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The optical Doppler effect resulting from interactions between laser light photons and red blood
cells of the microcirculation is used to characterize the influence of isoflurane, an halogenated
volatile anesthetic, on the peripheral cardiovascular system. After having recorded laser Doppler
flowmetry blood perfusion signals on isoflurane-induced anesthetized healthy rats, wavelet analyses
show a significant decrease of the myogenic and neurogenic activities when isoflurane dose
increases from 1.5% to 3%. Moreover, the approximate entropy shows a weak decrease of signal
irregularity when dose of isoflurane increases. These findings demonstrate the usefulness of the
optical Doppler effect in physiological and pharmacological applications. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2825585�

Knowledge of the modifications brought by pharmaco-
logical agents on the cardiovascular system has become an
active area of research. The applications include monitoring
the depth of anesthesia, an ongoing problem in clinical rou-
tines. The recent notable approaches for monitoring the
depth of anesthesia rely on the analysis of auditory evoked
potential, electroencephalogram �EEG�, facial electromyo-
gram, heart rate variability �HRV�, or HRV respiratory sinus
arrhythmia.1 However, although these methods allow the
evaluation of anesthetic drug effects, they do not provide
information on the influence of the pharmacological agents
over the peripheral cardiovascular system. Our work, there-
fore, aims at bringing information on this area.

The peripheral cardiovascular system can be analyzed
through the microvascular blood perfusion. The latter can be
monitored with a laser Doppler flowmeter. In the latter case,
the laser Doppler effect comes from the interactions between
photons from a laser light and red blood cells of the
microcirculation.2 It has been shown that blood perfusion

signals recorded in rats contain five oscillatory processes: the
cardiac activity �near to 3.3 Hz�, the respiration �near to
1.3 Hz�, and the myogenic, neurogenic and endothelial-
related metabolic activities.

In this letter, we demonstrate that the optical Doppler
effect can characterize the influence of isoflurane on the pe-
ripheral cardiovascular system. Isoflurane is an halogenated
volatile anesthetic commonly used in clinical practice and
for which pharmacology5 and mode of action have been
reviewed.6 To characterize isoflurane effects, we test two
methods applied on laser Doppler flowmetry �LDF� blood
perfusion signals recorded on isoflurane-induced anesthe-
tized rats.

Thirty two Sprague Dawley rats were analyzed. Proce-
dures for the maintenance and use of the experimental ani-
mals were carried out in accordance with Ref. 26. Isoflurane
was administered to split the group of rats into two. The first
group �population n=16� corresponds to rats with a light
anesthesia: dose of isoflurane between 1.5% and 1.9%. The
second group �population n=16� corresponds to rats with a
dose of isoflurane between 2.4% and 3% �deep anesthesia�.7

For the blood perfusion signal acquisition, the LDF probe
was connected to a laser Doppler flowmeter �PF5000 Master,
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Periflux, Perimed, Sweden� and positioned on the thigh of
the rat placed in the prone position. The wavelength of the
laser Doppler flowmeter was 780 nm and the signals were
recorded for 16 min and 40 s with a frequency sampling of
32 Hz.

The two methods chosen to evaluate the effects of isof-
lurane on the peripheral cardiovascular system of rats have
already been applied on EEG signals recorded during anes-
thesia �see below�. The first method is a wavelet-based
analysis,3,8–10 which has already been applied on EEG sig-
nals with the Morlet wavelet.11 Therefore, wavelets are used
herein to quantify the influence of isoflurane on the myo-
genic, neurogenic, and endothelial-related metabolic activi-
ties. For that purpose, the scalograms of the LDF blood
perfusion signals �resampled by taking one point over three
to decrease the scalogram computation time� are studied
between 0.01 and 0.74 Hz, in order to analyze three charac-
teristic frequencies: intervals of 0.2–0.74, 0.076–0.2, and
0.01–0.076 Hz for the myogenic, neurogenic, and
endothelial-related metabolic activities, respectively.3 In or-
der to compare the behaviors of the myogenic, neurogenic,
and endothelial activities for light and deep isoflurane-
induced anesthesia, quantitative measures are calculated:3,9,10

energy and relative energy of the scalogram on a given fre-
quency band.

The second method used herein relies on the approxi-
mate entropy. Approximate entropy has already been used on
EEG signals during anesthesia14–18 and is, therefore, tested
herein on peripheral cardiovascular signals �LDF blood per-
fusion signals�.19 Approximate entropy �ApEn�m ,r ,N��,
which analyzes the regularity of time series, was introduced
by Pincus.12,13 It can be thought of as the negative natural
logarithm of the probability that sequences that are close for
m points remain close for an additional point. The choice of
the values for m and r for ApEn is critical in determining the
outcome of ApEn. On the basis of several works,13,20–22 we
choose m=2, a LDF sequence of N=1000 samples �running
windows of 1000 points all along each recording�, and a
tolerance r=0.2*SD �where SD is the standard deviation of
the LDF sequence� since it is convenient to set the tolerance
r proportional to SD, so as to allow measurements on data
sets with different amplitudes to be compared.

For the two abovementioned processes, a Mann-Whitney
test is used to evaluate the differences between the two
groups of rats. Statistical significant differences are defined

as P�0.05. The results of the two signal processing methods
are the following: the scalogram energy in each frequency
band corresponding to a given process is lower for deep than
for light isoflurane-induced anesthesia �see Fig. 1�. The dif-
ferences between the two groups are statistically significant
for the myogenic and neurogenic activities. Moreover, the
relative energies for the myogenic and neurogenic activities
are lower for deep than for light anesthesia, whereas the
relative energy for the endothelial-related metabolic activity
is higher for deep than for light isoflurane-induced anesthesia
�see Fig. 2�. The differences between the two groups of rats
are statistically significant for the relative energies of the
neurogenic and endothelial-related metabolic activities. Fur-
thermore, the values of the approximate entropy are pre-
sented in Table I for the two anesthetic states. The results
show that the mean value of the approximate entropy de-
creases when the dose of isoflurane increases. However, the
Mann-Whitney test shows that the differences are not signifi-
cant.

A spectral analysis conducted on signals related to the
central cardiovascular system �heart rate variability
signals�23 has shown that powers in frequency bands of the
respiratory and myogenic activities are lower during isoflu-
rane anesthesia on humans, with a concentration-dependent
manner. Our work shows that isoflurane also affects the pe-
ripheral cardiovascular system. Moreover, two recent studies
have shown, using wavelet analyses, that both local and gen-
eral anesthesia affect laser Doppler flowmetry signals in
humans.24,25 However, these studies used a combination of
several anesthetic drugs. Therefore, their results relate the
total effect of the drugs and cannot predict the behavior for
each one of them. Our work provides information on the
effect of a single anesthetic, isoflurane, which is moreover
commonly used in clinical practice.

In conclusion, the effects of isoflurane on the peripheral
cardiovascular system of healthy rats are herein quantified:

FIG. 1. �Color online� Energy of the scalogram computed in each frequency
band for deep and light isoflurane-induced anesthesia.

FIG. 2. �Color online� Relative energy of the scalogram computed in each
frequency band for deep and light isoflurane-induced anesthesia.

TABLE I. Average values for the minimum, maximum, mean, and standard
deviation of the approximate entropy �average values computed over 16
signals for each category�.

Signal
Minimum

value
Maximum

value
Mean
value

Standard
deviation

Light anesthesia 1.43 1.53 1.50 0.02
Deep anesthesia 1.30 1.53 1.48 0.06
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isoflurane leads to a weak loss of irregularity on the periph-
eral cardiovascular system signals and to modifications of
the myogenic, neurogenic, and endothelial-related metabolic
activities. After validations, this study could be applied to
quantify other pharmacological agents’ effects.

The authors would like to thank the Perimed Company
for the loan of the blood flow monitor and probes.

1E. R. John and L. S. Prichep, Anesthesiology 102, 447 �2005�.
2A. Humeau, W. Steenbergen, H. Nilsson, and T. Strömberg, Med. Biol.
Eng. Comput. 45, 421 �2007�.

3A. Humeau, A. Koïtka, P. Abraham, J. L. Saumet, and J. P. L’Huillier,
Phys. Med. Biol. 49, 843 �2004�.

4F. Bajrovic, M. Cencur, M. Hozic, S. Ribaric, and A. Stefanovska, Eur. J.
Physiol. 439, R158 �2000�.

5E. I. Eger, Br. J. Anaesth. 56, 71S �1984�.
6G. Pocock and C. D. Richards, Br. J. Anaesth. 71, 134 �1993�.
7L. Fizanne, B. Fromy, M. P. Preckel, D. Sigaudo-Roussel, and J. L. Sau-
met, J. Vasc. Res. 40, 416 �2003�.

8J. Morlet, in Issues on Acoustic Signal/Image Processing and Recognition,
edited by C. H. Chen, NATO Advanced Studies Institute �Springer, Berlin,
1983�, Vol. 1, pp. 233–261.

9A. Humeau, L. Fizanne, A. Garry, J. L. Saumet, and J. P. L’Huillier, IEEE
Trans. Biomed. Eng. 51, 190 �2004�.

10A. Humeau, A. Koïtka, P. Abraham, J. L. Saumet, and J. P. L’Huillier,
Phys. Med. Biol. 49, 3957 �2004�.

11B. Musizza, A. Stefanovska, P. V. E. McClintock, M. Palus, J. Petrovcic,
S. Ribaric, and F. F. Bajrovic, J. Physiol. �London� 580, 315 �2007�.

12S. M. Pincus, Chaos 5, 110 �1995�.
13S. M. Pincus, Proc. Natl. Acad. Sci. U.S.A. 88, 2297 �1991�.
14G. J. Noh, K. M. Kim, Y. B. Jeong, S. W. Jeong, H. S. Yoon, S. M. Jeong,

S. H. Kang, O. Linares, and S. E. Kern, Anesthesiology 104, 921 �2006�.
15J. Bruhn, T. W. Bouillon, L. Radulescu, A. Hoeft, E. Bertaccini, and S. L.

Shafer, Anesthesiology 98, 621 �2003�.
16J. Bruhn, H. Ropcke, and A. Hoeft, Anesthesiology 92, 715 �2000�.
17J. W. Sleigh and J. Donovan, Br. J. Anaesth. 82, 666 �1999�.
18I. A. Rezek and S. J. Roberts, IEEE Trans. Biomed. Eng. 45, 1186 �1998�.
19Code from D. Kaplan and P. Staffin �www.macalester.edu/~kaplan/hrv/

doc/funs/apen.html�.
20S. M. Pincus and A. L. Goldberger, Am. J. Physiol. Heart Circ. Physiol.

266, H1643 �1994�.
21S. M. Pincus and R. R. Viscarello, Obstet. Gynecol. �N.Y., NY, U. S.� 79,

249 �1992�.
22A. Wolf, J. B. Swift, H. L. Swinney, and J. A. Vastano, Physica D 16, 285

�1985�.
23M. Kato, T. Komatsu, T. Kimura, F. Sugiyama, K. Nakashima, and Y.

Shimada, Anesthesiology 77, 669 �1992�.
24S. A. Landsverk, P. Kvandal, A. Bernjak, A. Stefanovska, and K. A.

Kirkeboen, Anesth. Analg. �Baltimore� 105, 1012 �2007�.
25S. A. Landsverk, P. Kvandal, T. Kjelstrup, U. Benko, A. Bernjak, A.

Stefanovska, H. Kvernmo, and K. A. Kirkeboen, Anesthesiology 105, 478
�2006�.

26National Institutes of Health, Guide for the Care and Use of Laboratory
Animals �National Academy, Washington, DC, 1996�.

263901-3 Humeau et al. Appl. Phys. Lett. 91, 263901 �2007�

Downloaded 31 Dec 2007 to 193.49.146.252. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


