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Abstract For blood perfusion monitoring, laser speckle
contrast (LSC) imaging is a recent non-contact technique
that has the characteristic of delivering noise-like speckled
images. To exploit LSC images for quantitative physio-
logical measurements, we developed an approach that
implements controlled spatial averaging to reduce the
detrimental impact of the noise and improve measurement
sensitivity. By this approach, spatial resolution and mea-
surement sensitivity can be traded-off in a flexible way
depending on the quantitative prospect of the study. As an
application, detectability of the cardiac activity from LSC
images of forearm using power spectrum analysis is studied
through the construction of spatial activity maps offering a
window on the blood flow perfusion and its regional dis-
tribution. Comparisons with results obtained with signals
of laser Doppler flowmetry probes are performed.
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1 Introduction

The cutaneous blood supply is a network of arterioles,
arterial and venous capillaries, and venules. Skin micro-
circulation assessment is of interest in a number of clinical
applications (ulcers, burns, skin grafts, Raynaud’s syn-
drome, melanomas, drug development, cosmetology, dia-
betes, [9, 12, 16, 22]), and also in providing specific
information concerning the cardiovascular system in gen-
eral [6].

Two major techniques are currently used to monitor
tissue perfusion: laser Doppler technology [laser Doppler
flowmetry (LDF) and laser Doppler imager (LDI)] and
laser speckle contrast (LSC) imaging. LDF is a contact
method that provides a continuous non-invasive measure
related with changes on microvascular perfusion (red blood
cell concentration and velocity [2, 5, 10, 21]). LDF gives a
temporal signal (1D information). To overcome contact
measurements and spatial variability, LDI has been
developed. LDI shows a good spatial resolution but a poor
temporal resolution for most devices (especially when
scanning large areas). Therefore, this makes difficult to
compute frequency analyses.

LSC imagers have recently been developed [1]. LSC
imaging shows good temporal and spatial resolution [15],
and thus this technique is more suitable than LDI to
compute frequency analyses. LSC imaging is intrinsically
a 2D non-contact method, which exploits the spatial pat-
tern of interference generated from diffusely backscattered
laser light from the tissue. As a result, raw LSC images
appear as very noise-like speckled images. For a given
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task (such as the study of the post-occlusive reactive hy-
peraemia peak or a time—frequency analysis), it is possible
to reduce the noise in LSC images by spatial averaging.
This is obtained at the cost of a loss of spatial resolution.
In this article, we propose a general approach to assess a
sensitivity—resolution tradeoff with LSC imaging. To this
purpose, we use the sensitivity of a single-point LDF
probe as reference. Comparison between LDF signals and
LSC images is a topic of current investigation. While LDF
is described by a theory that is widely accepted and
understood, the theoretical link between the speckle con-
trast and the tissue perfusion in LSC imagers is under
development [4]. Another pragmatic way to assess the
advantages and drawbacks of LDF signals and LSC ima-
ges is to use standard clinical procedures as comparative
frameworks. Such an approach has recently been devel-
oped for a post-occlusive reactive hyperaemia (in static
conditions [13] or when the subject is moving [7]). In this
article, we focus on the comparison of the detectability of
the cardiac activity by analyzing the power spectrum of
LSC images and LDF signals recorded on forearms [19,
20]. Rousseau et al. [13] studied the value of the cuta-
neous blood flow at rest and during post-occlusive reactive
hyperaemia with different sizes of regions of interest,
whereas in this manuscript, we perform a frequency
analysis of the signal. This frequency analysis is applied
to the detection of cardiac activity and can be seen as a
preliminary step before performing other processings such
as a wavelet analysis for the study of myogenic or neu-
rogenic activities. Our objectives are to check if LSC
imaging is more reliable than LDF technique for a fre-
quency analysis in the context of detecting the cardiac
rhythm and to study the influence of spatial averaging on
the results.

2 Methods

Five male and female volunteers (aged 18 years or older)
without known cardiovascular disease were recruited in
this study. All microvascular tests were performed with
subjects resting supine in a temperature-controlled room
(23 £1 °C). The LSC imager used has a 70 mW system
(PeriCam PSI System®, Perimed, Sweden) and a laser
wavelength of 785 nm. The sampling frequency was
18 Hz. Recordings were performed on the forearm. The
distance between the laser head and skin surface was fixed
at 20 cm, in the recommended range [8]. Images were
stored on a computer and analyzed off-line. In addition,
three single-point LDF probes (PF 408, Perimed, Sweden)
connected to a laser Doppler flowmeter (PeriFlux PF5000,
Perimed, Sweden, 780 nm laser diode) delivering a one-
dimensional time recording were placed on the forearm as
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Fig. 1 View from the video camera included in the LSC imager

shown in Fig. 1. LDF signals were recorded with a sam-
pling frequency of 20 Hz. In the LSC imager, the signal
amplitudes backscattered from the skin were calculated
using the manufacturer’s software (PimSoft 1.2.2.0%,
Perimed, Sweden) before being exported for the post-pro-
cessing described below. The software expresses recorded
values in arbitrary perfusion units. For each subject, a
pressure cuff was placed on the subject’s upper arm
(proximal to the recording sites). The procedure included a
1 min baseline period, a 3 min period of cutaneous blood
flow (CBF) occlusion (a cuff inflation at 200 mmHg), and a
6 min post-occlusion period. We analyzed the heart rate
detectability during the baseline period at rest and during
the occlusion period.

To compare the heart rate detectability in LDF signals
and LSC images, we compute the periodogram P(f) )

defined through a Fourier transform FT[.] in the time
domain as

P(f)(xy) = IFTLSC(x, 3, D](F)[* (1)

for each temporal speckle signal LSC(x,y,?) located on
pixel (x,y) of the LSC imager.

Then, we consider a spatial averaging over an N x N
area of neighboring pixels, prior to the computation of the
Fourier transform of the periodogram, according to
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(2)

A drawback of the averaging or low-pass spatial filtering
of Eq. (2) is that it reduces the spatial resolution of the
image acquired with LSC imager. In such a situation, an
optimal size for spatial averaging can result from a tradeoff
between heart rate detectability and spatial resolution. To
quantify this tradeoff, we define a signal-to-noise ratio
(SNR) for the heart rate detectability. We consider the
frequency band corresponding to cardiac activity from
finin = 0.6 Hz to finax = 2Hz [18]. In this frequency band,
we compute the average and the maximal value of the

periodogram  Py(f )(w) from Eq. (2). We therefore
calculate the SNR Sy defined as
maxf{PN (f) x,y)}
Sv = Fonax (3)
T S PN ) ey
3 Results

LSC imaging evaluates tissue perfusion for each pixel in
the area visible in Fig. 1 at high temporal and high spatial
resolutions (pixel size is approximately 0.46 x 0.46 mm?
in Fig. 1). Figure 2a presents the laser speckle signal
LSC(x, y, ) measured in one pixel (x, y) of the observed
area of Fig. 1, and Fig. 2b presents signals obtained by
spatial averaging over an area of size 9 x 9 pixels around
this pixel. For comparison, Fig. 2c gives the LDF signal
simultaneously recorded on the same forearm. To compare
the heart rate detectability in LDF signals and LSC images,
we compute the periodogram P(f) (xy) [EQ. (D] for each
temporal speckle signal LSC(x, y, f) of Fig. 2 located on
pixel (x, y) of the LSC imager. The results obtained are
illustrated in Fig. 3 for one subject.

The cardiac activity gives a peak at the characteristic
frequency around 1 Hz in Fig. 3. This peak is clearly vis-
ible in the periodogram calculated for the LDF signal,
while it is not visible in the signal provided by only one
pixel of the LSC imager. This is an effect of the strong
noise masking the rhythmic cardiac activity in the speckle
image. However, through spatial averaging over several
neighboring pixels of the imager, there is a possibility of
reducing the impact of the speckle noise, which is essen-
tially independent from pixel to pixel, while reinforcing the
rhythmic cardiac activity having a common origin from
pixel to pixel.

After a spatial averaging over an N x N area of neigh-
boring pixels, as observed in Fig. 3, the cardiac peak
around 1 Hz also appears on the recordings of the LSC
imager.

Then, we compute the SNR for LDF signals by fol-
lowing the procedure of Eq. (3). LDF signals are found to
have an average SNR of 23 over the 5 tested volunteers.
Average SNR over the three LDF probes is presented in
Fig. 4 for each subject. Average SNR ranges from 17 to 36
with a standard deviation varying from 0.2 to 3.8.

Then, we consider four different areas of 39 x 39 pixels
in the images acquired with LSC imager for the five tested
volunteers. For each of these four areas, we focus on the
central pixels. For these four pixels, we compute a spatial
averaging over an N x N area of neighboring pixels (with
N varying from 1 to 39). After this spatial averaging, we
calculate the SNR Sy. Figure 5 presents the average SNR
over the four areas for each subject for different values of
N. Using Figs. 4 and 5, we can compare individually, for
each subject, the results obtained with LDF and LSC
imaging.

Average SNR increases with spatial averaging until it
reaches a plateau. When the number of pixels N is higher
than 21 (which corresponds to an area of 21 x 21 pixels or
93 mm?), spatial averaging does not improve the SNR
value. Thus, it is sufficient to compute the SNR on a
21 x 21 area of neighboring pixels.
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Fig. 2 a LSC(x, y, 1) on one pixel (x, y) as a function of time . b LSC(x, y, f) spatially averaged over an area of 9 x 9 pixels. ¢ Corresponds to
the LDF signal. Signals of all panels are simultaneously acquired on the same forearm at rest
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Fig. 3 Periodogram of signals in Fig. 1. a For LSC images with no spatial averaging, b with spatial averaging a 9 x 9 pixels area, and ¢ for

LDF signal
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Fig. 4 Average SNR over the three LDF probes for the five tested
volunteers

For this area size, average SNR ranges from 7 to 34
according to the subject with a standard deviation varying
from 0.3 to 3.6. The mean SNR for LSC when averaging
over 21 x 21 pixels was 16, which is lower than the
average SNR obtained with LDF. Except for one subject,
the obtained SNR is higher with the use of LDF probes
than with LSC imaging. Furthermore, the standard devia-
tion is quite similar for both techniques.

Once the sensitivity for detection of the cardiac peak is
optimized at the desired level through an appropriate
N x N size of the spatial averaging, the SNR of Eq. (3) can
be calculated for each pixel from the LSC imager. This
then provides the possibility of realizing spatial maps of the
heart rate detectability, with a spatial resolution delimited
by the choice of the N x N averaging area. Examples of
such a map are shown in Fig. 6 with different N x N sizes
of spatial averaging.

It is then observed that spatial patterns can be identified
in the maps shown in Fig. 6. In order to verify the existence
of plausible patterns and investigate their possible origins,
we propose to follow the evolution of spatial maps as in
Fig. 6 during an experiment of occlusion of the blood flow.

We calculate the SNR maps before occlusion, during
occlusion and after occlusion. First, when no spatial aver-
aging is realized, it is observed in Fig. 7a—c that there is no

@ Springer

spatial structure visible in the calculated SNR maps. The
only salient information in the maps of Fig. 7 is the overall
reduction of the heart detectability during the occlusion.

Next, spatial averaging is performed to calculate the
SNR maps as in Fig. 7d—f. It is observed on the maps in
Fig. 7 that spatial patterns become visible before the
occlusion, they disappear with the blood flow during
occlusion, and they reappear after occlusion when the flow
resumes.

This consistent evolution provides ground to the exis-
tence of significant spatial patterns present in the SNR
maps of heart rate detectability. This raises the question of
the physiological origin and interpretation of such patterns.

A possibility could be that they provide a window on the
spatial organization of the microvascular network archi-
tecture and blood flow distribution.

4 Discussion

For LSC imaging which delivers very noise-like speckled
images, we have proposed an approach to tradeoff spatial
resolution and measurement sensitivity through controlled
spatial averaging. The LSC images used for this study
come from the PeriCam PSI System (Perimed, Sweden).
The perfusion in a single measurement point has been
calculated by the PeriCam system using a 3 x 3 window.
Thus, the perfusion images that we processed have already
been averaged by the PeriCam system. As an application in
this paper, we have concentrated on the detectability of the
heart as the physiological parameter of interest. We have
quantified and compared the heart detectability with LSC
imaging and LDF techniques. We have observed the
existence of an optimal size of spatial averaging to obtain
the highest SNR value with a minimal size of averaging.
For this optimal size, LDF seems to remain the best tech-
nique for the heart detection in the major cases. This may
suggest that LSC imaging is not the best technique to
perform a frequency analysis. This frequency analysis is a
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Fig. 5 Average SNR over the 4 areas computed on LSC images for the 5 tested volunteers for the SNR Sy from Eq. (3) for the cardiac peak
detected in the periodogram spatially averaged over a N x N pixels area

first step for other processings, such as wavelet analysis, to
study other physiological activities (neurogenic, myogenic
[17]). However, LSC imaging has the advantage to be a
non-invasive, non-contact technique for blood flow deter-
mination and, thanks to its imaging capability, this tech-
nique can be used to study structures of interest, such as
burns [22] providing that the structure is larger than the
optimal size of spatial averaging. Thus, with LSC imaging,
we can plan to perform time—frequency or wavelet analyses

on spatial structures, such as burns, which would be diffi-
cult with LDF because of contact or with LDI because of
temporal resolution. Nevertheless, LDF and LSC imaging
have different measurement depth (approximately 1 mm
for the LDF and 300 um for the LSC imager) [11]. Thus,
these two techniques do not measure flux from the same
skin layers. This may explain the SNR differences
observed in this study. As the measurement depth is higher
for the LDF, photons giving rise to the LDF signal will
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Fig. 6 Spatial map from LSC images for the SNR Sy of Eq. (3) calculated with various sizes N x N of the spatial averaging area: 3 x 3 (a),

7 x 7 (b), 15 x 15 (¢), 21 x 21 (d) at rest
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Fig. 7 Spatial map from LSC images for the SNR calculated for each pixel with no spatial average (first line), a at rest, b during occlusion, ¢ at
rest after occlusion, and with a spatial averaging area of 21 x 21 pixels (second line), d at rest, e during occlusion, f at rest after occlusion

encounter more vessels, which can explain that the SNR is
higher with LDF than with LSC imaging.

Moreover, we have observed the possible existence of
spatial patterns in the heart detectability. This spatial
variability in the microvascular flow, as revealed by LSC
imaging, could be at the origin of the known difficulty
of securing reproducibility of the perfusion signal
recorded from a single-point LDF probe [14, 15]. In this
report, we considered heart detectability as the infor-
mational task of interest. Other information of clinical
interest could be used as benchmark for the comparison
of LSC images and LDF signals, in order to more fully
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appreciate how the imaging capabilities of LSC imagers
can efficiently complement single-point LDF recording.
For instance, post-occlusion relaxation hyperaemia could
be used to generate spatial maps displaying the distri-
bution of the physiological parameters that are com-
monly defined in the mathematical models describing
such an experiment [3].

In conclusion, we compared the heart detectability with
LSC imaging and LDF techniques using power spectrum
analysis. The results obtained suggest that LDF is a better
technique than LSC imaging to perform a frequency
analysis. However, LSC imaging enables to perform time—



Med Biol Eng Comput (2012) 50:1017-1023

1023

frequency or wavelet analyses on spatial structures such as
burns.
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