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Abstract
Laser Doppler flowmetry (LDF) is an easy-to-use method for the assessment
of microcirculatory blood flow in tissues. However, LDF recordings very often
present TRAnsient Signal High-values (TRASH), generally of a few seconds.
These TRASH can come from tissue motions, optical fibre movements,
movements of the probe head relative to the tissue, etc. They often lead to
difficulties in signal global interpretations. In order to test the possibility
of detecting automatically these TRASH for their removal, we process noisy
and noiseless LDF signals with two indices from information theory, namely
Fisher information and Shannon entropy. For this purpose, LDF signals from
13 healthy subjects are recorded at rest, during vascular occlusion of 3 min,
and during post-occlusive hyperaemia. Computation of Fisher information and
Shannon entropy values shows that, when calibrated, these two indices can
be complementary to detect TRASH and be insensitive to the rapid increases
of blood flow induced by post-occlusive hyperaemia. Moreover, the real-time
algorithm has the advantage of being easy to implement and does not require
any frequency analysis. This study opens new fields of application for Fisher
information and Shannon entropy: LDF ‘denoising’.

1. Introduction

Laser Doppler flowmetry (LDF) is a noninvasive method for the assessment of microcirculatory
blood flow in tissues. It was first introduced in the 1970’s (Riva et al 1972, Stern 1975)
and has since undergone a continuous development in the theoretical, instrumental and
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signal processing fields (see for example Binzoni et al 2004, 2006, Chao et al 2006, Gush
et al 1984, Humeau et al 2004a, 2004b, 2004c, Kvandal et al 2006, Li et al 2006, Liebert
et al 2006, Stefanovska et al 1999). During LDF measurements, a coherent light is directed,
within an optical fibre, towards the tissue under study. Photons that penetrate into the tissue
are scattered by moving objects and by static structures. The encounter of moving particles
(mainly red blood cells) generates the Doppler effect, modifying the photon frequency. The
reemitted light is led, via another optical fibre, towards a photodetector. Optical mixing of
light frequency shifted and non-frequency shifted gives rise to a stochastic photocurrent. The
tissue blood perfusion signal is extracted from the first moment of the photocurrent fluctuation
power spectrum (see for example Humeau et al 2007). Yet the LDF technique cannot measure
absolute perfusion but has good temporal resolution. Therefore, in clinical research, the
technique is best employed to investigate physiological responses to stimuli, such as vascular
occlusion followed by reactive hyperaemia (Assous et al 2006, Humeau et al 2002, Medow
et al 2007, Rossi et al 2007).

Although LDF has led to a growing number of applications for diagnosis purposes, the
technique still has some drawbacks. A major problem commonly depicted by clinicians and
very often cited in the literature is the presence of TRAnsient Signal High-values (TRASH)
that generally have a duration of a few seconds and that can come at any moment during the
recordings (Berardesca et al 2002, Gush and King 1987, Leahy et al 1999, Rajan et al 2008,
Vongsavan and Matthews 1993). These TRASH generate modifications in the LDF signal
values and can lead to difficulties in the signal global interpretation. This is why an accurate
detection, and then removal, of TRASH is of great interest for clinicians. However, this
detection and removal should be able to differentiate between TRASH and blood flow increases
due to post-occlusive hyperaemia, the latter phenomenon containing important physiological
information. The TRASH detection is particularly important for poorly compliant subjects or
during long-term observations: for these situations, immobility (necessary to avoid TRASH)
can be difficult to obtain (Berardesca et al 2002, Newson et al 1987).

Two indices from information theory, Fisher information and Shannon entropy, have
already been useful in the analysis of nonstationary and fluctuating signals in several fields
of interest (see for example Jeong et al 2006, Martin et al 1999). The goal of the present
paper is therefore to study the behaviour of these two indices when applied on LDF signals.
Can Fisher information and Shannon entropy detect TRASH? Are these two indices from
information theory able to discriminate between TRASH and rapidly varying blood flow
signals that have their origin in a removal of vascular occlusion (post-occlusive hyperaemia)?
Herein, our aim is to analyse the potentialities of Fisher information and Shannon entropy to
detect TRASH for their removal. Up to now, some solutions have already been tentatively
proposed for TRASH suppression. However, these solutions can be costly and difficult to
implement. Fisher information and Shannon entropy are two easy-to-code indices. Therefore,
if our results are efficient, the use of the two indices could be an interesting alternative for the
TRASH detection in LDF signals.

2. TRASH in LDF measurements

In the LDF technique, TRASH can come from tissue motions, optical fibre movements,
movements of the probe head relative to the tissue, etc. No correlation exists a priori between
the frequency of TRASH and age of the subjects in LDF signals. TRASH generate intensity
fluctuations, at the photodetector, similar to the laser Doppler beat frequency. Newson
et al (1987) demonstrated that the range of frequencies produced in the beat frequency
spectrum is 0–3.5 kHz and the magnitude can be much larger than the perfusion related
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signal. Moreover, Öberg (1999) analysed the contribution of tissue motion generated by
respiratory and circulatory systems of the human body on the LDF signal. His results showed
that a flow signal increases linearly with the increase of vibration movements with a constant
flow velocity. Furthermore, tissue motion and physical movements of the subjects generate
more TRASH in a non-contact measurement technique such as LDF imaging (Karlsson et al
2002).

To decrease the presence of TRASH, some authors suggested a modification of the fibre-
optic probes (Gush and King 1987), or the conception of integrated probes (de Mul et al
1984, Higurashi et al 2003, Serov et al 2006). Others proposed the use of linearly polarized
laser light in combination with a polarization filter for LDF imaging (Karlsson and Wardell
2005). All these techniques can be costly and difficult to implement. An accurate real-time
processing of LDF signals from fibre-optic instruments, to detect and then remove TRASH,
would be easier, cheaper and of great interest for clinicians.

3. Measurement procedure and signal analysis

3.1. Measurement procedure

In our work, the measurement procedure for LDF signals was the following: thirteen healthy
adult men of different ages (43.5 ± 11.3 years old) were studied. The exclusion criteria were:
subjects with respiratory or cardiac failure, psychological disorder, hypertension, diabetes,
dyslipidemy (treated or untreated), subjects treated with anti-platelet drugs or with non-steroid
anti-inflammatory drugs, subjects with chronic inflammatory states (treated or untreated),
subjects with a body mass index higher than 35 kg m−2. Moreover, all subjects gave their
written informed consent to participate in the study. Furthermore, the institutionally approved
study (approval from the local ethical committee) was conducted in accordance with the
Declaration of Helsinki. For the signal acquisition, a laser Doppler optical fibre probe (PF408,
Perimed, Stockholm, Sweden) connected to a laser Doppler flowmeter (Periflux PF5000,
Perimed, Stockholm, Sweden) was positioned on the forearm (ventral face) of the subjects.
The probe chosen has a fibre separation of 0.25 mm. Moreover, as our signal processing
algorithm is aimed to be used by both clinicians and engineers who would like to analyse
and process LDF signals (and thus for whom the human heart synchronous pulsations are of
interest), we set the time constant of the laser Doppler flowmeter to 0.2 s. Skin blood flow
revealed by LDF signals was assessed in arbitrary units (a.u.) and recorded on a computer
via an analogue-to-digital converter (Biopac System) with a sampling frequency of 20 Hz.
Recordings were performed with the subjects placed supine in a quiet room with the ambient
temperature set at 24 ± 1 ◦C. After at least 10 min of acclimatization skin blood flow was
recorded for several minutes. Then, vascular occlusion was performed by inflating a pressure
cuff placed around the upper arm. The cuff was inflated to 200 mmHg for 2.9 min (±7 s).
Then it was released to obtain post-occlusive hyperaemia (see figure 1(a)). During vascular
occlusion, a residual signal, called biological zero, exists (see figure 1(a)). It is suggested
to originate from Brownian motion and movement of red blood cells (Caspary et al
1988, Kernick et al 1999, Tenland et al 1983). Post-occlusive hyperaemia corresponds
to a rapid increase of blood flow occurring after the release of vascular occlusion (see
figure 1(a)). Post-occlusive hyperaemia has been the subject of many works for clinical
applications and for a better understanding of the blood flow microcirculation (see for example
Caspary et al 1997, Cracowski et al 2006, Wilkin 1987, Yvonne-Tee et al 2005, 2006, 2008).
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Figure 1. (a) The skin LDF signal recorded on a healthy subject, during rest, vascular occlusion and
reactive hyperaemia. V.O. stands for Vascular Occlusion. R.H. stands for Reactive Hyperaemia.
(b) First TRASH presented in figure 1(a). (c) Histogram for figure 1(b). The histogram has been
computed with w = 200 and N = 30. (d) Second TRASH presented in figure 1(a). (e) Histogram
for figure 1(d). The histogram has been computed with w = 200 and N = 30.

3.2. Signal analysis

TRASH can occur at any moment during LDF measurements. However, during vascular
occlusion, we can note that TRASH very often occur at the beginning of the biological zero.
Moreover, TRASH can also occur when no stimulus is used. Therefore, we herein analyse the
temporal signature of two kinds of TRASH: the first one corresponds to a TRASH occurring
when vascular occlusion starts (at the beginning of the biological zero; see figure 1(b)); the
second kind corresponds to a TRASH occurring when recordings are performed at rest (see
figure 1(d)). For the temporal signature analysis, we compute the amplitude histogram of LDF
signals around the TRASH.

Moreover, herein the 13 LDF signals, that do or do not contain TRASH, are analysed with
two indices from information theory. The first index is the Fisher information. The Fisher
information I(t) is computed from the probability density function (pdf) of a signal. Thus, let
p(x, t) be the pdf of a signal that ranges over x ∈ [x1, x2] at time t, where x1 and x2 represent
respectively the lower and upper limits of physically meaningful values in the time series.
For a signal, at time t, the Fisher information continuous version is defined as (Fisher 1922,
Frieden 1998)

I (t) =
∫ x2

x1

1

p(x, t)

(
dp(x, t)

dx

)2

dx. (1)

I (t) is sensitive to the shape of the pdf (Frieden 2004, Frieden and Soffer 1995). However,
due to the derivative term in the integrand of equation (1), the Fisher information is influenced
by changes in the local smoothness of p(x, t). Moreover, due to the presence of 1/p(x, t) in
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the integrand of equation (1), Fisher information is particularly sensitive to the local variations
in the low values of the pdf.

In order to compare the results given by the Fisher information with a more commonly
used measure, the second index proposed herein to analyse LDF signals is the Shannon entropy.
The Shannon entropy is also computed from the pdf of a signal. The continuous version of
Shannon entropy H(t) of a signal, at time t, is defined as (Shannon and Weaver 1949)

H(t) = −
∫ x2

x1

p(x, t) ln p(x, t) dx. (2)

H(t) is a measure of randomness. The more random the values of x, the wider the pdf,
the larger the value of the Shannon entropy.

We thus computed both Fisher information and Shannon entropy on each part (rest,
vascular occlusion and post-occlusive hyperaemia) of LDF signals. For this purpose, the
following approach was adopted. First, each LDF signal was binned into sequences of
windows, where each window contains w sequential measurements. Then, histograms were
generated from the w measurements in each window. Finally, a series of Fisher information
and Shannon entropy values were computed from the sequences of histograms.

More precisely, for the first step mentioned above (bins), each LDF signal s was processed
in order to obtain a sequence of windows, each one defined as

W(m;w;�) = {s(k), k = 1 + (m − 1)�, . . . , w + (m − 1)�}, (3)

where s(k) corresponds to a sample in the signal, m identifies a particular window, w is the
number of samples included in each window and � determines the degree of overlap between
adjacent windows. For the second step (histograms), histograms p(xn,m) were computed
from the samples in the mth window such that the histogram divisions xn(n = 1, . . . , N) are
spread between the minimum and maximum values of the samples included in the window.
For the last step, and from the resulting histograms, Fisher information and Shannon entropy
were respectively determined as

I (m) =
N∑

n=1

[p(xn+1,m) − p(xn,m)]2

p(xn,m)
, (4)

H(m) = −
N∑

n=1

p(xn,m) ln p(xn,m). (5)

4. Results and discussion

In our work, we first analysed the temporal signature of two TRASH. As shown in the figures
presented thereafter, TRASH can lead to signal increases that are lower, higher or in the
same amplitude range as those generated by post-occlusive hyperaemia. That is why the
development of an automatic and inline algorithm able to differentiate TRASH from post-
occlusive hyperaemia is not an easy task. Two histograms corresponding to the two kinds
of TRASH presented above (a TRASH occurring at the beginning of a biological zero and
a TRASH occurring at rest) are shown in figures 1(c) and (e). From these histograms, we
observe that, for the first kind of TRASH (see figures 1(b) and (c)), most LDF samples have
an amplitude around 10, and few of them have amplitudes higher than 10. The results are the
same for the second kind of TRASH (see figures 1(c) and (e)), except that for the latter case the
histogram has a width narrower than the previous one. Furthermore, the temporal duration of
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Figure 2. (a) The skin LDF signal recorded on a healthy subject, during rest, vascular
occlusion and reactive hyperaemia. V.O. stands for Vascular Occlusion. R.H. stands for Reactive
Hyperaemia. (b) Corresponding Shannon entropy computed with w = 300, � = 70 and N = 20.
(c): Corresponding Fisher information computed with w = 300, � = 70 and N = 20.

the second kind of TRASH is shorter than that of the first kind. However, in both cases, TRASH
last only a few seconds. Some authors suggested that the TRASH occurring at the beginning of
a biological zero come from the displacement of arterial blood by cuff compression (Kernick
et al 1999).

We then investigated the behaviour of Fisher information and Shannon entropy on LDF
signals with and without TRASH. For this purpose, we first studied the influence of the window
size w, the overlap �, and the histogram resolution N on Fisher information and Shannon
entropy values. Through this analysis, we wanted to answer the question: does it exist sets
of parameters that allow the detection of TRASH and, at the same time, that lead to indices
insensitive to blood flow increases induced by post-occlusive hyperaemia?

From our computations, we observe that Shannon entropy computed with the set of
values w = 300,� = 70 and N = 20, is able to detect TRASH but can also be sensitive
to post-occlusive hyperaemia (see figures 2(a) and (b), figures 3(a) and (b) and figures 4(a)
and (b)). In this case, a differentiation between a physiological blood flow increase due to
the removal of vascular occlusion and TRASH is not an easy task. However, the Fisher
information computed with the same parameters is able to detect some TRASH and can
be insensitive to post-occlusive hyperaemia (see figures 2(a) and (c), figures 3(a) and (c)
and figures 4(a) and (c)).

In order to analyse these results we show, in figures 5(a) and (b), a window containing
the last TRASH presented in figure 2(a) and the corresponding histogram. Moreover,
figures 5(c) and (d) show, respectively, a window containing the beginning of post-occlusive
hyperaemia presented in figure 2(a), and the corresponding histogram. The beginning of
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Figure 3. Same as figure 2 for another LDF signal.

Figure 4. Same as figure 2 for another LDF signal.

reactive hyperaemia is of interest here as it corresponds to a very rapid increase of the LDF
signal as that observed during TRASH. From figure 5(d), we note that the histogram of the
beginning of reactive hyperaemia, after a symmetry, has a shape quite similar to that of the
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Figure 5. (a) A window containing the last movement artefact presented in figure 2(a).
(b) Histogram for figure 5(a). The histogram has been computed with w = 300 and N = 20.
(c) A window containing the beginning of the reactive hyperaemia presented in figure 2(a). (d)
Histogram for figure 5(c). The histogram has been computed with w = 300 and N = 20.

TRASH presented in figure 5(b). That is why Shannon entropy reacts in nearly the same way
for reactive hyperaemia and for TRASH (see figure 2(b)). However, the Fisher information
definition containing a derivative term and a term 1/p(x, t) (see equation (1)) is influenced by
changes in the local smoothness of the pdf and by the local variations in the low values of the
pdf. That is why, for the parameters mentioned above, it is able to differentiate TRASH from
post-occlusive hyperaemia.

In order to obtain Shannon entropy values which are able to behave differently for TRASH
and for reactive hyperaemia, we have to obtain histograms with different shapes for the two
signals increases. For this purpose, we suggest to shorten the width of the window w. Thus,
for a window width shorter than the full LDF amplitude variation observed at the beginning of
reactive hyperaemia, the histograms obtained for TRASH and for post-occlusive hyperaemia
will be different.

Following this methodological approach, we computed the Shannon entropy with w =
50, and proposed to maintain the ratio w/� and w/N as above: w/� around 4, and w/N
near 15. This led us to choose � = 12 and N = 3. From these choices, the results show that
Shannon entropy allows the detection of TRASH and is nearly insensitive to post-occlusive
hyperaemia (see figures 6(a) and (b), 7(a) and (b) and 8(a) and (b)). For these parameter
values, the histograms obtained for TRASH and for a beginning of post-occlusive hyperaemia
are shown in figure 9. The shape of the two histograms are, this time, different. That is why,
for the new set of parameters, Shannon entropy shows a different behaviour for TRASH and
for a post-occlusive hyperaemia.

We then analysed the influence of � and N values on the results. For � analysis, we
computed Shannon entropy with the following parameter values: w = 50, � = 5, N = 3, and
then w = 50, � = 40, and N = 3. We also computed Fisher information with the following
parameters: w = 300, � = 10, N = 20, and then w = 300, � = 130, N = 20. The results
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Figure 6. (a) and (c) Same as figure 2(a) and (c), respectively. (b) Same as figure 2(b) except that
w = 50, � = 12 and N = 3 are chosen for the computation of Shannon entropy.

Figure 7. (a) and (c) Same as figure 3(a) and (c), respectively. (b) Same as figure 3(b) except that
w = 50, � = 12 and N = 3 are chosen for the computation of Shannon entropy.
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Figure 8. (a) and (c) Same as figure 4(a) and (c), respectively. (b) Same as figure 4(b) except that
w = 50, � = 12 and N = 3 are chosen for the computation of Shannon entropy.

Figure 9. (a) A window containing the last movement artefact presented in figure 2(a). (b)
Histogram for figure 9(a). The histogram has been computed with w = 50 and N = 3. (c) A
window containing the beginning of the reactive hyperaemia presented in figure 2(a). (d) Histogram
for figure 9(c). The histogram has been computed with w = 50 and N = 3.
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Figure 10. (a) Same as figure 2(a). (b) Corresponding Shannon entropy computed with w = 50,
� = 5, N = 3. (c) Corresponding Fisher information computed with w = 300, � = 10, N = 20.

are presented in figures 10 and 11. The latter figures associated with figure 6 show that the
wider the value of �, the smoother the signals representing the Shannon entropy and Fisher
information. When these signals become very smooth, an accurate detection of the TRASH
localization can become a difficult task. After several tests and in order to accurately localize
TRASH, we suggest to use � = 12 for the Shannon entropy, and � = 70 for the Fisher
information. For the analysis of N influence, we computed the Shannon entropy with the
following parameter values: w = 50, � = 12, N = 2, and then w = 50, � = 12, and N = 10.
We also computed the Fisher information with the following parameters: w = 300, � = 70,
N = 5, and then w = 300, � = 70, N = 100. The results are presented in figures 12 and 13.
The latter figures associated with figure 6 show that the larger the value of N, the smoother
the signals representing Shannon entropy and Fisher information and the wider the peaks due
TRASH. We also note that the mean values of the signals vary when N varies. When Shannon
entropy and Fisher information signals become very smooth and when their peaks are wide,
an accurate detection of the TRASH localization can become a difficult task. After several
tests and in order to have an accurate localization of the TRASH, we propose to choose N =
3 for the Shannon entropy, and N = 20 for the Fisher information.

From these results, and as far as the LDF TRASH detection is concerned, we suggest to
use w = 50, � = 12, and N = 3, for Shannon entropy computation, and w = 300, � = 70, and
N = 20, for the Fisher information index (see figures 6–8; these suggestions take into account a
signal sampling frequency of 20 Hz). We then propose to consider an increase in the measured
signal as TRASH when one (or both) of the two indices, computed with the above-mentioned
sets of values, varies more than a fixed percentage from its basal value: decrease of more
than 43% for Shannon entropy and increase of more than 600% for Fisher information, for
example. This could lead to the discrimination of TRASH from post-occlusive hyperaemia in
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Figure 11. (a) Same as figure 2(a). (b) Corresponding Shannon entropy computed with w = 50,
� = 40, N = 3. (c) Corresponding Fisher information computed with w = 300, � = 130, N = 20.

Figure 12. (a) Same as figure 2(a). (b) Corresponding Shannon entropy computed with w = 50,
� = 12, N = 2. (c) Corresponding Fisher information computed with w = 300, � = 70, N = 5.
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Figure 13. (a) Same as figure 2(a). (b) Corresponding Shannon entropy computed with w =
50, � = 12, N = 10. (c) Corresponding Fisher information computed with w = 300, � = 70,
N = 100.

healthy subjects. Moreover, in order to increase the accuracy of the differentiation between
TRASH and post-occlusive hyperaemia, a comparison of the LDF signal mean value between
the current window with the previous window could be added (reactive hyperaemia would
lead to an increase of the mean value in the current window compared to the previous window,
whereas TRASH would probably have a very limited impact over the mean value). From
figures 6–8, we observe that Shannon entropy and Fisher information can be complementary to
distinguish TRASH from very rapid increases in blood flow induced by the release of vascular
occlusion. Moreover, after TRASH are detected, a short period (for example a few seconds)
‘eye close’ scheme could be introduced (replacement by the previous seconds of signal) to
remove the erroneous signal samples. The latter proposal is based on the fact that TRASH
normally die out after a period of a few seconds (TRASH duration may vary; the TRASH
presented in figures 6–8 have a duration between 0.35 and 8 s). Otherwise, after TRASH are
detected, an indication mentioning that this part of signal has a high probability of being noisy
could also be chosen.

For a given length of vascular occlusion, post-occlusive hyperaemia of healthy subjects
have a shape that is different from those observed for peripheral arterial obliterative disease
(PAOD) patients (Humeau et al 2000, 2002). Thus, Östergren et al (1988) found a biphasic
response in PAOD patients, whereas Ray et al (1999) noted that three patterns can be observed
(immediate large amplitude peak following reperfusion; multiple large amplitude peaks with
delay in the highest peak; and gradual increase of the signal but no large amplitude peaks).
Moreover, PAOD subjects present a time to highest peak abnormally prolonged after the
release of the occlusion (Kvernebo et al 1989, del Guercio et al 1986, Östergren et al 1988).
Therefore, in the case of PAOD patients, our algorithm for Shannon entropy would give even
more accurate results for this pathologic population: the reactive hyperaemia increase in a
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window of 50 samples width would be much lower than for healthy subjects. In this case, the
differentiation between TRASH and a blood flow increase due to post-occlusive hyperaemia
is expected to be more efficient.

Moreover, studying post-occlusive hyperaemia, Wilkin (1987) has shown that the longer
the vascular occlusion, the lower the rate of rise to peak flow and the higher the maximum
value of the flow. This means that for lengths of occlusion shorter than that used in our
work, our algorithm could give less accurate results. However, a work has recommended that
studies using post-occlusive forearm skin hyperaemia should occlude the forearm for at least
3 min (Yvonne-Tee et al 2004). As a consequence, our work could be efficient for clinical
applications following the latter recommendation.

5. Conclusion

The LDF technique relies on the measurement of the Doppler shifts induced by the interactions
between photons of a laser light and moving blood cells of the microcirculation. However, LDF
data very often contain TRASH that can lead to difficulties in signal global interpretations.
Our work analysed the temporal signature of two kinds of TRASH. Moreover, we have
demonstrated that two information theory indices, Fisher information and Shannon entropy,
could discriminate TRASH from a measurement protocol where a very rapid increase in
blood flow is expected (release of a pressure cuff occluding blood flow). In opposition to
other TRASH algorithms that have been proposed in some patents, the two indices proposed
herein have the advantage of being simple as they do not require any frequency analysis
of the photocurrent for their implementation. Moreover, their use can lead to a real-time
process of LDF signals. Information theory can thus be of interest to improve the processing
and understanding of complex biomedical signals. Other information indices could also be
analysed for the TRASH detection and for their characterization. A Bayesian technique or
receiver operating characteristic curves could then be proposed as a validation approach.
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Humeau A, Steenbergen W, Nilsson H and Strömberg T 2007 Laser Doppler perfusion monitoring and imaging:
novel approaches Med. Biol. Eng. Comput. 45 421–35

Jeong Y, Sanders B F and Grant S B 2006 The information content of high-frequency environmental monitoring data
signals pollution events in the coastal ocean Environ. Sci. Technol. 40 6215–20
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