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Laser speckle imaging is a common technique to monitor blood flow. The fluctuations in speckle intensity can be related to
the blood flow by calculating the speckle contrast, the ratio between the standard deviation of speckle fluctuations and the
average intensity. However, this simple statistic calculation is easily affected by motion artifacts. In this study, we applied
sample entropy analysis instead of calculating standard deviations of the speckle fluctuations. Similar to the traditional
method, sample entropy-based speckle contrast increases linearly with flow rate but was shown to be more immune to
sudden movements during an upper arm occlusion test.
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1. Introduction

Laser speckle imaging (LSI) is an imaging technique that pro-
vides blood flow information[1–4] based primarily on the obser-
vation of the speckle contrast (K) in the temporal or spatial
domain. The speckle contrast is the ratio between the standard
deviation (σ) and the average of the speckle intensity (I). It can
be defined similarly in time and space, differentiated only by the
subscript, where, t stands for time:

Kt =
σt
hIi : �1�

The speckle pattern, a product of the scattering and interfer-
ence of coherent light with small particles, is constant in a static
medium but fluctuates when scattering is dynamically changed
by particle movement. For blood flow monitoring, the moving
particles are the red blood cells. Observing changes in the speckle
pattern allows us to monitor the relative blood flow changes
either temporally or spatially by calculating 1=K2

t or 1=K2
s ,

respectively[1–4].
Despite being considered a standard to monitor flow velocity

changes, this simple statistics-based calculation is often riddled
with noise such as motion artifacts, making the analysis difficult.
Sudden movement changes the laser speckle pattern and produ-
ces spikes in σt , disturbing the blood flow information. Those
motion artifacts can be reduced by a low pass or bandpass filter
after calculating 1=K2

t
[5]. However, if there is another way to

monitor blood flow that suppresses motion artifacts other than
applying a filter, it will be more convenient and beneficial
because it would not require an additional step in the process.
More importantly, incorrect estimations of rapid blood flow
changes in low pass- and bandpass-filtered LSI systems can
be avoided.
Laser speckle fluctuations have higher contrast (highly differ-

ent values) during slow compared to fast motion, where speckle
patterns are more blurred (similar values). Thereby, entropy, as
an index associated with the amount of information in a system,
can be an indicator of changes in the flow rate based on the
quantity of the speckle fluctuations. Recently, Miao et al. intro-
duced a balanced entropy estimator as an alternative method to
1=K2

t onmonitoring blood flow changes[6]. The study shows that
entropy methods give more robust estimates of blood flow than
speckle contrast during electrical stimulation of an anesthetized
rat. However, further studies are needed to demonstrate the ad-
vantage of entropy analysis over speckle contrast and establish it
as a viable alternative technique. Our study is designed to
robustly demonstrate the benefits of using entropy-based calcu-
lations to estimate blood flow in the presence of motion artifacts.

2. Materials and Methods

This study used sample entropy (SampEn) instead of a balanced
entropy estimator since bias and statistical error must be consid-
ered when using an entropy estimator[7]. SampEn is an entropy
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family that tries to quantify the similarities or trends in a short
time series while ignoring spurious fluctuations[8–10]. SampEn is
defined as

SampEn�N ,r,m� = − ln

P
N−m
i=1 Cm�1

iP
N−m
i=1 Cm

i
, (2)

where N is the length of time series, r is the threshold for defin-
ing the similarity between two template vectors, and m is the
length of the template.
In the SampEn calculation, two sets of template vectors are

generated from the input time series. The first set of template
vectors is generated from the time series by taking each consecu-
tive window ofm time points. The second set is generated in the
same manner using m� 1 time points. We then compare all
pairs of template vectors within each set and count the number
of defined similarities (similar if the difference between two vec-
tors< r) at each set, represented by

P
N−m
i=1 Cm

i and
P

N−m
i=1 Cm�1

i .
Ci is the sum of the similarities between the ith template vector
and all other template vectors, without counting the similarity
itself. The similarity takes the value of zero if any element-wise
difference between two template vectors is above the threshold r
and one if they are below the threshold. SampEn is then taken as
the negative natural logarithm of the conditional probability that
the defined similarities in the first set of template vectors remain
in the second set. Figure 1 shows a schematic of how SampEn is
obtained from laser speckle images. A more detailed discussion
on the calculation of SampEn can be found in the work of
Costa et al.[10].
We can expect that SampEn can quantify changes in blood

flow because the fluctuations of speckle intensity result in
variations in the similarity between neighboring time points

depending on the distribution of temporal speckle intensity.
A smaller distribution of temporal speckle intensity results in
more similar points. To compensate for changes in light inten-
sity, we define an index based on SampEn as follows:

KSE =
SampEn

hIi : �3�

With an index based on SampEn, the calculation of 1=K2
SE is

expected to provide the relative blood flow changes similar to the
conventional 1=K2

t .
Furthermore, we hypothesized that 1=K2

SE would be less
affected by motion artifacts than 1=K2

t due to the nature of
the SampEn calculation. When speckle intensity at a time point
is significantly different from the neighboring speckle intensity
values, the difference generates a large standard deviation, which
produces a substantial change in 1=K2

t values. However,
SampEn defines similarities and only counts the number of
occurrences of these similarities. An abrupt change in intensity
would have little to no consequence since a pair of template vec-
tors that have a difference greater than r would still take a value
of zero regardless of the difference.
In this study, we used a lab-built LSI system consisting of a

660 nm laser (LDCU5/A510, Power Technology, USA) and a
camera (Prime, Photometrics, USA) with a macro lens (Zoom
7000, Navitar, USA). Images having 1024 × 1024 pixels were
acquired at 65 frames per second with 5 ms integration time.
The experiments were performed in a quiet room without air
movement to avoid any other sources of noise[11].
To show the applicability of 1=K2

SE on flowmonitoring, a flow
phantom experiment was designed, in which laser speckle
changes can occur within controlled conditions. The phantom
in the shape of a cylinder (diameter: 5.5 cm, height: 3.5 cm)
was fabricated by using a mixture of polydimethylsiloxane
(PDMS, SYLGARDTM 184 Silicone Elastomer Kit, Dow
Corning, USA), India ink (0.16 g/L), and titanium dioxide pow-
der (0.64 g/L), and then a transparent silicon tube (inner diam-
eter: 3 mm, outer diameter: 7 mm) was inserted 5 mm beneath
the phantom surface. The tube was filled with 2.5 mm diameter
plastic beads to create a dynamic direction of moving scatterers
when intralipid flows through the tube[12,13]. During the experi-
ments, a syringe pumpwas used to control the flow of 1% diluted
intralipid solution (Lipision 20%, JW Pharm., Republic of
Korea) through the inserted tube from 0 to 1.0 mL/min in
0.1 mL/min increments, which sufficiently covers the capillary
blood flow range of the skin[14,15].
To validate our hypothesis that 1=K2

SE would be less affected
by motion artifacts than 1=K2

t , additional experiments were car-
ried out on the human palm. The experiments contain arm
occlusion induced by cuff inflation to 240 mmHg pressure on
the upper arm to reach physiologically zero blood flow and
movement of the wrist to add motion artifacts. In this experi-
ment, the camera focused on the palm and continuously
recorded the speckle images for 60 s baseline, 90 s arm occlusion,
and 150 s recovery from the occlusion. Subjects were asked to

Fig. 1. Schematic diagram of the SampEn calculation sequence for LSI
images.
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move their hand upward rapidly once every 20 s during the arm
occlusion.

3. Results

Figure 2(a) compares the σt and SampEn of speckle fluctuations
during 0.1 mL/min increments of the flow rate from the flow
phantom experiments. Each point is the average of 60 index val-
ues calculated at a constant flow rate for each incremental step.
To calculate the index values σt , SampEn, 1=K2

t , and 1=K2
se, a

region of interest (ROI) was selected on the phantom surface
perpendicular to the silicon tube using a 10 by 10 pixel window.
An index value is computed from the pixel time series (N = 65,
1 s sampling period) and averaged over this window. The thresh-
old r and template length m were set to std*0.5 and 2, respec-
tively, in the SampEn calculation. Both SampEn and σt
decreased exponentially as the flow rate increased. A direct rela-
tionship to flow rates becomes apparent by using 1=K2

t and
1=K2

SE [Fig. 2(b)]. Both parameters show a linear relationship
(R2 = 0.99) with flow rate changes.
To calculate SampEn, three input parameters are required: the

time series data, the threshold for defining similarity (r), and the
length of the template (m). In this study, we matched the length
of the time series to the maximum number of frames per second
(N = 65) of the camera, a period considered sufficient to mon-
itor relevant changes in blood flow during an arm cuff occlusion.
Using a shorter length of time series (with N = 30 or 45) also
showed similar results (data are not shown).

Themost critical input parameter in calculating SampEn turned
out to be the threshold value, r, as can be seen in Fig. 3(a). From the
flow phantom experiments, we found that the high level of thresh-
old loses linearity [Fig. 3(a)], but too low values of the threshold
(less than std*0.25) blow up the 1=K2

SE value (data are not shown).
Thus, we fix the value of the threshold r to std*0.5 for the SampEn
calculations of each N = 65 window during the experiment.
Figure 3(b) shows that 1=K2

SE is less dependent on the number
of consecutive data points m. The results are all similar when m
is 2, 3, and 4. However, a large value of m (greater than two)
increases the likelihood of dissimilarity, since the condition
for similarity becomes strict, causing SampEn to blow up when
r is too small. Thus, we used the number of consecutive data
points of two.
Blood flow maps using 1=K2

SE and 1=K2
t were generated from

the arm occlusion experiments by calculating the respective con-
trast for each pixel over a 1 s period (N = 65) (Fig. 4). The region
was selected from a relatively flat part of the lower palm with a
150 by 190 pixel window. During arm occlusion, 1=K2

SE and
1=K2

t calculated maps turned a darker blue due to blood flow
decrease. After releasing the cuff pressure, the contrast maps
immediately changed to a yellowish color corresponding to a
sudden increase of blood flow and later gradually recovered
to blue. The blood flow map using 1=K2

t shows values close to
zero when motion artifacts are induced, whereas the blood flow
map using 1=K2

SE shows relatively similar values to the map
before motion artifacts are induced. As seen in the blurred
raw image, motion artifacts cause abrupt changes in the detected
laser intensity, resulting in a large standard deviation (σt) in the

Fig. 2. Comparison of speckle contrast and SampEn calculations from phan-
tom flow experiments. (a) Both σt and SampEn show a similar exponential
decrease with increasing flow rate. (b) Incorporating the 〈I〉 in the calculation
of speckle contrast (1/Kt

2) and SampEn contrast (1/KSE
2) results in a linear

relationship with the rate of flow, as well as a greater range of values for
SampEn contrast. (Each point is an average of 60 values taken over 1 min
at a constant flow rate. Error bars indicate the standard deviation.)

Fig. 3. (a) Normalized 1/KSE
2 from flow phantom experiments depending on

the various threshold values r. Threshold values were determined by multiples
of the standard deviation of the first 65 recorded speckle intensity values
where m is two. (b) The values of average and standard deviation of 1/KSE

2

when the window length (m) changes from 2 to 4, where r is std*0.5.
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time domain speckle contrast. This makes the 1=K2
t values close

to zero because 1=K2
t is inversely proportional to a square of σt .

Figure 5 shows blood flow changes over time during the upper
arm occlusion experiment in three subjects. Results were taken
from the average of single-pixel calculations in a 10 by 10 pixel
area at the central part of the region, as shown in Fig. 4. Using
both speckle contrast and SampEn methods, the blood flow dra-
matically drops after cuff inflation, followed by a steady low
value during the arm occlusion. After releasing the cuff pressure,
the blood flows overshoot and then slowly returns to baseline.
Overall, the results from both 1=K2

t and 1=K2
SE calculations

showed similar trends, but there was an apparent difference
when subjects moved their hand during arm occlusion. In the
1=K2

t trace, four dips corresponding to the subject’s hand move-
ments were clearly observed at 80, 100, 120, and 140 s. On the
other hand, the SampEn contrast traces showed smaller ripples
and were much less affected by motion. This result proves that
SampEn contrast is more strongly immune to motion artifacts
caused by sudden patient movement.
The different appearances of motion artifacts in the 1=K2

t and
1=K2

SE traces are due to different influences of the abrupt change
during the calculation. As explained earlier, 1=K2

t immediately
dropped when the subject moved their hand upward due to a
large increase in σt , which came from the immediate change
in the detected laser intensity. Compared to 1=K2

t , 1=K
2
SE only

slightly ripples from the change of average intensity, since
SampEn with appropriately chosen parameters does not register
the abrupt change.
Figure 6 shows the post-processed traces from 1=K2

t by
applying a low pass filter with various cutoff frequencies (Fc).

Fig. 4. Representative blood flow maps during the baseline, arm occlusion,
motion, overshooting period, and recovery. Blood flow maps are generated
from 1/KSE

2 (left) and 1/Kt
2 (middle), and raw images are shown in the right

column.

Fig. 5. Blood flow during arm occlusion accompanied by sudden hand
movements from three different subjects (each row). The dashed region
indicates the period of occlusion.

Fig. 6. (a) Blood flow estimates using 1/KSE
2 and post-processed 1/Kt

2 with
varying cutoff frequencies. (b) Magnified trace of the rapid blood flow change
during cuff inflation. (c) Magnified trace of the motion artifact induced
change. Traces were offset in the y axis to highlight the difference.
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The results showed that the lower the cutoff frequency, the
less pronounced the effect of motion artifacts, but the abrupt
changes in blood flow were underestimated. Figure 6(b) shows
that blood flow change with a lower cutoff frequency misses the
rapid change in blood flow during the inflation of the cuff. The
application of the low pass filter also introduced a shape distor-
tion in the time trace for lower cutoff frequencies, which could
be mistaken for actual flow rate changes, as shown in Fig. 6(c).
The graph shows that as the cutoff frequency is lower, the ampli-
tude of dips decreases, but the dip becomes wider.

4. Discussion and Conclusion

In addition, to highlight the advantage of SampEn, which pro-
vides blood flow information while suppressing motion artifacts
in real time, a study comparing performance with other motion
artifact suppression methods will be needed.
There is a limitation in this study in that the SampEn contrast

approach lacks a theoretical background to fully explain the rela-
tion between SampEn and speckle fluctuations induced by mov-
ing particles. However, as a practical model, this new approach
to speckle contrast calculation has the main advantage of not
requiring post-processing, such as applying a low pass filter to
eliminate motion artifacts. Real-time blood flow monitoring
immune to motion artifact will be crucial for clinical applica-
tions because applying a low pass filter reduces the sensitivity
of detecting rapid changes in blood flow and delays the real-time
display of blood flow.
Even though SampEn shows potential as an alternative

method for speckle contrast in this study, future research on
the relation of SampEn to light scattering theory is required
to understand how the monitoring of SampEn can provide
the information of blood flow.We believe that the study of blood
flow monitoring using SampEn, which is now in its infancy, can
become a powerful tool as it evolves into more sophisticated
models, along with studies considering static/dynamic scatterers
or comparingmore advanced systems such as diffuse correlation
spectroscopy (DCS).
LSI systems like most other physiological signal monitoring

devices are susceptible to motion artifacts. Several studies tried to
correct motion artifacts[16–18]. For example, Mahé et al. removed
motion artifacts by point-by-point subtraction between the skin
surface and adjacent opaque surface[19], and Richards et al. used
filtering to correct the pulsatile artifacts in monitoring cerebral
blood flow[20]. In the 2021 study by Liu et al., they suppressed
motion artifacts by applying a non-rigid registration algorithm
to simultaneously acquired images of the tissue structure and laser
speckle contrast[21]. However, their methods are not easily appli-
cable to the general LSI systems since they can only be applied to
specific systems or target motion artifacts. Therefore, in this
study, we demonstrated the performance of SampEn to suppress
motion artifacts compared to the low pass filter, which is themost
common and simplest biosignal processing method to reduce the
effects of motion artifacts. We believe that SampEn can be easily
applied to other studies, as it is applicable to any LSI system. For

future study, to highlight the advantage of SampEn, which pro-
vides blood flow information while suppressing motion artifacts
in real-time, a detailed study comparing performance with other
motion artifact suppression methods will be needed.
In conclusion, we applied SampEn analysis to temporal

speckle intensity fluctuations in monitoring flow changes. The
resulting blood flow index based on SampEn, 1=K2

SE is directly
proportional to the changes in flow velocity similar to the con-
ventional 1=K2

t : In-vivo upper arm occlusion experiments
showed that 1=K2

SE is much less susceptible to motion artifacts
from sudden wrist movements than 1=K2

t . These results suggest
that 1=K2

SE can be very useful in monitoring blood flow com-
pared to speckle contrast when motion during measurements
is inevitable.
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