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Purpose: The technique of laser Doppler flowmetry (LDF) is commonly used to have a peripheral
view of the cardiovascular system. To better understand the microvascular perfusion signals, the
authors herein propose to analyze and compare the complexity of LDF data recorded simulta-
neously in glabrous and nonglabrous skin. Glabrous zones are physiologically different from the
others partly due to the presence of a high density of arteriovenous anastomoses.

Methods: For this purpose, a multifractal analysis based on the partition function and generalized
fractal dimensions computation is proposed. The LDF data processed are recorded simultaneously
on the right and left forearms and on the right and left hand palms of healthy subjects. The signal
processing method is first tested on a multifractal binomial measure. The generalized fractal dimen-
sions of the normalized LDF signals are then estimated. Furthermore, for the first time, the authors
estimate the generalized fractal dimensions from a range of scales corresponding to factors influ-
encing the microcirculation flow (cardiac, respiratory, myogenic, neurogenic, and endothelial).
Results: Different multifractal behaviors are found between normalized LDF signals recorded in
the forearms and in the hand palms of healthy subjects. Thus, the variations in the estimated
generalized fractal dimensions of LDF signals recorded in the hand palms are higher than those of
LDF signals recorded in the forearms. This shows that LDF signals recorded in glabrous zones may
be more complex than those recorded in nonglabrous zones. Furthermore, the results show that the
complexity in the hand palms could be more important at scales corresponding to the myogenic
control mechanism than at the other studied scales.

Conclusions: These findings suggest that the multifractality of the normalized LDF signals is
different on glabrous and nonglabrous skin. This difference may rely on the density of arterio-
venous anastomoses and differences in nerve supply or biochemical properties. This study provides
useful information for an in-depth understanding of LDF data and a more detailed knowledge of the
peripheral cardiovascular system. © 2010 American Association of Physicists in Medicine.
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I. INTRODUCTION

The peripheral cardiovascular system can be studied with the
laser Doppler flowmetry (LDF) method. LDF is a well-
known technique for assessing tissue microcirculation in a
continuous and noninvasive Way.] It is now established for
the real-time monitoring of microvascular perfusion in tissue
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and is commonly used in clinical research.”” This technique
is based on the Doppler effect generated by the interactions
between photons of a laser light and moving scatterers,
mainly red blood cells of the microcirculation. Both concen-
tration and velocity of the moving scatterers affect the LDF
perfusion estimate.*
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Hand palms and forearms do not possess the same physi-
ological properties. Glabrous skin blood flow is controlled
solely by a tonic vasoconstrictor system. In contrast, nongla-
brous skin blood flow is governed by both a sympathetic
vasoconstrictor system and a separate sympathetic active va-
sodilator system.5 In addition to neural controls, a number of
other local factors are also capable of modulating skin blood
flow. Moreover, one of the important differences in microcir-
culatory system of glabrous and nonglabrous skin is the pres-
ence of arteriovenous anastomoses (AVAs). An AVA is a
blood vessel that connects an arteriole directly to a venule
without capillary intervention. Glabrous skin contains both
surface capillary loops and deeper AVAs, while nonglabrous
skin contains capillary loops but lacks AVAs.® AVAs provide
an efficient thermal regulation7 and cause large fluctuations
in skin blood flow.® Neither these fluctuations in blood flow
through the AVAs nor the AVA architecture is present to any
significant degree in nonglabrous skin.”

Some studies using LDF monitors have already under-
lined differences between glabrous and nonglabrous
zones.'*'? For example, it has been shown that a dynamic
exercise decreases in an intensity-dependent manner, via an
adrenergic vasoconstrictor pathway, the sensitivity for ther-
mal vasodilatation in glabrous skin but not in nonglabrous
skin.'? Furthermore, the sweating response from nonglabrous
skin (chest, forearm, and thigh) increases linearly with in-
creasing exercise intensity, whereas glabrous skin (palm)
does not show a clearly graded response.10 Last, another
study has shown that glabrous skin of the palm buffers blood
flow oscillations induced by changes in arterial blood pres-
sure, thereby demonstrating dynamic autoregulatory capa-
bilities that appear to be absent or attenuated in nonglabrous
skin of the forearm.'! However, none of these studies have
analyzed glabrous and nonglabrous zones, observing LDF
signals complexity.

The goal of our paper is to compare the complexity of the
LDF data in glabrous and nonglabrous zones. For this pur-
pose, a multifractal analysis of LDF signals recorded simul-
taneously in forearms and hand palms is performed. Recent
works have shown that LDF recordings from the forearm of
young healthy subjects are weakly multifractal,”® but that
aging can lead to a reduced multifractality.14 We herein pro-
pose a multifractal analysis through the computation of the
signal partition functions and the estimation of their general-
ized fractal dimensions.

Il. LDF TECHNIQUE

LDF allows a continuous monitoring of microcirculatory
blood flow. The technique relies on the Doppler shift. A co-
herent light is steered toward a tissue, through a fiber optics.
Photons sent in this way are backscattered by static or in-
movement structures. When they meet moving particles,
mainly red blood cells, light undergoes changes in wave-
length due to the Doppler shift. The magnitude and fre-
quency distribution of these changes in wavelength are re-
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lated to the number and velocity of the blood cells. The
backscattered light is brought toward an optical fiber to a
photoreceptor.

LDF enables the evaluation of cutaneous microvascular
blood flow over time and its alterations with little or no
influence on physiologic blood flow. The major advantage of
this noninvasive technique is its sensitivity at detecting and
quantifying relative changes in the skin blood flow in re-
sponse to a given stimulus. The output value constitutes the
flux of red cells, defined as the number of red blood cells in
the floodlighted volume times their velocity, and is reported
as microcirculatory perfusion units (with arbitrary units,
a.u.). The relationship between the flowmeter output signal
and the flux of red blood cells is linear. The beam can pen-
etrate, tissue to a depth of 1-2 mm (depending among others
on the wavelength of the laser and the place of the probe).
LDF is presently a very common technique in clinical re-
search and has a lot of clinical applications.z’15

On the time scale of minutes, different subsystems can be
considered to contribute to the regulation of the blood flow.'
Under stationary conditions, when a healthy subject is at
physical and mental pause, some authors found six charac-
teristic frequencies in LDF signals, linked to different “fac-
tors influencing the microcirculation flow (FIMF):»'7-18
Around 1.1 Hz for the heart beats, 0.36 Hz for the respira-
tion, 0.1 Hz for the myogenic mechanisms, 0.04 Hz for the
neurogenic mechanisms, and 0.01 Hz for the nitric oxide
(NO) endothelial-related metabolic mechanisms. The sixth
characteristic frequency as recently been found at 0.007 Hz
and is supposed to be related to non-NO-dependent endothe-
lium mechanisms, such as endothelium-derived hyperpolar-
izing factor (EDHF)."” The characteristic frequency values
are different from subject to subject, but are found in the
same frequency intervals for all subjects.18

The heartbeat (around 1.1 Hz) and respiration oscillations
can be selectively observed and are relatively well under-
stood. The heart’s pumping activity is manifested in every
single vessel and is also present in the microcirculation
through the capillary bed."” The characteristic frequency
around 0.36 Hz has been observed on respiratory signals and
is known to be the breathing frequency.19 For the other char-
acteristic frequencies, only indirect evidence is available.
The characteristic frequency observed at around 0.1 Hz is
thought to represent the intrinsic myogenic activity of the
vascular smooth muscles, caused by the pacemaker cells
found within the vessel walls.”> On isolated vessels, myo-
genic origin of this oscillation has been demonstrated both
by measuring dynamic vessels diameter changes21 and ion
concentration.”” The activity of the nervous system serves to
maintain a basal level of contraction of the vessels. Without
additional influences, this function is oscillatory.19 The char-
acteristic frequency at around 0.04 Hz is hypothesized, due
to indirect evidence, to originate from neurogenic control
mechanism.” This oscillation disappears after denervation.
Moreover, significantly lower oscillations have been ob-
served on flaps of transplanted skin compared to intact
skin.?* Using acetylcholine and sodium nitroprusside, indi-
rect evidence has shown the endothelial origin of the char-
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FiG. 1. LDF signals recorded (a) in the right forearm, (b) in the left forearm, (c) in the right hand palm, and (d) in the left hand palm of a young healthy subject

(29 yr old) in a supine position.

acteristic frequency at around 0.01 Hz.* Moreover, it has
been shown that the endothelial dependency of this oscilla-
tion is, at least partly mediated, by NO.%* However, inhibi-
tion of NO or prostaglandin synthesis does not affect the
endothelial dependency of the last characteristic frequency
found at around 0.007 Hz." Thus, other endothelial mecha-
nisms, such as EDHF, might be involved and attributed to
this latter low frequency.

lll. MEASUREMENT PROCEDURE

For our signal processing analysis, the measurement pro-
cedure for the LDF signals was conducted in accordance
with the Declaration of Helsinki and is as follows: Eight
healthy subjects were studied in the supine position. Their
mean age was 30.8 £12.2 yr. All subjects gave their written
informed consent to participate. None of them had a history
of hypertension, hypotension, diabetes mellitus, vascular dis-
ease, or showed any evidence of disease at the time of the
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study. The measurements were performed in a quiet room
with an ambient temperature set at 24+ 1 °C. The subjects
were asked not to talk or to move during the experiments in
order to avoid any signal disturbances. After at least 10 min
of acclimatization, skin blood flow measurement started. For
this purpose, four LDF probes (PF408, Perimed, Stockholm,
Sweden), connected to two laser Doppler flowmeters (Per-
imed, Stockholm, Sweden), were used. One LDF probe was
positioned on each forearm (ventral face) of the subjects.
Two other probes were positioned, one on each hand palm.
As suggested by the manufacturer, the time constants of the
laser Doppler flowmeters were set to 0.2 s. Skin blood flow
was assessed in a.u. and recorded on a computer via an
analog-to-digital converter (Biopac System, Goleta, CA)
with a sample frequency of 20 Hz. Four LDF signals were
thus recorded simultaneously for each subject. LDF signals
recorded from one subject are shown in Fig. 1. In what fol-
lows, we analyze 3000 samples from each LDF signal.
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IV. MULTIFRACTAL ANALYSIS

The concept of multifractality and its formalism have
been developed by manyZL29 authors and applied to several
fields of the scientific research. Recently, multifractal analy-
sis has been used for the study of physiological signals.m’31
The multifractal formalism is based on the partition function,
which is defined as (details can be found in Ref. 32)

N boxes(s)

Zge)= 2 wle), (1)
i=1

where ¢ is the size or scale of the boxes used to cover the
sample. The exponent ¢ is a continuous real parameter, play-
ing the role of the moment order of the measure wu;(e).
Npoxes(€) indicates the number of boxes of size & needed to
cover the sample. The measure u,(g) can be seen as a prob-
ability, so we have

2 o) =1. ()

The parameter g can be considered as a powerful microscope
and a selective pararneter.33 Choosing large value of ¢ favors
boxes with high values of u;(g). Conversely, low values of ¢
favor boxes with low values of the measure. That is why,
when changing the value of ¢, different parts of the measure
probability distribution are explored. In the same way, a
change in the box size (g) allows one to explore the signal at
different scales. Therefore, the partition function supplies in-
formation at different scales.

The generalized fractal dimensions are defined by the
asymg(t}otic behavior of the ratio between In(Z(g,e)) and
In(e),

1 InZg.e)
PO ) ©

where Dy is the fractal dimension of the support of the mea-
sure and D, corresponds to the correlation dimension.” Ap-
plying I'Hopital’s rule in Eq. (3), we get*

Z i In(y)

D, =lim—
! sl—I>r(1] ln(s)

. (4)

where D, is called the information dimension. The higher
D(q) are related to higher correlations on the measure.”’

A signal with a constant D(g) is a monofractal signal, i.e.,
it is homogeneous and has the same scaling properties
throughout its length.35 On the contrary, a multifractal signal
is nonlinear and inhomogeneous with local properties chang-
ing with time. Such a signal requires many exponents to fully
characterize its properties.32 Thus, when the value of D de-
pends on g, the signal is considered as multifractal. In this
case, D(g) usually decreases with increasing g.

In most practical applications, the limit in Eq. (3) cannot
be calculated either because no information is available at
small scales or because no scaling can exist below a mini-
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mum physical length.3 3 This drawback can be overcome us-
ing a scaling region where a power law can be fitted to the
partition function. We then obtained

Z(q,e) * &™), (5)

where the slope 7(g) is related to the generalized fractal di-
mensions by

m(q) = (g - 1)D(q). (6)

In what follows, we first check our multifractal analysis on a
binomial measure, which is a multifractal signal with known
properties. We then estimate the generalized fractal dimen-
sions of our 32 LDF signals recorded in glabrous and nong-
labrous zones of our eight healthy human subjects. To be as
close as possible to the limit defined in Eq. (3), we first
estimated the generalized fractal dimensions for small boxes
size in the order of the sample duration. We then selected the
box sizes in accordance with some FIMF (see below).

V. MULTIFRACTAL ANALYSIS OF A BINOMIAL
MEASURE

We first propose to apply the abovementioned processing
steps on a binomial measure. A binomial measure is gener-
ated recursively with a multiplicative cascade. This cascade
starts (k=0) with a uniformly distributed unit of mass on the
unit interval I=1,=[0,1]. At the next stage (k=1), this mea-
sure is divided into two equal parts with uniformly distribut-
ing mass on each part. We thus obtain fraction m, on the
interval 1,=[0,1/2] and m;=1-my, on the interval
1,=[1/2,1]. This operation can then be iterated until the de-
sired order. We obtain™

q) =~ loga(m§ + mf). )
The generalized fractal dimensions can then be obtained with
Eq. (6).

We herein process a binomial measure with my=0.650,
m=0.350, and k=11. The results are shown in Figs. 2 and 3.
We can observe that the partition function has a power-law
behavior for all scales (see Fig. 2) as awaited for such a
signal.“ Moreover, Z(1,g)=1 at each scale, which is in ac-
cordance with Eq. (2). We can also see that the numerically
estimated generalized fractal dimensions are very similar to
the theoretical one (see Fig. 3). These results validate our
numerical evaluation process of the generalized fractal di-
mensions.

Furthermore, the role played by the signal’s amplitude has
been studied. Thus, the generalized fractal dimension of a
binomial measure similar to the one described above (which
has a mean value of around 0.0005), but having a mean value
of 80, has been estimated (see Fig. 4). Comparing Figs. 3 and
4, we can observe that the generalized fractal dimension ob-
tained for the latter is clearly flatter than the original one.
This phenomenon can be explained due to the fact that an
increase in the mean value of a signal decreases its local
variations and therefore its complexity.
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FI1G. 2. Partition function of a binomial measure computed with m,=0.650,
m;=0.350, and k=11.

VI. MULTIFRACTAL ANALYSIS OF LDF SIGNALS

Equation (2) implies to divide the processed signal by the
sum of its samples’ amplitude in order to obtain a measure.
However, LDF signals are recorded in a.u. and their ampli-
tudes are therefore intrinsically relative. As a consequence, in
order to compare their complexity and to focus on their
variations, we apply amplitude normalization on all our LDF
signals before the multifractal analysis. We thus choose to
normalize the analyzed signals to 80 a.u. (chosen arbitrarily).

The partition functions obtained in this way, with LDF
signals recorded simultaneously in the forearms and the hand
palms of a young healthy subject, are shown in Fig. 5. In this
study, the g parameter varies between —5 and 5 and the size
of the boxes are the divisors of 3000. We can observe that
Z(1,e)=1 at each scale. This is in accordance with Eq. (2).
At first, to be closed to Eq. (3), we estimate the generalized
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FiG. 4. Numerically estimated generalized fractal dimensions of a binomial
measure computed with m,=0.650, m;=0.350, and k=11 and with a mean
value of 80.

fractal dimensions with boxes of size between 1 and 3
samples. At these scales, a power law can be fitted to the
partition function (see Fig. 5).

Figure 6 shows the average generalized fractal dimen-
sions obtained from the normalized LDF signals recorded in
the forearms and hand palms of the eight subjects with box
sizes between 1 and 3 samples. We can observe that, in all
cases, D(0)=1 as expected for a one dimension function.
Furthermore, we can see that the generalized fractal dimen-
sions obtained with the LDF signals recorded in the forearms
are flatter than those obtained with the LDF signals recorded
in the hand palms. This means that, at these scales, the nor-
malized LDF signals recorded in the hand palms may be
more complex than those recorded in the forearms. The latter
signals, after amplitude normalization, exhibit properties al-
most similar to that of monofractal signals.

Observation of Egs. (3) and (4) could lead to the conclu-
sion that the generalized fractal dimension must be observed
only on box sizes which would tend toward zero. However,
the fractal dimension has already been generalized to be de-
pendent on observation scales since its conception, with the
use of the term “effective dimension.”” Its intuitive idea has
been expressed to random walks®’ and the scale-dependent
fractal dimension can already be useful to describe some
chemical reaction rates.*® That is why we now propose to
estimate the generalized fractal dimensions of our LDF sig-
nals on different scales. For this purpose, we choose different
boxes sizes in accordance with the six FIMF mentioned pre-
viously: The heart rthythm (between 0.6 and 2 Hz), the res-
piratory rhythm (0.145-0.6 Hz), the myogenic mechanisms
(0.052-0.145 Hz), the neurogenic mechanisms (0.021-0.052
Hz), the NO endothelial-related metabolic mechanisms
(0.0095-0.021 Hz), and the non-NO-dependent endothelium
(0.005-0.0095 Hz) mechanisms. Due to our frequency sam-
pling (20 Hz), we choose our box sizes as follows: Between
10 and 30 samples (0.6-2 Hz) to estimate the generalized
fractal dimensions at the scales of the cardiac rhythm, be-
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samples.

tween 30 and 125 samples (0.16-0.6 Hz) for the respiratory
rhythm, between 125 and 375 samples (0.05-0.16 Hz) for
the myogenic mechanisms, between 375 and 1000 samples
(0.02-0.05 Hz) for the neurogenic mechanisms, and between
1000 and 3000 samples (0.006-0.02 Hz) for NO and EDHF
related endothelial mechanisms.

A zoom of the partition function for a young healthy sub-
ject at each specific scale is shown in Fig. 7. We can see that
for all scale regions, a power law can be fitted to the partition
function.

The average generalized fractal dimensions, obtained on
the normalized LDF signals recorded in the forearm (nong-
labrous zone) and the hand palm (glabrous zone) for the
eight healthy subjects at rest, are shown in Fig. §. We can
observe differences between the generalized fractal dimen-
sions for each scale region. Furthermore, the relationship be-
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tween the curvature of the generalized fractal dimensions and
the scale region is not the same for the forearms [Figs. 8(a)
and 8(b)] and the hand palms [Figs. 8(c) and 8(d)]. Thus, for
the LDF signals recorded in the forearms (right and left), the
generalized fractal dimensions which seem the most curved
are, in decreasing order, related to the respiration and myo-
genic mechanisms (very close), the heart rhythm, the neuro-
genic mechanisms, and the endothelial mechanisms. For
hand palm signals, the flattest generalized fractal dimensions
are those related to the cardiac rhythm and the most curved
are those related to the myogenic mechanisms. On both right
and left hands [Figs. 8(c) and 8(d)], the estimated general-
ized fractal dimensions related to the neurogenic and to the
endothelial mechanisms are very close.

Moreover, our results show that the estimated generalized
fractal dimensions of normalized LDF signals recorded in
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the right and left forearms are very similar, more than those
obtained with the records in the left and right hand palms,
whatever the scales. The spatial variations are thus more im-
portant on the hand palms than on the forearms.

From our results, we also show that the normalized LDF
signals recorded in the hand palms of healthy subjects at rest
may be more multifractal than those recorded in the fore-
arms. This is in accordance with previous works using an-
other method.>""* Moreover, this study shows that, contrary
to pure multifractal signals, like binomial measures, the scale
chosen for the multifractal analysis of an experimental LDF
signal has an impact on the estimated generalized fractal di-
mensions. In addition, the spatial variations and the low
variations for the estimated generalized fractal dimensions at
the scales corresponding to the cardiac regulating mecha-
nisms in the hand palms tend to indicate that the possible
multifractal properties of the LDF signals are not principally
governed by a central command, predominant in these zones.
Moreover, the estimated generalized fractal dimensions of
LDF signals recorded in the hand palms (for both sides) are
the most curved at the scales corresponding to the myogenic
regulating mechanisms. This control mechanism is con-
nected to the vessels, which contribute to control the flow of
blood via the mechanism named myogenic autoregulation.
We have previously seen that one of the main differences in
the skin blood flow between hand palms and forearms is the
presence of blood vessels that connect directly arterioles and
venules without capillary intervention.*® Hence, we can hy-
pothesize that the AVAs could have an impact on the multi-
fractality of the LDF signals. However, other differences be-
tween these two anatomical zones, such as vessel caliber or
type and composition of the vessel wall (e.g., muscular vs
elastin), could also have an impact on the results obtained.
Moreover, our results show that estimated generalized fractal
dimensions more curved at scales corresponding to the res-
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piration than at scales corresponding to the heart rate. This
may indicate that, in the microcirculation, the respiration
could be more irregular than the cardiac rhythm. A study,
based on a model of approximate entropy, has already ob-
tained similar results, showing that, for healthy subjects, res-
piration signals are more complex than RR interval signals
(heart rate).40 Furthermore, from our results, we can suppose
that the endothelial and neurogenic mechanisms may have a
more irregular behavior in the hand palm than in the forearm.
The type of nerve supply could explain the results obtained
with the neurogenic mechanism. On the one hand, there is a
higher density of tactile receptors in the hand palm. On the
other hand, contrary to glabrous skin, the forearm vessels are
under cholinergic as well as adrenergic regulation.41 For the
results obtained with the endothelial mechanisms, predomi-
nant role of endothelial NO or EDHF in the regulation of
microcirculation could bring some explanations. For ex-
ample, it has been shown that EDHF plays an important role
in human forearm circulation in vivo in an agonist-specific
manner.”> More research is needed to investigate the physi-
ological importance of these observations.

VIl. SUMMARY AND CONCLUSIONS

Many biological signals were recently analyzed to evalu-
ate their mono- or multifractality. Most of them were re-
corded from the central cardiovascular system. In this study,
we have processed LDF signals that correspond to data is-
sued from the peripheral cardiovascular system. For the first
time, the generalized fractal dimensions of signals recorded
simultaneously on four different sites (glabrous and nongla-
brous zones) were estimated using the partition function.
Moreover, the main novelty of the method is the multifractal
analysis of data at scales where different FIMFs can be
found.

Our results show that LDF signals recorded on the hand
palm could be more complex than those recorded on the
forearm. Furthermore, spatial variations are more important
on the hand palms than on the forearms. Our study also
shows that the possible multifractal properties of LDF sig-
nals are not mainly governed by a central command. More-
over, showing the generalized fractal dimensions estimated
at different scales, we have underlined the possible impact of
different mechanisms on the multifractality of the LDF
signals.

Using this signal processing method on LDF signals re-
corded on two different anatomical zones has led to results
which seem in concordance with the physiological properties
of these zones. These results are very encouraging and could
permit one to develop a new LDF signal analyzing method.
Thus, it may become possible to study specific FIMF and to
observe more precisely the impact of some pathologies on
the skin blood flow.

The underlying factors leading to the multifractality of
LDF signals are still unknown. However, our findings sug-
gest that the complexity of the signals could depend, among
others, on (a) the physiological characteristics of the zone
where the LDF signals are recorded and (b) the preponder-
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FIG. 8. Average generalized fractal dimensions obtained with the normalized LDF signals recorded (a) in the right forearm, (b) in the left forearm, (c) in the
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for the myogenic mechanisms, between 375 and 1000 samples for the neurogenic mechanisms, and between 1000 and 3000 samples for the endothelial-related

mechanisms.

ance of some factors according to the studied scales. This
study is a first step in order to have more knowledge on the
potential implication of different FIMF in the complexity of
LDF signals. Further studies are now needed in order to (1)
better understand the physiological/anatomical properties of
the microcirculation and (2) test our multifractal analysis in
different conditions. It would be particularly interesting to
observe the results obtained with data recorded in pathologi-
cal subjects.
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