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The blood flow in the coronary artery (CA) is pulsatile and much higher than that measured
in the brain, retina, and skin before. Its quantitative measurement is medically significant in
the coronary artery bypass grafting (CABG). Here, to the best of our knowledge, we first
detect the pulsatile flow using the laser speckle contrast imaging technique. Since the
factors influencing the flow rate in the CA are complex, we developed a comprehensive
model, a speckle triangle assessment (STA), to assess the characteristics of the flow: the
speckle flow index (SFI), mean flow index (MFI), and pulsatility index (PI). The phantom
experiment was performed and found that our customized setup possessed high dynamic
range of the velocity measurement with good sensitivity. It also indicated that the pulsatile
flow estimated by the speckle triangle assessment is promising to obtain a more accurate
assessment of a coronary artery’s patency in the CABG.
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index

INTRODUCTION

The heart works like a pump, performing the alternating activities of contraction and relaxation to
provide energy for the blood circulation. Unfortunately, the gradually increasing coronary heart
disease has been severely threatening the normal blood circulation. Medically, the coronary artery
bypass grafting (CABG) is the main method for the treatment of severe coronary heart disease [1–3],
where the accurate blood flow monitoring of the coronary artery before and after CABG is
significant.

For the blood flow quantitative measurement, laser speckle blood flow imaging (LSBFI) as a
minimally invasive full-field imaging technique has attracted extensive attention. A number of
methods have been used to measure the blood flow including laser speckle contrast imaging (LSCI)
[4–7], multi-exposure speckle imaging (MESI) [8, 9], dynamic light scattering imaging (DLSI) [10],
time varied illumination laser speckle contrast imaging (TVI–LSCI) [11], and dynamic light
scattering laser speckle contrast imaging (DLS–LSCI) [12]. These methods were performed in
relatively small vessels, such as the cerebrum, the retina, and the skin. Furthermore, since those
vessels are elastic and the vessels are far from the beating heart, the blood flow velocity is nearly
steady.

However, the blood flow of the coronary artery (CA) is significantly different from the small
vessels measured before. First, the inner diameter is much larger. Second, the flow rate is much
higher. Third, the flow speed of the CA, as the secondary artery, is pulsatile. In CABG, there are
multiple factors that can affect the blood flow velocity. Physiological factors like spasm in the graft or
native coronary, mean arterial pressure, and run-off in the myocardium will affect the flow velocity.
The size of the vessels and a patient’s weight are also factors that will affect the flow rate. Technical
problems such as thrombus formation, twist or kinks of the graft, or air bubbles, and misapplied
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stitches will reduce the flow. Medically, all the factors are
summarized to a triangle assessment model: mean flow (MF),
pulsatile index (PI), and diastolic filling percentage (DF) using the
transit time flow measurement (TTFM) technology [13].
Nevertheless, TTFM is limited to measure the graft other than
the CA. In addition, TTFM cannot map the spatial distribution of
the blood flow velocity. Since LSCI has been widely attempted in
many clinical and biomedical applications during recent years
[14–16], the LSCI technology is promising to detect the flow of
the CA and has not been reported. In this study, to obtain a more
accurate assessment of the pulsatile flow of the CA, we developed a
speckle triangle assessment using the LSCI model: the speckle flow
index (SFI), mean flow index (MFI), and pulsatility index (PI). The
phantom experiment is performed. First, the system parameter and
the scattering type of the sample were determined. Second, the
measurable dynamic range and the sensitivity of velocity
measurement were calibrated and improved. Finally, the three
parameters were calculated by analyzing the dynamic speckle
patterns to synthetically assess the different pulsatile flows.

PRINCIPLES

Laser speckle contrast imaging (LSCI) maps the two-dimensional
blood flow rapid changes based on analyzing speckle contrast
linked to the electric field autocorrelation time of the fluctuating
speckle. The speckle contrast changes in accordance with the
movement of the scatters, and it is larger at smaller velocities, and
vice versa. Theoretically, the speckle contrast (K) is characterized
by the standard deviation of intensity normalized with the mean
intensity given as follows:

K � σI

〈I〉, (1)

where σI is the standard deviation and <I> is the average of the
speckle intensity. Assuming that the static scattering component
is completely removed, the speckle decorrelation time τc can be
derived in the following way [17, 18]:

K � ⎛⎜⎜⎝β∫T

0

2 exp( − 2( t
tc
)n)(1 − t

T)
T

dt⎞⎟⎟⎠
1/2

(2)

where K is the speckle contrast, T is the exposure time, and the
constant β is a normalization factor depending on the speckle
size, pixel size, the source, and additional factors of the
experimental setup. The inverse correlation time (1/τc) is
considered to be proportional to the speed of the moving
particles (such as red blood cells). Hereby we term the T/τc as
speckle flow index (SFI) to represent the flow velocity.

For the coronary artery (CA), factors influencing the blood
flow are complex: the artery pressure, the size of the vessel, the
quality of the coronary bed, and so on. Looking at only the flow
velocity may not be enough. It is necessary to “see the whole
picture.” Here, we evaluated three parameters to assess the blood
flow: speckle flow index (SFI), mean flow index (MFI), and
pulsatility index (PI).

When the dynamic SFI distribution is averaged, themean flow
index (MFI) can be obtained. In addition, the pulsatility index, or
PI, is defined as the difference between the maximum (SFImax)
and minimum flow (SFImin) divided by the mean flow (MFI). A
large difference between the maximum and minimum flow will
lead to a high PI value. The expression is given as follows:

PI � SFImax − SFImin

MFI
. (3)

The details on the derivation process are illustrated in
Figure 1A: First, we convert the raw speckle images to speckle
contrast images using Eq. 1. Second, we compute the β and the
dynamic scattering type n by the dynamic light scattering imaging
technique. Third, we substitute the β and n to Eq. 2, and the
inverse correlation time (T/τc) is solved to represent the flow
velocity. Eventually, we assess the flow with the SFI, MFI, and PI.

EXPERIMENTAL SETUP

We implemented a phantom experiment with the 1%
concentration intralipid fluid in Figure 1B. A laser diode (λ �
785 nm)was placed on amount with a thermoelectric cooling stage
(LDM56, Thorlabs, United States). The laser spot was collimated
and expanded, illuminating on a microfluidic device. The scattered
speckle was recorded by the customized imaging system, which
consists of an objective lens (5X, Nikon, Japan), tube lens (TTL200,
Thorlabs, United States), and a high-speed camera (Mikrotron,
German). Besides, a polarizer and filter were assembled to increase
the contrast. In addition, the high-speed camera combined with an
image acquisition card (KAYA Instrument, Israel) was used to
record the dynamic scattering light. A customized software along
with the data acquisition card DAQ (NI USB–6251) was written to
control the timing of the step motor (Zolix, KA050, China) and
synchronize it with image acquisition. The speckle size was larger
than the camera pixel size [19, 20]. The CCD’s exposure time was
set to 26 μs with a frame rate of 2000 Hz.

The 1% concentration intralipid fluid was pumped by the step
motor (Figure 1C) whose movement undergoes the acceleration
stage and then the deceleration stage with different peak velocities.
The microfluidic device is shown in Figure 1D. Its cross section is
rectangular (50 mm × 5 mm × 0.4 mm). The dimensions were
adopted tomimic the coronary artery (cross-sectional area 2 mm2),
which is usually chosen for bypass in the CABG.

RESULTS AND DISCUSSION

High Dynamic Range and Sensitivity of the
Velocity Measurements
When the laser speckle contrast imaging (LSCI) technique is
used to quantify the flow velocity, the range and the sensitivity
of the flow speed estimation have been shown to depend on
many experimental parameters such as the coherence factor β,
exposure time, the static scattering, light intensity, and the
camera noise [8, 21, 22]. For the phantom experiment, the
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FIGURE 1 | Schematic of the experiment. (A) Flowchart of the model and derivation process. (B)Diagram of the illuminating and imaging system. M, mirror; L, lens.
(C) Step motor. (D) Microfluidic device.

FIGURE 2 | (A) Speckle contrast as a function of the decorrelation time τc byEq. 2. (B) Speckle contrast varies with the different flow velocities. (C) and (D) Speckle
patterns at 0 cm/s and 10 cm/s. The relationship between the SFI and the actual velocity in the range from (E) 0 cm/s to 5 cm/s and (F) 5 cm/s to 10 cm/s. Black
squares represent experimental data, and red solid lines represent fitting curve.
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static scattering component was removed from the surface of the
microfluidic device. Besides, since light absorption is much
lower than the tissue, the intensity on the imaging plane is
higher than the camera noise, and thus, a high signal-to-noise
ratio can be obtained. Therefore, the effects of the light intensity
and camera noise are ignored here. We focus on the first two
factors.

In Figure 2A, we theoretically show speckle contrast K versus
the speckle decorrelation time τc for different β values. There is a
rapid increase in all three curves when τc is small. When β is equal

to one, speckle contrast approaches 1, which means the
maximum velocity range estimation can be measured with β
equal to one. When β becomes smaller to 0.56 and 0.25, speckle
contrast approaches 0.74 and 0.43, respectively, with a decreased
measurable range. Therefore, the coherence factor β determines
the range of the flow speed estimation. The β value of the setup
can be obtained using two methods: Firstl, according to Eq. 2,
when x tends to zero, the spatial speckle variance K will tend to β,
so β can be obtained by computing the local speckle contrast in
the corresponding spatial windows [21, 22]. Second, it can be

FIGURE 3 | (A) Speckle contrast and (B) Speckle flow index vary with time; (C)mean flow index and (D) pulsatile index varies with the pulsatile velocity whose peak
velocity increases from 2 cm/s to 5 cm/s.

FIGURE 4 | Speckle image scattered from the sample with flow rates at (A) 0 cm/s and (B) 5 cm/s.
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calculated as a fitting parameter with the dynamic scattering light
imaging (DSLI) technique [10]. Here, the parameter β of our
setup was determined to be 0.56 using the DSLI method in our
previous work [12].

To further validate the measurable velocity range with our
experimental setup, the varying flow velocity from 0 cm/s to
10 cm/s was separately driven by the step motor. The increasing
step was first set to be 0.1 cm/s from 0 cm/s to 1 cm/s and then
1 cm/s from 1 cm/s to 10 cm/s. Because a long exposure time
decreases the speckle contrast signal resulting in a low SNR, the
exposure time here is set to be 26 μs. Figure 2B shows that the
speckle contrast K decreased from 0.68 to 0.15 with the
increasing velocity from 0 cm/s to 5 cm/s, termed as Ⅰ, and
eventually fluctuated around 0.17 with further increasing
velocity, termed as Ⅱ. The black squares represent the
experimental data. The red line is the fitting curve, K �
0.48e(-v/0.67) + 0.17. The speckle patterns at 0 cm/s and
10 cm/s are shown in Figures 2C, D.

Afterward, we computed the speckle flow index (SFI: T/τc)
using Eq. 2. In Figures 2E,F, we show the relationship between
the SFI and the actual velocity. The black squares correspond to
the experimental data. The red line is the fitting curve. In part Ⅰ,
one can observe the linear response range as the velocity
increases from 0 cm/s to 5 cm/s, during which the fitting
function is SFI � 1.03 + 4.61v. It was found that the
sensitivity of the velocity measurements remained nearly
constant. While in part Ⅱ, the SFI slightly decreased with the
increasing velocity. This is because the scattered light from the
static scattering medium under the microfluidic device always
affects the relative flow speed estimation. Another possible
reason is that the spatial correlation between the pixels
exists, that is, the speckle size is larger than one pixel size,
which is necessary for obtaining a larger coherent parameter β
to measure lower flow velocity. A trade-off is needed here.
Therefore, the maximum speed that could be obtained was
greatly improved to be 5 cm/s with our setup. Although the
range and the sensitivity decrease with velocity due to the
presence of noise, this is the highest dynamic range of flow
speed measurement, to the best of our knowledge.. Afterward,
the following experiment with the velocity from 0 cm/s to 5 cm/s
can be conducted.

Pulsatile Flow Measurement by a Speckle
Triangle Assessment
To accurately mimic the characteristics of the pulsatile flow
velocity, the step motor was programmed to drive the sample,
with which the image acquisition was strictly synchronized. The
peak velocities varied from 2 cm/s to 5 cm/s in the step of one. As
shown in Figure 3A, due to the characteristics of the flow velocity,
the speckle contrast decreased initially and then showed an
increasing trend with time, which was termed as “time delay.”
Using the speckle contrast data, the pulsatile SFI (T/τc) was
obtained using Eq. 2 in Figure 3B; first rising up and then
slowing down, which mimicked the characteristics of the diastolic
blood flow of the coronary artery. Because the diastolic filling
percentage (DF%) cannot be measured without the

electrocardiogram (ECG) connected to the system in this
phantom experiment, the SFI is obtained instead. Once the
speckle triangle assessment is conducted with the ECG, the
SFI estimation can be easily converted to DF%. Afterward, the
mean flow index, MFI, was calculated, as shown in Figure 3C.
The MFI increased with the velocity linearly. Similar to the SFI
estimation, MFI is not only an indication of a compromised CA
but also part of the flow information. Eventually, in Figure 3D,
the pulsatile index (PI) was obtained using Eq. 3. despite the
different SFI profiles and the increasing MFI, the PI remained
constant at 2.17 ± 0.13. Normally, the PI value is less than 5.0
[13]. Higher or lower PI indicates the possible error in CABG,
which introduces one to correct it. We contended that the blood
flow changes in the physiology characterized by the speckle
triangle assessment would take on more comprehensive
information about the flow velocity of the CA than the MFI
estimation before.

More than the quantitative assessment for the flow velocity,
the LSCI technology can image the spatial distribution of the flow
speed. We replaced the microscopic imaging system with an
f–50 mm imaging lens for a larger viewing field. Figure 4 shows
the speckle image when the sample is flowing at 0 cm/s and 5 cm/
s. It is obvious that the higher flow speed produced less speckle,
making the outline of the vessel clear. That indicates the two-
dimension flow distribution of the CA in CABG is possible.
Because the blood vessels are covered by the tissue (static
scattering component), we would further obtain the dynamic
SFI map with the pulsatile speed cycle under different static
scattering in our next work.

CONCLUSION

In conclusion, we presented a new model, to the best of our
knowledge, speckle triangle assessment (STA), to
comprehensively account for the characteristics of pulsatile
flow velocity to mimic the coronary artery (CA). The
calculation of the STA model is based on the laser speckle
contrast imaging (LSCI) technology. The coherent parameter β
of our customized speckle imaging instrument was first
calibrated and measured, which enables the velocity
measurements not only to be more sensitive to the velocity
changes (0.1 cm/s) but also to be of much higher dynamic range
(up to 5 cm/s). Coupled with the ability to discriminate flows in
the pulsatile mode, the STA model, speckle flow index (SFI),
mean flow index (MFI), and pulsatile index (PI) were separately
computed, among which SFI helped to obtain the diastolic
filling percentage (DF%) when the electrocardiogram (ECG)
was connected; the MFI was used to quantify the dynamic flow
speed, and the PI value was used to check possible technical
errors in CABG. We contended that the STA model would
enable us to obtain a more comprehensive estimation of the
pulsatile flow for further animal CABG experiment, and that
would be compatible with the future embedded speckle blood
flow device. In addition, this customized setup can be applied to
ghost imaging [23, 24] and ghost cytometry [25] in biological
engineering.
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