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ABSTRACT

Stable circulation is essential for healthy life. In contrast, circulatory disturbance could
cause cardiovascular diseases such as stroke and cardiac death. Recently, statistical data
showed that 25 % of cause of death in Korea is related to circulatory system. The blood flow
detection in early stage is essential for prevention of the cardiovascular disease. To diagnose
these kinds of diseases which is originated from circulatory disturbance, blood flow
measurement system requires frequent inspection, non-invasive measurement, and high data
acquisition speed. Previous studies on blood flow measurement such as implantable arterial
blood flow sensor and ultrasound imaging have been reported. However, these inspection
methods are invasive or inefficient. Here, we suggest diffuse speckle contrast analysis
(DSCA) system which performs non-invasive estimation for the blood flow, which is
dependent on the correlation of speckle pattern caused by the blood flow. DSCA system
could offer simple data analysis, flexibility, and fast measurement speed compared to
previous studies. Since the DSCA system could achieve 1 Hz data acquisition rate and deep
blood flow measurement, in-vivo experiments are available in human skin, chick embryo,
erectile dysfunction, and ischemic stroke rat brain. Results show the validation of the DSCA
system by various experiments with phantom, human skin, chick embryo, erectile
dysfunction, and rat brain. In the phantom experiment, the DSCA system shows almost
linear correlation between the blood flow index and the induced Intralipid flow. In the chick
embryo experiment, comparative experiment between healthy embryo and weakened
embryo prove that DSCA system could detect a vital sign of embryo. The blood flow index
of healthy embryo is much higher than weakened embryo. The stroke rat brain experiment
shows that infarct area has less blood flow index than contralateral area. Erectile dysfunction

and human arm experiments indicate the effectiveness of the measurement system by



measuring real-time change of blood flow index caused by stimulation or pressure,
respectively. With various data analyses and configurations, the performance of DSCA
system was evaluated on various samples and proved effectiveness of the DSCA system for
blood flow measurement. From this study, the DSCA system could secure in-vivo
measurement of blood flow in deep tissues. In future work, the DSCA system will be useful

in medical diagnostic device.

Keywords: Blood flow, Diffuse speckle contrast analysis, BFI, Speckle, Micro-circulation
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1. Introduction

1.1 Study Background

Stable blood circulation plays an important role in preserving the physical health because
blood flow transports nutrients, preserves body temperature, and maintains cell-level
metabolism [1,2]. It is related to blood pressure, among other vital signs used to assess basic
body functions. Lack of blood flow could be lead to a variety of diseases such as ischemic
stroke, peripheral artery disease (PAD), and carotid artery disease (CAD). Those are critical
disease in USA, as shown in fig. 1. Therefore, fast and accurate blood flow measurement

system for diagnosis of the various diseases are required.
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Figure 1. Prevalence of major disease in USA (in 2010).



1.2 Previous Studies

Existing methods for blood flow measurement in clinical experiments include
computational tomography (CT) angiography, magnetic resonance imaging (MRI) based
arterial spin labeling (ASL-MRI), laser doppler flowmetry (LDF), laser speckle contrast
analysis (LSCA), diffuse correlation spectroscopy (DCS), and optical coherence tomography
(OCT) angiography, etc. Although CT and ASL-MRI give 3D imaging with high resolution,
the limitations are high cost, low imaging acquisition speed, and radiographic exposure. In case
of the LDF, LSCA, and OCT, it is mostly used on superficial layer because those have low
measuring depth. The DCS could measure deep blood flow, relatively. However, it requires
complicate hardware setup and signal processing.

Several imaging studies in biology have been developed to measure blood flow in the
hearts of chick embryos using particle image velocimetry (PIV) [3], photoacoustic tomography
(PAT), and OCT [4,5]. These invasive techniques are practically limited in poultry farming.
However, various non-invasive techniques used to measure the fertility of avian embryos have
been proposed. Candling is frequently used on poultry farms due to the simple and fast
measurement [6]. Inspectors monitor the daily volume change of blood vessels and the
movement of an embryo by illuminating the egg with a bulb in a dark room. However, vital
signs after early incubation stages of incubation could not be precisely and quantitatively
measured because of the high absorption of light. Micro-MRI has been used to establish 3D
images of chick embryos, but it is not practically useful solution for poultry farms in aspect of
low image acquisition speed and the high cost [7]. Laser speckle imaging (LSI) systems have
been applied to image the vasculature of chick embryo in the early incubation stage [8]. The
LSI system visualizes a blood flow map from speckle intensity fluctuations caused by

embryonic vasculatures under laser illumination and could distinguish embryonic fertilization.



However, this system does not detect the development of embryos after six days of incubation.
Another study using speckle phenomenon has analyzed heart rate of avian embryos from 13 to
19 days of incubation [9]. However, this system requires complicated hardware implementation,
highly sensitive detectors, and it does not detect the vital sign in the early incubation stages.
The Buddy digital egg monitor has measured heart rates of embryo after six days of incubation

[10].

1.3 Study Purpose

Recently, diffuse speckle contrast analysis (DSCA) has been validated as a novel deep
tissue flowmetry system with the advantages of a low cost, easy analysis, fast image acquisition
time, and a simple experimental setup [11,12]. The instrumentation used in a DSCA system
resembles that of diffuse correlation spectroscopy (DCS) [13-15], and data analysis is simple
and similar to a LS system [16-18]. DCS is a powerful tool for deep blood flow measurements;
however, it requires complicated data processing and a highly sensitive photon detector. LSI
can be used for full-field imaging of superficial layers. DSCA is capable of assessing deep
tissue flow, based on the configuration of the DCS and simple data analysis of the LSI. Here,
the objective of this study is to design and implement the DSCA system. As well as, it is to
apply the DSCA into various biomedical fields. Although Lenzhe et al. has reported the DSCA
system on the phantom and human arm [11,12], we present experimental results of phantom,

human arm, chick embryo, erectile dysfunction, and stroke rat brain.



2. Diffuse Speckle Contrast Analysis (DSCA)

2.1 Theory

The DSCA system estimates the flow rate based on the correlation of the speckle intensity.
When a long coherent laser fiber is illuminated and movement of scatters within a sample leads
to reduction of the diffused speckle contrast for the given exposure time of CCD camera, as
shown in Fig. 2. The high contrast on the region of interest (ROI) of CCD camera can be

distinguished as slow blood flow inside the biological sample. On the other hands, the low

contrast can be defined as the fast flow.

Top view of CCD camera
7x7 pixels (ROI)

Speckle contrast (K) = ?‘;

C
C
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L 4 low contrast — fast flow

@ : scatter

Figure 2. Principle of DSCA system.

Speckle contrast (k) in the data processing of the LSI system is computed as a ratio

between standard deviation and average of speckle intensity at image pixels with same

dimension, as described in Eq. (1) [19-22].
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The speckle contrast is derived by normalized electric field autocorrelation g (;) atthe

given exposure time T of the CCD camera, as in following expression,

<AM =V, (=22 [ @-Dig, (T dr @

where Vv, represents the normalized variance, z isdelaytime,and p is constant dependent

on the ratio of CCD chip size to speckle size.
Blood flow index (BFI) in DCS system is determined from unnormalized electric field

autocorrelation g (r), as shown in Eq. (3),

G(r.0) = 3/J'[exp(—hD (0)r) exp(-hy (f)rz)}. -

4 r r,

where hD(r):\/Bys'ya+ays'2h02<r2(r)> . M, , u,, a are the reduced scattering

coefficient, absorption coefficient, the fraction of dynamic photon scattering events in medium,

respectively. r, = \/rz +2,0.1,= \/rz +(z,+22,)* . r isadistance between the source and the
detector. z,=1/p, . z,=2(1-R)/3u, (1+R;) , where R, is effective reflection

coefficient. <r?(r)> is mean square displacement of the moving scatter after the delay time
7. The BFI of DCS system is mostly defined as oD, for Brownian motion model [23,24]. The
D, represents effective diffuse coefficient.

In the DSCA system, the BFI could be derived as the relationship between Kk in the LSI

and oD, for the DCS by combining the Eq. (2) and (3). The linear relationship between the



1/K? and the oD, is demonstrated. It is demonstrated that 1/K® and D, are in linear

relationship in the physiological blood flow range. Therefore, the BFI in the DSCA is defined

as follows, [13-15]

BFI =% (4)

2.2 Data analysis

High temporal resolution High spatial resolution
Advantage
(fast data acquisition speed) (high quality of data analysis)
Low spatial resolution Low temporal resolution
Disadvantage
(low quality of data analysis) (slow data acquisition speed)

Table 1. Advantage and disadvantage of two data analysis.

In the data analysis of DSCA system, there are spatial and temporal domain analysis, as
shown in table 1. Figure 3 shows spatial domain image processing. The speckle contrast in

spatial domain (K,) is calculated from the correlation of neighboring pixels in an image. The

spatial domain analysis offers improved temporal resolution; however, it has low spatial

resolution.
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Figure 3. Schematic spatial domain analysis.

In the temporal domain, K, is calculated by the correlation of pixels over time with

same positions of specific images, as shown in fig. 4. The advantage of temporal domain

analysis is high spatial resolution, however, it gives low temporal resolution.
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Figure 4. Schematic temporal domain analysis.
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The relationship of two relationship is trade-off in the resolution. To acquire better spatial
resolution, the temporal domain analysis in the data processing is used rather than the spatial
domain in all experiments. However, two analysis methods are no significant difference. The
exposure time and frame rate for the CCD camera were set to 50.027 ms and 20 fps,
respectively. The speckle contrast computed from 20 images could produce a BFI data with a
image acquisition rate of ~1 Hz. Each of data point is calculated from sum of elements of 7 by

7 pixel array as region of interest (ROI).

2.3 Configurations

Method Lens based DSCA Fiber-optic based DSCA

- Small motion artifact
- Multi-channel measurement
(mDSCA)

Simple measurement

Advantage
g procedure

Defocusing

Disadvantage . .
g (large motion artifact)

Difficulty in fixing fibers to CCD chip

Table 2. Advantage and disadvantage of two configurations.

In the experimental setup of DSCA system, there are lens based and fiber-optic based
DSCA, as shown in table 2. Figure 5 shows configuration of the lens based DSCA. It offers
simple measurement procedure; however, this method has defocusing problem caused by

motion artifact.



Convex lens

Figure 5. Lens based DSCA.

In the fiber-optic based DSCA, although it is difficult in connecting between optical fiber
and charge coupled device (CCD) chip with close distance, this method reduce motion artifact

by attaching on the sample, as shown in Fig. 6. Also, it could measure blood flow on various

measurement positions, as shown in Fig. 7.

Figure 6. Fiber-optic based DSCA.



CH#1 CH#2 CH#3 CH #4

Biological sample

Figure 7. Configuration of multi-channel DSCA.

Figure 7 shows a schematic diagram of the multi-channel DSCA (mDSCA) in the fiber-
optic based system for blood flow measurement inside biological samples. An optical fiber
extended from a laser source (DL-785-100S, CrystaLaser, 785 nm, 100 mW) is coupled with a

1 x 4 coupler in order to separate the fiber into four multi-mode fibers (MMF).

Top view of CCD chip

Camera | X

eedles
==
P

" Fibers
(F1-F4)

I:l : 7 by 7 pixels (ROI)

Figure 8. Detection channels.
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A camera’s CCD detector chip (F-033B, Stingray, cell size: 9.9 um) is closely packed
and fixed to four single-mode fibers (SMF, core size: 7 um) without physical contact, as shown
in Fig. 8. The ROI of the CCD chip is accepted from 7 by 7 pixels, allowing the light intensity
measured by each of detection fiber to be processed in its entirety. To avoid cross-talk, the
distances between the four detection channels are maintained far enough. Instead of a photon
detector, the CCD camera as detector is used to simplify the data processing and configuration
of the detection channels. As well as, the advantages include simultaneous multi-channel

detection and low cost.

-11 -



3. Implementation of DSCA

3.1 Implementation

3.1.1 Lens based DSCA
Figure 9 shows the implementation of lens based DSCA system. Because the laser
illumination with high power for long time could affect the biologically harmful effect, the
laser is coupled with 1 by 4 coupler to reduce optical power (output power: 15 mW). The
optical power is usually regulated up to 20 mW in biological sample when the laser illuminates
for long time. The CCD camera is mounted with lens tube holder. The lens is 30 mm of focal
length; the magnitude is set to one. Then, the CCD camera is connected with a computer. The

inter-optode distance is set as 2.8 cm.

Figure 9. Implementation of lens based DSCA.

-12-



3.1.2 Fiber-optic based DSCA
Figure 10 displays the implementation of fiber-optic based DSCA system. The optical
components are fixed on the aluminum plate of system box in order to prevent external force

and vibration.

Figure 10. Implementation of fiber-optic based DSCA system. (a) Prototype of DSCA system.

(b) Inner components of DSCA system box.

Figure 11 shows the end of measurement probes. Those are fixed with
polydimethylsiloxane (PDMS) blocks; it is possible to vertically measure the BFI on the
biological sample. On the other hands, Fig. 12 presents horizontal probes. The end of bared
optical fibers are attached with aluminum foil to reflect vertically reflected protons. For more

understanding, please refer Fig. 13 to 15.
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End of multi-channel probes

Figure 11. End of multi-channel vertical probes.

(orange color fibers: laser, white color fibers: detector)

Figure 12. End of multi-channel horizontal probes.

(orange color fibers: laser, yellow color fibers: detector)

Fusion of optical fibers
: LC/PC connector

B EBES

LC/PC-SM(F)

LC/PC connector

-
SMA/PC-MM(F)

SMA/PC-MM(F) LC/PC-SM(F)

Figure 13. Schematic multi-channel DSCA in details.
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Figure 14. Schematic diagram of measurement probes. (a) vertical probe. (b) horizontal probe.

Optical fiber

Aluminum
core

foll

Optical fiber
cladding

Photon direction

Figure 15. Schematic detection principle of horizontal probe.

Figure 16. Cad design of DSCA box.
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As shown in Fig. 10, the DSCA system is designed on the aluminum box in order to
measure anywhere, conveniently. The aluminum box is designed as cad design (Solidworks
Software), as shown in Fig. 16. C1, C2, and C3 are SMA patch cord connector holder, LC
patch cord connector holder for illumination probes, and LC patch cord connector holder for
detection probes. PL means the hole of laser power supply line and camera power line. S and
EK are the hole of laser power supply switch, and the hole of laser power supply engine key,

respectively. CH is the plate of CCD camera holder plate.

3.2 Performance evaluation

From the phantom study, we evaluated the lens based and fiber-optic based DSCA system.
Figure 17 shows experimental setup on a phantom which is replaced to PDMS as biological
sample. The flow velocity is changed from 0 to 24 ml/min in steps of 4 ml/min using syringe
pump. The liquid as blood is used from Intralipid N 20%. The inter-optode distance is set as

28 mm.

Syringe | =™ .
pump o o--.’:'

Phantom (PDMS)

Figure 17. Experimental setup of lens based DSCA on phantom.
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By increasing the flow velocity from a syringe pump, the BFI shows increasingly larger

value, as shown in Fig. 18. At the each of step, the blue dots could not be shown significant

differences. However, after the blue dots are averaged at the each of step, the difference are

quietly distinct.

1800
1600
1400

1200

BFI [A.U]

1000

800

Blue dots: raw BFI
Red line: average of BFI

4 8 12 16 20 24 0
Flow Rate [ml/min]

Figure 18. Experimental result of lens based DSCA on phantom.

Figure 19 and 20 displays experimental setup and result of fiber-optic based DSCA. In

this experiment, the hole of phantom is densely filled up transparent beads with 3 mm of

diameter in order to induce micro circulation. In the experimental protocol, the frame rate,

exposure time, moving average are 60 fps, 15.726 ms, and 10, respectively. The result shows

increase tendency by changing the flow velocity.

Smm

Figure 19. Experimental setup of fiber-optic based DSCA on phantom.
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Figure 20. Experimental result of fiber-optic based DSCA on phantom.

Both results show linearity between BFI and flow rate. To compare sensitivity between
lens based and fiber-optic based DSCA, the fiber-optic based system is larger than that of lens

based system.

3.3 in-vivo applications

3.3.1 Human arm

To demonstrate DSCA performance in biological experiment, we applied on human arm.
Figure 21 and 22 show experimental setup and result of lens based DSCA system on a human
arm. The inter-optode distance is set as 28 mm. In experimental protocol, there are three periods:
baseline, cuff-occlusion, and release periods. The period of baseline is formal blood flow state.
The cuff-occlusion is the period that arm is blocked using blood pressure meter with 200 mmHg
to induce blood flow occlusion. The period of release is that the pressure of the blood pressure
meter is released. At the baseline for 70 sec, the BFI fluctuate around 1500 A.U. After this

period, the BFI dramatically decreases at the cuff-occlusion period. And, the BFI significantly

-18 -



increase after the cuff-occlusion period. Then, the BFI recover to baseline value after few

minutes.

Blood
Pressure
Meter

3000 T T T T T T T T
2500+ B

2000+ B

U]

15001 S

BFI [A

1000}

500} .

1 | | 1 L 1 1
00 70 130 210 280 350 420 490 560 630 700
Time [sec]

Figure 22. Experimental result of lens based DSCA on human arm.

As the Fig. 23, we attached multi-channel probes on human arm to analyze fiber-optic
based DSCA system. Also, this experiment has three periods including baseline, cuff-occlusion,
and release, controlled by a blood pressure meter. The inter-optode distance, frame rate,
exposure time, moving average are 10 mm, 20 fps, 50.026 ms, and 15, respectively. At different
periods, the BFI dramatically decreases and increases corresponding to the blood flow, as
shown in Fig. 24. Interestingly, the BFIs show different magnitudes among measurement
position at the release period. M4 is the position in which the volume of muscle is relatively

-19 -



largest among measurement positions. Therefore, BFI of M4 shows relatively low change. M1

shows highest change, because the blood volume is best and muscle volume is least.

Figure 23. Experimental setup of fiber-optic based DSCA on human arm.

600+~ | —MI1;
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Figure 24. Experimental result of fiber-optic based DSCA on human arm.

Two experimental results show relative BFI (rBFI) changes corresponding to change of
blood flow. In the sensitivity between two results, the fiber-optic based system is larger,

because the change magnitude is higher than that of lens based system.
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3.3.2 Chick embryo
Second in-vivo validation, we applied on chick embryo. Figure 25 show experimental

setup of lens based DSCA and implantation of blood flow measurement of chick embryo.

cco

camera

Figure 25. Experimental setup of lens based DSCA on chick embryo.

(a) Schematic diagram. (b) Implementation

Five eggs were incubated in an artificial incubator at 38 £ 0.1C and 75% humidity for
20 days, as shown in Fig. 26. The incubated egg group (N=5) is compared with non-incubated
egg group (N=2). To induce a weakened embryo condition, three incubated eggs were cooled

in a refrigerator at 5C for 300 min.

Figure 26. Artificial incubator.
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In the experimental protocol, the laser illumination positions are set as four positions, as
shown in Fig. 27. At the each of illumination position, measuring time is 200 sec, respectively.

The inter-optode distance is set as 28 mm.

Point 4

Point 2

Figure 27. Four illumination positions.

Figure 28 shows BFI in the incubated egg on the 15th day of incubation at four
illumination positions. Since every eggs have different organic structure and position at the

each of point, the BFI has different value.

l
2000 —pomiT | Point 2 Point 4
1500

1000

0 200 400 600 800
Time [sec]

Blood flow intensity [A.U]

Figure 28. BFI of four illumination position in the incubated egg.

Figure 29 and 30 show comparison between incubated and non-incubated eggs. The color

lines are incubated egg’s BFI during 5 days. The black lines are non-incubated eggs. The BFIs
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of incubated egg are larger than that of non-incubated eggs. When it applied with student’s t-

test, the difference can be clearly shown as 0.0114 of p-value (p < 0.05).
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Figure 29. BFI changes of chick embryo from 13" day to 17" day of incubation.
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Figure 30. Boxplot of incubated and non-incubated egg groups.

Also, the comparison between live and weakened state in a same embryo shows

significant difference at the illumination position 3, as shown in Fig. 31. Those results depict
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that lens based DSCA system could detect vital sign of chick embryo. Although this experiment
demonstrates DSCA performance for five days, we planning to analyze embryonic blood flow

for whole incubation period with lens based DSCA in next time.
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Figure 31. Comparison between live and weakened state in an embryo.

In the experiment of fiber-optic based DSCA system on the chick embryo, there are two
kinds of studies. First experiment is the finding suitable inter-optode distance in the chick

embryo experiment, as shown in Fig. 32.

E LA
12.5 mm L mesessmsessas
10 mm
7 mm
3 mm
>

Egg support

Bottom view of detection probe

Figure 32. Scheme of chick embryo experiment using multiple depth detection probe.

-24 -



The inter-optode distances (D1, D2, D3, and D4) are 3, 7, 10, and 12.5 mm, respectively.
The more the inter-optode distance increases, the more the measuring depth in the eggshell
increases. The flexible support of the detection probe is fabricated by PDMS; it could cover up
the curvature of the eggshell. An egg is fixed on plastic ring as egg support for stable

positioning.

Ml

] M4

Figure 33. Scheme of six measurement position.

In the experimental protocol, the measurement positions from M1 to M6 are initially
marked according to the organizational change of the chick embryo in the eggshell to analyze
the overall blood flow in the eggshell, as shown in the Fig. 33. Each of the measurement
position is examined for 100 seconds every day. Total data acquisition time is 10 minutes. The
frame rate, exposure time, and moving average are 20 fps, 50.027, and 30, respectively.

In Fig. 34, to acquire the average of BFI change depending on the depth information,
rBFI analysis at each of detection point (D1-D4) from average of six measurement positions
(M1-M6) in the seven different eggs (N=7) are accomplished for 7 days of incubation. Day 0O
represents the time before incubation. As the embryos gradually develop, most of the averages

of the BFIs increase. During the early incubation stage, vasculature of embryo develops from
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superficial layers of the egg shell, the BFIs in D1 and D2 are relatively high until 3 days. The
BFI of D1 is relatively lower than the BFI of D2 and D3, because its measuring depth only
reaches the egg shell. After 4 days, the BFIs of D3 and D4 are considerably higher than the
others, because the blood vascular development is achieved in the deep depth. The change of
BFI during early incubation period could be effectively distinguished on D1 and D2, whereas

the change of BFI after the early incubation could be easily monitored on the D3 and D4.
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Figure 34. The mean BFI change depending on depth at four detection points.

Since D3 (detection point 3, 10 mm) shows the most distinct change of BFI from Day 1
to Day 7, we only employed data from D3 for the following analysis. Because each of the
measurement position (M3, M4, M5, and M6) among seven eggs could not distinguish in early
incubation stage, the mean of the BFI at these positions is calculated and shown in Fig. 35. The
BFI of the M1 is relatively lower than other measurement positions due to the location of air
cell. And, the BFI on the M2 with a few blood vessels and amount of albumen volume is

relatively lower than the average from M3 to M6.
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Figure 35. Boxplot from mean BFI of each measurement position on the detection point (D3)

Figure 36 shows the comparison between the BFIs of healthy and weakened states on average
of all measurement points (M1-M6) at the detection point 3 (D3), which is achieved at the same
eggs on Day 7 incubation. When student’s t-test is applied, p-value achieved 0.0038 (p < 0.05).
It represents that the BFIs between two groups have significant difference. Because the tissues
of the weakened embryo does not have enough transportation of blood flow, its BFI is lower
than the healthy embryo. This result shows that the DSCA system could determine whether the

avian embryo survives in the early incubation period or not.

10,000

Healthy condition ‘Weakened condition

Figure 36. Comparison between the healthy and weakened embryos.
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From previous chick embryo study, we find suitable inter-optode distance as 10 mm. In
the second experiment of fiber-optic based DSCA system on the chick embryo, we experiment
with this distance, as shown in Fig. 37 and 38. The egg support is designed to hold the egg and
to allow contact with each detection probe through a small square hole. Four detection probes
are located in flexible PDMS to change the inter-optode distance between the illumination and

detection fibers.

o !
Egg support

Figure 37. Schematic diagram of the mDSCA system.

Laser Detector

Figure 38. Scheme of a detection probe.

In the experimental protocol, the all measurement positions (M1-M4) were marked to

measure the blood flow at the same positions, as shown in Fig. 39. Because the large end of
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the egg has the air cell, measurement position is excluded. Total data acquisition time achieved
for 200 seconds to gather a more accurate value for the 200 raw BFI over a 200 seconds period;
the measurements were simultaneously performed on all positions. In this experiment, we used

the term ‘BFI” in order to represent the temporal average of raw BFIs for 200 seconds.

Figure 39. Four measurement positions of the egg support.

Figure 40 shows the relative change in the <BFI >, which represents the spatial
average over all measurement positions. The error bar for each day means the discrepancy of
BFIs among eleven eggs (N=11). The Day 0 is before the eggs are delivered into the artificial
incubator. The < BFI > increased because of embryonic development. It is similar to the
study which measured mean heart rate of the chick embryo from Day 3 to Day 20 in the
incubation period [9]. Even though the increase of heart rate might be correlated to the BFI
increase [19], the BFI change during incubation period is mostly due to the increase of the

number of blood vessels leading to the increase of blood volume. In the first quarter of the
incubation period, the < BFI > is relatively low, since the embryo heart and blood vessels
become beat and grow. From Day 0 to Day 4, student’s t-test is used, by comparing the
< BFI >; between Day 0 and each day to analyze the BFI change in early incubation stage.

The results of statistical analysis showed a difference of at least P < 0.05. The increased
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development of embryo vessels and organs in the second and third quarter of the incubation
period increased the < BFI > further, asthe <BFI >, and the amount of blood in the vessel
are linear relationship. In the final quarter, since feathers begin to cover up the body, and the

yolk sac is absorbed into the abdomen, the reflected light intensity measured from the detection

fibers decreases. It shows the decreased BFI from Day 15 to Day 17. Then, the increase of
< BFI > can be explained that the movement of embryos become larger to pip internal

membrane.
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Figure 40. Change in the BFI (< BFI > ) during the incubation period.

Figure 41 shows the BFI difference on the measurement positions during whole
incubation periods. Because of the difference in embryo’s morphology and posture, three
measurement positions (M1, M2, and M3) could not distinguish each other. Therefore, the
average from M1 to M3 was computed as MA. M4 is the position that the volume of the
albumen is relatively larger than the yolk [7]. The BFI on the MA was higher than that of M4,

as the blood volume in the embryo and yolk sac are greater.
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Figure 41. Mean BFIs on the all measurement positions.

To demonstrate the detectability of chick embryo vital signs, the <BFI > from
average of all measurement positions (M1 to M4) on healthy embryos was compared to the
< BFI >¢ of weakened embryos on ten days of incubation, as shown in Fig. 42. The initial
BFI represents to a healthy condition, before being delivered into a refrigerator. After 60 min,

the <BFI >, relatively decreased, indicating that the embryo’s condition had been weakened

by the cooling process. The <BFI >¢ after 300 min showed 5 times difference between

healthy and weakened condition. This observation supports the hypothesis that most of the BFI
changes during incubation is due to the increase of real blood flow, as the only difference
between the two groups is mostly the blood flow, not optical scattering or absorption. This
result is similar to the result of previous approaches that reported a decrease in heart rate after
the cooling process [9,10]. Therefore, these results suggest that the DSCA system could be able

to monitor the vital signs of avian embryos.
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Figure 42. Change of <BFI > during cooling process.

3.3.3 Erectile dysfunction
In third in-vivo application, we measured on penis during the watching sexual video to
detect erectile dysfunction, as shown in Fig. 43. For the subject’s private, this experiment was

remotely conducted, and this experiment is applied on healthy men.

Inspector , \ Subject

.
Ld
".u.ll-

Figure 43. Schematic diagram of erectile dysfunction experiment.

Figure 44 shows schematic diagram of experimental setup. The measurement probe was
attached on the top of penis to detect blood vessel. Also, we compared the sensitivity between

vertical probe and horizontal probe in this experiment, as shown in Fig. 45 and 46.
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Figure 44. Schematic diagram of experimental setup in erectile dysfunction experiment.

Figure 45. Vertical probe for erectile dysfunction measurement.

horizontal probe

Figure 46. Horizontal probe for erectile dysfunction measurement.
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Figure 47. BFI changes of vertical probe.

Figure 47 shows result of vertical probe measurement. N.V and S.V. are natural video
period and sexual video period, respectively. Other periods are rest which is no stimulation. At
the first rest and natural periods, there was no significant differences of BFI. However, the BFI
gradually increased at sexual video periods. Then, at the second natural video period, BFI

dramatically decreased. Other periods also showed same tendency corresponding to the penile

erection.
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Figure 48. BFI changes of horizontal probe.
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In vertical probe measurement, the BFI also changed corresponding to the different
periods, as shown in Fig. 47. BFI showed result of vertical probe measurement. The BFI at the
sexual video periods were larder than that of rest periods. To compare two results, the
sensitivity of vertical probe experiment was better in the magnitude of the BFI change, although

optical stimulation periods were different.

3.3.4 Stroke rat brain
In the experiment of stroke rat brain, there are two kinds of studies. First experiment is
anesthetized rat brain monitoring, as shown in Fig. 49. The stroke rat model was induced by
surgical procedures which is middle cerebral artery occlusion (MCAO). The occlusion site was
left brain, and occlusion time was 90 min. In the protocol, we compared BFI between right and

left brain.

. — ] —

Figure 49. Experimental setup of anesthetized stroke rat brain monitoring.

As shown in Fig. 50, the BFI of left brain was lower than that of right brain corresponding
to the left infarct volume. When the two BFIs were averaged, two results showed quite

difference (left brain: 97.42, right brain: 125.85).
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Figure 50. Experimental result of anesthetized stroke rat brain.

Second experiment is awaken stroke rat brain monitoring, as shown in Fig. 51. The rats
were fixed with rat restrainer which is transparent plastic bag in order to prevent the motion
artifact. To analyze brain activity after stroke rehabilitation, stroke rats were trained with a
treadmill. Experimental groups were dead rat (N=1), normal rat (N=3), and training rat (N=3).
The velocity of treadmill was 10 m/min. The experimental protocol of training rat group was

set, as shown in Fig. 52.

Figure 51. Experimental setup of awaken rat brain monitoring.
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Figure 52. Experimental protocol of stroke rat brain monitoring.

Figure 53 shows the summary of experimental results of awaken rat brain. L and R in the
x-axis mean left brain and right brain, respectively. The BFIs in the dead rat group showed
relatively lowest among experimental groups. In the normal rat group, the distinct difference
of BFIs between left brain and right brain were not shown. However, the differences were
increased in stroke rat brain corresponding to the left brain infarct. The absolute changes could
not be compared across the three stroke rat groups, because measurement positions were
slightly changed at the every measurements. However, the difference of BFIs between left and

right brain decreased in the after training group when the before and after training groups were

compared.
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Figure 53. Experimental result of awaken rat brain monitoring.
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4. Discussion and Conclusion

In this study, we designed and implemented the DSCA system. By improving the
implementation of previous approaches, the DSCA system could accomplish cheaper, easier,
and quantitative analysis, as well as faster image acquisition speed and the deeper flow
detection. To select best type of DSCA system in the two types of data analysis, configurations,
and measurement probe directions, we compared the performance of each of type in the various
biological applications.

In the chick embryo experiment of mDSCA, one of the limitations is that we have used
the autocorrelation function of diffuse regime throughout the incubation stages, whereas it is
clear that diffuse approximation does not hold during the early incubation stage. But the egg
evolves from clear to diffuse regime quite fast, and we decided to use diffuse approximation
for simpler analysis. Further studies regarding accurate simulation of this transition is underway.

In the chick embryo experiment, there is a limitation that we used the autocorrelation
function in diffuse regime during the incubation stages, although it is clear that diffuse
approximation does not cover in the early incubation stage. To prevent biological harmful effect
caused by laser power density, the laser power was adjusted to 6.9 + 1.3 mW/cm? on the
all measurement positions [10,20]; the energy was 1.38 + 0.26 mW/cm?. The egg shell was
illuminated for 200 sec during each measurement cycle. While biological effects by laser
illumination have been reported, no distinct difference was observed between the illuminated
and non-illuminated eggs in incubated eggs.

In the early stage of embryo development, most of the volume we probe is filled with

homogeneous liquid, and diffuse approximation doesn’t hold in this case. Therefore, during the
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early stage, the field autocorrelation function will follow the single exponential function
(mostly single scattering) rather than the double exponential function (multiple scattering) that
is seen as EqQ. 3 in the text. As such, the speckle contrast we calculate from Eq. 2 will be also
different between clear and diffuse cases. However, in the course of embryo development, the
whole egg will make a smooth transition from clear to diffuse regime, and our BFI result also
shows smooth and monotonous change.

The BFI that our method measures does not only depend on the scatter’s movement, but
also depends on changes in absorption coefficient, scattering coefficient and also the volume
fraction of moving scatters to stationary scatters, as we can see from the definition of the decay
factor. If the BFI were to represent true blood microcirculation, a condition has to be met such
that all other factors remain stationary. As the reviewer pointed out appropriately, the chicken
embryo develops organs with higher complexity as time flows, and the absorption and
scattering coefficient generally increase drastically, which may contribute to the increase of
BFI measurement. The point is, the BFI quantity we measured consists of contributions from
all different changes that occur during embryo development, but we claim that blood flow
within the embryo is the major part that causes the BFI change. And we see about 5 fold
difference between living and dead. This study serves as a counterargument, as only difference
between the two cases will be mostly the blood flow, not absorption or scattering.

In conclusion, we suggest the DSCA system that can monitor deep blood flow in various
biological samples noninvasively. This system can distinguish the vital signs of chick embryo,
erectile dysfunction, and ischemia stroke by monitoring changes of the BFI. Near future, DSCA
system for blood flow monitoring would be applied in various biomedical applications. In the
chick embryo, blood flow monitoring of many eggs simultaneously will be developed with
automatic, accurate, and high-speed. Also, we expect that the DSCA system could become
novel diagnostic and treatment monitoring system in various applications.
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