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Abstract — We analyze the complexity of laser Doppler
flowmetry (LDF) signals which give a peripheral view of the
cardiovascular system. For this purpose, experimental and
numerically simulated LDF signals are processed. The experi-
mental signals are recorded in young healthy subjects. The
numerically simulated LDF data are computed from a model
containing six nonlinear coupled oscillators reflecting six al-
most periodic rhythmic activities present in experimental LDF
signals. In the model, the oscillators are coupled with both
linear and parametric couplings in order to represent cardio-
vascular system behaviors. To our knowledge this modeling
has never been proposed yet. The complexity of all the experi-
mental and simulated signals is studied by the computation of
pointwise Holder exponents. The latter identify the possible
multifractal characteristics of data. The pointwise Hoélder
exponents are determined with a parametric generalized
quadratic variation based estimation method first calibrated
from white noise measures. The results of our signal process-
ing analysis show that experimental LDF signals are weakly
multifractal for young healthy subjects at rest. Furthermore,
our findings together with another recent work of our group
show that pointwise Holder exponents of the simulated data do
not describe the ones of the young healthy subjects but are
closer to the ones of elderly healthy people. This paper pro-
vides useful information to go deeper into the modeling of LDF
data, that could bring enlightenment for a better understand-
ing of the peripheral cardiovascular system.
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I. INTRODUCTION

Laser Doppler flowmetry (LDF) is commonly used in
clinical research for monitoring microvascular perfusion.
LDF signals are generated by the interaction between pho-
tons of a laser light and moving scatterers, mainly red blood
cells. Both concentration and velocity of the moving scat-
terers affect the LDF perfusion estimate [1].

In this paper, we analyze the complexity of LDF signals
which give a peripheral view of the cardiovascular system.
For this purpose, experimental and numerically simulated
LDF signals are processed. The experimental signals are
recorded in young healthy subjects. Recent works have
shown that LDF signals, recorded in young healthy subjects
at rest, are weakly multifractal [2], but that aging can lead to
a reduced multifractality [3]. This information is important
as it could help in the modeling of the peripheral cardiovas-
cular system: an accurate modeling should behave in the
same way as the system it aims to reproduce. For LDF sig-
nals, a set of five nonlinear oscillators coupled with linear
couplings has recently been proposed as a theoretical model
[4]-[6]. We propose herein to numerically simulate, for the
first time, LDF signals with six nonlinear oscillators (re-
flecting six almost periodic rhythmic activities present in
experimental LDF signals) coupled with a combination of
both linear and parametric couplings (in order to represent
cardiovascular system behaviors). To analyze the multifrac-
tality of these simulated signals, a computation of their
pointwise Holder exponents is done in comparison with the
ones of experimental LDF signals. For the computation of
the Holder exponents, we propose to use the parametric
generalized quadratic variation (GQV) based estimation
method as the latter, being applied on microvascular data,
has proved to give interesting results [2], [4]. Moreover, in
order to have a better interpretation of the results, the GQV
based estimation method is first calibrated with a measure
of white noise.

Our paper is organized as follows: we first introduce the
theoretical model of LDF signals. Then, the theory of the
GQV method is presented, as well as the tool used for cali-
bration. We then apply the GQV method on simulated and
experimental LDF data and present the results that we
comment. Finally, we end with a conclusion.
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II. THEORETICAL MODEL OF LDF SIGNALS

A. Physiological and theoretical principles

On the time scale of minutes, six subsystems can be con-
sidered to contribute to the regulation of blood flow. Thus,
under stationary conditions, when a healthy subject is at
physical and mental pause, six characteristic frequencies
can be found in LDF signals [7], [8]: 1.1 Hz for the heart
beats, 0.36 Hz for the respiration, 0.1 Hz for the myogenic
activity, 0.04 Hz for the neurogenic activity, 0.01 Hz for the
endothelial-related metabolic activity, and 0.007 Hz for
endothelium mechanisms, such as endothelium-derived
hyperpolarizing factor (EDHF). The last one has recently
been found [8]. The characteristic frequency values are
different from subject to subject, but are found in the same
frequency intervals for all subjects.

As a result of mutual couplings between the subsystems,
Ref. [4] has shown that the values of the characteristic fre-
quencies are time-variable and that their corresponding
amplitudes are modulated. Based on these findings, some
authors proposed to simulate LDF signals with five nonlin-
ear coupled oscillators [4]-[6]. To take into account the last
discoveries, a sixth oscillator has been added in our simula-
tion. The basic unit in the model is written as [4]-[6]:

X =-xq; —woy; +g, () (1)

Vi =y tox +g, (v (2)

with g, = (w/xiz +y7 —al-)x o,

where x and y are vectors of oscillators state variables, ¢,
a;, and @, are constants, g _(x)and g, (y)are coupling vec-
tors. Some couplings have been proposed [6], and it has
been suggested that both linear and parametric couplings
have to be taken into account. That is why, for the first time,
mixed couplings (linear and parametric) are introduced
herein in the simulated signals.
For the rhythmic cardiac activity the model is:

Xy = =Xyqy 11Xy = 13X =1y Xy +1]5Xs + 11X
= 0@ +115%y —113X5 —1]4x4 +17]5x5 +16x6)  (3)

A similar equation is used for the vector y, .
For the five other subsystems, the modeling, based on

Ref. [6], is in the same form.
B. Adjustment of the model

In the present work, the above-mentioned model is nu-
merically simulated. Its adjustment (choice of the constant
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Figure 1 (a) Power spectrum of an experimental LDF signal recorded in a
young healthy subject at rest. (b) Power spectrum of a simulated signal
(0.6%x; + 0.0002*x; + 0.6*x;3 + 0.2%x, + 0.6%x5+0.5%x5).

parameters) is done from the frequency domain: the con-
stant parameters of the model are chosen so that the power
spectrum of the simulated signal is close to the power spec-
trum of experimental LDF signals (see Fig. 1). The experi-
mental signals have been recorded on seven young healthy
men (between 20 and 36 years) with a laser Doppler flow-
meter (Periflux 5000, Perimed AB, Stockholm, Sweden)
and a probe positioned on the forearm. A representative
example is shown in Fig. 1.

III. MULTIFRACTALITY ANALYSIS

In our work we use the parametric GQV based estimation
method to compute Holder exponents of experimental and
simulated LDF signals. Moreover, in what follows a calibra-
tion of the method is proposed.
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A. GQV method 20

The parametric GQV based estimation method [9] is
used to compute Holder exponents of signals. For one di-
mensional multifractional Brownian motion (mBm), a sim-
ple algorithm to estimate the Holder exponent H(¢;) of a
mBm B , sampled at the moments i/ N,i =0,..., N —1 can
be used [10].

In the case of an mBm non-normalized, a squared mean
linear regression using the propriety of local autosimilarity
of the mBm is usually proposed. We thus get [10]:
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where y and O are parameters such as d —y >1/2 and

y =0, and B, is the slope (see more in Ref. [10]).

To correct the noise, an adjustment has been proposed
[10]:

200

Hmaxireg = Hmax - Hmax + Hl‘eg (5)
where H,,, is the estimate obtained without regression and
with N = N, and H,., is the estimate obtained with regres-
sion. Good results have been obtained with this algorithm
[10]. In our work, the parametric GQV method is carried
out with the Fraclab v2.0 tool [11].
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B. Calibration of the GQV based estimation method

In order to calibrate the parametric GQV based estima- 250
tion method for its application on LDF data, we first apply it
on a white noise measure as well as on its first and second
order linearly filtered versions. White noises and their first
order linearly filtered versions are known to be not differen-
tiable (too irregular). We have to go up to a second order
linear filter to obtain differentiable signals [12]. These char-
acteristics are therefore used herein in order to evaluate the
parametric GQV based estimation method.

The results are presented in Fig. 2. Holder exponents
lower than one mean that the corresponding signal is not
differentiable. On the contrary, a signal with Holder expo-

Number of Hélder exponents

nents higher than one is differentiable. The results obtained P18 118 12 121 122 123 126 125 126 127
with the parametric GQV based estimation method concern- Holder exponent

ing a white noise realization and its filtered versions are (©)

thus qualitatively in accor.dance with the thepry. .F rom these Figure 2 Histogram of Holder exponents, obtained with the parametric
first results, the parametric GQV based estimation method GQV based estimation method for (a) a white noise measure,
can be applied in its present form (FracLab v2.0 tool [11]) (b) its first order linear filtered version, and

on experimental and simulated LDF signals. (c) its second order linear filtered version.
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IV. HOLDER EXPONENTS OF LDF SIGNALS

We first compute the Holder exponents of the experi-
mental LDF signals. For the representative example pre-
sented in Fig. 3, the Holder exponents are between 0.5379
and 0.6582 (width of 0.1203). The other experimental sig-
nals have Holder exponents in the same range. Holder ex-
ponents of our adjusted simulated signal (see Fig. 4) vary
from 1.2518 to 1.3497 (width of 0.0979).

Our work therefore shows that the widths of Holder ex-
ponents from LDF signals, experimental and simulated, are
quite similar and relatively small. We can infer that LDF
signals (experimental and simulated) are weakly multifrac-
tal. Moreover, the simulated signal is differentiable contrary
to the experimental signals. Furthermore, it has been shown
that Holder exponents of LDF signals increase with age and
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Figure 3 Histogram of Holder exponents, obtained with the parametric
GQV based estimation method for an experimental LDF signal.
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Figure 4 Histogram of Holder exponents, obtained with the parametric
GQV based estimation method for a simulated signal.
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can become higher than one [3]. We can therefore deduce
that the model used can better describe the complexity of
LDF signals from elderly subjects rather than from young
healthy subjects.

V. CONCLUSION

Our study confirms a weak multifractal behavior for pe-
ripheral blood flow signals, for young healthy subjects at
rest. It contributes to a quantitative assessment of the com-
plexity of the data recorded from peripheral locations where
intricate interactions at the microcirculation level take place.
Moreover, first, the comparison between the values of the
Holder exponents of simulated and experimental signals
leads to the conclusion that the model of six oscillators
using linear and parametric couplings is not adequate to
reproduce the multifractal behavior observed in young
healthy subject. Secondly, our results show that the model
would be more accurate to reproduce the multifractal behav-
ior observed in elderly subjects.

This paper provides useful information to go deeper into
the modeling of LDF data, and bring information for a bet-
ter understanding of the peripheral cardiovascular system.
Our results may therefore offer some guidelines for the
construction of more adaptable models of LDF signals that
could provide relevant physiological information.
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