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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



18 1.4. Laser Doppler perfusion monitoring 

  

 

 

0.0

0.5

1.0

1.5

2.0

600 650 700 750 800 850 900 950 1000

Wavelength [nm]

M
o
la

r 
A
b
s
o
rp

ti
v
it
y
 [
 L
 m

m
o
l-
1
 c
m

-1
 ]

Hb

HbO2

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. 



20 1.6. Outline of this thesis 

  

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 



Improving the clinical use of LDPM 21 

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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