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ABSTRACT

It has long been recognized that age alters microcirculation.
The follow-up of such alterations can be performed by mon-
itoring microvascular blood flow. Laser speckle contrast
imaging (LSCI) has recently been commercialized to mon-
itor microvascular blood flow. From laser speckle contrast
images, velocity of microvascular moving scatterers (mainly
red blood cells) can be computed when a profile for velocity
distribution is assumed. Our goal herein is to analyze if al-
terations of microcirculation with age can be determined by
processing experimental LSCI data. In our work a Lorentzian
velocity profile is assumed and the presence of static scat-
terers, like skin, is taken into account. Our results show that
moving scatterers velocities computed from LSCI data vary
with age: blood cells velocities increase with age. Moreover,
the more the static scatterers, the higher the moving scatterers
velocity values. Our findings are a first step in the analysis
of the impact of aging from the processing of laser speckle
contrast images.

Index Terms— Laser speckle contrast imaging, Image
processing, Blood flow, Lorentzian profile.

1. INTRODUCTION

Laser speckle contrast imaging (LSCI) is a noncontact and
full-field optical technique for monitoring microvascular
blood flow [1,2]. LSCI is gaining an increased interest in
the medical field due to the simplicity of the required instru-
mentation and to the high temporal and spatial resolutions
of the data [3]. The principle of the LSCI technique is the
following: when the tissue under study (skin) is illuminated
using a coherent light (laser light), the scattered light forms a
random interference pattern — called speckle — on a camera.
Because of the movement of scattering particles (mainly red
blood cells in the case of blood) within the tissue under study,

the speckle pattern changes with time. Due to the exposure
time T of the camera, a blurring of the speckle pattern is
observed. This blurring is quantified through the computation
of the spatial speckle contrast K as K; = o,/(I) [4] where
o refers to the spatial standard deviation in a neighborhood
around a pixel of the raw data, while (I) is the mean intensity
in this neighborhood. From raw speckle data, contrast images
are therefore computed as mentioned above (see an example
of contrast image in Fig. 1). In the LSCI technique, if a
velocity distribution for the moving scatterers is assumed, a
theoretical expression of the speckle contrast K can be writ-
ten as a function of the exposure time 7" of the camera and
of the speckle correlation time 7.. Thus, if the velocity of the
scatterers is assumed to follow a Lorentzian distribution, we
have [5, 6]
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Because the correlation time 7. is inversely proportional to
the velocity of the moving blood cells as [4]
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where ) is the wavelength of the laser, the contrast value K
is used to determine the velocity of the moving blood cells in
the microcirculation. Nevertheless, (1) does not take into ac-
count the presence of static scatterers. Moreover, only a few
authors studied the theoretical expression of the speckle con-
trast K when the detected light is composed of both a fluctu-
ating speckle field from moving scatterers (such as red blood
cells) and of static reflections from static scatterers (such as
skin, bones and intact skull) [7-9].

The monitoring of microvascular blood flow is of impor-
tance for the diagnosis of pathologies such as diabetes or hy-
pertension, but also to analyze the impact of aging on the mi-
crovessels [10]. Thus, it has been shown that age changes
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Fig. 1. Laser speckle contrast image (118x234 pixels?) of
forearm skin in a healthy subject.

morphology and quantification of the cutaneous microvascu-
lature. However, from the best of our knowledge, such alter-
ations have not been studied yet from LSCI data. The latter
having good temporal and spatial resolutions, they could be
of interest in the follow-up of age-dependent microvascular
alterations.

By processing laser speckle contrast images, our goal
herein is therefore to analyze if alteration of microcirculation
with age can be determined from experimental LSCI data.
Moreover, we take into account the presence of both moving
and static scatterers. For this purpose, velocity of moving
blood cells in the microcirculation is studied in two groups of
subjects, one group is composed of young subjects while the
other group is composed of elderly subjects.

In what follows, we first present the theory to compute
moving scatterers velocity values in the presence of both mov-
ing and static scatterers, when a Lorentzian velocity profile
is assumed. Then, the measurement procedure is described
and the algorithm proposed to process the experimental laser
speckle contrast images is detailed. Finally, we present our
results and a discussion of our findings.

2. MATERIALS AND METHODS

2.1. Theoretical Background

As mentioned above, when the static scatterers are not taken
into account and when a Lorentzian velocity distribution is as-
sumed, the theoretical expression for the contrast K is (1) [5,
6]. Even if it has been shown that static scatterers may play
an important role in the determination of moving blood cells
velocity [11], there are only a few studies that proposed a the-
oretical expression for the contrast K in the presence of static
scatterers.

Parthasarathy et al. [7] presented a model which can esti-
mate the flow in the presence of static contributions when a
Lorentzian velocity distribution is assumed. They suggested
the following equation for the spatial contrast [7]
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where x = T/7., T is the camera exposure time, 7. is the
correlation time and p = Iy/(Iy + I;) is the fraction of total
light that is dynamically scattered. Moreover, S is a normal-
ization factor to account for speckle averaging effects. v,,pise
is the constant variance due to experimental noise and v, is
the constant variance due to nonergodic light [7].

Zakharov et al. [9] introduced another theoretical expres-
sion that takes into account the effect of static scatterers. The
detected intensity was defined as composed of a nonfluctuat-
ing static part Iy and a dynamic part I;. Thereby, the frac-
tion of static scatterers to the total intensity is mentioned as
p = (Is)/({Is) + (I4)). The expression of contrast is in this
case written as [9]

T
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where £ is the coherence factor and g14(7) is the correlation
function of the pure dynamic part.

Boas et al. [8] have proposed another formulation to com-
pute the speckle contrast K to take into account the effect of
static scatterers by assuming a Lorentzian velocity profile for
the moving scatterers. They suggested [8]
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where ¢ = T/7., p = Iy/(I; + I,) where I; is the time-
averaged intensity of the fluctuating dynamically scattered
light, I, is the intensity of the statically scattered light and
Clhoise 18 a term added to account for contrast that arises from
measurement noise such as shot noise or camera readout
noise [8]. For a general point of view, we propose to use (5)
to determine the velocity of moving scatterers computed from
LSCI data when a Lorentzian velocity profile for the moving
scatterers is assumed. Furthermore, to determine the possible
effect of static scatterers on the velocity values of moving
scatterers (red blood cells), four cases of p are analyzed in
our work: p=1,p=0.9,p=0.8and p = 0.7.



2.2. Measurement Procedure

The prior written consent was obtained from all subjects be-
fore the implementation of this study which was conducted
in accordance with the declaration of Helsinki. In this study,
we included 14 subjects subdivided into two groups. The first
group was composed of 7 subjects (4 men and 3 women);
in this first group, all the subjects were less than 30 years
old. The second group was composed of 7 subjects (2 men
and 5 women); all were more than 45 years old. The record-
ings were performed in a quiet room without any air move-
ment [12] and with a controlled temperature [13], while the
subjects were in the lying position. The ventral face of the
forearm was studied. A laser speckle contrast imager Peri-
Cam PSI System (Perimed, Sweden) having a laser wave-
length of 785 nm was used. In this imager, the camera ex-
posure time 7" is set at 6 ms. Moreover, the distance between
the laser head to forearm skin was adjusted to 15+ 1 cm [14]
which gave images with a resolution around 0.45 mm.

Experimental data were obtained during three physiolog-
ical states: 1) 2 min at rest, 2) 3 min of vascular occlusive (bi-
ological zero) [15], obtained by inflating an arm cuff to
220 mmHg; 3) 5 min of post-occlusive reactive hyperaemia.
All the contrast images were stored in a computer for an
off-line analysis. We have computed and compared moving
blood cells velocities from regions of interest (ROI) of differ-
ent sizes [16]: 1x1 pixelsz, 3%x3 pixels2, 5%5 pixelsz, and
7x7 pixels2. For each case 1 min of recording at rest, 1 min
of recording during biological zero, and 3 s during reactive
hyperaemia peak have been processed.

Statistical analyses were performed using MedCalc for
Windows, version 12.5 (MedCalc Software, Ostend, Bel-
gium). Using Wilcoxon test we compared velocity values
obtained for young subjects with the ones obtained for the
elderly subjects. For each statistical analysis, a p value <
0.05 was considered significant.

3. RESULT AND DISCUSSION

Fig. 2 presents the theoretical relationship between speckle
contrast K and the ratio of the speckle correlation time 7. to
camera exposure time 7" for a Lorentzian profile with different
values of p. From this Figure, we observe that the pattern of
the curves is similar for all the p values chosen. However, for
the lowest value 7./T shown, the contrast K becomes higher
when the p value decreases: K goes from 0.1 (for p = 1) to
more than 0.3 (for p = 0.7). These differences are due to the
static scatterers: the more the static scatterers, the higher the
value of the contrast K for 7./T close to zero.

The mean velocities of moving scatterers for p = 1, p =
0.9, p = 0.8 and p = 0.7 are shown in tables 1 to 4, respec-
tively. For each table, mean results for the three physiolog-
ical states are shown: rest (mean value on 1 min), vascular
occlusive (biological zero; mean value on 1 min) and post-
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Fig. 2. Theoretical relationship between speckle contrast K
and the ratio of the speckle correlation time 7. to camera ex-
posure time 7" for a Lorentzian profile with different values of
p. B is equal to 1 for each curve. See text for details.

occlusive reactive hyperaemia (mean value on 3 s at peak).
Moreover, values obtained for the different ROI sizes (1x1
pixels?, 3x3 pixels?, 5x5 pixels?, and 7x7 pixels?) are de-
tailed for the two populations: young and elderly subjects.

Our results show that, for a given ROI size and a given
p value, at rest and during the biological zero, the velocities
found for young subjects are lower than the ones obtained for
elderly subjects (see Tables 1 to 4). Nevertheless, these dif-
ferences are not statistically significant. From the litterature,
the value of basal blood flow (product of velocity by concen-
tration of moving blood cells) for young and elderly subjects
remains debatable (see, e.g., [17, 18]). However, during reac-
tive hyperaemia, for a given ROI size and a given p value, we
find statistically significant differences between the velocities
obtained for young subjects and the ones obtained for older
subjects (see Tables 1 to 4). The mean velocities obtained
for the elderly group are higher than the ones obtained for
the young people. This may be due to the stiffness of vessels
that increases with age. Stiffness being higher for aged peo-
ple, the revasculatisation of vessels after the vascular occlu-
sion (post-occlusive reactive hyperaemia) may lead to higher
moving blood cells velocity values. Furthermore, to the best
of our knowledge, the changes of the velocity of moving scat-
terers at rest, during biological zero and reactive hypereamia
changes with p values have not been studied yet.

We also demonstrate that, for the two populations, the ve-
locity of moving scatterers increases while the value of p de-
creases (see Tables 1 to 4). Therefore, our results stress an
effect of static scatterers (like skin) over the velocity of mov-
ing scatterers. Moreover, when the results for the different
ROI sizes are analyzed, we observe that the velocity values
obtained from a single pixel are higher than the ones obtained



from ROI sizes of 3x 3, 5x5, 7x7 pixelsQ; see Tables 1 to 4.
This could be due to the signal-to-noise ratio that increases for
larger ROI sizes on LSCI data [16]. Larger ROI sizes have not
been tested due to the computational time needed to process
the data.

4. CONCLUSION

From above, our main findings are:
e static scatterers play an important role in the determina-

tion of moving blood cells velocity values.

velocity values of moving scatterers differ with age: they
are higher for elderly people compared to the ones ob-
tained for young people. The results are statistically sig-
nificant during post-occlusive reactive hyperaemia. This
may be due to stiffness of vessels that increases with age.
The impact of age on microvascular blood flow (stiffness
of vessels, among others) could therefore be quantified by

processing LSCI data.

Finally, from the best of our knowledge, this study is the first
one that analyzes the effect of aging from LSCI data by com-
puting red blood cells velocities.
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Table 1. Mean velocity results (um/s) of moving scatterers computed from LSCI data over different ROI sizes and for p = 1 (see
text). Three physiological states are analyzed: 1 min at rest, 1 min during biological zero and 3 s during a reactive hypereamia
peak. The results are obtained from two groups (young and elderly) of seven subjects each, when a Lorentzian velocity profile

is assumed. *means statistically significant with results obtained from the elderly group for the same ROI size (see text for
details).

ROI (pixels?) 1x1 3x3 5x5 TxT7
group young elderly young elderly young elderly young elderly
Rest 43.7 47.8 39.0 42.4 38.7 42.0 37.9 42.0

Biological zero  20.0 20.7 14.1 15.7 14.0 15.5 14.8 15.5

Hyperaemia 89.6* 129.0 77.1* 109.0 76.7* 107.0 76.4* 107.0

Table 2. Same as Table 1, but for p = 0.9 (see text for details).

ROI (pixels?) 1x1 3x3 5%x5 77
group young elderly young elderly young elderly young elderly
Rest 51.8 57.0 45.7 49.8 453 49.3 444 49.3

Biological zero  23.1 23.9 16.0 17.9 15.8 17.6 16.8 17.6
Hyperaemia 110.6* 167.3 93.5* 134.8 92.8* 133.2 92.5* 132.4

Table 3. Same as Table 1, but for p = 0.8 (see text for details).

ROI (pixels?) 1x1 3x3 5x5 Tx7
group young elderly  young elderly  young elderly  young elderly
Rest 65.1 72.6 55.5 60.7 53.7 60.1 53.7 59.9

Biological zero  27.4 28.4 18.6 20.7 18.4 20.5 19.4 20.4
Hyperaemia 156.1*  281.3 122.1* 1859 120.8* 1824 1202 181.1

Table 4. Same as Table 1, but for p = 0.7 (see text for details).

ROI (pixels?) 1x1 3x3 5%x5 TXT
group young elderly  young elderly  young elderly  young elderly
Rest 923 110.6 71.6 79.0 70.5 77.8 68.8 71.5

Biological zero  34.4 35.6 22.1 24.7 21.8 243 232 243
Hyperaemia 312.9* 9423 187.7 3443 183.5*  323.6 181.7% 3179
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