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Abstract: Blood purification therapy that removes pathogenic substances and unnecessary blood components in 
blood is performed by extracorporeal circulation therapy that draws blood out of the body. In extracorporeal 
circulation therapy, blood is filled in the circuit and circulated outside the body by a pump, but the blood 
coagulates due to a foreign body reaction in the circuit. Anticoagulants such as heparin are used as blood 
coagulation measures, but they are not absolute. There is a need for a measurement method that can be predicted 
before blood coagulation. Photoacoustic imaging was used for predictive maintenance measurements. In 
photoacoustic imaging used for extracorporeal circulation therapy, the amount of data used must be reduced 
because it is constantly measured. Accordingly, in this study, we identified areas where photoacoustic imaging 
changes significantly over time due to blood coagulation, and reduced the volume of data by limiting the area to 
be measured to 233 pixels where 218240 pixels are normally required for measurement. In addition, because we 
were able to identify the measurement site, based on that, we develop a predictive maintenance system based on 
changes in blood coagulation over time in an extracorporeal blood circulation circuit that simulates the 
environment of extracorporeal blood circulation therapy. 
 
Keywords: Blood coagulation, Photoacoustic imaging, LED, Extracorporeal circulation therapy, Predictive 
maintenance. 
 
 
 
1. Introduction 

 
Blood purification therapy is a treatment method 

that removes toxic substances and unnecessary blood 

components that cause diseases accumulated in the 
blood. Hemodialysis is a typical example, and it 
covers a wide range of areas such as apheresis and 
blood cell adsorption therapy [1-3]. The blood 
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purification therapy introduced here is a treatment 
method that utilizes extracorporeal circulation. Blood 
purification therapy uses a pump to pump blood out of 
the body to provide treatment tailored to each 
symptom. Blood drawn out of the body for treatment 
causes blood coagulation when it comes into contact 
with an artificial foreign substance in the circuit. When 
blood coagulation occurs, it causes blood clots, so it is 
customary to stop blood purification therapy when 
signs appear and then replace it with a new 
extracorporeal circulation circuit. Since the signs of 
blood coagulation cannot be detected in advance with 
a margin, the medical staff involved in the treatment is 
forced to take immediate action, which puts a heavy 
load on them. In addition, when replacing the 
extracorporeal circulation circuit, there is a problem 
that the patient's blood must be discarded together with 
the circuit. As a measure against blood coagulation 
that causes these problems, an anticoagulant typified 
by heparin is generally used [4-7]. However, 
anticoagulants are not absolute and it is difficult to 
completely prevent blood coagulation during 
extracorporeal circulation therapy. As a safety 
measure, blood coagulation is detected using a 
pressure sensor in the extracorporeal circulation 
circuit. The pressure sensor reacts ex post facto only 
after the circuit is clogged by blood coagulation or 
when the viscosity of the blood becomes extremely 
high and the pressure rises. Therefore, a highly 
sensitive measurement method (predictive 
maintenance) that can observe changes in the state of 
blood coagulation in extracorporeal circulation 
therapy in advance is required. Therefore, we 
proposed photoacoustic imaging as a new 
measurement method that continuously captures the 
progress of blood coagulation in the circuit and leads 
to predictive maintenance. The principle of 
photoacoustic imaging is as follows. The object to be 
measured irradiated with light energy causes volume 
expansion due to heat and generates elastic waves 
(photoacoustic waves). Photoacoustic waves are 
received and imaged by an ultrasonic probe. 
Photoacoustic imaging is a promising imaging 
technology for a wide range of biomedical 
applications with the potential for high contrast and 
high spatial resolution. By applying diagnostic 
imaging to photoacoustic imaging, blood coagulation 
in the extracorporeal circulation circuit we thought 
that predictive and conservative measurement was 
possible. In addition, since it is assumed that the 
measurement will be performed by photoacoustic 
imaging in the hospital, an LED light source was used 
as the light source instead of the laser light source used 
for conventional photoacoustic imaging. In the 
previous paper, we reported the basic experimental 
results showing the possibility of blood coagulation 
measurement by small photoacoustic imaging of 
measuring instruments [8-13]. When the 
photoacoustic imaging image is analyzed using the 
capacity as it is from the image obtained by the above 
measurement, the amount of data is large and the 
processing is burdensome. Therefore, instead of 

measuring the entire extracorporeal circulation circuit, 
we thought that we could try to reduce the volume of 
data within the range that does not affect predictive 
maintenance by identifying the sites where changes 
are significant before and after blood coagulation. In 
addition, the selection of the measurement target site 
will lead to the miniaturization of the light source and 
acoustic probe in the future. In selecting the 
measurement target site, the threshold value of the 
change in brightness over time, which is a feature 
amount for the photoacoustic imaging measurement 
data, was analyzed and examined using MATLAB.  

In addition, using MATLAB (Diagnostic Feature 
Designer), we explore the possibility of developing a 
predictive maintenance system based on changes in 
blood coagulation over time in an extracorporeal blood 
circulation circuit that simulates the environment of 
extracorporeal blood circulation therapy. 
 

 
2. Method 
 
2.1. Photoacustic Imaging of the Air Trap 

Chamber (Bmode) 
 

For the photoacoustic imaging device, AcousticX 
(CYBERDYNE, INC.), which uses an LED as a light 
source, was used. As a preliminary experiment, as a 
result of measuring the extracorporeal circulation 
circuit by photoacoustic imaging, the reaction of the 
air trap chamber was the strongest, and almost no 
reaction was seen in other parts. Therefore, the 
measurement site was further narrowed down using 
the air trap chamber as the measurement target. At the 
time of measurement, an extracorporeal circulatory 
device and circuit actually used in the medical field 
were used to flow blood. Fig. 1 shows a schematic 
diagram of the experimental equipment used in this 
study. 

In addition, a transparent gel spacer 
(CYBERDYNE, INC.) With an acoustic impedance 
equivalent to that in water was directly sandwiched 
between the LED light source and the ultrasonic probe 
for measurement. The transparent gel spacer does not 
affect the application of light energy. 

As shown in Fig. 1, two high-intensity high-speed 
pulse-driven LED light source arrays were attached to 
both sides of the ultrasonic probe using a jig. The angle 
was about 40°. The distance between the ultrasonic 
probe and the air trap chamber via the transparent gel 
spacer was about 1 cm. The LED array used a 
wavelength of 850 nm, and the light energy was about 
200 μJ / pulse, the pulse width was 70 ns, and the 
repetition frequency was 4 kHz. An ultrasonic probe 
with a center frequency of 7 MHz was used. The 
addition average was performed 64 times. 

When conducting blood purification therapy for 
extracorporeal circulation, a large amount of blood is 
used. It costs money to use a large amount of blood, 
and it takes time and money to dispose of it after the 
experiment. In the early stages of research, it is 
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difficult to use large amounts of blood within the 
budget, so we decided to use cheap, commercially 
available blood (sheep blood) that does not affect the 
reproducibility of blood coagulation in the circuit. The 
details of the sheep blood used are as follows. It is 
shown in Table 1. 
 
 

 
 

Fig. 1. Configuration diagram of the experiment. 
 

 
Table 1. Blood used. 

 

 
 
 

The commercially available blood used is 
anticoagulated with the anticoagulant ALSEVER'S 
SOLUTION for transport. Of course, blood does not 
coagulate as it is, so calcium, which is a coagulation 
factor, is required to promote blood coagulation. This 
time, we used calcium gluconate as a coagulation 
promoter. The upper limit solubility of calcium 
gluconate is 3.3 g per 100 ml. 1.1 g of calcium 
gluconate dissolved in 33 ml of saline was injected 
into 50 ml of blood to promote blood coagulation. 

 
 
2.2. Selection of Measurement Points 
   

ImageJ, a free software, was used to analyze the 
luminance of the B-mode image (grayscale image) 
obtained in Section 2.1, and MATLAB was used to 
extract the feature amount, and the change in 
luminance due to blood coagulation was analyzed. 

For the input image, 4 × 4 pixels were set as one 
cell, and 1 × 10 cells were set as one block. Each time 
the analysis sites using ImageJ, an image processing 
software, were analyzed so as to overlap each other, 
the luminance distribution was investigated by shifting 
them one block at a time in the vertical direction. In 
the horizontal direction, 4 × 4 pixels were set as one 
cell. The analysis was performed in the range of  

1 × 10 cells as one block. Fig. 2 shows the relative 
positional relationship between the allocated block 
numbers and the air trap chamber. 

The brightness 126 - 173 used in the measurement 
was measured in the vertical and horizontal directions 
of the air trap chamber based on the experimental 
results reported previously. Vertical and horizontal 
measurements are described later in Tables 2 and 3, 
respectively. Based on these results, sites where the 
photoacoustic wave changes significantly before and 
after blood coagulation in the extracorporeal blood 
circulation circuit were identified. In order to show the 
relative positional relationship between the air trap 
chamber and the measurement site, the measurement 
results in Tables 3 and 4 were superimposed on the 
diagram of the air trap chamber to form Fig. 2. 

 
 

 

 
 

Fig. 2. Relative view of measurement results and  
air trap chamber. 

 
 
2.3. Prototype of Predictive Maintenance 

Program for Changes in Blood 
Coagulation Over Time in the 
Extracorporeal Blood Circulation 
Circuit  

   
Measurements were performed 11 times each at  

(a) 0 minutes after calcium gluconate injection,  
(b) 2 minutes, (c) 5 minutes, and (d) 10 minutes. The 
measurement results had to be biaxial for the 
convenience of analysis in MATLAB. Therefore, the 
luminance range was divided into two, 126 - 149 and 
150 - 173. The number of cells showing brightness 
levels of 126 - 149 and 150 - 173 at the measurement 
site was counted. Furthermore, the time to blood 
coagulation was expressed as (a) Long, (b) Medium 
(c) Short, and the state of blood coagulation. In 
addition, 10 minutes after calcium gluconate injection, 
blood coagulation is completed, so it was defined as 
(d) Urgent. The measurement results are shown in 
Table 2. 
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Table 2. Measurement result by photoacoustic imaging to 
the selected luminance range and measurement site. 

 
 
 

 
 

 
Since the number of measurements was small, we 

explored the temporal changes in blood coagulation in 
the extracorporeal blood circulation circuit by 
classification learning in order to explore the 
possibility of regression (supervised learning). 
Analysis results by MATLAB are shown in Fig. 3. The 
vertical axis represents the number of cells showing 
luminance levels 126-149 within the measurement 
range, and the horizontal axis represents the number of 
cells showing luminance levels 150-173. The blood 
coagulation states shown in Table 2 are expressed as 
(a) Long: blue, (b) Medium: red, (c) Short: yellow, and 
(d) Urgent: purple. In addition, 〇 : Correct and ×: 
False are 〇 : Correct if they match the prediction 
model created from the existing data in Table 2, and ×: 
False if they do not match. Since the number of 

measurements was small, cross-validation  
(5 divisions) was performed to prevent overfitting. 
 
 

 
 

Fig. 3. Results of classification learning with MATLAB. 

 
 
Long at 0 minutes after injecting calcium 

gluconate is concentrated in the lower right of the 
graph, and Medium, Short, and Urgent are gathered in 
the upper left. It can be seen that the distribution 
moves counterclockwise from Long as it becomes 
Urgent. 

A suitable algorithm was examined for the data 
obtained in Tables 2. Fine KNN and fine Gaussian 
SVM had the highest accuracy at 90.96 %. 

As an example, we confirmed the occurrence of 
prediction correctness for the true value of fine KNN. 
The confusion matrix obtained from fine KNN is 
shown in Fig. 4. The vertical line represents the actual 
class, and the horizontal line represents the predicted 
class. A mixture matrix is a classification table that 
expresses the number of measurements and the ratio 
of correctly predicted Urgent data to those whose 
actual data is Urgent when evaluating the performance 
after creating a learning system. It is possible to extract 
the feature amount of correctness judgment of 
prediction. 

The positive predictive value (PPV) was 100 % for 
Long and Urgent, 88.9 % for Medium and 76.9 % for 
Short. The precision of fine KNN is also high, and the 
bias of prediction from the positive predictive value 
(PPV) is not high. We believe that a prototype for 
predictive maintenance could be made under the 
conditions in this section. 

 
 

3. Results 
 
3.1. Photoacoustic Imaging (B mode) Results 

of Air Trap Chamber 
 

Fig. 5 shows the changes over time in blood 
coagulation that occurred in the air trap chamber using 
photoacoustic imaging (B mode). The circled area 

輝度126～149 輝度150～173 状態

1 288 32 Long

2 306 43 Long

3 397 2 Long

4 424 0 Long
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9 459 0 Long
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indicates the wall surface of the air trap chamber, the 
left side of the wall surface is the transparent gel 
spacer, and the right side is the blood in the circuit. 
White streaks like ripples of blood in the circuit are 
photoacoustic waves due to blood coagulation.  
 
 

 
 
 

Fig. 4. Confusion matrix obtained from fine KNN. 
 
 

 
Fig. 5. B mode image by photoacoustic imaging. 

 
 
3.2. Results of Selection of Measurement 

Points 
 

The figure (grayscale image) obtained by 
photoacoustic imaging before and after blood 
coagulation was subjected to luminance analysis with 

ImageJ, and the feature quantity was extracted with 
Rank Features of MATLAB Diagnostic Feature 
Explorer. Before and after blood coagulation in the 
extracorporeal circulation circuit, we identified a site 
where changes in photoacoustic waves were 
remarkable. Feature extraction was performed by  
T-test in consideration of increasing the number of 
measurements in the future. Table 3 shows the 
measurement results in the vertical direction, and 
Table 4 shows the measurement results in the 
horizontal direction.   

 
 

Table 3. Feature extraction of changes in brightness over 
time in grayscale images (Vertical direction). 

 

 
 
 

Table 4. Feature extraction of changes in brightness over 
time in grayscale images (Horizontal direction). 

 

 

Transparent gel spacer 

Blood 

（a）immediately  （b）10 minutes later  

上部からのブロック数 T-test 上部からのブロック数 T-test

1 0.5706 17 0.7727

2 0.6335 18 0.8397

3 0.5937 19 0.7737

4 0.597 20 0.6836

5 0.6816 21 0.6737

6 0.7041 22 0.7307

7 0.7527 23 0.6914

8 0.7233 24 0.7023

9 0.6575 25 0.6722

10 0.7435 26 0.7083

11 0.6734 27 0.7075

12 0.7509 28 0.7581

13 0.6977 29 0.6901

14 0.7829 30 0.6655

15 0.7692 31 0.6762

16 0.8103

Blocks from the top Blocks from the T-test T-test

左部から

のブロック数
T-test

左部からの

ブロック数
T-test

1 0.2867 23 1.4659

2 0.2881 24 1.6364

3 0.2807 25 1.6005

4 0.3019 26 1.5406

5 0.3172 27 1.4555

6 0.3211 28 1.2525

7 0.3567 29 1.2027

8 0.4333 30 1.0604

9 0.4822 31 0.8732

10 0.4895 32 0.8315

11 0.5309 33 0.6781

12 0.6778 34 0.6012

13 0.8276 35 0.6029

14 0.7841 36 0.6345

15 0.7822 37 0.6445

16 0.798 38 0.5969

17 0.5462 39 0.6622

18 0.7156 40 0.6299

19 1.0942 41 0.6708

20 1.5675 42 0.7122

21 1.3059 43 0.6332

22 1.2722 44 0.6036

Blocks from the 
left

T-test T-test Blocks from the 
left 

Predicted class 
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Table 5 shows a part of the two-dimensional 
mapping of each component of Table 3 and Table 4. 
The grayscale image obtained by the measurement 
was divided into 44 in the horizontal direction and 31 
in the vertical direction. The parts showing remarkable 
changes (0.9 or more) are shown in gray. The shaded 
areas in the rows and columns are the areas where the 
T-test changed significantly before and after blood 
coagulation in the horizontal and vertical directions, 
respectively. All blocks 19-29 in Table 4 and blocks 
13-31 in Table 3 correspond to the mesh filter in the 
air trap chamber.  

From Table 5, it was found that it is possible to 
measure significant changes over time in 
photoacoustic waves before and after blood 
coagulation near and directly above the mesh filter 
inside the air trap chamber. Blood coagulation appears 
prominently near the mesh filter because it is a filter 
that receives blood flow from the front, so it is 
presumed that the foreign body reaction is stronger 
than in other parts. It is also possible that blood 
coagulation (blood clot) generated in other parts of the 
circuit has peeled off and is caught in the mesh filter.  
Furthermore, due to the blood flow directly above the 
mesh filter, blood clots and the like stay and the 
reaction is thought to be high. 
 
 

4. Conclusions   
 

In order to realize predictive and conservative 
measurement of blood coagulation that occurs in the 
extracorporeal circulation circuit used in the treatment 
method using extracorporeal circulation represented 
by blood purification therapy, the previously proposed 
photoacoustic imaging raises the following problems.  
(1) The amount of obtained image data is large, and 
(2) the light source and ultrasonic probe for 
measurement are large. In order to solve these 
problems, in this paper, we measured the changes over 
time in blood coagulation in the extracorporeal 
circulation circuit, identified the sites where 
photoacoustic waves were prominent, and selected the 
measurement sites. From Table 5, by setting the 
threshold value of 0.9, which is the product of the 
results of the horizontal and vertical photoacoustic 
waves, it was possible to select the measurement site 
where the change is remarkable before and after blood 
coagulation (gray part). As a result, the measurement 
range is reduced, and the possibility of reducing the 
size of the photoacoustic imaging measurement unit 
(light source, ultrasonic probe) is shown. In addition, 
when measuring the entire air trap chamber,  
218240 pixels are required, but the measurement 
target site is narrowed down to 233 pixexel to reduce 
the dose of data by about 1/1000, and the 
extracorporeal blood circulation circuit using 
photoacoustic imaging. We were able to reduce the 
data handled for predictive maintenance of blood 
coagulation in the body. Therefore, it is considered 
that the problem of photoacoustic imaging operation 
for predictive maintenance measurement of blood 

coagulation occurring in the extracorporeal circulation 
circuit has been solved.  

Machine learning was performed using MATLAB 
from grayscale images obtained from photoacoustic 
imaging of the time course of blood coagulation in the 
extracorporeal blood circulate learning, we made a 
prototype with supervised learning classification, and 
found that fine KNN and fine Gaussian SVM were the 
most accurate prediction models with an accuracy of 
90.9 %. From the positive predictive value (PPV) of 
the mixed matrix, the prediction of Long and Urgent 
before and after clear blood coagulation was 100 %, 
with on circuit. In machine the data easily 
distinguishable, while Medium was 88.9 % and Short 
was 76.9 %. 

Therefore, a predictive maintenance system based 
on the temporal change of blood coagulation in an 
extracorporeal circulation circuit simulating the 
environment of extracorporeal circulation therapy was 
investigated. 
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