& frontiers | Frontiers in Physics

’ @ Check for updates

OPEN ACCESS

Zhifang Li,
Fujian Normal University, China

Shuangmu Zhuo,

Jimei University, China
Feifan Zhou,

Hainan University, China

Zenghai Lu,
Z.Lu2@hud.ac.uk

Kaihong Cheng,
ckh110178@fjpit.edu.cn

This article was submitted to Optics and
Photonics,

a section of the journal

Frontiers in Physics

06 February 2023
24 March 2023
19 April 2023

Zhuo S, Li M, Lu Z and Chen K (2023),
High-resolution characterization of the
coagulation and drying processes of
whole blood based on optical
coherence tomography.

Front. Phys. 11:1159504.

doi: 10.3389/fphy.2023.1159504

© 2023 Zhuo, Li, Lu and Chen. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics

Original Research
19 April 2023
10.3389/fphy.2023.1159504

High-resolution characterization
of the coagulation and drying
processes of whole blood based
on optical coherence tomography

Shufeng Zhuo?, Meifang Li?, Zenghai Lu®** and Kaihong Chen'*

The Internet of Things and Artificial Intelligence College, Fujian Polytechnic of Information Technology,
Fuzhou, Fujian, China, 2Department of Medical Imaging, Affiliated Hospital of Putian University, Putian,
Fujian, China, *School of Computing and Engineering, University of Huddersfield, Huddersfield,

United Kingdom

Introduction: Escaping whole blood exhibits biochemical and physical coupled
mechanisms such as coagulation and drying. However, there is no method for
simultaneously monitoring the coagulation and drying procedure.

Methods: In this study, a new method based on optical coherence tomography
(OCT) combined with speckle variance and thickness is presented for simultaneously
capturing spatially high-resolved characteristics of coagulation and drying of whole
blood during the procedure. Deep learning based on a convolutional neural hetwork
(CNN) is employed for collecting OCT images with a resolution of micron order and
quantitatively obtaining pixel-wise information of whole blood.

Results and discussion: Then, the pixel-wise thickness map provides high-resolved
temporal-spatial dynamics of whole blood during the drying procedure, and the
corresponding speckle variance can uncover information of whole blood coagulation.
The results demonstrate that coagulation and drying of whole blood have spatially
inhomogeneous features. This method could provide the potential for revealing the
coupling mechanism between coagulation and drying.

KEYWORDS
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1 Introduction

Blood is a complex system which displays certain chemical and physical phenomena
when it is removed from the body, such as blood coagulation [1, 2] and evaporation [3, 4].
Blood coagulation is a defense mechanism for blocking blood vessels by a series of reactions
that involve the intrinsic and extrinsic pathways [2, 5]. Blood coagulation monitoring has
become crucial to diagnosing causes of hemorrhages, developing anticoagulant drugs, and
assessing bleeding risk in extensive surgical procedures.

The most commonly used routine laboratory-based coagulation tests based on the intrinsic and
extrinsic pathways include prothrombin time/international normalized ratio (PT), activated partial
thromboplastin time (aPTT) [6, 7], and platelet testing [8]. However, these clinical tests require
much time to separate plasma and platelets. Thus, these traditional tests do not reflect the whole
dynamic process of blood coagulation and are not efficient enough to obtain the coagulation results.

In order to overcome the aforementioned drawbacks, a number of methods have been
presented for coagulation assessment in whole blood, including thromboelastometry (TEG) [9,
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10], laser speckle rheology (LSR) [11-14], brightfield microscopy
[15],
impedance measurement based on a microfluidic chip [16], OCT-
based measurement including penetration depth [17, 18],
optical tomography [19], optical
coherence elastography [20], and autocorrelation analysis [21].

combined with image processing techniques electrical

magnetomotive coherence
However, these techniques cannot provide the spatial heterogeneity
of whole blood during the coagulation procedure since blood
coagulation is a spatially non-uniform and non-random process
[22]. Furthermore, the physical process of whole blood such as
drying was not considered in these techniques.

The evaporation of blood also induces the spatial heterogeneity of
dried patterns from blood droplets [4, 23] and has recently gained
immense attention because of its potential application in diagnostic
medicine [24, 25] and forensic science [23, 26]. Mass, volume, and size
are quantified for blood during the drying procedure [3], and the
feature of the image of a blood droplet is employed for characterizing
whole blood [26, 27]. However, these parameters cannot provide
spatial distribution in blood.

In this work, a novel method based on OCT is presented for high-
resolved imaging spatial heterogeneity of whole blood during natural
evaporation and coagulation. The tests were conducted using whole
blood from a healthy rat obtained by finger pricking without added
reagents. In this method, the pixel-wise thickness and speckle variance
of whole blood is used to characterize the whole blood based on OCT
combined with a convolutional neural network (CNN) for revealing
biochemical and physical coupled mechanisms.

2 Materials and methods
2.1 Samples

Fresh blood is obtained from healthy male Sprague-Dawley
rats (National Rodent Laboratory Animal Resources, Shanghai
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Branch). The area is cleaned with alcohol, and a sterilized lancet
is used to puncture the vein in the leg. The first drop of blood is
wiped with a sterilized cotton ball, and the second drop of blood
is placed on the glass slide. Figure 1D shows the whole blood
drop, and the thickness of the blood drop is thinner at the right
than at the left. The OCT scanning area is along the line on the
whole blood, as shown in Figure 1D. The first OCT images for
whole blood are collected within 30s. Experiments are
conducted at an ambient room temperature of 15.5°C and
relative humidity (RH) of 72%. The cross-sectional OCT
images are collected every 3 min during natural evaporation
and coagulation processes. Furthermore, the animal use protocol
has been reviewed and approved by the Animal Ethical and
Welfare Committee (AEWC) of Affiliated Hospital of Putian
University.

2.2 OCT system

The schematic of the OCT system (OPINTECH Co., Ltd.) based
on a fiber-optic Michelson interferometer is shown in Figure 1C.
The system consists of a polarized broadband superluminescent
light-emitting diode (SLD) with a central wavelength of 1304.7 nm, a
full width at half maxima (FWHM) of 96.3 nm, and a power of
9.4 mW. The light from the SLD is split into the sample arm and the
reference arm with a power of 75% and 25%, respectively. The axial
and lateral resolutions are 7.8um and 182um in theory,
respectively. The acquisition rate of a cross-sectional OCT image
is 20 fps (0.05 s per frame). The sample arm is placed on the robotic
arm to flexibly measure the medium. The successive 400 cross-
sectional OCT images are sampled at the 3-min interval until the
whole blood is completely coagulated. Figure 1A shows the cross-
sectional OCT image of the whole blood, and it demonstrates that
the OCT image could completely detect the depth-resolved blood
region.

(b)

upper boundary

thickness

lower boundary

Robot Arm

(A) Cross-sectional OCT image of whole blood and (B) manual label of the whole blood area. Image area was 3 mm (z) X 10 mm(x). White line shows
the thickness of whole blood at the local position. (C) Schematic of the experimental setup. SLD, superluminescent diode; C, collimator; M, mirror; FL,
focusing lens. (D) Scanning area along the line on whole blood. The thickness of the blood drop is thinner at the right than at the left.
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FIGURE 2
Evaluation curve of training MloU.

2.3 Segmentation of whole blood with CNN

In order to quantify the whole blood features during the
coagulation and drying processes, the areas of the whole blood
are segmented from cross-sectional OCT images based on CNN
which uses the U-net network [28] as the backbone network.
During this procedure, 7,200 cross-sectional OCT images are
obtained with a total of 18 sets of valid data. Among them,
180 cross-sectional OCT images are selected for the manual
label, as shown in Figure 1B, and they were randomly divided
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into training datasets (90%) and validation sets (10%) to
improve the robustness of the model. Then, the remaining
images are selected as the test set. In addition, the Adam
optimizer is employed [29] to optimize the model. The
learning rate is initially set to 0.0001, and the decay rate is
set to 0.995. Figure 2 demonstrates that the coincidence degree
of the target box and prediction box is high due to the mean
intersection over union (MIoU) score of 98.17. Then, the trained
model is applied to segment whole blood regions during blood
coagulation and drying processes, and the boundaries of whole
blood regions are recorded to further quantitatively analyze the
dynamics of whole blood.

2.4 High-resolved characterization of whole
blood based on thickness and speckle
variance

The thickness of whole blood is employed to quantify the
morphological feature. The thickness is determined by the pixel
difference between the upper and lower boundaries of whole blood
in OCT images in the same column, as shown in Figure 1B. Thus,
the lateral pixel-resolved thickness can be determined using the
following formula: thickness = (n, — n;) XAd, where n, is the row
value in the column of the upper boundary, #; is the row value in
the column of the lower boundary, and Ad denotes the size of the
pixel. Thus, the lateral distribution of the pixel-resolved thickness
can be obtained from cross-sectional OCT images, as shown in
Figure 3A.

Furthermore, speckle variance is obtained by calculating the
interframe variance (SV;) of the number (N) of cross-sectional OCT
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(A) Lateral distribution of the pixel-wise thickness, (B) successive cross-sectional OCT images, (C) speckle variance image, and (D) lateral distribution

of the pixel-wise median of speckle variance of the whole blood.
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Cross-sectional OCT image of whole blood during coagulation and drying processes with different delaying times of (A) O min, (B) 6 min, (C) 12 min,
(D) 18 min, (E)24 min, (F) 30 min, (G) 36 min, (H) 42 min, and (I) 48 min. White dot rectangles denotes the complete clot regions

structural pixel intensity (I;;x) at the same region of interest (ROI)
based on the following equation [30, 31]:

1Y 1y ?
SV = Nz Liji (x,2) - ﬁzli,j,k (x,2) ],
e 1

where i, j, and k indicate the depth location, lateral location, and
indices of the cross-sectional OCT image, respectively, as shown in
Figure 3B. I; jx denotes the OCT signal intensity in the logarithmic
scale at pixel (7,j) at the kth cross-sectional OCT image. N is the
number of successive cross-sectional OCT images used in speckle
variance calculation, and N = 10 is chosen in this work for speckle
variance calculation. Figure 3C shows the corresponding speckle
variance image of the whole blood. The speckle variance image
shows a smaller variance in the deeper samples since the intensity
of the OCT signal decreased with depth. In order to reduce the
effect, we employed the median speckle variance. Figure 3D
demonstrates the lateral distribution of pixel-wise median
speckle variance, which is obtained by comparing the speckle
variance values between the upper and lower boundaries of
blood in OCT images in the same column, as shown in Figure 1B.

Subsequently, the lateral pixel-wise thickness and median
speckle variance are employed for high-resolved characterization
of the whole blood during the coagulation and drying processes. In
addition, the first derivative is based on central difference and is
defined as the weighted difference of adjacent pixels, which is given
as follows: dI/dt = [I(t+1) - I(t-1)]/2, where I denotes thickness or
speckle variance and ¢ denotes time.

Frontiers in Physics

3 Results and discussion

Figure 4 shows the cross-sectional OCT image of the whole
blood during the coagulation and drying processes. The whole blood
slowly loses area in the OCT image with delay time until complete
clotting of the whole blood occurs due to evaporation. This is
because whole blood consists of 44.55% red blood cells (RBCs),
0.45% white blood cells and platelets, and 55% blood plasma, and
water is the main component since the volume fraction of RBCs
(frec) = 0.66 and the volume fraction of plasma (fyjasma) = 0.90 [32].

Additionally, Figure 4 also reveals that the clotting starts from
the right side, and the complete clot region is gradually enlarged to
the entire area with delaying time during the coagulation and drying
processes, which demonstrates that the whole blood does not dry
and coagulate in a uniform manner, which is consistent with the
results of Smith [23]. These phenomena are mainly due to
evaporation, and the right edge of the whole blood drop is
thinner than the left edge. The whole blood begins to coagulate
first and then its clotting factors diffuse [ 1], which induces clotting of
blood from the right side to the left side. Thus, the areas of the whole
blood are correlated to the drying process.

Figure 5 shows the corresponding speckle variance image of
whole blood with CNN segmentation during the coagulation and
drying processes. Speckle variance of whole blood decreases with the
delaying time, mainly because of the coagulation of whole blood, in
which the contact pathway of triggering blood clotting plays an
important role in clot formation in vitro [33]. In addition, Figure 6C
shows that there is strong noise in the speckle variance image of
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Corresponding cross-sectional speckle variance OCT image of whole blood during coagulation and drying processes with different delaying times
of (A) 0 min, (B) 6 min, (C) 12 min, (D) 18 min, (E) 24 min, (F) 30 min, (G) 36 min, (H) 42 min, and (1)48 min.
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FIGURE 6

(A) Cross-sectional OCT image of whole blood, (B) corresponding speckle variance with CNN segmentation,

variance without CNN segmentation

whole blood since speckle variance is sensitive to noise, as shown in
Figure 6A, and the statistical distribution of OCT signals [34].
that the speckle variance image
combined with CNN segmentation can overcome the problem of

Figure 6B demonstrates

speckle variance noise. Thus, the advantage of deep learning is that it
can effectively extract regions of interest, such as the location of
whole blood, and effectively reduce noise.

At first, the whole blood is in the liquid state, and the RBCs are
the dominant scattering particles. The viscosity of the whole blood is
relatively low, and the small RBCs undergo rapid motion. This is due
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and (C) corresponding speckle

to the fact that the Brownian motion of light scattering centers is
directly related to the viscoelastic properties of the medium [35].
During blood coagulation, the blood progressively turns into a gel
state because fibrinogen is converted into fibrin through a
coagulation cascade reaction [2, 5]. The RBCs can aggregate and
are dominant scattering particles. The size of red blood cell
aggregation (RBCA) increases, and its motion slows down
because of the viscoelastic properties of the clot, which restricts
blood.
Consequently, coagulated blood alters the rate of OCT intensity

Brownian displacements of scatterers within whole
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Thickness at the right edge of the OCT image and its first derivative versus decaying time. Solid green line represents the valley, and dot green line

represents the peak of the first derivative.

fluctuations compared to liquid blood [11], which results in a
decrease in speckle variance. Therefore, speckle variance could be
used to quantify the coagulation state of the whole blood.

However, the areas could not provide the spatial heterogeneity
of whole blood during this procedure. The pixel-wise thickness is
employed to characterize the spatial heterogeneity of whole blood
throughout the drying process since the areas can be calculated by
the sum of the pixel-wise thickness. Figure 7 shows the plot of the
thickness and its first derivative vs. delaying time, and three stages,
namely, regime I, transition regime, and regime II can be identified
based on the first derivative of thickness. These three stages are
consistent with those found by Sobac et.al [3]. Regime I is defined as
the region between the initial position and the valley in the first
derivative curve of thickness. The occurrence time of the valley in
the first derivative could be regarded as the desiccation time (Tp).
Then, the transition regime is located between the valley and peak in
the first derivative curve, which is characterized by a sharp decrease
in thickness. Finally, regime II is defined as the region from the peak
in the first derivative, in which the thickness presents an
approximately horizontal tendency, meaning a very slow drying
rate. The occurrence time of the peak of the first derivative is defined
as the complete evaporation time (T}), during which the thickness no
longer changes with time during the entire drying process [36].

As the Brownian motion is different at the beginning and the
end of coagulation of the whole blood, the first derivative of speckle
variance is employed for the calculation of coagulation metrics, as
shown in Figure 8. The process could also be divided into three
stages. The occurrence time of the valley in the first derivative curve
is defined as the coagulation reaction time (T¢). Furthermore, the
occurrence time of the peak in the first derivative curve is defined as
the gelation time (T;), which has been taken as the time at the end of
the sol-gel transition.

The comparison between Figure 7 and Figure 8 gives the
following relationship: the coagulation reaction time (T¢) < the
desiccation time (Tp) < the gelation time (Ts) < the complete
evaporation time (7). The coagulation reaction time is T ~12 min,
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whose order of magnitude is same as that of static whole blood
without kaolin [21]. In addition, the desiccation time (Tp) has the
order of magnitude same as that of the gelation time (T) since T/
Tp~1.33, which is similar to the value of 1.25 in [3]. This is because
any escaping blood is first in a liquid state exhibiting Brownian
motion, then the liquid blood turns rapidly into a coagulated state,
and finally, it converts into a gel state. During the coagulation
procedure, the thickness of whole blood decreases due to removal of
water by evaporation. After the complete gelation, the thickness of
whole blood still decreases due to continuous evaporation.

Figure 9 and Figure 10 show the pixel-wise thickness map and
speckle variance map of whole blood and their first derivative during
coagulation and drying processes, which are composed of thickness
and median speckle variance of 345 points in the whole blood,
respectively. Figure 11 shows the pixel-wise desiccation time and
coagulation reaction time extracted by Figures 9, 10 based on the
valley and peak of the corresponding first derivative, respectively,
and demonstrates the different states experienced in the same
location for quantitative characterization of whole blood. These
figures demonstrate that coagulation and drying of whole blood have
spatially inhomogeneous features. As the escaping whole blood
begins to evaporate, RBC particles collect at the blood-air
interface. The RBC concentration near the interface continues to
grow as the whole blood continues to lose water. Meanwhile, RBCs
aggregate and their size becomes larger, the viscosity increases, and
the diffusivity decreases. Thus, this study provides a new method for
analyzing the coagulation and drying processes of whole blood.

In this study, a novel method based on OCT reveals biochemical
and physical coupled mechanisms of whole blood. The shape of the
blood pool is critical in the dynamics of whole blood, and there are
multiple quantization parameters for shape, including the radius of a
drop, capillary length, thickness, volume, and contact angle with the
surface [23]. Their relationship between shape and dynamics will be
explored, and quantitative data combined with statistical analysis
will be further presented in the following work. In addition, this
method could be further extended to study the effects of several
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parameters on pattern formation in whole blood, such as
temperature [37], relative humidity (RH) of the evaporation
environment [38], air velocity [39], the presence of a surfactant
[40], and the size [41] and chemical composition [42] of the
particles.

4 Conclusion

In this study, a new method based on optical coherence
tomography is presented for simultaneously measuring spatially
high-resolved characteristics of coagulation and drying of whole
blood during the procedure. The principle of this method is to
combine speckle variance with the thickness of whole blood based
on high-resolved OCT images, in which a convolutional neural
network is employed for obtaining quantitative pixel-wise
information. The results indicate that the pixel-wise thickness
map provides high-resolved temporal-spatial dynamics of whole
blood during the drying procedure, due to the decrease in thickness
of whole blood during evaporation. Moreover, the corresponding
speckle variance uncovers information on whole blood’s coagulation
procedure since Brownian motion decreases with the increasing size
of RBCA. Then, the method could provide desiccation time and
coagulation time information for

reaction quantitative

characterization of drying and coagulation, respectively.
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