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Abstract 

In this study, we present a method to quantitatively analyze the thrombus formation process through image analysis 
in an in vitro thrombus model with a circular cross section. The thrombus model used was designed based on the 
mechanism between the physical principle of wall shear rate (WSR) and thrombus formation. Image analysis was used 
to help visualize the thrombus formation process and calculate the thrombus area. Through this method, the throm‑
bus formation and growth from the channel wall was demonstrated without the use of fluorescence. In addition, by 
dividing the image into sub‑sections, the accuracy of the thrombus growth pattern was improved. The departing 
blood clots which are called embolus, were observed being separated from the thrombus.
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Introduction
A thrombus refers to a lump of blood in the blood ves-
sels, and thrombosis is a condition in which a blood ves-
sel is blocked by blood clots. Thrombosis shows various 
symptoms depending on the location of the organ and 
type of blood vessel. Generally, ischemia occurs in arte-
rial thrombosis [1], and congestion is typical in the case 
of venous thrombosis [2]. Thrombosis is caused by slow 
blood flow, excessive coagulation, and vascular damage, 
each of which acts alone or in combination to form a 
thrombus. Thrombus formation is affected by the physi-
cal shear rate, which increases the platelet concentration 
near the vessel wall and activates platelets in that area [3]. 
Therefore, it is important to observe and analyze the rela-
tionship between thrombus formation and the wall shear 
rate (WSR) [3]–[6]. Particularly, there is a medical need 
for a rapid assay to evaluate thrombotic risk; antithrom-
botic therapy performed in arterial blood flow conditions 
with non-anticoagulated blood and point of care (POC) 

devices are necessary to quickly monitor the risk of arte-
rial thrombosis and optimize in  vitro antithrombotic 
therapy [3]. To accurately detect thrombi, previous stud-
ies have used fluorescent substances such as  DiOC6 to 
improve platelet visibility [7]. However, platelet detection 
using fluorescent materials requires a special microscope 
capable of detecting fluorescence and affects physical 
properties, such as blood concentration and blood vis-
cosity, which can increase the total experimental time 
[8]. In this study, through image analysis, which is a post-
processing process, the visibility of the thrombus was 
improved, growth process of the thrombus was observed, 
and area of the thrombus was quantitatively calculated, 
compared, and analyzed. This analytical method was 
used to describe the formation process of thrombi grown 
by WSR in in vitro thrombus models with different ste-
nosis percentages. It is expected that manufacturing a 
highly reproducible shear rate-based thrombus model 
as a lab-on-a-chip can be applied to the development of 
shear-sensitive drugs, nanoparticles, and liposomes [9]. 
Ultimately, this study aimed to provide insights into the 
development of new thrombosis propensity test systems 
[10].

*Correspondence:  wtpark@seoultech.ac.kr

1 Department of Mechanical Engineering, Seoul National University 
of Science and Technology, Seoul, South Korea
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40486-022-00166-3&domain=pdf
http://orcid.org/0000-0002-8330-4426


Page 2 of 7Choi et al. Micro and Nano Systems Letters           (2022) 10:23 

Design
The cross-section of the channel had a circular shape 
because the channel was formed using the thermal 
expansion principle [11]. The principle of thermal expan-
sion molding is to form a circular channel in partially 
cured polydimethylsiloxane (PDMS, SYLGARD 184, 
DOW, USA) by thermally expanding the air trapped 
inside the mold. The ratio of the stenosis section and 
cross-sectional profile of the microchannel was deter-
mined by controlling the curing temperature and curing 
time of the partially cured PDMS. Since this method uses 
heat for expansion and curing simultaneously, there is 
a limit in expansion for larger channels (> 200 μm) [12], 
and the cross-section has an elliptical shape rather than a 
perfect circle. However, since the cross-section is not rec-
tangular, the advantage is that the WSR has a distribution 
similar to that of a human blood vessel [13]. A 3D model 
and cross-sectional shape of a channel with 83.73% ste-
nosis are shown in Fig.  1. The stenosis percentage was 
calculated using the hydraulic diameter of the channel. 
The formulas for calculating the hydraulic diameter and 
stenosis percentage were provided by Lui et al. [14]

where w and h are the lengths of the long and short sides 
of the channel, respectively. The hydraulic diameters cal-
culated from the channel part (Fig. 1b) and stenosis part 
(Fig. 1c) were named Dh,channel and Dh,stenosis, respectively. 
The models used were PDMS channels with stenosis sec-
tions of 71.2% and 83.73%. To evaluate the relationship 
between the thrombus and WSR, the maximum WSR 
was calculated as follows:

(1)Dh =

2
√

2wh
√

w2
+ h2

(2)

Stenosis percentage(%) =
Dh,channel − Dh,stenosis

Dh,channel
× 100

where ϒ is the WSR, Q is the flow rate in the channel, 
and D is the channel diameter. Previous studies reported 
that the degree of platelet diffusion or aggregation 
switches around a WSR is 10,000   s−1 [15–18]. In this 
study, thrombus formation was expected to vary under 
conditions with a WSR of less than 10,000  s−1 and more 
than 10,000  s−1. Each channel has a WSR of 7602.36  s−1 
for 71.2% stenosis and 29,850.27   s−1 for 83.73% stenosis 
when the blood flow was set to 3  mL/h. The maximum 
WSR was 10  s−1 for veins and 2000 for small arteries [3], 
and severe arterial stenosis occurs at a WSR of 5000 to 
10,000   s−1. Therefore, the designed channels have a suf-
ficient WSR to form a thrombus. The dimensions, steno-
sis percentage, and maximum WSR of the two channels 
used in this study are listed in Table 1.

Materials
Blood preparation
Whole blood was collected in a citrate tube (2 mL 9NC 
Coagulation Sodium Citrate 3.2%; Greiner Bio-One 
GmbH, Austria) and used the same day. Citrate binds 
calcium ions to prevent them from interacting with the 
coagulation system. To reactivate the coagulation system 
interrupted by citrate [19] immediately before the experi-
ment, whole blood was mixed with  CaCl2 0.25 M (C1016-
500G, Sigma Aldrich, China), maintained at 37  °C in a 
volume ratio of 10:1. The recalcified blood was perfused 
into the channel as soon as it was mixed.

Collagen coating
To promote platelet coagulation at the PDMS channel 
surface, the channel was incubated with 1  mg/mL col-
lagen (C3867-1VL, Type I solution from rat tail, Sigma 
Aldrich, South Korea) at 22 °C for more than 8 h, one day 
before the experiment. Before blood perfusion, the chan-
nels were rinsed with 1X phosphate-buffered saline (PBS, 
P5493-1L, Sigma Aldrich, USA) for 1  min to remove 
excess collagen. The channels were closely monitored for 
lumps or particles.

(3)γ (1/s) =
32Q

πD3

Fig. 1 3D model and cross‑section of channel with a stenosis 
percentage of 83.73% (a) 3D model of thrombus chip, (b) 
cross‑section of the channel, and (c) cross‑section of stenosis

Table 1 Dimensions and maximum WSR of channels with 71.2% 
and 83.73% stenosis

Stenosis 
percentage

w (μm) h (μm) Dh (μm) Ymax (1/s)

83.73% Channel 592.06 317.59 404.16 29,850.27

Stenosis 72.57 60.35 65.76

71.2% Channel 574.82 274.48 360.19 7602.36

Stenosis 130.05 87.66 103.74

At Q = 3 mL/hr
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Experiment
Blood perfusion
The experimental setup is illustrated in Fig. 2. Recalcified 
blood was perfused into the thrombus chip at 3  mL/h 
using a syringe pump (NE-4000 New Era Pump, USA), 
and the blood that passed through the chip was col-
lected into an exhaust bottle. Blood clotting on the chip 
was observed in real time using a digital microscope 
(DMSZ7, SUNNY OPTICAL TECHNOLOGY, China). 
Images acquired with the microscope were transferred to 
a computer after the experiment and post-processed for 
image analysis.

Post‑processing: image analysis
In this study, image analysis, a post-processing process, 
was used to visualize the process of thrombus formation 
and calculate the area of the thrombus. An open-source 
ImageJ software was used for this process. All the images 
had the same number of pixels (235 × 105 pixels).

Figure 3a shows an RGB image saved in a portable net-
work graphics (PNG) format from the recorded images. 
The PNG format was chosen for the lossless compres-
sion. In the original image (Fig. 3a), there are limitations 
in identifying the thrombus region because it is colorless 
and changes shape dynamically [20].

In the first step, the overall tonal range was reduced 
(increased contrast), and the tonal value was increased 
(increased brightness). This highlights the thrombus 
area by clarifying the boundary between the object 
(thrombus) and the background [21].

In the second step, the image was converted into a 
grayscale image, as shown in Fig.  3c. This process is a 
preparation for the next step, that is, the binarization 
step. Since binarization is a process of converting an 
image with only two colors, white and black, the image 
must be converted into pixels with only a contrast ratio 
excluding the color information.

In the third step, the thrombus region was separated 
from the non-thrombus region through binarization 
of the image. The binarization step primarily involves 
setting a specific threshold value for black and white 
[22]. As shown in Fig. 3d, the thrombus was expressed 
in white, and the non-thrombus region was expressed 
in black. This threshold-setting step involves subjective 
observations and decisions. The operator should care-
fully set the threshold so that any noticeable detail of 
the thrombus is not lost.

In the last step, the thrombus area was calcu-
lated from the ratio of the thrombus area to the total 
area of the binary image. This process was iteratively 

Fig. 2 Setup for observation of thrombogenesis in an in vitro thrombus chip. (a) Image of the setup. (b) Schematic diagram of the setup

Fig. 3 Thrombus image conversion process to calculate thrombus area (a) original image (b) image with only the thrombus part highlighted (c) 
grayscale image (d) binary image
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performed at each time interval to calculate the pro-
gress of thrombus formation over time.

Results
Figure  4 shows the results of measuring the area of the 
thrombus formed in the channel with the stenosis per-
centages of 71.2% and 83.73% at 1-min intervals. In the 
case of the 71.2% channel, the thrombus growth rate 
changed after 7  min. This is based on the principle of 
thrombus formation, in which platelets are attached to 
the inner wall of the channel in the early stage of throm-
bus growth and aggregate to the attached platelets [23]. 
In the case of the 83.73% channel, the thrombus grew 

faster than in the 71.2% channel case. However, no distin-
guishable slope change was observed between the plate-
let adhesion and aggregation phases.

The thrombus growth process is shown in Fig. 5. The 
progress of the 71.2% channel is shown in Fig. 5a. The 
thrombus formed slowly from the inner wall for up to 
7 min. Thereafter, the thrombus gradually grew in size 
from the inner wall. The progress of the 83.73% chan-
nel is shown in Fig.  5b. The thrombus was generated 
on the channel wall for up to 1  min, and as soon as 
1 min passed, it grew rapidly around the stenosis. It is 
expected that the channel with a higher stenosis per-
centage has a higher WSR; therefore, Reference [20] it 
would be easier for platelets to migrate to the channel 
wall, and platelet adhesion was predicted to occur as 
quickly. In comparison to the thrombus growth rates, 
the channel with 71.2% stenosis took 12  min to form 
154,575.55  µm2 thrombus while that with 83.73% ste-
nosis produced a similar area in 4  min. That is, the 
channel with 83.73% stenosis formed the thrombus 
approximately three times faster than that with 71.2% 
stenosis.

Moreover, it was confirmed that most of the thrombi 
formed in the channel with 71.2% stenosis were devel-
oped in the front part of the stenosis section, whereas 
the thrombus formed in the channel with 83.73% ste-
nosis was mostly developed in the rear part of the ste-
nosis section. The maximum WSR from the stenosis of 
each channel was 7600   s−1 for the channel with 71.2% 
stenosis and 29,000   s−1 for that with 83.3% stenosis, 

Fig. 4 Comparison of thrombus area over time in thrombus chip 
with stenosis of 71.2% and 83.73%

Fig. 5 Observation of the thrombus growth process through image analysis. The Thrombus begins to form on the wall of the channel and the 
thrombus grows around that area. (a) Thrombus growth process in the channel with 71.2% stenosis. (b) Thrombus growth process in the channel 
with 83.73% stenosis
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as presented in Table  1. This shows a trend similar to 
the simulation results of Yazdani et  al. [24] that plate-
lets aggregated in the front part of the stenosis section 
at shear rates of 2400–5400   s−1 and that they aggre-
gated mainly at the rear part of the stenosis section at 
11,000–21,000  s−1.

Notably, it was confirmed that the thrombus area 
was momentarily decreased at 3 and 7 min in the chan-
nel with 83.73% stenosis, unlike the channel with 71.2% 
stenosis, which was caused by the detachment of some 
thrombi because of the high WSR. A detached throm-
bus is referred to as an embolus. A high WSR increases 
the concentration of platelets near the channel walls and 
promotes platelet activation; conversely, it also separates 
the thrombus from the thrombus body [24]. The throm-
bus formation process for 6–7  min during the interval 
in which the embolus occurred is shown in Fig. 6. It was 
visually confirmed that a part of the thrombus (embolus) 
that had already formed at 6 min had disappeared after 
1 min.

The image-analysis-based thrombus visualization and 
area calculation methods used in this study may have 

lower accuracy as the analysis coverage area increases. 
Figure  7 shows the differences in the thrombus analysis 
when sectioning the area. Generally, if the width of an 
image is more than three times the height of the image, 
it is suggested that the analysis range is divided into sec-
tions, and each section is analyzed individually. The left 
side of Fig. 7 shows the thrombus image and the calcula-
tion result of the thrombus area when the analysis sec-
tion is not divided, whereas the right side of Fig. 7 shows 
the thrombus image and the calculation of the throm-
bus area when the analysis section is divided. As a rule 
of thumb, each section should be divided such that the 
divided image width does not exceed three times the 
image height. In the case shown in Fig. 7, the total image 
was further divided every 500  µm so that the sections 
were divided into the normal channel zone (section 1, 6), 
the entry and departure zone (section 2, 5), and the ste-
nosis zone (section 3, 4). Six sections were analyzed indi-
vidually and compared with the case when the analysis 
section was not divided. We observed that the section-
divided analysis showed more details, which was lost in 
the non-divided analysis. The reason for this difference 
was mainly the contrast resolution of each analyzed 
image. If the images were divided into sections, each 
divided image was individually calculated to obtain a 
range of grayscale values. The non-divided image was set 
to a grayscale range. Quantitatively, the analyzed throm-
bus area in Fig.  7 has approximately an 8% difference 
from the sectioning (531,325.075 vs. 489,191.296 µm2).

The individually analyzed image analysis results 
showed a region-specific thrombus growth process. 

Fig. 6 Process by which part of the thrombus was separated from 
the thrombus body in a channel where the stenosis is 83.73%

Fig. 7 Method of analyzing thrombus formation when the scope of analysis is wide. If the analysis range is wide, visualizing and calculating the 
area by dividing the sections can obtain an image similar to the original image
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Figure  8 shows the image analysis results for thrombus 
formation in the regions after the stenosis section (sec-
tions 4, 5, and 6), where most thrombi were formed. In 
sections 4 and 5, which are close to the stenosis section, 
the growth rate of the thrombus was the fastest in the 
early stages of blood perfusion. In contrast, in section 6, 
which is the farthest from the stenosis section, thrombus 
growth and detachment (embolus) occurred frequently. 
This means that the growth rate between the thrombus 
growing around the platelets attached to the channel 
wall (wall-platelet) is a faster and stronger bond than that 
between the thrombus formed during platelet aggrega-
tion (platelet-platelet). Additionally, 7 min after the blood 
flow, the thrombus area formed in section 5 reversed the 
thrombus area formed in section 4. It is expected that the 
WSR caused by the stenosis section, as well as the WSR 
caused by the thrombus formed in section  4, increased 
over time, thus promoting thrombus growth.

Since the thrombus analysis method introduced in this 
study is based on 2D projection images, it is difficult to 
accurately measure the absolute amount of thrombus 
formed. However, this method makes it possible to deter-
mine the location of the formed thrombus and compare 
the relative size of the thrombus. This provides a basis for 
observing and understanding the thrombus formation 
process.

Conclusions
In this study, a method for quantitatively analyzing 
the mechanism of thrombus formation in an in  vitro 
thrombus chip was described using simple experimental 
equipment and image analysis without using fluorescent 

materials. This study provided a basic step in enabling 
thrombus analysis to understand and treat thrombus dis-
orders using simple laboratory equipment. The thrombus 
analysis results shown in this study were mainly based on 
the influence of physical flow on thrombosis formation. 
Through the image analysis method introduced in this 
study, it was possible to visually monitor the thrombus 
formation process over time and calculate the thrombus 
area formed. We found that the higher the stenosis chan-
nel, the faster the thrombus growth rate, and the higher 
the probability of embolus occurrence. It was also shown 
that thrombus formation started from the channel wall 
and grew around it. Furthermore, by dividing the image 
analysis section and analyzing it by section, it was con-
firmed that the growth rate and binding force of the same 
thrombus can vary depending on how they were formed. 
We believe that our results provide a basis for the fabrica-
tion of in vitro thrombus kits for POC diagnosis of arte-
rial thrombosis and rapid diagnosis of antithrombotic 
therapy.
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