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Abstract Laser Doppler flowmetry (LDF) is a non

invasive method enabling the monitoring of microvascular

blood flow, a very important marker of tissue health. This

article gives an overview on the concept of LDF for

microvascular perfusion monitoring and imaging. It first

describes the theoretical background of the technique.

Then, the benefits of LDF signal processing are shown

through clinical examples: use of time–frequency repre-

sentations and wavelets. Afterwards, the paper introduces

novel approaches of velocity components. For that purpose,

a work providing the determination of the velocities rela-

tive contribution in physiologically relevant units (mm/s) is

presented. Imaging perfusion is also reviewed through

methods based on laser speckle. The most prominent dis-

advantage of the latter devices being the time needed to

produce a perfusion image, solutions are proposed in the

last part of the paper.

Keywords Laser Doppler flowmetry � Perfusion �
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1 Introduction

Laser Doppler flowmetry (LDF) is a non invasive method

enabling the monitoring of microvascular blood flow. Even

though LDF measures are non-absolute, the enormous

interest in microvascular perfusion has led to many clinical

works and a number of international papers related to the

technique. Indeed, it can be used in many disciplines and

on many organs, such as skin, brain, kidney, liver, and

intestines [2, 40, 49, 50, 58].

The perfusion in the skin relates the blood flow in the

microcirculation. Microcirculation is composed of capi-

llaries, arterioles (small arteries), venules (small veins), and

arteriovenous anastomosis (shunting vessels). The perfu-

sion through capillaries refers to the nutritive flow, whereas

flow through the other mentioned vessels (arterioles, ven-

ules and shunting vessels) refers to the temperature regu-

lation flow, and also feed and drain the capillary network.

However, skin perfusion can be impaired by diseases.

These impairments can lead to ulcer formations as well as

necrosis. That is why tools aiming at monitoring skin blood

perfusion in real time, continuously and non invasively is

of great importance in clinical routine. It can even be

necessary to analyse blood perfusion on maps (i.e. two-

dimensionally). This has become possible with the LDF

technique.

Laser Doppler flowmetry systems can be separated into

two categories, namely the laser Doppler perfusion moni-
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tors (LDPM) and the laser Doppler perfusion imagers

(LDPI). Laser Doppler perfusion monitoring and imaging

are easy to use techniques and have supplemented other

methods that have been presented in detail in the literature

(photoelectric plethysmography, video-photometric capil-

laroscopy, thermal and radioisotope clearance, orthogonal

polarization spectral imaging). Clinical applications of the

laser Doppler technique are related to diabetes microan-

giopathy, peripheral vascular diseases, Raynaud’s phe-

nomenon, pharmacological applications, thermal injury,

plastic surgery, flap surveillance, skin diseases, ... [2, 40,

49, 50, 58]. However, useful results can only be obtained

with an understanding of the technique principles, the

knowledge of its limitations, and an accurate processing of

the signals. Mixing engineering and medicine fields is

indispensable in this way. This can be achieved, among

others, by proposing modelling of the underlying mecha-

nisms, by improving the knowledge of the physiological

activities acting at the microcirculation level and by the

process of the recordings given by clinicians.

This paper aims at offering the state-of-the-art on the

laser Doppler perfusion technique. After a review of the

theory giving rise to the perfusion signal, it will be dedi-

cated to the benefits brought by signal processing methods

applied on LDF recordings. Afterwards, novel approaches

in velocity components and imaging will be presented.

Finally, future trends and concluding remarks will be given.

2 Theory of laser Doppler flowmetry

2.1 Introduction

The laser Doppler perfusion monitoring and imaging

techniques rely on the Doppler effect, first described by the

Austrian scientist Johan Christian Doppler [57]. In 1972,

Riva et al. were the first ones to report microvascular blood

flow measurements with the Doppler effect [52]. Stern then

suggested that tissue perfusion, as opposed to flow in a

single vessel, could be measured with the LDF technique

[61]. These works were followed by several studies that

have been carried out to improve the technique and the

measurements; the theory has also been established [3, 11,

22, 23, 29, 41, 42, 44, 45, 53, 61, 62].

The most common way to design a laser Doppler

flowmeter is by using a fibre optic probe (generally

0.25 mm between the transmitting and receiving fibres).

This leads to a sampling depth on the order of 1 mm for

human skin [4, 38]. When coherent light is directed toward

a tissue, photons are scattered by moving objects and by

static structures. If they encounter moving particles, the

Doppler effect appears. The photon frequency is therefore

modified. When the reemitted light is directed toward a

photodetector, optical mixing of light frequency shifted and

non frequency shifted gives rise to a stochastic photocur-

rent. The power spectrum P(x) of this photocurrent is

linked to the blood cells properties present in the illumi-

nated volume. More precisely, when the concentration of

moving red blood cells is low, the first momentR
xP xð Þ dx scales with the concentration of moving blood

cells (CMBC) times their average velocity, whereasR
P xð Þ dx scales with the CMBC [48].

It is convenient to view light as a particle with some

wave characteristics, in describing quasi-elastic light scat-

tering [43]. The Doppler effect results in a spectral

broadening of light, due to interactions with moving scat-

terers, mainly red blood cells (RBCs). The blood cells are

moving at low velocities, on the order of millimeters per

second, in the microcirculation, giving rise to minute fre-

quency shifts, about 10–11 times smaller than the frequency

of the incident light [49]. Consequently, it is critical that

the light source is highly monochromatic (i.e. temporally

coherent). This is what makes the laser an ideal light source

for the quasi-elastic light scattering applications [57]. Even

though other authors presented models earlier, most of the

theories are based on the work by Bonner and Nossal [3].

Several variations on these theories have subsequently

been presented [1, 4, 5, 47]. The following derivations are

based on the work by Nilsson et al. [47], unless otherwise

stated, and are taken from the PhD thesis of Nilsson [43]. A

recent derivation can also be found in reference [48].

2.2 Model validity

The subsequent theoretical framework of the microvascular

blood perfusion estimate, obtained using the LDF method,

is based on the following assumptions:

1. Light suffers multiple scattering in the static tissue

matrix, hence becoming diffusely scattered.

2. The fraction of photons undergoing multiple Doppler

shifts is negligible.

3. The blood cell velocities are randomly distributed in

direction within the scattering volume, meaning that

the network of microvessels, in effect, is random on a

length scale defined by the mean distance between

RBC scattering events.

4. The statistics of the blood cell velocity field is uniform

throughout the scattering volume.

5. Statistical parameters are stationary throughout the

signal sampling phase (for the Fourier transform to be

valid).

Some of these assumptions may not be valid in real

tissue; in fact, only 1. can be considered completely true,

and the other assumptions may be more or less incorrect.

Nevertheless, the following theory results in measurable
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quantities which have been verified to agree well with

theoretical predictions in multiple flow models [47].

2.3 Single scattering event

The incident photon, as seen from the moving blood cell,

can be described by the electric field vector, Ein, [47]

Ein ¼ E0ie
iðxt�k1ðvtþ r0ÞÞ; ð1Þ

where E0i is the amplitude, x the angular frequency and k1

the wave vector of the incident light (Fig. 1). |ka| = 2p/kt =

2p n/kvacuum, kt = wavelength of the light in the medium

with refractive index n. r = vt + r0 describes the present

position of the photon. Consequently, the scattered photon

can be described by the scattered electric field vector, Esc

[47],

Esc ¼ E0se
iðxt�k1ðvtþr0ÞÞþik2vt; ð2Þ

where E0s represents the amplitude and k2 the wave vector

of the scattered light. After rearrangement, Esc can be

written on the form

Esc ¼ E0se
ixte�iue�iqvt; ð3Þ

since the Bragg scattering vector, q = k1 – k2, and / = k1

r0 are time-invariant phase constants. Thus, the scattered

photon is described by the incident, carrier frequency, x, a

time-invariant phase constant, /, and a time-varying phase

factor, qvt, which describes the angular Doppler frequency,

xD = q� v.

2.4 Photocurrent and intensity autocorrelation function

Now, the infinitesimal photocurrent at time t, i(t,r), on the

detector surface, at r, produced by the total scattered

electric field, ET, is

iðt; rÞ ¼ C0½ETðt; rÞE�Tðt; rÞ�; ð4Þ

where C0 is an instrumentation constant, ET is the sum of

the electric fields originating from scattering in moving and

static structures, and ET
* is the complex conjugate of ET

[47]. Integrating i(t, r) over the entire photosensitive

detector area results in the total photocurrent, i(t),

iðtÞ ¼
Z

detector

area

iðt; rÞ d2r: ð5Þ

It has been shown that, disregarding of noise and the

heterodyne efficiency, the ACF of the photocurrent, or

intensity, in one coherence area, may in a simplified form

be expressed as [47; personal communication]

ACF ¼ ið0ÞiðsÞh i ¼ ETð0ÞE�Tð0ÞETðsÞE�TðsÞ
� �

¼ 2iR iSh i þ i2
R þ iSh i2 þ iR iSh i eiqvs

� �
e�iqvs
� �� �

þ iSh i2
XS

m¼1;m6¼n

XS

n¼1

eiðqmvm�qnvnÞs

* +

;

ð6Þ

where the ACF is a measure of how much the signal

resembles itself at two different points in time (t = 0, and

t = s, respectively), calculated as an ensemble average

(Eq. 7) over an ‘‘infinite’’ time. iS = SE0S
2 is the current

produced by photons scattered in moving structures, and S

is the number of photon interactions with moving struc-

tures, contributing to the total electric field. Similarly,

iR = RE0R
2 for interactions with static structures. In the

above equation, the first three terms constitute the time

invariant, or DC signal. The fourth term has contributions

both from photons scattered in static and moving struc-

tures, i.e. heterodyne mixing. The fifth term is made up of

light scattered by moving structures, mixed with itself

(homodyne mixing), and can be neglected in the sub-

sequent calculations, because of assumption 2 in Sect. 2.2.

2.5 Relation between the single scattering event

and the intensity ACF

First, we need to define the ensemble average, or expec-

tation value of a function g(x), Æg(x) æ,

gðxÞh i ¼
Z

gðxÞf ðxÞ dx; ð7Þ

k2RBC
q

k1

v q

α

θ

Fig. 1 Single scattering event between a photon and a moving

scatterer, in this case a red blood cell (RBC). k1 and k2 denote the

incoming and scattered wave vectors, and a is the angle between the

two. v is the velocity vector of the RBC. q is the Bragg scattering

vector. h is the angle between q and v (Figure from Nilsson PhD

thesis [43], reproduced with the kind permission of Nilsson)
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where f(x) is a probability density function of x. Hence, for

a fixed value of q, the ensemble average of the time-

varying phase factor in Eq. 3 can be described as

e�iqvs
� �

v
¼
ZZZ

velocity

field

N0ðvÞe�iqvsd3v; ð8Þ

N0(v) is the normalized three dimensional velocity

distribution, determining the relative number of RBCs

moving with velocity v. Assumption 3 in Sect. 2.2 ascertains

that N0(v) is independent of the spatial coordinates. Making

q parallel to the z-axis, and transforming the integral to

spherical coordinates results in [47, personal communi-

cation]

e�iqvs
� �

v
¼
Z1

v¼0

NðvÞ sinðqvsÞ
qvs

dv; ð9Þ

where the one dimensional velocity distribution

N(v) = 4pv2N0(v); thus, there is no preferential direction of

the moving scatterers, but merely a speed distribution.

Introducing a scattering vector distribution, S0(q(a)), it is

possible to derive an expression for the one dimensional

scattering vector distribution, S(q(a)), taking into account

the three dimensional nature of the scattering event in Fig. 2,

and assuming azimuthal symmetry around k1. Letting |k2|

= r, and the area of the infinitesimally thin ring be Ar. Then

dividing Ar by the total area of the sphere surface for all three

dimensional scattering angles, As, the one dimensional

transformation factor is derived, and can be written as

Ar

As
¼ 2pðr sinðaÞÞðr sinðdaÞÞ

4pr2
� 1

2
sinðaÞ da: ð10Þ

Therefore, the expectation value of the time-dependent

phase factor, Æe–iqv sæv, over the entire q-vector field may be

written as [47]

e�is
� �� �

¼
Z1

v¼0

NðvÞ
Zp

a¼0

sinðqvsÞ
qvs

SðqðaÞÞ1
2

sinðaÞdadv; ð11Þ

hence relating the one dimensional RBC velocity, N(v), and

scattering vector, S(q(a)), distributions to the measurable

intensity ACF, produced by the heterodyne mixing term of

Eq. 6 (term four).

2.6 Photocurrent power spectrum

According to the Wiener–Khintchine theorem, the photo-

current power spectrum, P(x), produced by the heterodyne

mixing term in a single coherence area, is the Fourier

transform of the intensity ACF, disregarding homodyne

mixing [4]. According to Nilsson et al. [47, personal

communication]

PðxÞ / i2R iSh i
Z1

v¼0

NðvÞ
Zp

a¼0

sinðaÞSðqðaÞÞ

�
Z1

s¼�1

sinðqvsÞ
qvs

eixsds da dv: ð12Þ

2.7 Deriving the perfusion estimate

Equation 12 can be rewritten, assuming |k1| � |k2| = k

= 2p/kt, where the laser wavelength in the tissue can be

written as kt = kvacuum/nt, nt representing the refractive

index of the tissue. The angular Doppler frequency, xD, is

expressed as xD = q�v = |q| |v| cos(h). According to the

cosine theorem,

xD ¼
4p
kt

sin
1

2
a

� �

v cosðhÞ ð13Þ

where v = |v|. After normalization with the total light

intensity, Nilsson et al. [47] have shown that

CMBC /
Z1

0

PðxÞ dx /
Zvmax

v¼0

iSh iNðvÞ

�
Z

4p
kt

x¼0

x

Z
4p
kt

q¼x

SðqÞdq dx dv; ð14Þ

Fig. 2 Schematic to show three dimensional scattering of light due to

a RBC (not shown in the figure, but located at the origin). |k2|sin(da)

corresponds to the thickness of an infinitesimally thin ring, with

radius |k2|sin(a), that represents the exiting angle, a, of the scattered

photon. Azimuthal symmetry is assumed around k1 (Figure from

Nilsson PhD thesis [43], reproduced with the kind permission of

Nilsson)
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Perfusion /
Z1

0

xPðxÞ dx /
Zvmax

v¼0

iSh ivNðvÞ

�
Z

4p
kt

x¼0

x

Z
4p
kt

q¼x

SðqÞdq dx dv: ð15Þ

Consequently, the outer integral in Eq. 14 scales linearly

with ÆiSæ, which is linearly related to the number of moving

RBCs in the scattering volume, if assumption 2 of Sect. 2.2

is valid. The two inner integrals are independent of v.

Therefore, the integral of P(x), i.e. the area under the

power spectral density curve, is also referred to as the

CMBC (Fig. 3a). Similarly, in Eq. 15, the outer integral

constitutes a measure of the product of the factor ÆiSæ, and

the average velocity of the RBCs (� vN(v) dv). This integral

of the product of the concentration of moving RBCs and

the average velocity, or the x-weighted power spectral

density, is usually denoted the perfusion estimate (Fig. 3b).

The perfusion estimate in Eq. 15 carries no information

about the direction of flow, because of assumptions 1 and 3

of Sect. 2.2, ensuring that the change in scattering vector,

Dq, resulting from a collision of a photon with a RBC, will

be uncorrelated with the direction in which the cell is

moving [4]. Accordingly, the directional information that is

present, e.g. in the case of Doppler ultrasound, is lost due to

the diffuse scattering of light in the tissue surrounding the

microcirculation. Sound, on the other hand, essentially

moves on a straight path through tissue, and a small frac-

tion is reflected off the moving RBCs in larger vessels,

returning to the detector. The Doppler frequency shift is

inversely related to the wavelength of the incoming sound,

or light (Eq. 13). Since the wavelength of visible light is

approximately 500 times smaller than that of ultrasound,

the corresponding frequency shifts will be 500 times

greater. This is the principal reason why capillary flow

rates of about 1 mm/s cannot be resolved using conven-

tional Doppler ultrasound, since the frequency shifts pro-

duced are immeasurably small (about 5 Hz) [4].

3 Signal processing benefits

3.1 Introduction

The perfusion estimate according to Eq. 15, when mea-

surements are made in vivo, will exhibit oscillations due to,

among others, microvascular processes such as myogenic,

neurogenic and endothelial related metabolic activities.

The knowledge of these processes’ contribution in several

situations could bring information that would help in

understanding pathologies. That is why oscillatory com-

ponents of LDF signals have recently been deeply inves-

tigated [7, 8, 33, 35, 36, 59, 60]. The three above-

mentioned activities can now be studied from LDF time–

frequency representations obtained with wavelets. Quanti-

tative measures were also introduced to determine their

contribution.

Studies carried out with scalograms (square modulus of

the wavelet transform) on LDF signals recorded on humans

a

b

Fig. 3 a Top power spectral density (PSD), P(x) versus x measured

on volar forearm skin (dashed line) and fingertip (solid line). Note

that the power is contained at higher frequencies in the case of the

fingertip, indicating higher RBC velocities and/or multiple Doppler

shifts. b Bottom x-weighted power spectrum, enhancing the

importance of the higher frequency components in the contribution

to the final perfusion estimate. Note the difference in scale on the x
axis, and the logarithmic y axis in a. After proper calibration,

normalization and linearization, the perfusion estimate was calculated

to be approximately 21 times greater in the fingertip, compared to the

forearm skin, in this particular case (Figure from Nilsson PhD thesis

[43], reproduced with the kind permission of H. Nilsson)
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have shown that five peaks arise, respectively around 1,

0.3, 0.1, 0.04 and 0.01 Hz. In addition to the heart beats

and the respiration (whose activity gives the peaks around

1 and 0.3 Hz respectively), the myogenic activity (the

smooth-muscle cells in the vessel walls respond continu-

ously to the changes in intravascular pressure) gives rise to

oscillations with a frequency around 0.1 Hz. The peak

around 0.04 Hz results from the neurogenic activity.

Eventually, oscillations with a frequency around 0.01 Hz

are thought to correspond to the endothelial related meta-

bolic activity [60]. Moreover, a very recent study has also

hypothesized that other endothelial mechanisms such as

endothelium-derived hyperpolarizing factor (EDHF) might

be involved in the regulation of a sixth frequency interval

(0.005–0.0095 Hz) [32].

An application of these results has been dedicated to the

study of the vasodilation that appears on healthy subjects

when a local and progressive pressure is applied on skin

(see below). The limited amplitude of this phenomenon on

type 1 diabetic patients could explain the development of

decubitus ulcers on such patients. Moreover, other revers-

ible perturbations such as physical exercises, application of

vasoactive substances... were investigated too [21, 34, 66].

Irreversible perturbations resulting from ageing or diseases

were also analysed (diabetes, heart failure, acute myocar-

dial infarction) [6, 65]. The results of these signal proces-

sings show that the oscillatory components in LDF signals

have strong physiological and clinical implications.

3.2 Example of the use of signal processing tools:

understanding the microvascular perfusion signals

during the application of a low and progressive

pressure

3.2.1 The pressure-induced vasodilation phenomenon

Local pressure strains to the skin appear to be those of the

major determinants of cutaneous lesions in multiple clini-

cal situations (pressure wounds, diabetic foot ulcers...). At

the end of the 1990s, Fromy et al. [17] reported an original

nervous reflex of skin vasodilation mediated by primary

afferent fibres. This phenomenon has been observed in

healthy rats as well as in healthy human subjects (Figs. 4

and 5a). The vasodilatory response disappears when pre-

treatment with a local anaesthetic is applied [17]. This

pressure-induced vasodilation (PIV) response is a transient

adaptive phenomenon acting as a protective mechanism

without which certain pressure-associated lesions may de-

velop. In absence of PIV, skin blood flow is progressively

decreased with application of increased pressures. How-

ever, diabetic patients may present skin blood flow re-

sponses to locally applied pressures different from the ones

observed on healthy subjects (see Fig. 5b) [20, 31]. The

differences could, in part, explain the development of de-

cubitus and plantar ulcers.

The studies carried out to know the mechanisms implied

in PIV have shown that PIV depends on capsaicin-sensitive

fibres in rats and in humans [17, 18]. It has also been shown

that calcitonin-gene-related peptide (CGRP) plays a major

role in the development of the response, whereas neuro-

kinins have no role. Moreover, endothelial nitric oxide

(NO) is crucial in PIV development. Prostaglandins and

neuronal NO are also involved [18]. Recently, further

studies using signal processing techniques have been car-

ried out to improve the PIV knowledge [24–27]. Their goal

was, among others, to explain the differences observed in

the responses of healthy and diabetic subjects.

3.2.2 Time-frequency analyses to determine the activities

implied in PIV1

As mentioned previously, a scalogram analysis of LDF

signals provides information dealing with the myogenic,

neurogenic and endothelial activities behaviour. Therefore,

in order to have a precise knowledge of these activities at

rest and during the application of a local and progressive

pressure, on healthy and type 1 diabetic subjects, a study

analysed LDF signals recorded at rest and during the

application of a progressive pressure, on six diabetic pa-

tients with type 1 diabetes mellitus and without respiratory

or cardiac failure, neuropathy of nondiabetic origin,

peripheral vascular disease, psychological disorder or tre-

mor, and on six age-matched non-diabetic control subjects

Fig. 4 Cutaneous pressure-induced vasodilation signal obtained on

an anaesthetised rat. Time t = 0 represents the beginning of the

increasing pressure application (11.1 Pa/s) (Figure reprinted from

Fig. 1 in Ref. [24] Copyright (2006) with permission from SPIE)

1 A detailed description of the work presented in this paragraph can be

found in Ref. [26].
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[26]. Based on other studies [19, 25, 28], the scalograms of

each signal were then studied between 0.0095 and

0.145 Hz, in order to obtain the three characteristic fre-

quencies corresponding to the myogenic, neurogenic, and

endothelial related metabolic activities: intervals 0.052–

0.145, 0.021–0.052, 0.0095–0.021 Hz, respectively [26].

Quantitative measures were then calculated to make com-

parisons between sets of recordings: the energy of the

time–frequency representation on a given frequency band

[25, 26], and the relative energy of the time-frequency

representation on a frequency band [26]. To have fre-

quency analyses during the time variations of the signals

recorded during the local and progressive cutaneous pres-

sure application, these quantities were calculated on the

whole recordings (that lasted 16 min 40 s), but also on

signal segments of 200 s length.

For the analysis, four kinds of comparisons were per-

formed, as mentioned on Fig. 6. At first, the quantitative

measures were statistically analysed between signals re-

corded at rest on healthy and type 1 diabetic subjects. Then,

the quantitative measures were statistically analysed be-

tween signals recorded simultaneously at rest and during

the progressive pressure application on healthy subjects.

Afterwards, the latter statistical analysis was performed on

diabetic patients. Eventually, the quantitative measures

were compared between signals recorded during the pro-

gressive pressure application on healthy and diabetic sub-

jects. A schematic representation of the whole process

providing the results is shown on Fig. 6.

The Wilcoxon matched pairs test was used to evaluate

the differences of the blood flow dynamic properties be-

tween signals recorded simultaneously (at rest on one site

and during the progressive pressure application on the

other) on healthy and diabetic subjects (second and third

comparisons mentioned above). The Mann–Whitney test

was used to evaluate the differences of the blood flow

dynamic properties between the two groups of subjects

(first and fourth comparisons mentioned above). Statistical

significant differences were defined as P < 0.05.

The results [26] showed that, at rest, the scalogram en-

ergy of each frequency band studied is significantly lower

for diabetic patients than for healthy subjects, but the

scalogram relative energies do not show any statistical

difference between the two groups of subjects. Moreover,

the relative contribution of the endothelial related meta-

bolic activity is significantly higher during the application

of a progressive pressure than at rest, in the interval 200–

400 s following the beginning of the increasing pressure

a b

c d

Fig. 5 a Original LDF signal recorded on a healthy subject in a quiet

temperature climatised room (29.5 ± 0.2�C), during a local and

progressive cutaneous pressure application (11.1 Pa/s). Time t = 0

corresponds to the beginning of the increasing pressure (Figure

reprinted from Fig. 1 in Ref. [27] Copyright (2006) with permission

from SPIE). b Original LDF signal recorded on a diabetic patient in a

quiet temperature climatised room (29.5 ± 0.2�C), during a local and

progressive cutaneous pressure application (11.1 Pa/s). Time t = 0

corresponds to the beginning of the increasing pressure (Figure

reprinted from Fig. 2 in Ref. [27] Copyright (2006) with permission

from SPIE). c De-noised normalised version of the signal presented

on Figure 5a (Figure reprinted from Fig. 3 in Ref. [27] Copyright

(2006) with permission from SPIE). d De-noised normalised version

of the signal presented on Fig. 5b (Figure reprinted from Fig. 4 in

Ref. [27] Copyright (2006) with permission from SPIE)
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application, but only for healthy subjects. The results ob-

tained lead to interesting results in order to improve the

knowledge on cutaneous microvascular responses to inju-

ries or local pressures initiating diabetic complications.

This signal processing work, together with the pharmaco-

logical analyses [18], therefore brings some explanations

on the early decrease of skin blood flow observed at low

applied pressures in diabetic patients. These approaches,

based on the present knowledge, have now to go further in

order to prevent the formation of cutaneous lesions gene-

rated by pressure applications.

3.2.3 Wavelet de-noising to determine the dynamic

characteristic of PIV signals2

In order to increase the understanding of LDF signals

observed on healthy and type 1 diabetic subjects during the

application of a local and progressive pressure, the dynamic

characteristics of the recordings were also studied. The

dynamic characteristics refer to the time to reach the peak of

perfusion, time called tpLDF (time t = 0 at the beginning of

the increasing pressure application), the perfusion maximum

value reached at tpLDF, perfusion value called pLDF, and

the value of the perfusion reached at the end of the experi-

ment, called vZero (value computed as the mean value of the

de-noised normalised signal between 17 and 20 min fol-

lowing the beginning of the increasing pressure application)

[27]. Nevertheless, LDF signals present oscillations (see

above) that prevent an easy computation of the signal

dynamic characteristics. Some authors therefore proposed to

de-noise, with wavelets, the signals recorded on healthy and

type 1 diabetic subjects [24, 27].

For that purpose, six diabetic patients with type 1

diabetes mellitus and six age-matched non-diabetic con-

trol subjects were studied [27]. Data collection began with

a 2-min control period before the onset of pressure in-

crease (11.1 Pa/s rate of pressure increase). Cutaneous

blood flow was then continuously recorded for 22 min. A

wavelet de-noising algorithm was then applied on each

recording. The method of de-noising proposed by the

authors uses only the approximation coefficients to

reconstruct the signals [27]. The details, i.e. the high-

frequency components, are removed. Another work [51]

noted that the ‘‘near symmetric wavelet’’ with four van-

ishing moments (‘‘sym4’’ wavelet) achieves a good

compromise between noise reduction and over-smoothing.

To process the human LDF signals the latter wavelet was

therefore chosen. Once the 12 LDF signals were de-

noised, each one was normalised to 100 a.u. The dynamic

characteristics were then computed on each de-noised

normalised signal.

The wavelet-based algorithm applied to LDF signals

recorded during a local and progressive cutaneous pressure

application, on healthy and type 1 diabetic subjects, gives

noise-free signals (see Fig. 5c, d). The dynamic charac-

teristics can therefore be obtained accurately. The results

are mentioned in Table 1 [27]. The values show that a large

vasodilation exists on healthy subjects. The mean peak of

perfusion occurs at 3.2 kPa approximately. However, a

vasodilation of limited amplitude appears on diabetic pa-

tients. For them, the highest perfusion value is visualised,

on the average, at 1.1 kPa. The differences could, in part,

explain the development of decubitus and plantar ulcers.

The LDF technique therefore allows, after a signal pro-

cessing work based on wavelets, an accurate determination

of the dynamic characteristics of this reflex that could

prevent ischemia in healthy people.

Statistical analyses:
moc parison betw nee

tseR htlaeH y  dna Re ts citebaiD
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tseR citebaiD  dna sserP u er citebaiD
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E yM go enic,
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E MevitaleR yog cine ,
E orueNevitaleR cineg ,
ERelativeMetabolic

margolacs hcae no

Calc lu ta i fo no
E yM go enic,
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Fig. 6 Schematic representation of the LDF signal process used (Figure modified from [26], reproduced with the kind permission of IOP

Publishing Limited)

2 A detailed description of the work presented in this paragraph can be

found in Ref. [27].
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4 Novel approaches in velocity components

and perfusion imaging

4.1 Novel approaches in velocity components

4.1.1 Background

As mentioned previously, the microcirculatory network,

the most peripheral part of the circulatory system, includes

arterioles, metarterioles, capillaries, arteriovenous anasto-

mosis and venules. Through this network nutrients and

waste products are delivered to and from the tissues. In

LDF, the microcirculatory perfusion is defined as the

concentration of moving RBCs times their average velocity

Ævæ. Coherent laser light, injected into the tissue, is scat-

tered by static tissue and by moving RBCs, the latter

causing a Doppler shift that can be described by the single

scattering event (defined in the previous Theory part of the

paper). Optical mixing of unshifted and frequency shifted

light on a photodetector, causes a time varying photocur-

rent with statistical properties that reflects the perfusion. By

analyzing the power spectrum of the photocurrent, P(x), it

can be shown that

Z
xnPðxÞ dx / CMBC vnh i ð16Þ

A measure of CMBC is obtained for n = 0 and perfusion,

as defined above, for n = 1. Among the assumptions are a

low CMBC and a velocity distribution that is independent

of the spatial coordinates [48]. A low and homogenously

distributed CMBC implies that homodyne optical mixing

of Doppler photons (self-mixing of Doppler shifted pho-

tons) and multiple Doppler shifts can be neglected. If,

however, the CMBC is too high nonlinearities arise. An

empirical compensation method has been developed by

Nilsson [42], which is valid for the spatial distribution of

RBCs in his flow model.

4.1.2 Theory

The method for LDF photocurrent power spectrum analysis

proposed by Larsson and Strömberg is derived from fre-

quency domain calculations based on the optical spectrum

[37]. A set of reference Doppler spectra are calculated and

used in a decomposition algorithm. The reference spectra

are calculated using the Monte Carlo method for repre-

sentative flow velocity regions, assuming an even distri-

bution of particles with a parabolic flow profile. For each

velocity component, a single shifted optical Doppler

spectrum was calculated using a fast and simple Monte

Carlo algorithm, assuming an isotropic distribution of the

angle between the incident photon and the scattering par-

ticle [37]. Furthermore, the velocity of each particle was

randomly chosen between zero and twice the mean velocity

of the particles, mimicking a parabolic flow profile. As

scattering phase function, the two-parametric Gegenbauer

kernel phase function, was used [16, 37]. A recorded LDF

spectrum, in general originating from photons that are

multiple Doppler shifted to some degree, is decomposed

into those velocity regions. This is done by fitting the

measured spectrum to a combination of reference spectra,

each representing a velocity region. If the measured spec-

trum is a single Doppler scattering spectrum (low CMBC

and no multiple Doppler shifts), the decomposition can be

done by linear least-squares fitting [37]. In the extended

method [16] incorporating multiple Doppler shifts and

homodyne mixing, Monte Carlo simulations have a key

role for estimating the degree of shifted photons and the

distribution of multiple Doppler shifts. This requires

knowledge of the geometry and optical properties of the

flow model (or tissue). Both methods require knowledge of

the scattering properties of the moving RBCs.

The frequency content of the resulting detector current is

linked to the optical Doppler spectrum I(b) [10, 13] as

PðxÞ ¼ qacIðbÞ � IðbÞ; ð17Þ

where qac is an instrumental constant and * denotes the

cross correlation. From now on, P(x) is referred to as the

Doppler power spectrum, in contrast to the optical Doppler

spectrum I(b). To discriminate various velocity regions of

Doppler power spectra that originate from multiple

Doppler shifted photons, a mathematical relationship

between such spectra and single shifted optical Doppler

reference spectra from specific velocity regions is needed.

Generally, the Doppler power spectrum is broadened when

the degree of multiple Doppler shifted photons increases.

Theoretically, an optical Doppler spectrum shifted n times,

I(n, b), can mathematically be expressed as the cross

correlation of the optical Doppler spectrum shifted n–1

times, and a transfer function, I¢(b),

Iðn; bÞ ¼ dðbÞ;
Iðn� 1; bÞ � I0ðbÞ;

�
n ¼ 0

n[0
ð18Þ

where d(b) is the Dirac function [61]. The transfer function

is given as the sum of the single shifted optical reference

Table 1 Mean values of the dynamic characteristics computed on the

de-noised normalised signals (Table reprinted from Table 1 in

Ref. [27] Copyright (2006) with permission from SPIE)

Healthy subjects Diabetic patients

tpLDF (s) 287.5 100.3

pLDF (a.u.) 182.3 131.6

vZero (a.u.) 64.9 71.9
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spectra, Ivi
ðbÞ; times the fraction of shifts caused by an

RBC of velocity vi; cvi
;

I0ðbÞ ¼
X

vi

cvi
Ivi
ðbÞ: ð19Þ

It should be noted that cvi
sum up to 1.0.

The number of times each photon is Doppler shifted

follows a probability distribution, pn. In a homogenous

media, assuming equal photon pathlengths, that distribu-

tion can be well approximated with a Poisson distribution

[54]. For the general case, however, the distribution has to

be estimated using Monte Carlo simulations [16]. Given

this shift distribution, the final optical Doppler spectrum is

calculated as

IðbÞ ¼
X1

n¼0

pnIðn; bÞ: ð20Þ

The Doppler power spectrum, based on this optical

Doppler spectrum, can then be calculated by

PðxÞ ¼ IðbÞ � IðbÞ ð21Þ

The computation of these equations is time consuming. In

order to increase the computation speed, the calculations

can be performed in the Fourier domain [16]. In order to fit

the velocity components cvi to the measured spectrum

Pmeas, the non-linear Levenberg–Marquardt method was

employed. The v2 merit function was

v2 ¼
X

1� Pcalc

Pmeas

� �2

ð22Þ

where Pcalc is the calculated multiple shifted Doppler

spectrum for the components cvi in each iteration.

4.1.3 Measurements and results

The measurements were performed with a modified Peri-

flux 5000 system (Perimed AB, Järfälla, Sweden), using a

diode laser at 786 nm, and a standard optic probe (Probe

408, Perimed AB, Järfälla, Sweden). The probe consisted

of one emitting and one receiving step-index fiber, both

having a core diameter of 125 lm and a numerical aperture

of 0.37. They were separated 230 lm apart (centre to

centre distance) at the probe tip. The system was modified

by Perimed AB to give the two output signals, acm (time

varying signal) and dcm (total light intensity), where the

acm signal was amplified and band-pass filtered between 8

and 20 kHz, and the dcm signal was amplified and low-pass

filtered using a cut-off frequency of 32 Hz. Both signals

were sampled at 50 kHz using a 12-bit AD-card (DAQpad-

6070E, National Instruments Inc.). A more detailed

description of the data processing has been presented by

Larsson and Strömberg [37].

The flow phantom, shown in Fig. 7, consisted of two

polythene tubes wrapped pair wise around a piece of white

delrin�, about 20 convolutions in two layers. The inner and

outer radiuses of the tubes were 0.25 and 0.50 mm,

respectively, and the gaps between the tubes were filled

with transparent silicone. Another piece of delrin was

placed on top of the tubes in order to make the light more

isotropic before the interaction with the flow. The flow in

the two tubes could be varied independently.

The scattering coefficients of delrin, tube wall and sili-

cone were approximated to 24, 1.0 and 2.0/mm, respec-

tively, and an absorption coefficient of 0.02/mm, refractive

index of 1.47 and anisotropy factor of 0.9 were approxi-

mated for all materials. Furthermore, the Henyey–Green-

stein phase function was assumed for all materials.

Three velocity components with mean velocity of 3.0,

10 and 18 mm/s were fitted to five measurements having

various flow velocities in the two tubes with blood diluted

to a concentration of 1 %. The velocity in the five mea-

surements were: (1) 3.0 mm/s in both tubes; (2) 10 mm/s in

both tubes; (3) 20 mm/s in both tubes; (4) 3.0 mm/s in tube

a and 10 mm/s in tube b; and (5) 3.0 mm/s in tube a and

18 mm/s in tube b. The fitted velocity components are

shown in Fig. 8. Note the underestimation of the high

velocity components for the measurements with velocities

(20, 20), (3, 10) and (3, 18) mm/s in the two tubes,

respectively.

4.1.4 Conclusions and future works

The new method for analyzing the microcirculatory per-

fusion by velocity resolved LDF, determines the relative

1.0
0.9

12

Fig. 7 Flow model (not to

scale) with two polythene tubes

wrapped pair wise around white

delrin� (gray area). The two

tubes can be perfused

independently. Measures

are in mm
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contribution of velocities in physiologically relevant units

(mm/s). It has been validated in flow models of single and

double tubes perfused with microspheres and blood.

Essential in the method is the determination of the degree

and distribution of multiple Doppler shifted photons

through Monte Carlo simulations. This requires knowledge

of the vascular structure of the flow phantom and tissue as

well as the optical properties. We are currently developing

the method for use in a layered skin model consisting of:

stratum corneum, living epidermis, papillary dermis, upper

blood net dermis, reticular dermis and subcutaneous fat

[39]. The current algorithm is designed to partly handle the

inhomogeneity issue as the estimated shift distribution is

based on the LDF measure of the concentration of moving

scatterers. Still, the effect of physiologically relevant

variations in the thickness, the optical properties of the

tissue, the blood concentration and the mean blood velocity

of each layer has to be determined using Monte Carlo

simulations. The relevance of the skin model will be

evaluated in vivo using multi channel (multiple fiber sep-

arations with different sampling depths) and/or multi

wavelength LDF measurements.

4.2 Novel approaches in perfusion imaging

Microvascular blood perfusion is characterised by a great

temporal and spatial heterogeneity. Therefore, commonly

used laser Doppler flowmeters employing fibre optics

sampling a small volume (about 1 mm3) cannot reflect

perfusion differences that appear on adjacent sites. To

overcome that problem, LDPI were proposed at the end of

the 1980s [12, 46, 67]. For example, LDPI may be of great

interest in discriminating between malignant from normal

tissues [30, 63, 64].

Current commercial devices use a collimated laser beam

which scans the tissue area. The perfusion can be obtained

in tissue areas as big as 50 · 50 cm2. The most prominent

disadvantage of these devices is the time needed to produce

a perfusion image, which may be several minutes. This

acquisition time is too long to obtain information on certain

dynamic processes in the microcirculation. Furthermore,

this long acquisition time may cause discomfort for certain

patient groups, such as burn victims, young children and

elder people. The probability that movement artifacts will

degrade the image quality increases with acquisition time.

For these reasons efforts are made to reduce the acquisition

time and approach the ideal situation of real time whole

field perfusion imaging. In these developments, optical

imaging arrays play a central role. In addition to fast

imaging, devices based on these imaging arrays also render

a normal white light photograph of the tissue area. This is

often essential for proper interpretation of the perfusion

image.

Optical perfusion imaging methods are usually divided

into laser Doppler methods and laser speckle methods.

These methods are strongly related, since both are based on

some analysis of dynamic speckle patterns: time dependent

interference patterns formed by interference of a multitude

of Doppler shifted coherent waves which are emitted by the

tissue. In the methods referred to as ‘laser speckle’, or

‘laser speckle contrast’, a tissue area is illuminated by a

broad coherent light beam. These methods and their his-

torical development have been described in a review by

Briers [9]. The light remitted by the tissue is imaged on an

imaging array, with the exposure time chosen such that the

speckle pattern is partly blurred due to its dynamic char-

acter. The blurring is usually quantified by the mean square

or root mean square value of the intensity variations in the

blurred speckle pattern, also called the speckle contrast. An

alternative quantity is the mean of the absolute value of

intensity fluctuations, as used for instance by Forrester

[15]. Various methods are encountered in literature to re-

late the speckle contrast to the motile behavior of particles

within the medium under study, such as the particle

velocity distribution. However, in many cases the results of

a laser speckle contrast measurement are visualized as a

spatial distribution of the speckle contrast.

An example of a laser speckle contrast measurement is

shown in Fig. 9. These images have been obtained with a

CMOS-camera (CCi4, C-Cam Technologies). Here an ex

ovo chicken embryo and some blood vessels in the chorio-

allantoic membrane are illuminated with a broad beam of a

He–Ne laser (633 nm) with a power of 30 mW. The illu-

mination area is approximately 20 · 25 mm2. The speckle

contrast has been calculated in 5 · 5 pixels. Integration

3, 3 10, 10 20, 20 3, 10 3, 18
0

0.2

0.4

0.6

0.8

1

Mean flow velocity in tube a, b [mm/s]

c v i
3.0 mm/s
 10 mm/s
 18 mm/s

Fig. 8 The three velocity components (cvi), representing mean

velocities of 3.0, 10 and 18 mm/s, respectively fitted to five

measurements with varying velocity combinations in two tubes in

the flow model in Fig. 7
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times were applied of 15 ms (Fig. 9 left) and 40 ms (Fig. 9

right), and only a single exposure was needed. In this case,

the speckle contrast has been defined as the intensity-nor-

malized standard deviation of intensity fluctuations, C = r
/ÆI æ. Figure 9 illustrates that visualizations of flow in large

and small superficial blood vessels can easily be obtained

with the laser speckle contrast principle within a few sec-

onds. While large vessels are visible in both images, the

smaller vessels are better represented in the image with the

larger integration time, since slow flow causes a slow

speckle blurring. While the integration time can be re-

garded as a free parameter, this also demonstrates a com-

plication of laser speckle contrast methods, since it will not

be obvious beforehand which integration time should be

chosen. This will depend on flow velocities, but also on

signal-to-noise considerations such as shown in Yuan [68].

A more fundamental question with regards to laser

speckle contrast methods is the relation of its output to

perfusion, and its relation with laser Doppler perfusion

imaging. Both methods have been compared mainly

empirically [14]. However a comparison based on the

fundamental algorithms used in both methods is not

available yet. Another issue is that of movement artifacts.

In LDPI such artifacts can be suppressed by choice of a

proper lower frequency limit in the calculation of spectral

moments, while in laser speckle contrast methods no such

facility is present.

In LDPI, the step towards real time perfusion monitoring

is enabled by the introduction of high speed cameras based

on CMOS imaging arrays. In such arrays, the frame rate is

inversely proportional to the number of pixels selected.

With some of the current commercial cameras, frame rates

exceeding 20,000 fps are achievable in pixel regions of

sufficient size, such as 128 · 128 pixels. The feasibility of

fast LDPI with CMOS cameras has been shown by Serov

[55, 56]. An example of a perfusion image obtained with a

fast CMOS camera is shown on Fig. 10. A pale port wine

stain has been illuminated by a laser beam with a size of

50 · 50 mm2, a wavelength of 671 nm and a power of

300 mW. Rapid image acquisition has been done in a re-

gion of 128 · 128 pixels, at a speed of 27,000 fps. The

illuminated area is roughly indicated in the white light

photograph of Fig. 10 (left), while Fig. 10 (right) shows

the perfusion image, in terms of the first order spectral

moment (such as defined by the left-hand side of Eq. 16),

normalized by the average intensity. No noise correction

has been performed. The perfusion image is extracted from

1,024 raw images. The time needed to produce the perfu-

sion image was approximately 3 s, which is dominated by

the time for data transfer and signal processing.

Fig. 9 Speckle contrast

distributions in the chicken

embryo and the blood vessels in

the chorio-allantoic membrane,

obtained for camera exposure

times of 15 ms (left) and 40 ms

(right). Contrast values were

calculated for regions of

5 · 5 pixels

Fig. 10 Photograph (left) and

laser Doppler perfusion image

(right) of a pale port wine stain

illuminated by a laser beam of

size 50 · 50
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Although no systematic comparison has been performed

with a scanning beam LDPI device, it is our impression

that the quality of perfusion images in terms of signal-to-

noise ratio of scanning beam devices is still better than of

camera-based images. An obvious reason for this is the

small pixel size of imaging arrays compared to the large

photodetectors used in scanning beam devices. Although

the fast LDPI devices are in their initial stage of develop-

ment, now already it would be possible to produce perfu-

sion images at a frame rate of approximately 10 fps, albeit

not online but a few seconds after the measurements.

The relative strengths and weaknesses of laser speckle

contrast and laser Doppler methods have to be sorted out

by careful research. The choice for one or the other method

may also depend on the specific requirements in terms

of the illuminated tissue area and sensitivity to motion

artifacts.

5 Future trends and closing remarks

This paper has reviewed theoretical backgrounds of the

laser Doppler flowmetry technique, the benefits, through

examples, of signal processing works, as well as novel

approaches in velocity components and perfusion imaging.

The studies presented in this paper show that signal pro-

cessing methods (scalograms, wavelet-denoising) are

wonderful tools to improve the knowledge of underlying

mechanisms detected with the LDF technique. Moreover, a

new method for analyzing the microcirculatory perfusion

allows the determination, in physiologically relevant units

(mm/s), of the relative contribution of velocities. It has

been validated in flow models of single and double tubes

perfused with microspheres and blood. For the instrumen-

tation part dealing with LDPI, the use of combined light

source and CMOS camera has shown to be really inter-

esting in designing new LDPI. Indeed, they provide high

speed laser Doppler perfusion imaging on a considerable

tissue area, with images available in a few seconds. The

same image sensor also provides a photograph, on which

the perfusion image can be simply overlayed.

In spite of its recent introduction, the LDF technique has

lead to many clinical applications, and new research

activities are currently carried out in the clinical and sci-

entific fields. Further work is still needed to improve tools,

but also to go further into the interpretation of signals and

images. Among these, we can find:

• creation of references in order to have quantitative

values

• creation of tools providing a distinction between

nutritive (capillary) and global tissue perfusion

• creation of tools providing measurements avoiding

motion artefacts.
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45. Nilsson GE, Tenland T, Öberg PÅ (1980) Evaluation of a laser

Doppler flowmeter for measurement of tissue blood flow. IEEE

Trans Biomed Eng BME 27:597–604
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58. Shepherd AP, Öberg PÅ (eds) (1990) Laser-Doppler blood

flowmetry, Kluwer, Boston
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