison of the M1-M2 and M3-M4 

channels (p < 0.01), whereas the other two comparisons were not (M1-P1 

and M2-P1). The DM group presented significant differences for the pairs 

M1-M2 (p < 0.001), M2-P1 (p < 0.02), and M3-M4 (p < 0.001). 

At the dorsum, the flux parameters (RF and MF) were typically lower for 

the M1 channel than for M2. This can also be seen from the fibre-flux ratio 

values in Table 4.1, which always were around 0.6 in every group. Fur-

thermore, for the Moor at 0.50 mm (M2) and the Perimed at 0.25 mm (P1) 

channels appeared to give similar RF values (Table 4.1). Figure 4.2A gives 

an example from a patient with DM. However, similar RF values were not 

always found, as in a few cases RF and MF were very similar for M1 and 

M2. 

Figure 4.2B shows the large difference between the M3 and M4 flux signals 

recorded from the toe, giving lower output for M4 than for M3 in all cases. 

The mean values of the Fibre-Flux Ratio for the M3-M4 channels were be-

tween 0.3 and 0.4. 

Table 4.2. Comparison of R
2
 values calculated between several pairs of 

channels obtained by fitting a straight line through the origin. 

  Dorsum Probes 
Hallux 
Probe 

  M1-M2 M1-P1 M2-P1 M3-M4 

All Groups 0.935 0.827 0.923 0.864 

Control 0.931 0.798 0.937 0.787 

DM 0.987 0.983 0.951 0.974 
RF 

PAOD 0.925 0.756 0.904 0.896 

All Groups 0.666 0.836 0.880 0.874 

Control 0.497 0.843 0.902 0.812 

DM 0.846 0.962 0.894 0.937 
MF 

PAOD 0.802 0.772 0.877 0.913 

All Groups 0.983 0.983 0.976 0.978 

Control 0.987 0.985 0.988 0.992 

DM 0.994 0.984 0.984 0.993 
Flux 
Ratio 

PAOD 0.993 0.990 0.978 0.993 
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The correlation between values of RF, MF, and Flux Ratio from different fi-

bre distances or instruments were each compared by calculating the corre-

lation coefficients from XY-plots. Table 4.2 gives results for all investigated 

channel pairs. The correlations between channels with the same instru-

ment for RF were higher for the foot than for the toe, whereas the situation 

for MF was opposite. For correlations of RF and MF fluxes between different 

instruments for the foot, the M2-P1 comparisons gave higher correlations 

than the M1-P1 comparisons, except for the DM group. 
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Figure 4.2. Example of Flux tracings obtained at the dorsum of the foot (A) and at 
the toe (B) of a DM patient. The flux values shown are corrected for the biological 
zero. 
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Results of comparisons for RF and MF values are depicted in Figure 4.3 for 

all dorsum channels. Second-order fitting curves were used to show the 

trend of M1 and P1 compared to M2. A linear relation was observed for the 

comparison of the values of the M1 and M2 channels, whereas the com-

parison between P1 and M2 channels lost linearity at high flux values. 

The Flux Ratio values were very similar for both devices (see Table 4.1). 

The correlation coefficients R2 for the Flux Ratio were high for all compari-

sons, including the comparisons between P1-M2 and P1-M1, the compari-

sons between different instruments (Table 4.2). 

4.3.4 Comparison of time parameters at the same foot location 

In dorsum and toe, both instruments showed similar reaction times in the 

PORH responses (Table 4.1). Figure 4.4 compares the time to RF (tRF) val-

ues of all cases for the three dorsum channels. In the dorsum only, the 

paired samples test for tRF resulted in significantly differences between P1 

and M1 in the DM group only (p = 0.036). 

4.3.5 Comparison between dorsum and toe 

In all cases, the RF and MF values recorded from the channel M4 (0.20 

mm) were much higher than those from channel M1 (0.25 mm). In a XY 

plot (not shown) for RF a value of R2 = 0.592, for MF of R2 = 0.766, and 

for the Flux Ratio (MF/RF) of R2 = 0.49 were found. The R2 for the time pa-

rameters were R2 = 0.716 for tRF, R
2 = 0.83 for tMF, and for tHR R

2 = 0.85. 

Only for the control group, the tRF values were very significantly different 

between M1 and M4 (p < 0.01).  

4.4 Discussion and Conclusions 

4.4.1 Differences between the instruments 

The present study was performed to support the comparison of results ob-

tained with LDPM systems supplied by different manufacturers. As the dif-

ferent motility standards that are supplied by each manufacturer lead to 

different calibrations of the instruments, it was decided to calibrate each 

monitor using its respective manufacturer’s calibration kit. In this way, the 

monitors were calibrated in a similar way as any other user could have 

performed with only one of these devices. It should be noted that studies 

with more interests in future standardisation or comparing the signal proc-

essing of the instruments may choose for a common calibration kit [22]. 

The two monitors that were used in the present study showed a slight loss 

of linearity in the Perimed monitor compared to the Moor (fig. 4.3). This 
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effect may be caused by the lower frequency cut-off of 12 kHz of the Pe-

rimed compared to the 22 kHz used in Moor, which might cause loss of 

linearity at high fluxes. High flux values may occur during some of the ma-

noeuvres performed in the clinic, such as during the post-occlusive reactive 

hyperaemia. Another explanation for the loss in linearity might be the 

adapted data processing of the Perimed LDPM to correct for non-linear be-

haviour at high levels of the red cell concentration in tissue [18], which 

may also take place during the post-occlusive reactive hyperaemia. 

At a fibre distance of 0.25 mm the mean values for RF per subject for Con-

trols as obtained at the dorsum with the Perimed system were significantly 

larger than those with the Moor system. The ratio between these values 

may give a constant factor for comparison of results between instruments 

for this fibre distance. This difference between the Perimed and Moor de-

vices at 0.25 mm was not significant for RF in patients and for measure-

ments of MF. 

Because of this lack of significance, the question may be posed whether 

this may be due to local differences in the vascular structure under the fi-

bres. Because of the higher correlations in most cases for M1–M2, with 

similar differences in vascular bed compared to M1-P1, this is not likely. 

Therefore, the observed differences are more likely due to the differences 

between the instruments that were discussed above than to differences in 

the vascular bed under the fibres. Nevertheless, to avoid influences of dif-

ferences in the vascular bed below the probe, a more idealised comparison 

of LDPM monitors may be that of Petoukhova et al., who used a single de-

tection fibre and a fibre splitter to feed three different monitors from an 

unique detection fibre [22]. 

Furthermore, it was often observed that the M2 and P1 channels gave 

similar RF values, mostly for the control group, and also showed a better 

correlation than M1 and P1, which was comparable with the correlation be-

tween the M1 and M2 signals. Despite of the different fibre distances, 

these results suggest that the flux signals from the M2 and P1 channels are 

better comparable than those between M1 and P1. As both the average 

length of the photon path and the penetration depth of the detected light 

increase with the larger fibre distances [8,9,11], more Doppler shifts will 

occur for larger fibre distances. Thus, the frequency range of the detected 

signal will increase in that case. This may imply that the moorLab measur-

ing RF with the higher frequency range at 0.5 mm and the Perimed signal 

at 0.25 mm suffer from similar restrictions in the wavelength band. How-

ever, this is probably not true, as the correlation between M1 and M2 sig-

nals was high. Unknown mechanisms in the physics of perfusion and blood 

properties may be responsible for the differences between the instruments. 
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Figure 4.3. The resting flux and maximum flux values of all the subjects are here 
compared per detection channel against M2 channel. A polynomial line was fit to 
the M2-M1 channels (open circles) and to the M2-P1 channels (close circles). The 
dashed line is the identity line of the M2 channel (Moor 0.50 mm). 
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Figure 4.4. The tRF values of all subjects from the dorsum were compared between 
the M2-M1 channels (crosses) and the M2-P1 channels (open circles). The dashed 
line is the identity line for the M2 channel (Moor 0.50 mm). 
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4.4.2 Effect of fibre distance 

Laser Doppler perfusion monitors are available with various fibre separa-

tions. Therefore, we studied its effect on the measured flux. The Fibre Flux 

Ratio tells that the influence of the fibre separation as measured with the 

moorLab system on the dorsum of the foot as well as on the toe is rather 

constant and does not vary with the subject groups. In an earlier study on 

the RF-Fibre Flux Ratio, a significant difference in the fibre RF-Flux Ratio 

between Patients and Controls was found [16]. Such a difference was not 

found in the present study. Those results probably have to be ascribed to 

the lower age of the control group in that study (mean age 29.1 years, 

range 23-47 years), which showed an RF-Fibre Flux Ratio of 0.46 ±0.08 on 

the toe with the same instrumentation and toe probe as used in the pre-

sent study. Therefore, it is suggested that correction of the flux for the ap-

plied fibre distance probably is a function of age, with neglectable differ-

ences between patient groups and controls. This is supported by the find-

ing that the mean values of the Fibre-Flux Ratio per patient group from the 

present data also increase with the mean age of the patient group. 

Values of the RF-Fibre-Flux Ratio are available for the toe and for the dor-

sum of the foot and can thus be applied to all groups to adapt results ob-

tained at intermediate fibre distances. The fact that the values of the RF 

Fibre Flux Ratio at the dorsum are closer to 1.0 than those at the toe has 

to be ascribed to the smaller relative difference of fibre distances at the 

toe. To compare your results obtained at distance r, we suggest to com-

pare to the flux results at a given distance r0 in Table 4.1 multiplied by 

(r/r0)
0.66. It should be noted that this correction equation might depend on 

the distribution of perfusion under the probe as a function of depth. Fur-

thermore, usage of this factor may be restricted to results with the moor-

Lab system, as results depend on the motility standard that is used during 

calibration. For the case that the moorLab would be calibrated with Pe-

rimed’s motility standard, flux values as well as the fibre flux ratio would 

give different results. Also the correction equation given above would lead 

to different results (unpublished results). For comparison with moorLab re-

sults, the flux values in Table 1 obtained with the moorLab approximately 

have to be multiplied by 0.88·r0.22, with r in mm. In combination with the 

correction for fibre distance dependence, for the results given above, this 

gives the distance dependence of results that would have been found after 

calibration in Perimed motility standard: (r/r0)
0.88. 

The Flux Ratio (MF/RF) showed similar values for all channels and high cor-

relations, especially for the dorsum of the foot. It should be noted that the 

similar results of RF/MF, which were obtained when comparing instruments 

or results at different fibre distances at the same probe location, are not 
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changed by the application of a correction factor between instruments to 

both RF and MF, nor by the use of a correction factor for fibre distance. 

4.4.3 Patient groups 

With respect to clinical applicability of our data, none of the flux values in 

Table 4.1, nor any Flux Ratio or Fibre Flux Ratio showed significant differ-

ences between the Patient groups and Controls. It was remarkable that the 

patient group with Diabetes Mellitus showed the highest correlation be-

tween channels for RF and MF. Significant differences in the Flux Ratio may 

be found in a study with larger groups or in patients in a more advanced 

stage of disease. 

The dorsum channels M1, M2, and P1 showed a high correlation for the 

flux values, independently of the fibre distance correction as mentioned 

above. It shows that the calculation of time parameters from the flux 

measurement at the dorsum of the foot does not depend very much on the 

fibre distance. On the other hand, it is remarkable that the correlation co-

efficients for M1-M2 in Table 4.2 were much lower for the Controls than for 

patients with DM Perhaps, microvascular dysfunction in Diabetes Mellitus is 

associated with a loss in local perfusion variability. 

Not surprisingly, the comparison of measurements between the dorsum of 

the foot and the pulp of the hallux were poorly correlated, even though 

only data from the same device were compared. This suggests that the 

flux signal from the toe mostly resulted from the thermoregulatory part of 

the microcirculation that is much more developed than in the dorsum of 

the foot. 

4.4.4 Time-parameters 

From this study, it was observed that both devices showed equal reaction 

times to changes in the tissue perfusion on a common foot location. The 

time parameters calculated from the PORH response correlated very well 

among the dorsum channels and also showed very high R2, as shown in 

Figure 4.4. Time parameters were shown to be of high importance, as only 

the time parameters could distinguish between patients and controls. 

The measurement of tRF, when measured at the dorsum of the foot, were 

shown to be superior compared to the other time characteristics in distin-

guishing between patients with POAD and Control subjects. Similar results 

were found in a previous study with a larger group of subjects which only 

used Perimed perfusion monitors [17]. The present study showed that the 

results of tRF did not depend on the instrument nor on the fibre distance 

and allowed a clear separation between Controls and PAOD patients. The 
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fact that this parameter did not differ between the instruments nor on the 

fibre distance makes it a potentially attractive parameter for clinical use. 

The differences in the time parameters observed among the groups be-

tween in the toe and the dorsum are remarkable. For the PAOD and DM 

groups, the time to resting flux (tRF) values were the same on the dorsum 

channels and the channel M4, respectively. For the control group, the tRF 

was the same for the three channels on the dorsum (M1, M2, P1) but 

slightly larger on the toe (M3, M4). As no significant results were observed 

at the toe between tRF in Controls and patients with PAOD, this study con-

cludes that the dorsum of the foot is to be preferred to measure tRF. 

In conclusion, this study showed that the Pf4001 and the moorLab moni-

tors deliver flux signals as a result of simultaneously assessing similarly 

perfused skin tissue. Introduction of a correction factor will improve the 

comparability, although the present results showed that a full conversion 

will not be easy to find. Comparison of relative flux values, such as the flux 

ratio, was practically independent of the instrument or fibre distance. 

Comparison of other flux results obtained at various fibre distances was 

shown to be possible with some restrictions. However, in our results the 

flux values were of little clinical value. In contrast, the reaction time tRF 

could distinguish between Controls and PAOD patients, and may therefore 

be of clinical value. It was approximately the same for both monitors, al-

lowing the comparison of LDPM measurements between different instru-

ments and fibre separations in the described conditions. Overall, it is con-

cluded that LDPM values based on characteristic times and relative 

changes in the microcirculatory flow seem to be more useful for compari-

sons than direct measures of the flux. 
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Chapter 5 

A model for Post-Occlusive 

Reactive Hyperaemia, 

as measured with Laser Doppler 

Perfusion Monitoring 

Frits F.M. de Mul, Fernando Morales, Andries J. Smit, Reindert Graaff 

 

Summary 

To facilitate the quantitative analysis of Post Occlusive Reactive Hyper-
aemia (PORH), measured with Laser Doppler Perfusion Monitoring 

(LDPM) on extremities, we present a flow model for the dynamics of the 
perfusion of the tissue during PORH, based on three parameters: two 

time constants (τ1 and τ2) and the ratio of the maximum flux and the 

resting flux. With these three constants, quantitative comparisons be-

tween experiments will be possible, and therefore we propose to adopt 
this approach as future standard. For this reason we also developed a 
computer program to perform the fit of the model to measured data. 

Published in IEEE Trans Biomed Eng 2005; 52(2):184-90. 
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5.1 Introduction 

Microcirculation is the blood flow through vessels smaller than 0.1 mm in 

diameter, the microvasculature. In the skin, its function is to provide nutri-

ents and to allow exchange of gases and regulation of temperature. The 

regulation of the microcirculation is controlled by the musculature of the 

arterioles, which change the local tissue perfusion. The regulation is mostly 

due to changes in the ambient temperature or in the concentration of sev-

eral substances like oxygen, carbon dioxide, nitric oxide, and others re-

lated to the metabolism. Endothelial function may also be a determinant of 

skin perfusion. If a decrease of blood flow occurs, the increase of waste 

products or decrease of oxygen levels will induce vasodilatation that will 

enhance blood flow until the normal situation is reached again. In healthy 

subjects, this regulation system is capable of increasing the perfusion at 

least tenfold compared to resting flow conditions [1]. However, in the case 

of Peripheral Arterial Obstructive Disease (PAOD) the presence of stenosis 

in proximal arteries will decrease the available pressure at the level of the 

arterioles. In that case, distal vasodilatation might be a proper reaction to 

prevent an increased concentration of waste products (i.e. carbon dioxide) 

and to supply enough oxygen in order to maintain the necessary metabolic 

condition. 

The post-occlusive reactive hyperaemia (PORH) test has been proposed to 

assess the microvascular function. The local blood perfusion, e.g. at a dis-

tal extremity, is measured before, during and after performing arterial oc-

clusion, to record the response upon releasing the occlusion. When the 

measurement is performed by means of a laser Doppler perfusion monitor 

(LDPM) a characteristic signal output is obtained similar to Figure 5.1. 

Upon occlusion, a PORH tracing shows that the blood perfusion drops from 

its resting flux value to the biological zero level [2]. After releasing the cuff 

the blood perfusion returns to the resting flux value, but with an over-

shoot. The magnitude and time regime of that overshoot are clinically rele-

vant diagnostic variables [3,4]. 

In normal (healthy) cases, immediately after cuff release the flux will 

quickly rise to a maximum followed by a slower decrease to initial (resting 

flux) values. The reason for the increased flux after cuff release is mostly 

the vasodilatation due to the ischemia produced by the occlusion. Both en-

dothelium-dependent and –independent effects might modulate the degree 

of vasodilatation. In the presence of proximal stenosis or obstruction 

(atherosclerosis), the peak perfusion value that occurs after occlusion will 

be relatively lower. In case of critical ischemia, the maximum vasodilata-

tion has already been reached in the resting period, before occlusion, and 
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the PORH response will not show a higher response than that resting flux 

level. Also the increase of flux after occlusion will be smaller because of the 

presence of stenosis in the larger arteries, which will inhibit a rapid re-

filling of the arterial segments. 

The rate of flux increase just after cuff release is another important pa-

rameter, which is much lower in the case of PAOD. It is not only deter-

mined by the decreased vascular resistance of the capillaries and the arte-

rioles, but also by the higher resistance of the larger arterial blood vessels 

and the volume increase of the (larger) arterial blood vessels distal to the 

occlusion cuff, which determine the refill of that blood vessel segment. It 

should be noted that the decreased rate of flux increase just after cuff re-

lease is not explained by decreased dilatation of the blood vessels. After 

the occurrence of the maximum flow, the oxygenation of the tissue nor-

malizes, and the need for the hyperaemic response vanishes. At that time, 

the vasodilatation will decrease. 

Previously, various models to describe the overall blood flow in the cardio-

vascular system have been published, but not for the capillary system. The 

cardiovascular models start from the early “Windkessel” model by Frank 

[5]. In its essence, this model consists of a resistance in series with the 

load impedance and a compliance (with a “capacitance” as the electrical 

analogue) parallel to it. This scheme will act as a first-order low-pass fre-

quency filter, which means that its transfer of fast changes in the supply 

pressure (“voltage”) will be considerably lower than that of slowly varying 

Figure 5.1. Post-Occlusive Reactive Hyperaemia (PORH) response. BZ = 
biological zero, Occl. = occlusion period, RF = resting flow, MF = maximum, HF = 
half decrease time between maximum and resting flux, tRF = time of cross point 
with RF. 
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or constant pressures. Such a filter will transfer stepwise changes in pres-

sure gradually and with some delay. For better matching with experimental 

data Westerhof [6] added a series resistance parallel to the compliance. 

Burattini c.s. [7] included an inertia part (an “inductance”) in series or par-

allel to the series resistance, to take the flow inertia of the mass of blood 

in the vessel into account. In various publications, these circuits were then 

used as the basic blocks in building complex systems to describe the sys-

temic blood flow through the heart, the organs, and the supplying vessels. 

See e.g. Geertsema et al. [8] or Ferrari et al. [9] and references therein. 

However, for the capillary perfusion, as probed with LDPM, no such models 

have been published so far. A simplified model of the signals that can be 

obtained during reactive hyperaemia was published by Humeau c.s. [10] 

They used, following earlier studies by Smye and Bloor [11] and Wilkin 

[12], an exponentially increasing behaviour for the radius of the vessels 

during vasodilatation, and from this a similar function for the amount of 

erythrocytes passing by. For the period after vasodilatation they used a 

simple exponentially decreasing function. The simulated signals obtained 

with this model showed schematically the particular increase-decrease be-

haviour characteristic for the hyperaemia signals. 

The aim of this study is to present a physical model to describe the total 

PORH response of LDPM signals in general and to determine the character-

istic time constants and fluxes of the signal as depicted in Figure 5.1 in 

such a way that the influence of noise and signal fluctuations is diminished. 

The model is made such that comparisons between recordings of different 

patients, even when obtained in different laboratories, can be performed 

easily. 

5.2 The PORH model 

The physiological model, as described in the Introduction, may contain a 

time-varying flow resistance for the capillary part of the circulation. This 

resistance should have following characteristics: 

• At the end of the occlusion, when releasing the cuff, the resistance 

of the capillaries should be small, since the arterioles are assumed 

to be wide open, 

• During the hyperaemia period the resistance gradually should in-

crease with decreasing diameters of the arterioles, 

• There should be a parallel “leakage” resistance, to account for prob-

able shunts inside or outside the capillary bed, 
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• Finally, the resistance should return to the value it had before the 

occlusion, i.e. the “resting flux” situation. 

With this in mind we developed the model as shown in Figure 5.2. In this 

model, using the flow (assumed as proportional to the flux signal) ex-

pressed in [m³/s], V0 and V1 denote pressures [Pa = N/m²], Rcap(t), R1..R4 

denote flow resistances [Ns/m5] and C1, C2 are compliances, expressed in 

[m5/N]. The left and right parts of the circuit (left and right from V1) ac-

count for the arterial and the capillary circulation part respectively. In the 

upper panel the capillary part first is represented by a time-varying resis-

tance Rcap(t), which, according to the physiological demands, in the lower 

panel is concretized into a combination of two resistances and a compli-

ance. The resistance R4 might represent leakage by shunts outside the 

measured volume. 

V0 and V1 can be considered as the aortic and the ankle pressure respec-

tively. It appears that this combination of resistors R2..R4 and capacitor C2 

enables to comply with the demands: C2 ensures that the capillary resis-

tance is small, immediately after releasing the pressure, and grows gradu-

ally when the end situation is approached. In normal (healthy) situations 

R4 will be large. Explicit expression for resistances and compliances were 

given by Westerhof [13] and Avolio [14], starting from Poiseuille’s Law. He 

also gives an expression for the inductance L, which is not used in the pre-

sent model. 

Arterial system Capillary system

R1

C1

I2

V1

R2

V0 C2R4

Arterial system Capillary system

R1

C1 V1
Rcap(t)V0 R

R3

Arterial system Capillary system

R1

C1

I2

V1

R2

V0 C2R4

Arterial system Capillary system

R1

C1 V1
Rcap(t)V0 R

R3

Figure 5.2. The PORH model. Upper panel: the capillary system is represented 
by a time-varying resistance Rcap(t), parallel to a resistance representing possible 
extra-capillary leakage shunts. Lower panel: the complete model, with Rcap(t) 
represented by a combination of resistances and a compliance, and with the 
arterial part (R1, C1) and the capillary part (R2, R3, R4, C2). I2 denotes the 
measured current. Normally R4 is large. 
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The exact solution for the flow current I2 through resistance R2, which is 

measured during the LDF experiment, can be derived using the standard 

approach for a response to a stepwise changing input signal, to be: 
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From t = 0 (release of the occlusion) the value of I2 will start from zero, 

while for t�∞ the value of I2 will approach the “resting flux” value given by 
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In normal physiologically relevant situations, the two roots p1 and p2 ap-

pear to be positive and have different values. The parameters p1 and p2 

can be seen as inverse characteristic times: p1 = τ1 and p2 = 1/τ2 . In case 

these times are rather different, one of the exponentials in eq. 5.1 will still 

be about unity, while the other is already decreasing from 1 to zero. Then 

the function I2 will tend to behave as a (1-exp)-increase from zero, fol-

lowed by an exponential decrease to the end value (resting flow). 

In order to get some more insight in the behaviour of the flow, we first as-

sume that R4 is much larger than R2 and R3. This implies that no large 

shunts outside the capillary bed are present. In that case the resting flow 

current I2,rest, given in eqs. 5.2 and 5.4, will read 
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Further, we assumed that the arterial subsystem is much faster developing 

in time than the capillary subsystem. This implies that we may treat both 
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sub-circuits as being independent. Then the solution can be described with 

the function: 
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with τ1 and τ2 as the time constants of the arterial and capillary part re-

spectively, I2,rest as the resting flow when the stable situation has returned 

(with a value different from eq. 5.5), and ρM as the ratio of the maximum 

flow of the capillary part (at t = 0) and the resting flow (both above the 

biological zero level). In Figure 5.3 the two contributing parts are 

sketched. In the Figure, A and C denote the arterial and the capillary parts, 

respectively (note the two different ordinate scales). The two factors be-

tween brackets in eq. 5.6 describe the flux increase due to vasodilatation 

and the return to the resting flux respectively. 

The ρM-ratio in eq. 5.7 does not necessarily correspond to the actual 

maximum value of the functions. Especially when τ1 ≈ τ2 the difference be-

tween the two values may be large. This actual maximum cannot be calcu-

lated analytically from eq. 5.6. 

The value for I2,rest, as given in eq. 5.7, has been obtained under the condi-

tion that τ1 << τ2 , which means that the effect of R1 on the resting flux 

value has been masked. This can be corrected for by adding R1 to R2 + R3 

in the denominator: 
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which might result in a better approximation (see also eq. 5.5). 

In Figure 5.4 some hypothetical numerical results for I2,rest, calculated with 

the exact solution and with the approximation are compared, for τ1 / τ2 = 
1/5, 1/9 and 10/5 respectively. It is seen that the approximation in eqs. 

5.6-7), with or without correction as in eq. 5.8, resembles the exact solu-

tion fairly well, even in cases where τ1 << τ2 is not valid any more. From 

the Figure, it is seen that a typical pattern for a “healthy” response (fig. 

5.4a, b) is obtained when τ1 is small compared to τ2, which indicates that 

the impedance of the arterial system is (much) less than that of the capil-

lary system. When the impedance of the arterial system increases (the 

“disease” case), the overflow will diminish and ρM will decrease to unity 

(fig. 5.4c). 
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We applied the functions given in eqs.( 5.1-5) and (5.6-8) to fit the ex-

perimental values. The fitted parameters are: τ1, τ2 and ρM. Also the start-

ing point of the function (at the instant of cuff release) was included as an 

(optional) parameter. For the fitting procedure we rewrote eq. 5.1 into 

[ ])/exp().1()/exp(.1 21,22 τρτρ ttII MMrest −−+−−=  (5.9) 

In doing so, for τ1 << τ2 both models in eqs. 5.1 and 5.6 show a similar 

behaviour for small times: 

[ ])/exp(1. 1,22 τρ tII Mrest −−=  (5.10) 

When comparing eqs. 5.1 and 5.9, the parameter values τ1, τ2 and ρM, can 
be related to p1, p2, R1, R2, R3, C1, and C2. In this study we used these 

three as the fitted parameters, since these values will have a direct corre-

spondence to clinical measurements, and we did not calculate the resis-

tance and compliance values themselves. 

We applied as the fitting scheme: minimisation of χ2 calculated from the 

squared differences between the measured values and the function values, 

summed over all points in the time region between its starting point and a 

chosen time point were the measured values have returned to the level of 

the resting flux values. This was done by repeated subsequent stepwise 

variation of the three parameters around their actual value. When a 

smaller χ2-value appeared, the new parameter value was adopted and the 

parameter step was increased with a factor √2. If not, the parameter step 

was reduced with that factor. To avoid being trapped in local minima, dur-
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Figure 5.3. Sketch of the two functions in brackets of eq. (6): the Arterial part 

(A) and the capillary part (C) (including Irest ) on the right and left vertical 

scales, respectively. Thick line: full model (eq. 5.1).
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ing the process we frequently multiplied the step values by a factor of 10 

or 100, until eventually no change larger than 10-6% in χ2 was observed. 

To start the fitting process, initial parameter values could be inserted 

manually or using a coarse first parameter estimation based on the ap-

proximated model. Since for both models the maximum value cannot be 

calculated analytically, one might take the apparent maximum of the 

PORH-curve as the default starting value for ρM (the maximum value ob-

tained in the limit that the smallest of τ1 and τ2 approaches zero (as indi-

cated in fig. 5.3, see left scale)). 

There is an option to include a Gaussian weighting filter ƒcorr(t) for the 
points: 

[ ] 2/;)/(exp)( 2

endhhcorr tttttf =−=  (5.11) 

with tend as the end time point of the fit (all times are measured from the 

starting point). However, it turns out that applying this filter has only a 

slight effect on the resulting parameter values. This can be understood by 

realising that most significant contributions to χ2 appear for small times t. 

In some cases it is preferable to use some characteristic values, in addition 

to or instead of τ1, τ2 and ρM, like (fig. 5.1): 

• MF (the apparent maximum of the model), or the ratio MF/Irest, 

• tRF (the time when the increasing curve crosses the extrapolated 

resting flux line), 

• tMF (the time at the apparent maximum), and 

• tHF (the time where the function – or the recording – has decreased 

half-way between the apparent maximum and the resting flux value. 

Since it is not possible to calculate these values from the fitted models 

analytically, we calculated those values numerically. This was done using a 

parabolic 5-point fit through the 5 function points closest to the point of in-

terest. 

The program was written in Delphi-Pascal (the executable file is available 

from the authors). 

5.3 Test measurements and Calculations 

We analysed flux recordings from measurements performed on a wide 

range of microvascular conditions, provided by 24 subjects: 7 with PAOD, 

9 with Diabetes Mellitus (DM) and 8 healthy persons (control group). All 
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persons with PAOD had Fontaine class II-III disease and had an ankle-

brachial index < 0.9. Those with DM fulfilled ADA criteria for type I or type 

2 DM, and had normal ankle brachial index and toe pressures. The Diabe-

tes group was included for comparison. 

We used a laser Doppler perfusion flow monitor (Perimed Pf4001, Perimed 

AB, Järfälla, Sweden; bandwidth 20 Hz - 12 kHz), with a custom-made 

probe with a fibre separation of 250 µm, attached between the second and 

third metatarsals of the subject’s right foot, using a double-side adhesive 

ring. The monitor’s signal processing calculates the zeroth and first mo-

ments, M0 and M1, of the frequency power spectrum S(ω) of the measured 

AC-signal ƒ(t): 
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with ω1 and ω2 as the bandwidth limits given above. This calculation is 

done in the time domain, and corresponds to the zero-time autocorrelation 

values of the signal and its derivative respectively [15]. From M1(t) the 

Perfusion Flow is obtained after division (normalisation) with the square of 

the total reflection from the sample. M0(t) can be considered as a measure 

for the concentration of moving scattering particles (red blood cells). In 

this study, we did not use this function. A PC equipped with a data-

acquisition subsystem recorded the analogue outputs of the monitor at a 

rate of 40 Hz. The data files were processed for conversion from mV to PU 

(perfusion units) by division with the gain factor of the instrument (10 

mV/PU). Afterwards, the data were averaged over 40 samples to remove 

heart beat fluctuations. This resulted in data at 1 sec intervals. 

The measurements were performed with the patient in the supine position, 

and the foot at 10 cm above heart level. The arterial occlusion was per-

formed with a rapid cuff inflator (E-20 rapid cuff inflator and AG-101 air 

source, D.E. Hokanson, Bellevue, WA, USA) and a cuff of 18 cm around the 

thigh, above the knee. Before occlusion, we allowed for 30 minutes of ac-

climatisation time. The recording sessions started with 15 min of resting 

flux recording, followed by an occlusion of 3 min. The release of the cuff 

was done with the cuff deflator, as fast as possible (1-2 seconds), and the 

hyperaemia response was recorded for 15 min, to allow the flow to return 

to the resting value. 

5.4 Results and Discussion 

From the series of measurements, we show some typical examples in Fig-

ure 5.5, from a typical healthy subject and from a PAOD-patient. We also
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Figure 5.4. Numerical comparison of the exact model eq. 5.1 (black line) and the 
approximations eqs. 5.6-7 (gray line) and eqs. 5.6-8 (dotted line), for the situations (a), 
(b) and (c): R1 = 1, 1 and 10; R3 = 10, 100 and 10 respectively. Other parameters: V0 = 1; 

R2 =10; R4 =100; C1 = 1; C2 = 1 (thus τ1 = 1, 1 and 10; τ2 = 5, 9 and 5 respectively). Units 
of: R: Ns/m

5
, C: m

5
/N; and V: Pa. The approximation resembles the exact model quite 

well, provided the arterial sub-model has a much shorter characteristic time than the 
capillary sub-model. 
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show the fit by the two models. The resulting parameter values are listed 

in Table 5.1. It is seen that with the healthy persons the two models and 

the values of their parameters are similar. However, for the patient group 

the curves do seem to coincide, but at the expense of very different pa-

rameter values, which means that here the values obtained for the ap-

proximated model are not realistic. This is connected with the assumptions 

made when introducing the approximation model: only valid when τ1 <<τ2, 

which is met with the healthy cases only. The ratio of τ2 and τ1 was al ways 

larger than 1 and frequently larger than 10 for the healthy persons, but 

varied between 0.2 and 10 for the diseased persons. 

Figure 5.6 shows the differences in characteristic times over the three 

groups, as obtained with eq. 5.1. The error bars are quite large (probably 

due to the limited amount of subjects). Especially the groups of PAOD-

patients and Controls show large significant differences. The characteristic 

times of the patient group are much longer, probably due to the decrease 

of elasticity and/or increase in resistance of the arterial and the capillary 

system, or the disturbed endothelium-dependent vasodilatation in the pa-

tient group. All control subjects show a very rapid, almost instantaneous, 

increase in flow after releasing the occluding cuff. 

We also included in the figure the ratio of the areas between the measured 

curve and the extrapolated resting flux line for the time after the starting 

point (the point of cuff release) and before that point. This was done by 

calculating the differences between the resting-flux points and the points 

of the measured curve, and add these differences over the two time peri-

ods indicated. This ratio of Reactive Hyperaemia versus Occlusion might 

indicate how the oxygen debt, created during the occlusion period, is paid 

off during the Reactive Hyperaemia period. The values show that for 

healthy persons (the control group) and the PAOD-patients this ratio is be-

low and above unity respectively. Values for the diabetes mellitus patients 

resemble the Control group values. This point needs further investigation. 

When comparing the strength of the PORH-signal, the ratio of the apparent 

maximum flux and the resting flux might be important. These ratios are 

3.1 ±0.6 (SD), 5.8 ±4.8, and 3.2 ±2.7, averaged over the PAOD, DM, and 

healthy groups respectively. This indicates that this ratio cannot be used to 

discriminate between groups. 

5.5 Discussion and Conclusions 

We showed that using a simple two-stage model for the PORH-reaction we 

can explain differences in the recordings between groups of PAOD- and 

DM- patients and healthy persons. Although the model might be too simple 



Improving the clinical use of LDPM 87 

to explain the full physiological details of the PORH-phenomenon, it pro-

vides a convenient way to calculate characteristic values of times and sig-

nal strengths, which is of great importance when comparing recordings of 

individual persons or groups. 

Table 5.1. Model parameters for a typical healthy person and a typical PAOD-
patient. 

Person Model τ1(s) τ2(s) 

Exact: eq. 5.1 4.6 81.2 Healthy 
(see Fig. 5.5a) Approx: eq. 5.6 4.7 81.2 

Exact: eq. 5.1 80 86.1 PAOD-patient 
(see Fig. 5.5b) Approx: eq. 5.6 314 114 

Figure 5.5. Analysis of two typical PORH-recordings, from a healthy person (a) 
and a PAOD-patient (b). Typical differences are: (very) fast vs. slow start after 
releasing the cuff, and fast vs. slow recovery towards normal resting flow values 
Fits are performed between the vertical lines. Nearly horizontal line RF: Resting 
flow and extrapolation. The arrows indicate the time where the model fit begins. 
In (a) both models coincide; in (b): exact model and approximation: lower and 
upper curve. 
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Therefore, we would like to propose this model as a method towards quan-

tification of laser Doppler perfusion signals, to enable interpersonal com-

parisons, even with different instruments or between different researchers. 

The model may improve the discrimination between the PORH-responses 

of PAOD patients and controls, compared to the conventional use of single-

curve characteristics. It may then transform the so-far limited use of LDF-

PORH manoeuvres in clinical practice and provide a more convenient clini-

cal tool. The model is developed to describe whole-limb ischemia cases, 

and therefore is probably less applicable in other Reactive Hyperaemia 

cases. 

The model can be used on all recordings of PORH-signals, provided enough 

time before the occlusion and after the return to the resting flux signal is 

present to record the signal to define the resting flux trend line. Frequently 

it is necessary to first remove artificial spikes or other artefacts from the 

signal. Moreover, sometimes also a slow pseudo-sinusoidal vasomotion 

contribution is present (frequencies smaller than about 0.1 Hz). The ana-

lysing program we developed is capable of dealing with all these effects. 

Finally, we would like to note that this contribution has the objective to fo-

cus on the physical aspects of the proposed model. We therefore did not 

discuss here endothelial function and related physiological or clinical ques-

tions in detail. This could be the subject of following dedicated contribu-

tions. 
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Figure 5.6.Comparison of characteristic times for the three groups with eq. 5.1 (left: 

PAOD, middle: Diabetes Mellitus, right: Healthy persons). τ1, τ2 are: characteristic times 
in eqs. 5.1-6; tRF ,tMF ,tHR are: time to resting flux value, time to maximum flux value, and 
time to half return to resting flux after maximum, respectively, all measured from time of 
cuff release. Also indicated: Ratio of areas between measured data and extrapolated 
resting flux, for occlusion period and reactive hyperaemia period vs. occlusion period. 
Error bars indicate the standard error of the mean. 
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Summary 

Laser Doppler flux signals show temporal fluctuations caused by physiologi-

cal phenomena like heartbeat, respiration, and local tissue vasomotion. 
These fluctuations are often filtered out in the data analysis process. This 
study investigated whether the laser Doppler fluctuations caused by the 

heartbeat contain clinically useful information. The dependence of these 
fluctuations on monitor type, fibre arrangement and probe location was also 

addressed. By using two perfusion monitors and two probes at the skin with 
different fibre arrangement, the flux signals during an occlusion test were 

analysed in subjects suffering from Fontaine class II-III peripheral arterial 
obstructive disease (PAOD) and patients with diabetes mellitus, and com-
pared with those of healthy subjects. The flux signals were filtered with a 

band-pass filter between 0.5 and 3 Hz followed by root mean square proc-
essing and averaging over 4 seconds. The processed flux signals resembled 

the original tracing. The ratio between these signals, referred to as pulsatil-
ity, was shown to be significantly smaller in patients with PAOD (p < 0.05) 
on all channels at the dorsum of the foot, and for one of the fibre distances 

at the toe. For each probe, the pulsatility almost had the same value for the 
results for all detection fibres and instruments. Pulsatility during the hyper-

aemia peak showed a maximum value of ~0.3. From this study it is con-
cluded that the laser Doppler fluctuations caused by the heartbeat contain 
clinically useful information. 

Manuscript is to be submitted. 
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6.1 Introduction 

Laser Doppler perfusion monitoring (LDPM) is a well-known non-invasive 

technique to assess tissue microcirculation allowing the continuous re-

cording of tissue blood perfusion [16] In a typical LDPM recording session 

temporal variations of the flux signal are commonly observed, which are 

mostly caused by physiological phenomena such as the cardiac rhythm, 

the respiration, and local tissue vasomotion [7,9,17]. Several studies have 

focused on the clinical relevance of assessing the low frequencies (< 0.1 

Hz) contained in the LDPM-flux signal which are produced by the vasomo-

tion [10,15,19]. Other studies have investigated characteristic mean flux 

values or the changes in tissue perfusion caused by provocations such as 

arterial occlusion [6,8] or local heating [3,20]. However, the question re-

mains whether higher frequency oscillations of the flux signal (> 0.5 Hz) 

have clinical relevance. Recently, Rossi et al. studied the frequency interval 

from 0.6 to 1.8 Hz of LDPM flux signals obtained from patients with pe-

ripheral arterial obstructive disease (PAOD), and found impaired response 

during reactive hyperaemia [14]. 

The cardiac cycle provokes oscillatory changes in arterial pressure that are 

transmitted through the arterial tree as pulse waves. The resulting changes 

in the pulsatile blood flow are typically observed in distal places of extremi-

ties using methods such as photoplethysmography, Doppler ultrasound, 

dynamic intracapillary pressure [4], and laser Doppler perfusion monitor-

ing. However, the use of the pulsatile changes caused by the heartbeat has 

been little addressed for LDPM [1,14]. 

A recently proposed model of the peripheral circulatory system used a ba-

sic electrical circuit of resistances and capacitors to explain the LDPM flux 

signals recorded during a post-occlusive reactive hyperaemia (PORH) test 

[5]. This model was applied to the results of measurements during PORH 

tests, which showed significant differences in the response for subjects 

with PAOD [12]. The model pays attention to the fact that the peripheral 

vascular network may act as a low-pass filter, which may be influenced by 

changes in the vascular resistances and compliances of the arteries and ar-

terioles. These changes affect the propagation of heartbeat pulses as well. 

Therefore, if a situation of high arterial resistance and low capillary resis-

tance exists, the pulses produced by the heart might be attenuated 

whereas the lower frequencies (vasomotion) should remain unchanged be-

cause they originate from the measuring location. 

The PORH test is based on the vasodilator effect induced by a short period 

of ischaemia. This is a well-known method for assessing the microvascular 
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function. The rapid perfusion changes that occur during the PORH are eas-

ily measured with LDPM. Del Guercio et al. measured the PORH response 

with LDPM, and then calculated various time-dependent parameters [6]. 

This analysis method requires a smooth LDPM tracing that is typically ob-

tained by averaging the signals over one second or more. Nevertheless, 

the information filtered by this analysis method may contain clinically use-

ful information. 

Other items of the present study with reference to the heartbeat fluctua-

tions are the comparability of results obtained at the toe and the dorsum of 

the foot, the influence of the distance between the source and detector fi-

bres at the skin surface, and the use of different LDPM monitors. Because 

every manufacturer of laser Doppler perfusion monitors uses a slightly dif-

ferent approach to process the signals, it is not certain that the results ob-

tained can directly be compared. 

For this study, LDPM flux signals were recorded from patients with periph-

eral arterial obstructive disease, diabetes mellitus and subjects without 

symptoms of peripheral vascular disease. Results from two instruments, 

from which one has four channels, have been compared using multi-fibre 

probes at the dorsum of the foot and the toe. The aim of this study is to 

investigate the clinical involvement of heart beat fluctuations in LDPM flux 

signals, which are normally filtered out. 

6.2 Methods 

6.2.1 Equipment 

The LDPM monitors used were a dual-channel Pf4001 (Perimed AB, Jär-

fälla, Sweden) and a four-channel moorLAB server system (Moor Instru-

ments Ltd., Axminster, UK). In total, six channels were available, each 

consisting of one low-power 780 nm laser and one detector. For this study, 

only two lasers were used. The LDPM monitors were set to the minimum 

time constant (0.2 s for Pf4001, 0.03 s for moorLAB), and the maximal 

cut-off frequency was set at 12 kHz (fixed setting) for Pf4001, and at 22 

kHz (selectable setting) for moorLab. The analogue output for flux and 

concentration signals of both monitors were connected to an analogue-to-

digital acquisition card (PC-LPM-16/PnP, National Instruments Co., Austin, 

USA) with 12 bit of resolution. The recording software was developed with 

Labview v5.1 (National Instruments Co.) running in a laptop computer. 

The signals from five channels were obtained using two custom-made 

probes placed at two different locations at the foot. The first probe was 

placed on the dorsum of the foot, between the second and third metatar-
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sals. It was a straight-cylindrical probe with one central fibre surrounded 

by six fibres hexagonally distributed (fig. 6.1). All the fibres had a core di-

ameter of 0.125 mm and a separation between fibres (centre-to-centre) of 

0.25 mm. These seven fibres had independent connectors to the LDPM 

monitor, so any combination of source and detection fibres was possible. 

For this probe, only one fibre was used as illuminating fibre and was con-

nected to the moorLab server’s laser. Two of the fibres located at 0.25 mm 

from the illuminating fibre were plugged to the Pf4001’s detector (P1) and 

to the moorLab server’s detector (M1), respectively. The only fibre at 0.50 

mm from the illuminating fibre was connected to the first moorLab satel-

lite’s detector (M2). 

The second probe was placed on the pulp of the hallux. It was a 90° an-

gled probe with the illuminating fibre at the centre of a circle formed by 

eight detection fibres distanced one millimetre from the central fibre. A 

ninth detection fibre was located at 0.2 mm (centre-to-centre separation) 

from the illuminating central fibre. All fibres had a core diameter of 0.125 

mm (fig. 6.1). Only one cord came out of the probe, and at the distal side 

it ended in three wires with ST-connectors carrying the 0.2 mm detector 

fibre (M3), the illuminating fibre, and the eight detection fibres at 1.0 mm 

(M4), respectively. 

The monitors were calibrated using the probes and connections shown in 

Figure 6.1. Each monitor was calibrated using the calibration liquid (motil-

ity standard) provided by its manufacturer. The calibration was performed 

under low light conditions and at a room temperature of 22 ±1 °C. The re-

sulting flux signals over 120 seconds, from the respective calibration liq-

uids, were 250 perfusion units (PU) for Perimed and 220 PU for Moor. After 

the initial calibration, the flux output signal was regularly checked, against 

the respective motility standard, before the measurements were per-

formed. In case the recorded flux signal changed more than ±50 PU from 

the resulted calibration value, a new calibration was performed following 

the above procedure. 

Arterial occlusion was performed using an 18-cm wide pneumatic cuff 

(CC17, D. E. Hokanson Inc., Bellevue, USA) attached around the thigh of 

the measured leg. The cuff was driven by a rapid cuff inflator system (E-20 

rapid cuff inflator and AG-101 air source, D.E. Hokanson) to quickly in-

flate/deflate the cuff. 

6.2.2 Test subjects 

Approval for this study was obtained from the medical ethical committee of 

the University Medical Centre Groningen. Thirty subjects of a comparable 

age were recruited from three groups: 
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• PAOD: Ten subjects of type II-III Fontaine class peripheral arterial 

obstructive disease (with claudication or rest pain, and no critical 

limb ischemia). PAOD was documented by an ABI (ankle-brachial in-

dex) < 0.9, and/or Doppler ultrasound or angiographic studies con-

firming a severe stenosis or occlusion. Most of the patients were 

participants in a so-called walking training program. The mean age 

was 61.3 ±8.7 years (range 49-76 years, six men). 

• DM: Ten subjects with diabetes mellitus (type 1 and type 2) without 

symptoms of PAOD. The mean age was 51.7 ±6.6 years (range 43-

63 years, seven men). Diabetes had been diagnosed using conven-

tional ADA criteria [2]. 

• Controls: Ten subjects with no clinical symptoms of vascular dis-

ease. The mean age was 55.1 ±8.1 years (range 46-68 years, 10 

men). 

Subjects with a history of congestive heart failure were excluded. Further-

more, drugs with vasoactive effects were not allowed in the hours before 

the measurement. 
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Figure 6.1. Layout used for the LDPM probes. On the left is the straight cylindrical 
probe installed on the dorsum. On the right is the 90° probe used on the toe. 
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6.2.3 Experimental protocol 

The LDPM recordings were performed in a quiet environment. The room 

had a temperature of 25 ±1 °C. All the subjects comfortably rested on a 

bed in the supine position. Each subject had 30 minutes for acclimatisation 

prior to the test. The recording session lasted 33 minutes without stops, 

and had three stages: resting, occlusion, and reactive hyperaemia. The 

first stage always lasted 15 min to record a stable resting flux reference 

signal for a sufficient period. After 3 minutes of occlusion, the signal was 

recorded for another 15 minutes to obtain the PORH response and its re-

turn to basal level. 

6.2.4 Data processing and analysis 

The analogue-signal outputs for flux and concentration of the LDPM moni-

tors were recorded at a sample rate of 40 Hz, creating discrete data files 

per subject and measuring session. The data in millivolts were converted 

into perfusion units (10 mV = 1 PU) (fig. 6.2). These data, referred to as 

RAW-Flux, were processed in two different ways.  

RMS-Flux signals: The frequency spectra of the RAW-Flux and concentra-

tion signals were investigated. By applying the FFT, the frequency spectra 

of the flux signals presented peaks at the heartbeat frequency and at the 

first harmonic. The heartbeat frequency range was 0.9-1.1 Hz (54-66 

bpm). From these data we decided to use an 8th order band-pass filter 

created with Labview with cut-off frequencies of 0.5 and 3 Hz. Only the 

signal fluctuations in the band pass range were amplified, whereas the rest 

were attenuated. Next, the mean amplitude of the signal was obtained by 

calculating the root mean square (RMS) within a moving window of four 

seconds wide, in such a way that a new data point per second was ob-

tained. This new signal is referred to as RMS-Flux. The same processing 

was also performed for the concentration signals. However, it appeared 

that the concentration signals did not show any frequency component in 

the 1 Hz-range. Hence, these results were not further considered. 

Pulsatility signals: A pulsatility signal was obtained by dividing the RMS-

Flux signal by the Average Flux signal, Avg-Flux. The latter was obtained 

by averaging the RAW-Flux signals over one second to remove the fre-

quencies above ~0.5 Hz. Subsequently, these were plotted to calculate the 

biological zero, BZ [18] by averaging the lowest range of flux during occlu-

sion. Then the BZ value was subtracted from every data point recorded. 

The resulting tracing from the ratio of RMS-Flux and Avg-Flux signals was 

referred to as the Pulsatility.  
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The following parameters were calculated from both the Avg-flux and RMS-

flux tracings: 

• Resting flux (RF) was defined as the mean flux calculated from the 

longest signal excerpt free of artefacts, and representing the pre-

occlusion period. 

• The time to resting flux (tRF) was defined as the time when the 

first flux data-point was higher or equal to the RF value. 

• The time to maximum flux (tMF) and the maximum flux (MF) val-

ues were determined at the highest flux value. 

• The RF-pulsatility and MF-pulsatility were calculated from the ra-

tio between the RMS-Flux and the Avg-Flux during RF and MF condi-

tions. Mean pulsatility for RF and the pulsatility at MF were denoted 

as RF-pulsatility and MF-Pulsatility, respectively. 

• The RMS-Flux ratio was defined as the ratio between MF and RF of 

the RMS-Flux signal. This parameter shows the relative increase of 

RMS-Flux and gives an idea of the remaining reserve capacity of the 

microvasculature.  

By means of the two-tailed Student’s t-test, comparisons of the calculated 

parameters were performed between the controls and each patient group 

(assuming different variances). The paired-samples t-test was used to 

compare the signals between channels within the same subject, with a 

confidence of 95%. Only normally distributed data were used in the test. A 

value of p<0.05 was considered significant, if not mentioned otherwise. 
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Figure 6.2. Schematic overview of the data processing used for the LDPM signals. 
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6.3 Results 

6.3.1 Influence of the signal processing methods 

Figure 6.3 is an example of a flux signal excerpt recorded from the hallux 

of one healthy control subject including the occlusion and most of the 

PORH response. The RAW-Flux signal (fig. 6.3A) that was obtained directly 

from the laser Doppler perfusion monitor shows the rapid heartbeat varia-

tions. Slower fluctuations were caused by the respiration rhythm and the 

vasomotion. 

Figure 6.3B shows the resulting 1-second averaged signal calculated from 

the RAW-Flux, here referred to as the Avg-Flux. Notice that the heartbeats 

have been removed and the tracing still shows most of the slower fluctua-

tions. Furthermore, the RMS-Flux (fig. 6.3C) shows many similarities with 

the two above graphs. However, the most interesting difference between 

the figs. 6.3B-C is the rapid decrease of the RMS-flux at the beginning of 

the occlusion. In general, the contribution of the RMS-flux to the total Flux 

signal was smaller in the toe (up to 40%) than in the dorsum (up to 80%). 

 

Table 6.1. Summary of RMS-Flux values and pulsatilities (mean ±SD) from the different 
channels for control subjects. 

  Dorsum Probe Hallux Probe 

  
Moor 

0.25 mm 
(ch. M1) 

Moor 
0.50 mm 
(ch. M2) 

Perimed 
0.25 mm 
(ch. P1) 

Moor 
1.0 mm 
(ch. M3) 

Moor 
0.2 mm 
(ch. M4) 

Control 1.9 ±1.6 3.1 ±2.1 2.9 ±2.3 26.6 ±19.4 9.3 ±9.1 

DM 1.9 ±1.7 3.1 ±2.4 2.1 ±2.3 23.7 ±21.2 10.4 ±9.2 RMS RF 

PAOD 1.2 ±0.7 1.5 ±0.6a 1.2 ±0.7a 14.7 ±15.0 5.0 ±5.0 

Control 0.33 ±0.23 0.31 ±0.18 0.31 ±0.22 0.19 ±0.06 0.20 ±0.06 

DM 0.22 ±0.12 0.23 ±0.11 0.22 ±0.14 0.18 ±0.09 0.18 ±0.08 
Pulsatility 

RF 
PAOD 0.19 ±0.12a 0.17 ±0.11a 0.17 ±0.12a 0.13 ±0.07 0.20 ±0.06a 

Control 4.6 ±4.0 7.3 ±6.1 5.3 ±2.7 43.0 ±17.1 15.8 ±9.4 

DM 3.1 ±2.4 4.9 ±3.0 6.6 ±12.7 34.9 ±23.2 16.9 ±10.5 RMS MF 

PAOD 2.8 ±1.7 3.3 ±1.5a 2.8 ±2.1a 26.4 ±19.5b 10.2 ±6.8 

Control 0.18 ±0.08 0.18 ±0.07 0.17 ±0.07 0.17 ±0.07 0.19 ±0.07 

DM 0.16 ±0.06 0.17 ±0.06 0.21 ±0.20 0.17 ±0.07 0.20 ±0.08 
Pulsatility 
MF 

PAOD 0.15 ±0.08 0.13 ±0.07 0.13 ±0.06 0.12 ±0.05 0.13 ±0.07a 
a
 Significance compared to Controls p < 0.05 

b
 Significance compared to Controls p < 0.02 
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Figure 6.3D shows the pulsatility calculated from the LDPM signal in Figure 

6.3A, i.e. the ratio of the RMS-Flux and the Avg-Flux. Large signal fluctua-

tions appeared during the occlusion part, because in that range the pulsa-

tility was obtained by dividing two very small signals that contained noise. 

6.3.2 RMS-Flux signals 

In the dorsum, the Controls and DM patients had similar RMS-RF and RMS-

MF values for all channels (Table 6.1), whereas significantly different val-

ues between Controls and PAOD patients were found for the M2 and P1 

channels (p < 0.05 for RF and for MF). In the toe, only RMS-MF for channel 

M3 was significantly different between Controls and PAOD patients (p < 

0.02). 

6.3.3 Pulsatility 

In Figure 6.4, the pulsatilities in the resting condition, RF-pulsatility, were 

compared pairswise for the fibres at the two probe locations (channels M1-

M2 and M1-P1 at the dorsum, and M4-M3 at the toe), as well as the com-

bination M1-M4. In general, the RF-pulsatilities for each subject were very 

similar when obtained from the channels at same probe location (Figs. 

6.4A-C). For RF-pulsatility, significant differences between these values 

from the dorsum of the foot, as summarised in Table 6.1, were only found 

between channels M1-P1 (p < 0.05) for PAOD patients. The RF-pulsatilities 

between dorsum and toe locations were clearly less correlated (Fig. 6.4D). 

These were only significantly different for Controls (p < 0.05 for M1-M4), 

where higher values of the RF-pulsatilities were found in the dorsum of the 

foot (Table 6.1). 

When comparing fibre distances within a patient group for the MF-

pulsatility in the dorsum, the only significant differences found were be-

tween M1-P1 (p < 0.05) in the Controls and M1-M2 (p < 0.01) in the PAOD 

group. In the toe, the M3-M4 channels differed from each other for sub-

jects with DM (p < 0.01) and PAOD (p < 0.05), not for Controls. 

With respect to the comparison of the patient groups with Controls, it was 

observed that RF-pulsatilities below 0.13-0.15 at the dorsum of the foot 

were only observed in the DM and PAOD groups. Nevertheless, pulsatility 

values from the dorsum of the foot of all Controls and DM patients had 

similar values for all three channels. The latter was true for both the pulsa-

tility in RF and that in MF. PAOD patients significantly differed from Con-

trols for all channels (p < 0.05) except for M3. For MF-pulsatility significant 

differences were found for the M4 channel of PAOD only (p = 0.021). 
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Figure 6.3. Example of the signals obtained from the hallux of a healthy subject: the 
RAW-Flux (A), the Avg-Flux (B), the RMS-Flux (C), and the pulsatility (D). 

0
20
40
60
80

100
120
140
160
180

Time [s]

900 950 1000 1050 1100 1150 1200

F
lu
x
 [
P
U
]

0.0

0.2

0.4

0.6

0.8

1.0900 950 1000 1050 1100 1150 1200

F
lu
x
 [
P
U
]

0

5

10

15

20

25

30

F
lu
x
 [
P
U
]

0

50

100

150

200

250
A

B

C

D

P
u
ls
a
ti
li
ty
 [
a
.u
.]

Occlusion 
starts

Occlusion 
ends

Occlusion 
ends

Occlusion 
ends

Occlusion 
starts

Occlusion 
starts

Occlusion 
starts

R
M
S
 F
lu
x
 [
P
U
]

A
v
g
F
lu
x
 [
P
U
]

R
A
W
 F
lu
x
 [
P
U
]

0
20
40
60
80

100
120
140
160
180

Time [s]

900 950 1000 1050 1100 1150 1200

F
lu
x
 [
P
U
]

0.0

0.2

0.4

0.6

0.8

1.0900 950 1000 1050 1100 1150 1200

F
lu
x
 [
P
U
]

0

5

10

15

20

25

30

F
lu
x
 [
P
U
]

0

50

100

150

200

250
A

B

C

D

P
u
ls
a
ti
li
ty
 [
a
.u
.]

Occlusion 
starts
Occlusion 
starts

Occlusion 
ends

Occlusion 
ends

Occlusion 
ends

Occlusion 
ends

Occlusion 
ends

Occlusion 
ends

Occlusion 
starts
Occlusion 
starts

Occlusion 
starts
Occlusion 
starts

Occlusion 
starts

R
M
S
 F
lu
x
 [
P
U
]

A
v
g
F
lu
x
 [
P
U
]

R
A
W
 F
lu
x
 [
P
U
]



Improving the clinical use of LDPM 101 

Figure 6.5 shows the comparison of RF- and MF-pulsatility for various 

channels at the dorsum (figs. 6.5A-C) and at the toe (fig. 6.5D). For lower 

RF-pulsatilities, these values roughly were the same. However, on the dor-

sum, a maximum value around 0.3 was found for the MF-pulsatility for 

both LDPM monitors, but not for the RF-pulsatility. This maximum value for 

MF-pulsatility was not observed at the toe where similar pulsatilities were 

observed in both toe channels for all values (M3 and M4). Although control 

subjects seldom showed pulsatilities below 0.15, no significant differences 

were found between the data of the patient groups and the control group. 

6.3.4 Time-parameters 

RMS-tRF was only significantly different between PAOD and controls for the 

M2 channel (p < 0.03). The RMS-tRF value could not be obtained from 

seven subjects (4 controls, 1 DM, and 2 PAOD). 

The RMS-tMF was only significantly different between PAOD and Controls for 

the M1 channel (p < 0.03). Values of four subjects (1 control, 1 DM, and 2 

PAOD) could not be obtained for the above parameters.  
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Figure 6.4. Comparison of the RF-Pulsatility values of various fibre separations in the 
dorsum (A and B) and in the pulp of the hallux (C). 
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6.4 Discussion and Conclusions 

The digital filters used in this study to process the LDPM flux signal (fig. 

6.3A) yielded two calculated flux signals, the Avg-Flux and RMS-Flux. It 

was remarkable that the variation of the amplitude of the cardiac pulses 

(fig. 6.3C) resembled the main variations in the Avg-Flux signal (fig. 6.3B). 

However, there were exceptions. When the occlusion started, the RMS flux 

signal dropped quicker than the Avg-Flux (compare figs. 6.3B and 6.3C). 

The heartbeat pulses immediately stopped with cuff inflation, however the 

Avg-flux signal remained for a while because some time is needed to reach 

equilibrium between the arterial and venous pressures. Nevertheless, the 

resemblance of the variations in the Avg-Flux signal and the RMS-Flux sig-

nals was the reason for introducing the pulsatility as a new parameter. 

In our population, we found significantly different values for RMS-RF 

and/or RMS-MF between patients with PAOD and control subjects for the 

P1, M1 and M3 channels, whereas we were unable to find such differences 

for Avg-Flux, and Avg-MF (to be submitted elsewhere). Therefore, there 

may be some advantage in using RMS-Flux signals instead of Avg-Flux sig-

nals to discriminate patients with PAOD and Controls. This may be related 

to the somewhat smaller relative errors in Table 6.1 (SD/mean) for the 

values of RMS-RF when compared to Avg-RF. However, this advantage of 

RMS-RF over Avg-RF is small, as it has only led to a significant difference 

for channel P1. 

The pulsatilities, which are the ratio of RMS-Fluxes and Avg-Fluxes have 

more advantage than the Avg-RF and RMS-RF, as the relative errors are 

even smaller, and show the most significant differences in the flux signals 

between control subjects and the PAOD patient group. The individual val-

ues of the RF-Pulsatility in part of the patients with PAOD, and of some 

with Diabetes Mellitus, were smaller than the values in the Control group. 

Similarly, Rossi et al. found decreased values of the mean peak power in 

the frequency band from 0.6 to 1.8 Hz of LDPM signals measured on PAOD 

patients [14]. Our observations of smaller pulsatilities in PAOD subjects 

compared to Controls are also in agreement with the decreased pulsatility 

from directly measured capillary blood pressure fluctuations [13] as well as 

with Doppler ultrasound tracings from large blood vessels distally from 

stenoses. 

Our results also showed that RF-pulsatility has to be preferred over MF-

pulsatility, which only gave significant results for one signal on the toe. The 

use of RF-pulsatility has other advantages as well. The calculated values 

for each channel at the dorsum of the foot were very similar for all combi-

nations of fibre distances and instruments (see figs. 6.4A-C and Table 6.1). 
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With respect to comparability of laser Doppler instruments, the similar val-

ues of the RF-pulsatilities are interesting, as they indicate that LDPM moni-

tors of different brands and with probes that measure at various fibre dis-

tances have an excellent comparability. Finally, the use of RF-pulsatility 

does not require a PORH test, which is an advantage when the patient ex-

periences much pain from such occlusions. 

As a larger fibre distance is also related to deeper penetration of part of 

the light, and thus a larger measuring depth [1,4,5,11], the similar values 

of RF-pulsatility at various fibre distances is an indication that the laser 

Doppler signals obtained at various (small) distances (and thus depths) 

from the source fibre are well related. From our results, we conclude that 

the fibre separations 0.25 mm and 0.50 mm did not correspond to volumes 

with different perfusion characteristics. These results agree with previous 

results (see in Chapter 3) that showed a similar ratio between the maxi-

mum flux (MF) during the PORH and the resting flux (RF) measured by two 

LDPM monitors. This cannot be concluded for pulsatility results at the dor-

sum of the foot in comparison with pulsatility results at the toe, as these 

results did not correlate well (fig. 6.4D). This is probably due to local dif-

ferences in the microcirculation and the different microvasculature present 

in those two body areas. 
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Figure 6.5. Comparison of the MF- and RF-Pulsatility values in the dorsum (A, B, and 
C), and in the hallux (D). 
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It was observed that an apparent maximum value occurred for the MF pul-

satility in the dorsum when comparing with RF pulsatility (fig. 6.5A-C). Be-

cause this happened for both instruments and with both fibre separations 

at the dorsum, we concluded that it is not due to the instruments. Most 

likely, the pulse propagation in the dorsum microvasculature was different 

during the PORH response compared to during the resting period. Fur-

thermore, it is remarkable that the phenomenon described above was not 

observed from the toe measurements (fig. 6.5D). 

The time-parameter RMS-tRF, that was derived from the RMS-RF signal of a 

PORH test, did not show advantages compared to the corresponding pa-

rameter derived from the Avg-RF signal in making distinction between the 

Patient groups and the Controls (fig. 3.2). 

In summary, the contribution of the heartbeat pulses to the LDPM flux sig-

nal, as observed in this study shows interesting features. Not only the 

RMS-Flux signal, but also especially the pulsatility gives much better possi-

bilities to discriminate between patients with PAOD and Controls. The simi-

lar RF-pulsatility results for both instruments and for the different fibre 

separations, especially at the dorsum of the foot, show that these instru-

ments produce proportional results and show little variation upon variation 

of the distance between the illuminating and detecting fibres. Future, more 

clinically oriented studies may investigate whether the new parameter RF-

pulsatility contributes to the evaluation of the status of patients with PAOD. 
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Laser Doppler perfusion monitoring (LDPM) is a technology for assessing 

tissue blood perfusion, of which the main advantages are: 

• Non-invasive use. 

• Continuous measuring. 

• Fast responses to changes in the microcirculation. 

Despite these advantages, LDPM has not succeeded yet to earn a place at 

the practitioner’s office. This is partly caused by the fact that LDPM cannot 

measure in absolute flow units [16], by the large flux-signal fluctuations 

[26] and by the lack of standardisation in monitor’s signal processing [16]. 

Furthermore, the complexity and randomness of the microvascular network 

makes it nearly impossible to place the probe twice on the exactly same 

spot. 

In 1999, a consortium of several European research groups and the Euro-

pean manufacturers began cooperating with the support of the European 

Union to standardise the laser Doppler perfusion monitoring technique. Our 

task within the consortium was to perform clinical and animal studies. The 

results from the animal experiments were published by Petoukhova [22]. 

This thesis presents the data obtained in the clinical studies, aiming for 

improving the clinical applicability of LDPM. 

7.1 Influence of fibre separation 

Based on Braverman’s description of human skin and other studies 

[3,7,10,16,24], we hypothesised that the 0.2-mm fibre separation (fig. 4.1 

right) should assess mostly the nutritional flow whereas the 1.0-mm (fig. 

4.1 left) separation should assess the nutritional flow plus some of the 

thermoregulatory flow (Chapter 2). However, the ratio of the flux signals 

at both separations, referred to as fibre flux ratio, was rather constant in 

time (fig. 2.2), meaning the 0.2-mm separation assessed a major perfu-

sion, included the thermoregulatory flow. Therefore, we concluded that it is 

not possible to assess the nutritional flow only by using a 0.2-mm fibre 

separation, and perhaps neither by a shorter fibre distance [9]. Actually, 

these results support the findings of Fagrell, who concluded that LDPM flux 

evaluates total skin blood perfusion [6], and capillaroscopy should be pre-

ferred to assess the nutritional microcirculation [2]. 

The calibration routine is very important for the final performance of a 

LDPM monitor. A point of attention is that the corrections sought by the 

monitor during the calibration are influenced by the fibre separation. After 
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calibration of two separate channels with different fibre distances, a LDPM 

monitor measuring within the calibration liquid shows similar flux values 

for both fibre separations (Table 2.2). However, when measuring in an-

other calibration liquid, the fluxes are not only different from that in the 

initial liquid used for calibration, but they are not proportional as well (fig. 

7.1). Apparently, the fibre-flux ratio is also related to the scattering prop-

erties of the liquid and thus, when measuring on tissues, to the scattering 

properties of these tissues. Furthermore, the properties of calibration liq-

uids change by evaporation, which changes the scattering properties. The 

Brownian motion of the particles of which the calibration liquid is made, 

has some dependence on the liquid temperature. In the future, a standard-

ised calibration method may be preferred, not based in the Brownian 

movement of particles suspended in water [15-17]. 

The optical properties of human skin change with age [20]. In Chapter 2, 

we noted that the fibre-flux ratio was significantly different between pa-

tients and controls, which were of different age (fig. 2.5 and Table 2.2). 

However, no differences were found in the measurements presented in 

Chapter 4 from subjects and patients of similar age. From the results in 

Figure 7.1, which shows dependence of the fibre flux ratio on scattering 

properties, we conclude that the scattering coefficient of tissue probably 

changes with age. For that reason, it is concluded that the influence of age 

can be avoided by comparing with age-matched control subjects. 
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Figure 7.1. After calibration of Moor’s channels M1 (0.25 mm) and M2 (0.50 mm), flux readings 
were recorded from Moor’s and then from Perimed’s calibration liquids. 
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7.2 Reproducibility and comparability 

Since the early days of LDPM, users have been aware of the low reproduci-

bility for repeated LDPM flux measurements [26]. However, the technique 

was often able to discriminate between normal and disturbed microcircula-

tion [5,12,19]. In Chapter 3, we defined a standard protocol together with 

other clinical users for better evaluation of the comparability of LDPM 

measurements. We also agreed on some technical aspects like the stan-

dard probes Guided by previous works [5,11,21], we evaluated the re-

sponsiveness of a LDPM monitor to reactive hyperaemia. Our novel ap-

proach was to use the time at which the flux shows up again after the oc-

clusion as the reference time for subsequent time calculations. The result-

ing resting flux (RF) and maximum flux (MF) values showed no clinical 

relevance. However, the response times as well as the flux ratio discrimi-

nated very well between the control subjects and the PAOD patients (fig. 

3.2). The proposed reference time, based on flux increase after occlusion, 

should also allow other researchers to graphically analyse their own trac-

ings to compare their results with ours, without the need to measure the 

time of cuff release.  

The reproducibility and comparability problem was more obvious for results 

obtained with different branded monitors [18,23]. This is caused by the 

somewhat different approach to the signal processing of the device’s 

manufacturers. In Chapter 4, we evaluated the performance of two differ-

ent LDPM monitors measuring simultaneously on the same perfused tissue 

of the foot. The multifibre probe (fig. 2.1 left) permitted us to show that 

the two investigated monitors did react alike to changes in the microcircu-

lation, but gave different flux signals (fig. 1.4 and 4.3). In the dorsum of 

the foot, the time parameters were capable to discriminate Controls from 

the PAOD patients, but not from the DM patients (fig 3.2). 

In our studies, we were unable to discriminate successfully between Con-

trols and DM patients. The reason of this may be the small number of DM 

patients we had or the relatively preserved condition of their microvascula-

ture. However, other studies had partially more discriminating results [11]. 

Karnafel et al. found significant differences between the male Control and 

Patient subjects for the maximum flux (MF) and time of half recovery (tHR), 

measured from the hallux [11]. Further studies are necessary for fine-

tuning the combination of the PORH and LDPM technique for application in 

patients with diabetes mellitus. 

We have mentioned before that LDPM flux signals present large fluctua-

tions over time [8,26]. These are mostly low frequency oscillations (< 0.3 

Hz) produced by the local vasomotion, as result of muscular contractions in 
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arterioles and anastomoses [1,8,25]. Higher frequency fluctuations have 

their origin from the cardiac (1 Hz) and respiratory activity (0.3 Hz) [14]. 

All these fluctuations are typically filtered out by, i.e., averaging the flux 

signals. Previous works have studied the low frequency oscillations 

[4,8,14], thus we evaluated the flux signals around the heartbeat fre-

quency (Chapter 6). This newly calculated flux signal (RMS-Flux) was di-

vided by the simply averaged flux as used in other chapters (Avg-Flux), 

the resulting ratio was referred to as pulsatility. In this study, we found 

that the RF-pulsatility discriminated between the Patients and Control 

groups. It is remarkable, that this significant difference was obtained with-

out PORH provocation, in contrast with our previous studies, and that the 

fibre separation or the LDPM monitor used does not influence it. 

In this book, a novel flow model based on a mathematical approximation 

to the original LDPM flux tracing is proposed (Chapter 5). Although in an 

early stage, the model is capable of calculating the time parameters with 

similar results as the graphical analysis. This model could be used as a ba-

sis to create better analysis tools for LDPM signals, and to help to under-

stand or, at least, to have a feeling for the mechanisms of microcirculation 

dynamics during a PORH response. 

A disturbed microvascular function is better evaluated by performing ma-

noeuvres that put the microcirculation under stress. This is the case for the 

post occlusive reactive hyperaemia (PORH) [13,27]. In combination with 

LDPM that measures relative changes of tissue blood perfusion, the PORH 

is a quick and easy way to assess the microvascular function. 

In our studies, we have investigated healthy subjects and patients with 

mild symptoms of peripheral arterial obstructive disease. Clinical discrimi-

nation was achieved using the time parameters, flux and fibre-flux ratios, 

and the RF-pulsatility. More relevant results are foreseen by applying the 

methods proposed in this book to patients with more severe symptoms. To 

the authors’ knowledge, this thesis presents up-to-date tools to improve 

the comparability and reproducibility of LDPM flux recordings. 
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Laser Doppler perfusion monitoring (LDPM) is a well known optical tech-

nique that can be used for assessing the microvascular function of the skin 

in a continuous and non-invasive way. Because several vascular diseases 

cause impairment of microcirculation, LDPM has become an interesting tool 

in vascular research. After two decades, however, LDPM still exhibits some 

technical shortcomings that limit its use in daily clinical practice. 

This thesis presents results of a study that was performed within the 

framework of a European project (SMT4-CT97-2148) aiming at the stan-

dardisation of laser Doppler flowmetry instrumentation and improving the 

clinical applicability of the LDPM technique. Within the European consor-

tium, various LDPM studies were designed to evaluate the influence of dif-

ferent LDPM probes and devices in a clinical setting. Furthermore, a novel 

method to analyse the LDPM signal was developed that can be helpful for 

clinical evaluation of patients. 

In Chapter 2, we aimed to investigate the influence of fibre separation on 

clinical LDPM measurements. For this, a dual-channel LDPM system was 

used in combination with a probe that consists of two sets of detection fi-

bres, at 0.2 mm and 1.0 mm from the illuminating fibre. Measurements 

were performed at the big toe of 8 healthy subjects and 11 subjects who 

had vascular disorders. In most cases, fluxes detected at both fibre dis-

tances showed very similar fluctuations. For each fibre separation, flux 

values of healthy and patients subjects were not significantly different. 

Furthermore, skin temperature (22-34 °C) influenced the toe’s pulp micro-

circulation markedly, increasing similarly at both probe separations, with 

higher flux at 1.0 mm than at 0.2 mm separation. The fibre flux ratio sig-

nal, obtained by dividing the flux at 0.2 mm by the flux at 1.0 mm, was 

significantly different between the two groups (p < 0.05). In conclusion, 

the flux detected in vivo by means of LDPM, is influenced by the distance 

between the optical fibres. Use of the flux ratio with a multiseparation 

probe deserves attention as it is a possible marker to discriminate normal 

tissue perfusion from pathological skin tissue perfusion, independently 

from tissue temperature. 

The standardisation of manoeuvres to perform clinically discriminative mi-

crovascular flow-reserve tests is still poorly developed, as well as the re-

sponse analysis. In Chapter 3 we aimed to establish a reproducible analy-

sis method for the post-occlusive reactive hyperaemia (PORH) test meas-

ured using laser Doppler perfusion monitoring (LDPM). LDPM data were 

measured from the PORH response of 24 Fontaine class II-III peripheral 

atherosclerotic/arterial obstructive disease (PAOD) patients and 30 healthy 

subjects. The PORH response was recorded from the dorsum of the foot af-

ter 3 minutes of arterial occlusion at the thigh. The resulting tracings were 
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analysed by describing their morphology through five defined parameters: 

resting flux (RF), time to RF level (tRF), maximum flux (MF) during reactive 

hyperaemia, time to maximum flux (tMF), and time to half recovery (tHR). 

While the time parameters were discriminative between patients and con-

trols, flux parameters were not. The time to resting flux (tRF) led to the 

most discriminative model that correctly predicted 88.5% of the cases. 

Hence, we concluded that obtaining tRF with the presented procedures is a 

promising approach for evaluating patients’ microvascular function by us-

ing the PORH test. 

Another current limitation of the LDPM technique is the different signal 

output between monitors. Hence, in Chapter 4 we evaluated the flux sig-

nals of two different commercial laser Doppler perfusion monitors in a clini-

cal application. The flux signals and response times from a post-occlusive 

reactive hyperaemia manoeuvre were studied from two foot locations of 

subjects representing a broad range of perfusion conditions. Two multi-

channel perfusion monitors were used simultaneously to assess the skin 

blood perfusion at the dorsum of the foot and at the pulp of the hallux by 

means of two multifibre probes. Measurements were performed on thirty 

subjects from three groups: ten patients with peripheral arterial obstruc-

tive disease, ten patients with diabetes mellitus and ten healthy controls. 

Resting and maximum fluxes were studied as well as three characteristic 

time parameters from the hyperaemic response. In both foot locations, the 

two monitors assessed the same perfusion variations, but delivered differ-

ent flux values for the various fibre distances. Moreover, no differences in 

flux values were found between the patient and control groups. The time 

parameters at each foot location were practically the same for both in-

struments at each of the fibres. For each monitor, the time to resting flux 

after detection of reflux after occlusion release, tRF, when obtained at the 

dorsum of the foot, was significantly different between the controls and 

PAOD patients. Of all investigated variables, the response times to the re-

active hyperaemia had the largest discriminating value between PAOD pa-

tients and controls, and were similar for both laser Doppler perfusion moni-

tors. In addition, relative flux values had similar values in many cases. 

Other flux results from different monitors or fibre separations needed cor-

rection to allow comparison. 

To facilitate the quantitative analysis of Post Occlusive Reactive Hyperae-

mia (PORH), measured with Laser Doppler Perfusion Monitoring (LDPM) on 

extremities, we presented in Chapter 5 a flow model for the dynamics of 

the perfusion of the tissue during PORH, based on three parameters: two 

time constants (τ1 and τ2) and the ratio of the maximum flux and the rest-

ing flux. With these three constants, a quantitative comparison between 

experiments is possible, and we propose to standardise this procedure for 
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the PORH test accordingly. For this reason, we also developed a computer 

program that determines the constants after performing a fit of the model 

to the measured data. 

Laser Doppler flux signals show temporal fluctuations caused by physio-

logical phenomena like heartbeat, respiration, and local tissue flowmotion. 

In Chapter 6, we investigated in the PORH signal whether the laser Dop-

pler fluctuations caused by the heartbeat contain clinically useful informa-

tion. The dependence of these fluctuations on monitor type, fibre arrange-

ment and probe location was also addressed. By using two perfusion moni-

tors and two probes at the skin with different fibre arrangement, the flux 

signals during an occlusion test were analysed in subjects suffering from 

Fontaine class II-III peripheral arterial obstructive disease (PAOD) and pa-

tients with diabetes mellitus, and compared with those of healthy subjects. 

The flux signals were filtered with a band-pass filter between 0.5 and 3 Hz 

followed by root mean square processing and averaging over 4 seconds. 

The processed flux signals resembled the original tracing. The ratio be-

tween these signals, referred to as pulsatility, was shown to be signifi-

cantly smaller in patients with PAOD (p < 0.05) on all channels at the dor-

sum of the foot, and for one of the fibre distances at the toe. For each 

probe, the pulsatility almost had the same value for the results for all de-

tection fibres and instruments. Pulsatility during the hyperaemia peak 

showed a maximum value of ~0.3. From this study it is concluded that the 

laser Doppler fluctuations caused by the heartbeat contain clinically useful 

information. 

This thesis focussed on the standardisation of LDPM in a clinical setting us-

ing the post occlusive reactive hyperaemia test. In our studies, we mainly 

investigated healthy subjects and patients with low to mild symptoms of 

peripheral arterial obstructive disease using various LDPM monitors and 

multi-fibre probes simultaneously. Clinical discrimination was achieved with 

the time parameters, flux ratio, and the pulsatility. It is concluded that our 

studies may contributed to improve the clinical applicability of LDPM. 

 

 



 

Chapter 9 

Nederlandstalige 

Samenvatting 

 

 



120 Chapter 9. Nederlandstalige Samenvatting 

  

De Laser Doppler techniek (Laser Doppler Perfusion Monitoring, LDPM) is 

een bekende niet-invasieve optische diagnostische techniek waarmee de 

conditie van de microcirculatie van de huid continu kan worden gemeten. 

Omdat veel vaatziektes tot verstoringen in de microcirculatie leiden, wordt 

LDPM veelvuldig in vaatonderzoek gebruikt. Hoewel LDPM al enkele tien-

tallen jaren bestaat, kent deze meetmethode nog steeds enkele tech-

nische beperkingen die het gebruik ervan in de dagelijkse klinische praktijk 

in de weg staan. 

Dit proefschrift beschrijft resultaten van een onderzoek dat in het kader 

van een Europees onderzoeksproject standarisatie van de Laser Doppler 

flowmetrie apparatuur tracht te bewerkstelligen en de klinische toepassing 

van LDPM tracht te bevorderen. Binnen het Europees consortium zijn 

meerdere LDPM-studies uitgevoerd om het effect van het gebruik van ver-

schillende probes en meetapparatuur op de uitslag van de metingen in een 

klinische setting te kunnen evalueren. Tevens werd een nieuwe analyse-

methode ontwikkeld die gebruikt kan worden om met behulp van LDPM-

metingen  patiënten te onderzoeken. 

In Hoofdstuk 2 wordt het effect van de afstand tussen de detecterende 

en belichtende glasvezels op de flux onderzocht. In de proefopstelling werd 

een twee-kanaals LDPM-monitor gebruikt waarop een probe met twee 

detectievezels werd aangesloten. Deze detectievezels bevonden zich op 

een afstand van 0,2 en 1,0 mm van de belichtende glasvezel. De probe 

was op de top van de grote teen geplaatst van 8 gezonde controlepersonen 

en 11 proefpersonen waarvan bekend was dat ze een vaatziekte hadden. 

In de meeste metingen vertoonden de fluxsignalen bij beide 

vezelafstanden zeer veel overeenkomsten. Per vezelafstand gaven de 

gemeten fluxwaarden voor de controle groep en de test groep geen 

significante verschillen te zien. Verder bleek de huidtemperatuur (22-34 

°C) de microcirculatie in de top van de grote teen sterk te beïnvloeden. 

Voor beide vezelafstanden nam de flux verhoudingsgewijs en gelijkmatig 

toe, waarbij de flux bij 1,0 mm vezelafstand hoger was dan die gemeten 

bij 0,2 mm. Het fiber-flux-ratiosignaal, dat verkregen wordt door de flux 

gemeten bij 0,2 mm te delen door de flux gemeten bij 1,0 mm, was 

significant verschillend tussen de gezonde controles en de patiëntengroep 

(p < 0,05). Samenvattend kan worden gesteld dat de in vivo gemeten flux 

afhankelijk is van de afstand tussen de belichtende en detecterende vezels 

in de LDPM probe. De fiber-fluxratio, die gemeten kan worden m.b.v. een 

multi-vezelprobe, verdient nadere aandacht. Dit zou wel eens een goede 

parameter kunnen zijn om een gezonde en een afwijkende microcirculatie, 

onafhankelijk van de huid-temperatuur, van elkaar te kunnen 

onderscheiden. 
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De handelingen waarmee, klinisch, de microvasculaire perfusiereserve 

vastgesteld wordt is niet gestandariseerd, evenmin als de analyse van de 

daarop volgende fysieke reactie. Doel van het onderzoek in Hoofdstuk 3 

was een reproduceerbare analysetechniek voor reactieve hyperaemie voor 

LDPM na occlusie (PORH) te ontwikkelen. De fluxwaarden werden bij 24 

PAOD-patiënten, Fontaineklasse II-III, gemeten en bij 30 gezonde 

controles. De PORH werd op de bovenkant (dorsum) van de voorvoet 

gemeten, nadat de doorbloeding gedurende 3 minuten was onderbroken 

door het afbinden van het bovenbeen. De registraties werden aan de hand 

van vijf parameters geanalyseerd: de flux tijdens rust (resting flux, RF), 

tijd-tot-rustwaarde (tRF), maximale flux (MF) die tijdens de hyperaemie 

werd bereikt, tijd tot maximale flux (tMF) en tijd tot half herstel (tHR). De 

responstijden bleken alle significant te verschillen tussen controles en 

patiënten, de fluxwaarden niet. Met behulp van tRF kon 88,5% van de 

gezonde proefpersonen en PAOD-patiënten correct onderscheiden worden. 

Aan de hand van dit onderzoek concludeerden wij dat tRF een zeer goede 

maat is om de conditie van de microcirculatie te bepalen uit analyse van 

PORH. 

Een andere beperking van de LDPM-techniek is het verschil in 

signaalverwerking tussen instrumenten. In Hoofdstuk 4 worden daarom 

de fluxsignalen van twee verschillende LDPM-monitoren in een klinische 

studie met elkaar vergeleken. De flux en de responstijden na een post-

occlusiereactive-hyperaemietest werden op twee verschillende plaatsen 

gemeten: op de top van de grote teen en op de bovenkant van de voet van 

proefpersonen die een breed scala van perfusiecondities vertegen-

woordigden. Twee meerkanaals LDPM-monitoren werden gelijktijdig 

gebruikt om de doorbloeding op de top van de grote teen en op de boven-

kant van de voorvoet te meten met twee probes met meervoudige 

glasvezels voor detectie. De metingen werden in drie groepen van tien 

proefpersonen gemeten: tien gezonde controles, tien patiënten met 

vaatstoornissen als gevolg van suikerziekte (Diabetes mellitus) en tien 

patiënten die leden aan atherosclerose (peripheral arterial obstructive 

disease, PAOD). De volgende fluxwaarden werden gemeten: flux tijdens 

rust en maximale flux, en drie karakteristieke responstijden van de PORH-

test. Zowel op de teen als de voorvoet registreerden beide monitoren 

dezelfde fluxpatronen, maar gaven wel verschillende fluxwaarden te zien 

bij verschillende vezelafstanden. Er werden geen verschillende fluxwaarden 

gemeten tussen de controles en de patiëntengroepen. De responstijden 

gemeten op eenzelfde positie op de voet waren praktisch gelijk voor beide 

monitoren en voor alle vezelafstanden. Iedere monitor registreerde wel 

een significant verschil in tRF, de tijd die de flux nodig had om na de 

occlusie weer de rustwaarde van de flux te bereiken, en gemeten op de 

voorvoet, tussen de PAOD-patiënten en de gezonde controles. 
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Van alle gemeten waarden, gaven de responstijden de meeste 

aanwijzingen om gezonde controles van patiënten te onderscheiden. Dit 

gold voor beide monitoren. Verder waren de relatieve fluxwaarden voor 

beide monitoren in veel gevallen gelijk. Alle andere (niet-tijdsafhankelijke) 

fluxwaarden hadden een correctiefactor nodig om resultaten van 

verschillende monitoren en probes met elkaar te kunnen vergelijken. 

In Hoofdstuk 5 is een model ontwikkeld waarmee de dynamica van de 

weefseldoorbloeding kan worden voorspeld uit analyse van de PORH, 

gemeten met LDPM op het onderbeen. Dit model is gebaseerd op twee 

tijdsconstanten (τ1 en τ2) en de verhouding tussen de maximum flux (MF) 

en rustwaardeflux (RF). Met deze drie constanten was het mogelijk een 

kwantitatieve vergelijking tussen verschillende experimenten uit te voeren. 

We stellen voor, om dit model als toekomstige rekenstandaard te 

gebruiken. Speciaal voor dit doel werd een computerprogramma 

ontwikkeld dat de constanten berekent uit de fit tussen de gemeten 

waarden en de berekende waarden. 

Laser-Doppler-fluxsignalen vertonen tijdsafhankelijke fluctuaties die door 

fysiologische fenomenen zoals hartslag, ademhaling en locale door-

bloedingsveranderingen veroorzaakt worden. Deze fluctuaties worden vaak 

tijdens de data-analyse weggefilterd. In Hoofdstuk 6 wordt nagegaan of 

de laser-Doppler-fluxfluctuaties die door de hartslag veroorzaakt worden 

klinisch bruikbare informatie bevatten. Nagegaan werd in hoeverre het 

type LDPM-apparaat, de probe-positie en de afstand tussen de glasvezels 

hierop van invloed waren. Door twee verschillende LDPM-apparaten in 

combinatie met de verschillende twee multifiberprobes gelijktijdig op twee 

verschillende posities op de voet te plaatsen (zoals beschreven in 

hoofdstuk 4), werden fluxsignalen in de PORH-test van patiënten met 

PAOD (Fontaineklasse II-III) en patiënten met diabetes mellitus 

vergeleken met die van gezonde controles. De fluxsignalen werden met 

een banddoorlaat- filter tussen 0,5 en 3 Hz gefilterd en vervolgens met de 

z.g.n. root-mean-square-techniek bewerkt en gemiddeld over een periode 

van 4 seconden. De aldus bewerkte fluxsignalen hadden dezelfde vorm als 

de orginele signalen. De verhouding tussen de bewerkte signalen en de 

fluxsignalen, pulsatiliteit genoemd, was bij de PAOD-patiënten voor alle 

kanalen gemeten op de voorvoet, en voor 1 kanaal gemeten op de top van 

de grote teen, significant kleiner dan bij de controles (p < 0,05). Voor 

iedere probe had de pulsatiliteit ongeveer dezelfde waarde, ongeachte met 

welke glasvezelafstand of welk apparaat gemeten was. De pulsatiliteit 

gemeten tijdens de piek van de reactieve hyperaemie had een 

maximumwaarde van ongeveer 0,3. Uit dit onderzoek is geconcludeerd dat 

de Laser-Doppler-fluctuaties die door de hartslag veroorzaakt worden op 

zich klinisch relevante informatie bevatten. 
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Dit proefschrift richt zich voornamelijk op metingen van de post-occlusie 

reactieve-hyperaemietest (PORH) met Laser-Doppler-Flow-Monitoring 

(LDPM). In onze studies hebben we gezonde proefpersonen en patiënten 

die lijden aan een geringe tot milde vorm van PAOD met LDPM op een niet 

invasieve wijze onderzocht. Met behulp van de fluxratio, de tijdsafhan-

kelijke parameters en de pulsatiliteit konden de verschillende groepen 

onderscheiden worden. De klinische toepasbaarheid van LDPM is door dit 

onderzoek mogelijk een stapje dichterbij gekomen. 
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