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ABSTRACT

Red blood cells aggregate from individual cells into larger aggregates during blood coagulation. This process causes the light-
scattering particles to enlarge and their motion to become restricted. The size and motion of these light-scattering particles
during coagulation provide valuable information on the progress of blood coagulation. This paper proposes an optical coherence
tomography speckle deviation (OCT-SD) method for the noncontact assessment of blood coagulation dynamics by detecting
changes in the size and motion of scattering particles. The coagulation characteristics of static and flowing blood were quanti-
tatively evaluated through coagulation reaction time and clot formation duration by monitoring the blood coagulation process.
The OCT imaging, incorporating SD analysis, enables noncontact coagulation assessment. Experimental results demonstrate
that the proposed method can efficiently and accurately assess coagulation dynamics, offering significant potential for in situ

coagulation detection.

1 | Introduction

A coagulation disorder refers to an abnormal state of blood clot-
ting and bleeding. Coagulation assessment plays a crucial role
in predicting the risks associated with such disorders and iden-
tifying their underlying causes. Coagulation properties are typ-
ically analyzed through biochemical and physical testing [1, 2].
In biochemical testing, the quantity or activity of various coagu-
lation factors in the blood is measured. However, these tests often
involve complex sample pretreatment and are time-consuming.
Physical testing methods—such as light absorption/scattering
detection or blood viscoelasticity measurements—offer more effi-
cient coagulation assessments with minimal sample preparation.
These methods are, therefore, promising for point-of-care testing.

© 2025 Wiley-VCH GmbH.

As a label-free, noncontact imaging technology, optical co-
herence tomography (OCT) has been widely applied in three-
dimensional ophthalmic imaging, endoscopy, and angiography
[3-5]. OCT signal decay with depth has been utilized to monitor
the coagulation process by detecting changes in optical parame-
ters, such as scattering coefficients and refractive indices, during
coagulation [6, 7). However, the optical properties of blood can
also be altered by certain conditions, such as lipemia or icterus,
potentially leading to distorted coagulation evaluations. Like
thromboelastography (TEG) and rotational thromboelastometry
(ROTEM), optical coherence elastography combines the prin-
ciples of elastography with OCT to monitor blood coagulation
by assessing blood viscoelasticity [8-10]. This technique calcu-
lates shear wave velocity and compressional wave attenuation
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to evaluate blood viscoelasticity after mechanical waves are in-
duced by external excitation. However, viscoelasticity-based co-
agulation detection requires additional force excitation devices
and sophisticated operational procedures.

This study proposes an OCT speckle deviation (OCT-SD)
method for evaluating blood coagulation properties. By analyz-
ing the SD of time-series OCT signals, changes in the size and
motion of scattering particles can be detected. We investigated
the relationship between OCT-SDs and particle size and motion
in polystyrene microsphere suspensions. Subsequently, we mon-
itored blood coagulation under both static and dynamic condi-
tions, quantifying coagulation reaction time and clot formation
duration in coagulation activation, blood dilution, and flowing
blood assays.

2 | Methods and Materials
2.1 | OCT-SD Analysis

The composition and properties of blood are crucial to its rheol-
ogy and coagulation function [11, 12]. Red blood cells (RBCs),
which account for over 99% of the blood cell volume [13], are the
primary light-scattering particles in the blood. The biconcave,
disc-shaped RBC has an elastic membrane enclosing a hemoglo-
bin solution, which allows it to deform [14]. During blood coagu-
lation, RBCs aggregate as fibrin networks form, binding the cells
together [15]. As a result, the light-scattering particles increase
in size from individual RBCs to RBC aggregates. Additionally,
RBC aggregation raises blood viscosity and restricts the motion
of scattering particles. Consequently, the blood coagulation pro-
cess can be monitored by detecting changes in both the size and
motion of scattering particles, as shown in Figure 1. In the early
stage of coagulation, individual RBCs dominate as scattering
particles in low-viscosity blood, resulting in small particle size
and rapid motion. In the later stages, large RBC aggregates take
over as the primary scattering particles in high-viscosity blood,
causing the motion to slow down.

Built upon the principle of low-coherence interferometry, OCT
captures optical scattering signals at high speed and resolution,
enabling depth profiling. The SD of time-series OCT signals is
highly sensitive to the size and motion of scattering particles.
Changes in particle size can lead to significant variations in the
standard deviation, with smaller particles causing a larger SD
[16]. Additionally, the motion of the scattering particles influ-
ences the SD, with faster motion resulting in a higher standard
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deviation value [17]. The SD of time-series OCT signals can be
calculated using the following equation:

5o = 1 Zmea [T W
5 M-1

where f; is the SD, M denotes the number of speckle regions
in an M-scan image, I(m) represents the average amplitude of
the mth speckle region, and T is calculated by % X er\: L I(m).
In a blood sample, the SD is primarily influenced by the size
of the particles and their random motion. During coagulation,
the dominant scattering particles increase in size, transitioning
from individual RBCs to RBC aggregates, and the random mo-
tion slows down due to the formation and binding of fibrin net-
works. Larger scattering particles with slower random motion
lead to a decrease in SD. As a result, the coagulation process can
be monitored through SD analysis. Calculating SDs is simpler
than performing autocorrelation analysis [11], making it a valu-
able method for real-time coagulation detection.

2.2 | Data Capture

OCT signals were acquired using a Thorlabs swept-source OCT
system (VEG210C1) with a central wavelength of 1300nm and
an A-scan speed of 100kHz, as shown in Figure 2. An M-scan
image, consisting of 10,000 A-scans and 512 depth spots, was
captured at each time point. A 15X 15 pixel region in the M-scan
image was selected as the speckle region, and 666 such speckle
regions were defined at specific depths within the M-scan.
Therefore, the total number of speckle regions (M) was 666, with
a time interval of 0.15ms between adjacent regions.

2.3 | Sample Preparation

To validate the feasibility of our method, we measured suspen-
sions of polystyrene microspheres with diameters of 5, 20, and
100 pm dispersed in water. RBCs with a size of approximately
5-10um and their aggregates (much larger than individual
cells) significantly influence the scattering properties during
OCT measurements. To consider these effects, we measured
5-100 um microsphere suspensions using OCT. A 1-mL sample
of the microsphere suspension was gently shaken in a centri-
fuge tube to ensure uniform mixing. Additionally, suspensions
with varying viscosities were compared by adding glycerin to
the solution. Three suspensions with 5um microspheres were

End of coagulation

Blood liquid OCT M-Scan

Blood clot OCT M-Scan

FIGURE1 | Schematicof OCT speckle deviation analysis. In the early stage of coagulation, individual RBCs are the dominant scattering particles,

while in the later stages, large RBC aggregates become the primary scattering particles.
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FIGURE 2 | Schematic of the system for detecting blood coagulation dynamics. A swept-source OCT system was used to capture OCT signals
from the sample in a centrifuge tube under static conditions, or from the sample in a silicone tube under flow conditions.

tested, including samples without glycerin, with 16% glycerin,
and with 34% glycerin. Thirty frames of M-scan OCT images
were captured for each sample as repeated measurements.

Porcine blood is commonly used in coagulation studies [18].
Fresh porcine whole blood was anticoagulated with sodium ci-
trate and recalcified with a CaCl, solution to trigger coagulation.
Two assays were designed: the ellagic acid (EA) activation assay
and the sodium chloride dilution assay. In the EA activation
assay, 2.5mL of the blood sample was mixed with 100 uL (10g/L)
of the EA solution and 145 uL (12g/L) of the CaCl, solution. The
EA accelerates coagulation. In the NaCl dilution assay, whole
blood samples were diluted to 75% and 50% with a 0.9% NaCl
solution. Then, 2.5mL of each diluted blood sample was mixed
with 100 L (10g/L) of the EA solution and 145uL (12g/L) of the
CaCl, solution. Each sample was gently mixed for 30s, followed
by pipetting 1 mL of the mixture into a centrifuge tube for test-
ing under static conditions. To monitor blood coagulation under
flow conditions, 2.5 mL of the blood sample, as in the EA activa-
tion assay, was injected into a 1 mm silicone tube. The blood was
cycled reciprocally in the tube: forward flow for 65, a 6s pause,
and reverse flow for 65, controlled by a syringe pump. Two blood
flow rates (1 mL/min and 2mL/min) were tested in the experi-
ments. Three replicate measurements were performed for each
sample group. Speckle variance is also sensitive to factors such
as blood flow velocity. As a result, when measuring speckle vari-
ances under flow conditions, the flow was temporarily paused.

3 | Results

The OCT-SD measurements of polystyrene microsphere sus-
pensions are shown in Figure 3. Figure 3a illustrates the OCT
M-scan images of suspensions containing microspheres with di-
ameters of 5, 20, and 100 wm. Figure 3b presents the SDs for the
three sample groups. As observed, when the microsphere diam-
eter increases from 5 to 20 um, the SD g decreases significantly

from 55.81+1.55 to 39.28 £1.67 (p<0.01). A further increase
in microsphere diameter to 100pum results in a g, value of
9.01+0.28 (p<0.01). A strong correlation is observed between
the microsphere size and the SD, as analyzed using the OCT-SD
method.

The OCT-SD measurements of 5-um microsphere suspensions
with varying viscosities are shown in Figure 3c. The viscosity
of the suspensions was measured using a rotational rheometer
(Physica MCR301, Anton Paar, Graz, Austria). The viscosity val-
ues were 1mPas for pure water, 149 mPas for a mixture with
16% glycerol, and 450 mPas for a mixture with 34% glycerol. As
shown in Figure 3c, when the viscosity of the medium increases,
the SD decreases significantly, from 55.81 +1.55 for the sample
without glycerol to 22.13 +0.60 for the sample with 16% glycerol
(p<0.01). It further decreases to 14.92 + 0.40 for the sample with
34% glycerol (p <0.01). A strong correlation is observed between
sample viscosity and SD, as analyzed by the OCT-SD method.

During coagulation, both particle size and viscosity change
simultaneously, with the two factors having an additive effect
rather than canceling each other out. Specifically, as coagula-
tion progresses, the primary scattering particles transition from
smaller RBCs in low-viscosity blood to larger red blood cell
aggregates in high-viscosity blood. As particle size increases,
SD decreases, and as viscosity increases, SD also decreases.
Therefore, SD can be used to detect coagulation as it progresses.

Blood coagulation was analyzed using the OCT-SD method
under both static and flow conditions, as shown in Figure 4.
During coagulation, as fibrin networks form and bind RBCs,
the scattering particles increase in size, and their motion slows
down, resulting in a decrease in SD. Figure 4a illustrates the
changes in SD after coagulation was triggered in static blood
samples. The coagulation process consists of three main stages.
In the first stage, individual RBCs are suspended in liquid
blood. The scattering particles are small, and their random
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FIGURE 3 | OCT-SD measurements of polystyrene microsphere suspensions with varying diameters and viscosities. (a) OCT M-scan images of

60 I 5um
I 20ym
A I 100pm
40
w
@ 3
20 1
10
0
5 20 100

Microsphere size (um)

Il 1 mPa-s

& . 149 mPa-s

50 I 450 mPa's
» 40
@

30

20 4

10 4

0.

1 149 450

Viscosity (mPa-s)

the microsphere suspensions. (b) Speckle deviations for water suspensions with different microsphere diameters. (c) Speckle deviations for 5um mi-

crosphere suspensions with varying viscosities.
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FIGURE4 | Analysis of speckle deviation g, during blood coagulation. (a) Speckle deviations for static whole blood and static diluted blood sam-

ples. (b) Speckle deviations for static blood and flowing blood samples.

motion is rapid, leading to a high SD. In the second stage, the
liquid blood quickly transforms into a gel clot. As RBCs aggre-
gate into clusters through fibrin network binding, the particle
size gradually increases, and the motion of the aggregates slows
down. This results in a gradual decrease in SD. In the third
stage, fibrin networks intertwine with the RBCs, forming a
stable blood clot [19]. At this point, the size and motion of the
scattering particles no longer change significantly, and the SD

stabilizes. Based on the three stages of blood clotting, the SDs
were fitted to an S-curve, and the second-order derivatives were
calculated. Coagulation properties were then analyzed using
two metrics: coagulation reaction time and clot formation du-
ration. The coagulation reaction time, defined as the point at
which coagulation begins, is determined by the time at which
the minimum value of the second-order derivative occurs.
The clot formation duration, representing the period during

40f 6

Journal of Biophotonics, 2025

85UB01 7 SUOWWOD BAIIID) 8|t [dde 8y} A peusenob aJe Ssjoie YO ‘8sn JOse|nl Joj AriqiT8UlUQ A8]1M UO (SUORIPUOD-PUE-SWUIBI/ALIO" A3 1M AeIq Ul |UO//SchL) SUORIPUOD pue swie 1 8y} 89S *[5Z02/60/8T] Uo Ariqiiauliuo A8|im ‘Aiseaiun Buerleyz Aq Z000L 01(/200T 0T/10p/w0d A8 1w Ake.d iUl uo//:sdny wouy pepeojumod ‘9 ‘G20z ‘8v90rasT



clot formation, is calculated as the time interval between the
minimum and maximum values of the second-order deriva-
tives. These two metrics—coagulation reaction time and clot
formation duration—are compared in Table 1. Various factors,
including sample properties and OCT system settings, can in-
fluence SD, resulting in differences at the onset of coagulation
and fluctuations during coagulation measurements, as shown
in Figure 4. However, since the SDs are fitted to an S-curve and
second-order derivatives are used to assess coagulation, any
fluctuations in the measurements do not significantly impact
the measurement accuracy of coagulation reaction time and
clot formation duration. To improve measurement accuracy, it
is possible to increase the sliding window size and the number
of averaging times within the OCT-SD algorithm, although this
will also raise the computational cost.

The proposed OCT-SD method was evaluated under static con-
ditions using the EA activation and NaCl dilution assays. EA
is an organic compound that activates the contact phase of the
intrinsic coagulation pathway, accelerating the coagulation
process [20]. The NaCl dilution of blood during infusion ther-
apy can lead to dilutional coagulopathy, affecting coagulation
properties [21]. Figure 4a compares the SDs among four static
blood samples: whole blood without EA, whole blood with EA,
75% diluted blood with EA, and 50% diluted blood with EA. The
measurement time was shorter for samples with EA compared
to those without EA, as EA significantly accelerated the coagu-
lation process. The coagulation reaction time and clot formation
duration for the static samples are compared in Table 1.

After the addition of EA, the coagulation reaction time de-
creased significantly from 972+46 to 271+15s (p<0.05), and
the clot formation duration significantly shortened from 645 + 74
to 101 £13s (p<0.05). These results confirm that EA can pro-
mote blood coagulation [22]. The effect of NaCl hemodilution
on coagulation was assessed in three static samples with EA.
Hemodilution did not significantly affect the coagulation reac-
tion time (p>0.05), indicating that coagulation began almost
simultaneously across the samples. However, the clot formation

TABLE1 | Coagulation properties of static blood and flow blood.

Coagulation Clot
reaction formation

Blood sample time (s) duration (s)
Static whole blood 972+46 645+ 74
without EA
Static whole blood with 271+15 101+13
EA
Static 75% diluted blood 217+7 42+12
with EA
Static 50% diluted blood 231+6 24+14
with EA
Whole blood with EA at 245+17 35+13
1mL/min
Whole blood with EA at 255+13 24+14
2mL/min

duration significantly decreased from 101 +13s for whole blood
to 42+12s for 75% diluted blood (p <0.05) and further reduced
to 24 +14s for 50% diluted blood (p <0.05). This suggests that
hemodilution accelerates the coagulation process, leading to
faster clot formation [23].

We also assessed the effects of flow rates on coagulation. EA
samples were driven to flow reciprocally at flow rates of 1 mL/
min and 2mL/min, respectively. The corresponding SDs for the
flowing blood samples are shown in Figure 4b. A comparison of
the coagulation property metrics is presented in Table 1. There
was no significant difference in coagulation reaction time be-
tween static whole blood with EA and flowing blood with EA
at either 1mL/min (p>0.05) or 2mL/min (p > 0.05). However,
the clot formation duration was significantly shortened from
101 +13ss for static whole blood to 35+ 13s for flowing blood at
1mL/min (p<0.05) and further reduced to 24 + 14 s for flowing
blood at 2mL/min (p <0.05). These results suggest that blood
flow accelerates the formation of fibrin networks and promotes
RBC aggregation after coagulation initiation, as observed from
the OCT-SD analysis.

4 | Conclusions

In this work, we proposed an OCT-SD method for noncontact
blood coagulation detection. The changes in the size and the
motion of the scattering particles during the coagulation were
evaluated by calculating the SDs of time-series OCT signals. As
only OCT images are required for the SD analysis, the OCT-SD
method provides a noncontact coagulation assessment and could
be used for in situ coagulation monitoring. Another advantage
of the proposed OCT-SD method is its relatively low runtime cost
due to the simple calculation of the SDs. The OCT-SD analysis
simplifies the calculations and increases the efficiency, which
is essential for point-of-care testing. The experimental results
demonstrate that the proposed method can accurately charac-
terize the coagulation properties in static and flow conditions.
Therefore, the proposed OCT-SD method holds the potential for
real-time in situ coagulation detection.
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