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Abstract

Embolectomy is one of the emergency procedures performed to remove emboli. Assessing the
composition of human blood clots is an important diagnostic factor and could provide guidance for
an appropriate treatment strategy for interventional physicians. Immunostaining has been used to
identity compositions of clots as a gold-standard procedure, but it is time-consuming and cannot
be performed /n situ. Here, we proposed that the optical attenuation coefficient of optical
coherence tomography (OCT) can be a reliable indicator as a new imaging modality to
differentiate clot compositions. Fifteen human blood clots with multiple red blood cell (RBC)
compositions from 21% to 95% were prepared using healthy human whole blood. A homogeneous
gelatin phantom experiment and numerical simulation based on the Lambert-Beer’s law were
examined to verify the validity of the attenuation coefficient estimation. The results displayed that
optical attenuation coefficients were strongly correlated with RBC compositions. We reported that
attenuation coefficients could be a promising biomarker to guide the choice of an appropriate
interventional device in a clinical setting and assist in characterizing blood clots.
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1. Introduction

Ischemic stroke is a major cause of mortality and morbidity worldwide, accounting for
approximately 27% of mortality and around 60% of stroke cases per year in the United
States 1. It is an aetiologically heterogeneous disease, and proper treatment mandates timely
investigation 274, Over the last decade, our knowledge of thromboembolus histology,
mechanical properties and effects of these properties on the success of mechanical
thrombectomy (MT) has grown significantly -°. Multiple randomized controlled trials have
proven the efficacy and safety of MT in treating patients suffering from acute ischemic
stroke (AIS) with large vessel occlusion 10: 11,

There is growing evidence supporting a relationship between selecting an appropriate device
during MT (aspiration catheter versus stent-retriever device) and histological composition of
clots 8 12, The internal organization of ischemic stroke thrombi has been studied to guide the
development of better recanalization strategies in stroke patients via MT for
neurointerventionalists, and found that the RBC-rich stroke thrombi are more easily
retrieved in comparison to fibrin-rich thrombi 9 13, K. Maekawa et al. reported that using
stent-based thrombectomy applying to the patients with erythrocyte-rich thrombi provided a
shorter arrival-to-recanalization time interval and more favorable clinical outcomes ’.
According to the stroke thromboembolism registry of imaging and pathology (STRIP)
results, patients with red blood cell (RBC)-rich clots by using aspiration alone during MT
were more likely to be completely revascularized than those with fibrin-rich clots 14,
Therefore, evaluating compositions of thrombi are critical and can play a pivotal role in
choosing an appropriate surgical device to increase success rate of MT and can also be
useful for determining the etiology of these pathologies 1°.

The histopathological evaluation of blood clots was carried out as early as 50 years ago in
postmortem cases 6. In the most studies, the hematoxylin and eosin (H & E) stain or
Martius Scarlet Blue (MSB) stain has been broadly used to characterize clot compositions as
the gold standard 17, but extra reagents need to be prepared, the staining procedure is time

consuming and it is subject to inter- and intra-observer variability as images are interpreted
18

Noninvasive imaging modalities, such as non-contrast computed tomography (CT) or
magnetic resonance imaging (MRI), are commonly used imaging modalities, which can be
applied, with some degree of accuracy, to characterize the histological composition of clots
causing large vessel occlusion stroke 19, CT has been used for evaluating the correlation
between thrombus attenuation and their histologic compositions in acute ischemic stroke
(AIS), and it has been demonstrated that clot perviousness is associated with higher RBC
compositions 152021 On the other hand, the amount of RBCs within the thrombus also
corresponds to the characterization of clots by the susceptibility vessel sign (SVS) in MRI
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17,19: however, SVS varies among MRI machines 7. Computed tomography angiography
(CTA) has been used to indirectly quantify the compositions of clots by the level of
permeability; however, extra contrast agents are required 22 23,

Over the last two decades, optical coherence tomography (OCT) has been developed to
investigate biological tissues and fluids due to ample advantages: non-invasive, non-contact,
high spatial resolution, real-time measurement, no ionizing radiation, and high sensitivity to
the topology of a surface 2427, The optical attenuation coefficient in OCT is a reliable
indicator to characterize various biological tissues such as arterial wall 28: 29, atherosclerotic
plaques 3932, enamel in teeth 33: 34, [ymph nodes 3% 38, urothelial carcinoma in bladder 37,
retinal nerve fiber layer 38 39 human colon tissue 40, cerebral cortex 41, skin lesions 42,
prostate tissue 43, breast tissue 44, and retinal microvascular 4°. A previous research report
noted that RBC-rich clots versus platelet-rich clots in the coronary arteries can be
qualitatively distinguished simply by optical intensity as a threshold 46. However, using the
optical attenuation coefficient in OCT to assess thrombus with various compositions has
been rarely described. In this work, we reported that the optical attenuation coefficient in
OCT is capable of evaluating clots with multiple RBC concentrations using human blood.
The optical attenuation coefficient in OCT can be a promising biomarker for clot
characterization and potentially implemented on catheters for real-time choosing an
appropriate surgical device during MT.

Materials and Methods

2.1 Clot Analogue Preparation

Following Institutional Review Board (IRB) approval (16-001131) from Mayo Clinic in
Rochester, healthy human whole blood was obtained from the blood transfusion service
(BTS). Blood from one healthy donor (500 cc) was used. Blood was centrifuged at 1200
RPM for 20 minutes at 20°C which resulted in separation of blood into plasma, buffy-coat,
and erythrocyte-rich layers. The plasma and erythrocytes (red blood cells, RBCs) were
collected independently and then recombined in controlled ratios inside a 50 mL Falcon
tube. We added 2.06% calcium chloride (Sigma Aldrich, Product No: C1016) and 2%
thrombin (Sigma Aldrich, Product No: 10602400001) to facilitate the formation of clots.
The solution inside each tube was mixed by 5 times inversion and then was quickly drawn
into 3 ml syringes. Ten individual clots were made for five different groups with different
RBC compositions (total 50 clots). In this study, three clots were randomly chosen from
each group. The clots were taken out of the syringes and placed on a Petri dish with 100 mm
diameter in air to image the samples with OCT. Analogues were prepared 4 hours before the
experiment and they were stored at room temperature (26°C). For this study, five types of
clot analogues were included with increasing concentrations of RBCs. Group 1: most fibrin-
rich; Group 2: fibrin-rich; Group 3: mixed; Group 4: RBC-rich and Group 5: most RBC-
rich. The clots were approximately cylindrically shaped though the diameter changed based
on the RBC content. The reported RBC compositions were averaged from three clots of
similar nominal RBC composition determined from the histological evaluation.
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2.1 Histologic Analysis

Following our experiments, each clot analogue was fixed in 10% phosphate-buffered
formalin (Thermo-Scientific, Product No: 5701) for 2 days and then clot analogues were
processed and embedded in paraffin. Formalin fixed paraffin embedded analogues were
sectioned into 3 pum slices and then a representative slide of each analogue was stained with
MSB. Histological quantification was performed using Orbit Image Analysis software
(https://www.orbit.bio/, licensed under GPLv3) 47. The percentage of components including
RBC and fibrin was determined (Table 1).

2.3 Fabrication of A Homogeneous Phantom

A 10% homogeneous gelatin phantom with 10 mm thickness was fabricated by using gelatin
powder (gel strength 300 type A, G2500-1KG, Sigma-Aldrich, St. Louis, MO, USA) mixed
with 1 g titanium dioxide (TiO,) to provide optical scattering. A total volume of 100 mL of
tap water in a 500 mL beaker was heated to 70 °C. The 10% v/v gelatin powder and 1 g
TiO, were added with stirring to the beaker for approximately 5 minutes to homogenize the
solution. The mixed solution was placed in a de-gassing chamber to remove small bubbles in
the fluid. After that, the mixed solution was poured into a regular Petri dish (85 mm x 10
mm) and placed in a 4 °C refrigerator for fast congealing.

2.4 Spectral-domain Optical Coherence Tomography (SD-OCT) System

The optical layout of the spectral domain optical coherence tomography (SD-OCT) system
is illustrated in figure 1. The low coherence broadband source is split into a reference beam
directed toward a stationary reference mirror and a sample beam directed toward the human
blood clots. The basic principle of OCT is based on the Michelson interferometer. The
signals from clots and retroreflected light from the reference mirror are recombined by
coupler. A spectral interferogram is formed by using spectrometers. A spectral domain OCT
(SD-OCT) system (TEL320C1, Thorlabs Inc., Newton, NJ, USA) is equipped with a 1300
nm source with low coherence broadband (236.8 nm of bandwidth) and LK3 lens kit
(Thorlabs Inc., Newton, NJ, USA) to be able to produce 13 um lateral resolution, 3.5 pm =
axis resolution and 3.6 mm of maximum imaging depth in air within 10 mm x 10 mm field
of view (FOV) as the best ability, provided by Thorlabs Inc. The fast Fourier transform
(FFT) is utilized to form an A-scan from the receiver array in the SD-OCT system. The
customized 2D scan pattern with 100 pm scanning step (100 discrete points within 10 mm)
in the lateral direction was developed to collect data. The customized acquisition was
developed by using SpectralRadar software development kit (SDK) 4.4 \ersion provided by
Thorlabs Inc. in Microsoft Visual C++ 2019 development environment (Microsoft,
Redmond, WA). A 10 kHz A-scan rate was selected to obtain a better penetration depth in
clots and 10 repeated measurements at the same location were performed for each individual
clot in the study. For each measurement, the middle of the clots was aligned with the middle
of the OCT field-of-view for images. The scan time is less than 1 second and data saving
time is approximately 25 seconds. The average total time for 10 repeated measurements was
around 4.5 mins for each clot.
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2.5 Attenuation Coefficient and Attenuation Distance Estimation

Various implementations of optical attenuation coefficient measurement have been proposed
such as curve fitting methods 48: 49, depth-resolved methods 30 1 and multiple-scattering
methods 2. The attenuation coefficient is estimated by using curve fitting to OCT intensity
depth profiles while samples are relatively uniform and homogenous, which assumes that
attenuation coefficients are similar over a certain depth 30 51. 53, The attenuation coefficient
of the coherent light beam traveling through a homogeneous medium and back to the OCT
detector is given by Lambert-Beer’s law and is expressed as

I(d) = Tpe™ 2+, (€)

where /is the backscattered intensity collected by the detector, /,is the intensity of the
incident light beam, 4 is the attenuation coefficient and the factor of 2 accounts for the
round-trip of the light propagation 51 53, In general, thrombi exhibit a homogeneous
appearance 4, especially for acute thrombosis °°. For ischemic stroke thrombi, S. Staessens
et al. studied the structural analysis of 188 nature clots after a thrombectomy procedure by
using histological indications and reported that the RBC-rich ischemic stroke thrombi is
composed of rather homogeneously distributed RBC that are densely packed and embedded
in thin fibrin strands, with no other main structural components °. Cines, et al., reported that
analogous blood clots were formed uniformly and were isotropic in the internal network 6.
Therefore, a curve fitting method is appropriate to evaluate attenuation coefficients of clot
analogues with various RBC compositions.

Different fitting models influence the outcome of attenuation distances. Non-linear least
squares curve-fitting is the most common approach to quantify optical properties from OCT
images °7 and it has good flexibility to adapt to different data sets ®8. Previous literature also
reported that non-linear least squares fitting was adopted to quantify attenuation coefficients
of weakly scattering media in OCT 48. In this study, a strong reflected signal, a peak in
figure 2, from the surface of clots can be expected. While the peak was determined, a non-
linear least squares curve fitting (quadratic polynomial) was performed to fit the OCT
backscattered intensity signals on a decibel (dB) scale in the range between the peak signal
and the signal at maximum depth (2.8 mm in this study). Figure 2 with red solid line
indicates a curve fitting result as an example by using non-linear least squares to an A-scan
signal in an RBC-rich clot. By utilizing this curve fitting, a specific depth d4_sc4, Can be
determined while the backscattered intensity of the OCT signal decays until it falls right
below the noise floor (V.F), and is given by

dg_sean=d E m;n{ I(d > dpear) < N.F .}, @

where /(@) in dB is the backscattered intensity of the OCT signal, dpeax is the depth that the
maximum intensity of the OCT signal occurs on a fitting curve, dis OCT image at certain
depth. The A.F£ can be expressed as

N.F.= Di,r P ()R \/ ZDW 1(d) - ( ZDaer(d))]z ®)
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The first term in the right side of equation was averaged reference signals in air and the
second term means their standard deviation (SD). The N.F was evaluated in air above the
clot surface excluding the first 20 um from the top of the image and 10 pm above the surface
of the clot, which is the domain denoted to be D,;. Therefore, a single A-scan attenuation
coefficient u4 _ ¢4, Can be described by the following equation over the domain [@peaxs

dA-scan]
HA - scan = [I(dpeak_fit) - I(dA - scan)]/z(dA —scan — dpeak)’ @

where /(Gpeax £ir) in dB is the OCT maximum intensity signal on a fitting curve, /(da.scas) in
dB is the OCT intensity signal on a fitting curve that reaches to N.~, and the denominator of
Eqg. (4) is defined as the attenuation distance. The physical meaning of the attenuation
distance is the travel distance of photons that yield backscattered intensities that remain
above the N.F for a given acquisition. It should be noted that we relied on the backscattered
signal from within the clots to make our determinations of attenuation distance.
Additionally, even though Eqg. (4) is linear after logarithmic transformation, we observed that
the measured data had a nonlinear trend with distance (figure 2), so the nonlinear curve
fitting of the measured data was used to determine the value of d.scan-

Figure 2 illustrates the non-linear least squares curve fitting and the definitions from the Egs.
(2)—(4). Using this methodology for several A-lines, a mean attenuation distance dy, and
attenuation coefficient /gy, in an OCT clot image can be described by

1 N
dexp = Nzl — 1di,A — scan» (5)

1 N
Hexp = Nzl =1 Hi, A - scan (6)

where 7is the number of the OCT A-line signal, and Ais the total number of the A-line
signals in each OCT clot image used for the calculation. In this study, we used A/= 20 over a
range from 3 mm to 7 mm with 0.2 mm spacing intervals for each OCT image. The
comparison between phantom studies and numerical simulation results based on Lambert-
Beer’s law were examined. The above procedure was programmed by using MATLAB
R2019a software (Mathworks, Natick, MA) implemented in a desktop computer with
Intel(R) Core (TM) i5-8500 CPU at 3 GHz processor, 8 GB memory and 64-bit Windows
10 operating system (Microsoft, Redmond, WA).

2.6 Statistical Analysis

All statistical analyses were performed using by using GraphPad Prism Version 5 (GraphPad
Software Inc., San Diego, CA, USA). Two normality tests, the D’Agostino & Pearson
omnibus normality test and Shapiro-Wilk normality test, were used to evaluate whether the
data can be assumed to be from normal distributions. In the study, data from the various
RBC compositions did not pass the normality test, so non-parametric tests were selected.
The analysis of variance (ANOVA) Kruskal-Wallis test was selected to examine the
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significant differences of dpyyand gy, between different RBC compositions and Dunn’s
adjustment was implemented for adjusting the p-values to account for the multiple testing
among pairs of groups with different RBC compositions. The results of the phantom study
were presented as mean + standard deviation (SD) as that data passed the normality test. As
the experimental data was not normally distributed, non-parametric tests were used for
analysis, all the statistical results are presented as the median (interquartile range, IQR). The
Spearman correlation test was used to examine the correlation between RBC compositions
and estimates of dyp and Ly, The significant differences were considered when the p-value
was < 0.05.

3. Results and Discussion

The human clot analogues used in this study are optimized to reflect the varying histological
compositions of clots retrieved from acute ischemic stroke patients. The volume of RBCs
and plasma added to each clot is optimized based on clotting mechanisms. During the
clotting process, fibrinogen converts to fibrin, trapping the cellular elements of blood
including RBCs. As the concentration of fibrin increases with increasing plasma content,
clots contract to greater degree. The function of clot contraction is to reinforce hemostasis
by forming a seal, promote wound healing by approximating the edges, and restore blood
flow by decreasing the area obstructed by intravascular clots 6. The serum, devoid of cells
and fibrinogen, is extruded from the clot as clot contraction occurs and RBC are tightly
packed taking on a polyhedral shape. To determine actual RBC compaosition, the histological
evaluation was performed on each individual clot after the OCT images was captured. The
histological images of all the clots are shown in figure 3. The histological images indicate
that the clots are fairly homogeneous and did not show appreciable changes through the
thickness of the clot. For each nominal mixture of RBC:fibrin, the mean value of the RBC
content was measured. The actual RBC compositions of approximate 21%, 39%, 68%, 84%
and 95% versus their fibrin compositions were determined from the histological evaluation
(Table 1). Based upon clinical experience, the RBC composition of clots extracted using MT
ranges from approximate 5% to 85% RBC compositions; therefore, the ranges of the RBC
compositions in the study are appropriate to cover the range of the clinical cases.

A 10% homogeneous gelatin phantom experiment and numerical simulation were used to
verify the validity of the attenuation coefficient estimation. The penetration depth dpy,, of the
homogeneous phantom is clearly observed via an OCT image presented in figure 4(a). In
figure 4(b), the waveform in blue indicates an example of averaged 20 A-scan signals from a
lateral range from 3 mm to 7 mm (the shadow portion in figure 4(a) with 0.2 mm interval in
x-axis. The reason that we examined the 4 mm range of the clots is to obtain consistent
results. As a test, different lateral ranges of A-lines were analyzed in the phantom study, and
we reported that the attenuation coefficients and attenuation distances are highly consistent
(Table 2). After performing the curve fitting to 20 individual A-scan log-scaled signals by
using a quadratic polynomial method, the mean attenuation coefficient 1, and mean
attenuation distance dgy, of the homogeneous phantom were found to be 1.07 + 0.05 mm™1
and 0.61 + 0.03 mm, respectively. Based on these results, the OCT intensity decay was
approximately 11.92 dB (54.3 — 42.38 dB) as presented in figure 4(c). According to the
Lambert-Beer’s law presented in Eq. 1, the result of the numerical simulation by setting 1.07
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mm~1 of the attenuation coefficient is shown in the figure 4(d). Checking the curve at the
depth of 0.61 mm, the OCT intensity change was obtained as 0.274 A.U., which is -11.24
dB (20*log1¢0.274). The phantom experimental result exhibited a good agreement with our
numerical simulation result.

The OCT clot images with 21%, 39% and 95% RBC composition are presented in figures
5(a-c). In the 21% RBC composition (fibrin-rich) in figure 5(a), a shallow penetration can be
observed due to sparse scatterers inside the clot. U. Sharma et al. noted that it becomes
difficult to obtain meaningful structural information if there are sparse scatterers 9, which is
the case for fibrin-rich (or RBC-poor) clots. Noticeably, fewer scatterers allow a deeper
penetration depth but less meaningful structural information inside samples. In the study, “a
shallow penetration depth” or *“a shorter attenuation distance” can be interpreted as “more
difficult to achieve meaningful structural information” in the study because fibrin-rich clots,
specifically the 21% RBC composition clots, are semi-transparent. As noted above, our
measurements of attenuation coefficient and attenuation distance are based on the
backscattered signal, so a lack of scattering in the fibrin-rich clots yields a low attenuation
distance as the signal returns to the noise floor quickly, and the attenuation coefficient is
considered high due to this short distance. On the contrary, a clear penetration depth in the
95% RBC composition (RBC-rich) is recognized in figure 5(c) because of ample scatterers
inside the clot. The non-linear least squares curve fitting quantitatively expresses the optical
attenuation with the exponential decay for three different RBC compositions, presented in
figure 5(d). The backscattered intensity signal in RBC-rich clots is better defined than that in
fibrin-rich clots because of the contributions of considerable RBCs as scatterers.

The median attenuation distance and median attenuation coefficient of each individual clot
with IQRs are illustrated in figure 6, respectively. The results demonstrated that attenuation
distance and attenuation coefficient of human bold clots were strongly associated with RBC
compositions. The range of median attenuation distance with IQR is from 0.23 (0.05) mm to
0.31 (0.07) mm in 21%, from 0.27 (0.06) mm to 0.56 (0.05) mm in 39%, from 0.45 (0.04)
mm to 0.52 (0.04) mm in 68%, from 0.47 (0.10) mm to 0.57 (0.05) mm in 84%, and from
0.64 (0.03) mm to 0.71 (0.04) mm in 95% RBC composition. The range of median
attenuation coefficient with IQR is from 1.96 (0.40) mm™1 to 2.43 (0.45) mm™1 in 21%,
from 1.06 (0.07) mm~ to 2.06 (0.53) mm™1 in 39%, from 1.18 (0.09) mm~1 to 1.30 (0.12)
mm~1 in 68%, from 1.05 (0.07) mm™1 to 1.27 (0.26) mm~1 in 84%, and from 0.87 (0.04)
mm~1 to 0.98 (0.04) mm~1 in 95% RBC composition. As RBC composition increased, the
results showed a decreasing trend in median attenuation coefficients.

The results for the three individual clots in each RBC concentrations were pooled for
statistical analysis, and the results are illustrated in figure 7 by using Kruskal-Wallis test
with Dunn’s adjustment for multiple comparisons. The statistically significant difference
with the p-value less than 0.05 was also presented in any two-group comparison. The
median attenuation distance with its IQR is 0.26 (0.08) mm in 21%, 0.33 (0.25) mm in 39%,
0.48 (0.06) mm in 68%, 0.54 (0.05) mm in 84% and 0.64 (0.08) mm in 95% RBC
composition, presented in figure 7(a). The results clearly showed a strong positive
correlation between the mean attenuation distances the RBC compositions in clots. Multiple
comparisons expressed the statistically significant difference with the p-value less than 0.05.
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We noticed that the 39%-68% and 68%-84% comparisons displayed a non-significant
difference with the p-value larger than 0.05 due to clot #4 and clot #12 in figure 6 to increase
the deviation. More clots will need be collected to reduce the deviation in the future study.
However, entire trend clearly demonstrated a strong positive relationship between
attenuation distances and RBC compositions in clots.

The median attenuation coefficient with its IQR is 2.23 (0.58) mm™1 in 21%, 1.74 (0.85) mm
~1in 39%, 1.26 (0.11) mm~1 in 68%, 1.11 (0.09) mm~1 in 84% and 0.96 (0.10) mm~1 in
95% RBC composition, presented in figure 7(b). As RBC composition increased, the median
attenuation coefficient was significantly decreased. A similar result was found in coronary
arterial RBC-rich clots which could be distinguished from platelet-rich clots by using the
50% OCT intensity as an criteria #6. Differentiating clots with various RBC compositions
has been not widely studied. In the study the clots with multiple RBC compaositions were
demonstrated to be able to distinguish by computer-aided quantification.

The variability of the attenuation coefficients in fibrin-rich clots are greater than in RBC-rich
clots (Fig. 6 and 7), which could be due to insufficient scatterers and the variations of the
fibrin network in clots. With the RBC-rich clots, there is much more signal to be utilized for
the estimation and more consistency within the clots due to the higher level of optical
scatterers. For the fibrin-rich clots, there are fewer scatterers so the attenuation
measurements have more variability. The other reason could be due to the variations of the
fibrin network in clots. The fibrin network in fibrin-rich clots is denser than it in RBC-rich
clots. During the coagulation process, water was absorbed by the formed fibrin network and
was stored within the swollen fibrin. Once the clots were pulled from the syringe during the
experiments, the water in fibrin network starts to weep from each phenotype clot in different
ways with respect to time 9, Each fibrin network in clots is independent, and the rate of
water extracting from the fibrin network could be different. In addition, gravity and
experimental handling could squeeze water out from the fibrin network, and some water was
naturally lost due to vaporization when exposed to ambient conditions. These phenomena
could increase the deviation in the fibrin-rich clot cases, a possible outlier case such as the
clot #4, and the variation of the deviation of clot #4 compared to clot #5 and 6 in the study.
More samples in each RBC composition will be needed to examine in future works.

Attenuation is the sum of effects due to scattering and absorption. For these clots, the
absorption properties should not largely affect the measurement of the total attenuation
coefficient. M. Friebel et al. investigated optical parameters of blood cells using an
integrating sphere spectrometer in the spectral range of 250 to 2000 nm and reported the
absorption of hemoglobin tends to be negligible as the investigated wavelength range
includes the spectral region above 1100 nm 1. 1. Fredriksson et al. reported the absorption
spectra of hemoglobin with concentration relevant for normal blood and solid phantoms with
high concentration hemoglobin phantom. The maximum absorption coefficients of both
normal blood and solid phantoms are located in the wavelength interval 500 to 600 nm and
very close to zero above 800 nm 62, Our SD-OCT system is equipped with a 1300 nm
source; therefore, the absorption properties of RBCs at the chosen wavelength should
contribute little to the measurement of the total attenuation coefficient.
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The axial point-spread function (PSF) of the OCT system must be taken into account for
evaluating attenuation coefficients. In clinical catheter-based OCT, the distance between
targets and lens are always changing but dynamic focusing is not possible. Therefore, the
axial PSF is important 48:50. 53 |n our experiments, we tried to minimize effects of the PSF
by keeping the distance between the surface of the samples and the lens a constant value
(e.g., the sample surface was kept at z=1 mm in the imaging window) as a fixed focus
(Please see Fig. 4a and Figs. 5a-c), so that the images have similar baselines. We positioned
the OCT lens to be perpendicular to the clot’s surface. Using the fixed focus approach is an
appropriate method for this pilot study to investigate clot compositions. In the study, we
have demonstrated that OCT attenuation is a promising indicator to differentiate clot
compositions. We will translate this method into catheter-based OCT with confocal property
for real-time clot evaluation during mechanical thrombectomy (MT) procedures.

We also evaluated the correlation coefficient by using Spearman correlation coefficient. The
correlation coefficient rwas 0.87 between attenuation distances and RBC compositions
presented in figure 8(a) and was —0.86 between attenuation coefficient and RBC
compositions displayed in figure 8(b). Both correlations were statistically significant with
the p< 0.0001. The study demonstrated that optical attenuation coefficients were strongly
associated with levels of RBC compositions in human blood clots and were capable of
discriminating various RBC compositions of clots. Noticeably, thrombi could be
homogenous when there is a high percentage of one component, acute clots or RBC-based,
and could be heterogeneous if clots are fibrin-based or chronic clots 9 54 55, Therefore, clots
retrieved from patients could vary in composition from proximal to distal portions. Reducing
the variables to explore a mechanical mechanism is essential as the first step 63. A second
step would be to assess the heterogeneity of clots with a localized attenuation algorithm,
which will be undertaken in a future study. This data provides a basis for further
investigation of additional clots of additional compositions to determine our discrimination
precision. Additional validation will be necessary with intravascular OCT systems to
determine the level of discrimination that could be achieved in a more realistic setting for
future translation of this methodology. Using the attenuation coefficient or attenuation
distance could assist in determining the clot composition and assisting in choosing an
appropriate approach form embolectomy procedures.

4. Conclusion

Fifteen individual blood clots were fabricated using healthy human whole blood and imaged
with OCT. The optical attenuation coefficient and attenuation distance were determined by
using a non-linear least squares (quadratic polynomial) curve fitting approach. A numerical
simulation for attenuation estimation had good agreement with a gelatin phantom
experiment. We concluded that the optical attenuation coefficients and attenuation distances
were significantly correlated with RBC compositions. The attenuation coefficient in fibrin-
rich clots were much higher than those in RBC-rich clots. This study demonstrated that
optical attenuation coefficients in OCT would be a promising indictor to assess clot
compositions, to provide a suitable treatment strategy in the clinical setting and to assist
clinical experts for diagnosing human blood clot pathology. In future studies, more clots
with various compositions will need to be involved. A feedback mechanism of optical

J Biophotonics. Author manuscript; available in PMC 2022 March 01.
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attenuation coefficient measurement will be considered with intravascular OCT for
analyzing clot compositions and providing an appropriate selection of surgical devices
during /n vivo embolectomy in real-time.
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Fig. 1.
The structure of SD-OCT system and the experimental set-up for evaluation of attenuation

coefficients in human blood clots.
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Fig. 3.
Illustration of the histological examination for the RBC compositions of all clots. (a-¢) 21%

RBC, (d-f) 39% RBC, (g-i) 68% RBC, (j-1) 84% RBC and (m-0) 95% RBC. The scale bar
represents 4 mm.

J Bigphotonics. Author manuscript; available in PMC 2022 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

Depth (mm)

N

05|

-

25|

Distance (mm)

(a)

2 8 8 &8 8
Intensity [dB]

(=]

100 - . - )
Hexp= 1.07 £ 0.05 mm™*
__ 80 d,.,=0.61+0.03 mm
g 60 42,38 dB
> 5
£ 40
7]
E Y
20 | -
ot ~ lo.61mm ]
0 0.5 1 1.5 2
Depth (mm)
(c)
Fig. 4.

Intensity [dB]

OCT Signal (A.U.)

800

Page 17

100 ¢ 1

80 bt

i dpealc
60 l
40 % l‘
| Wn
20 . |
0
0 200 400 600
Pixels
(b)
1 _.
Lambert-Beer’s Law
0.8 Hiheory = 1.07 mm™*
0.6
0.274 / -11.24d8B

0.4
02/ :

0 o61mm 4 2 3

Depth (mm)

(d)

A homogeneous phantom testing and a numerical simulation with finite depth. (a) shows the
OCT image of a homogeneous phantom. (b) represents an example of averaged 20 A-scan
signals (the waveform in blue) and the A.£ (the solid line in orange). (c) The quadratic
polynomial curve fitting (red line) was used to fit 20 individual A-scan signals. (d) A result
from the numerical simulation based on Lambert-Beer’s Law.
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Fig. 6.

Tr?e median attenuation distance (top row) and median attenuation coefficient (bottom row)
with their IQRs on each individual clot. Three clots in each RBC composition were
collected, 10 images were captured in each colt by OCT and 20 A-scan signals were
measured in each OCT image. The abbreviation of Att Dist, Att Coe in y~axis represent
attenuation distance and attenuation coefficient, respectively.
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indicates the median attenuation distance with their IQRs and (b) shows the median
attenuation coefficient with their IQRs. The abbreviation of Att, Dist and Coe in y-axis
represent attenuation, distance and coefficient, respectively, and the symbols *, ** and ***
indicate the p-value < 0.05 and < 0.01 and < 0.001, respectively. The abbreviation of NS
means non-significant.
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The correlation coefficient rbetween (a) RBC composition and attenuation distance and (b)

RBC composition and attenuation coefficient are illustrated by using Spearman correlation
coefficient and demonstrated the significant correlation with p < 0.0001.
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Table 1.

The RBC and fibrin compositions of the 15 clots by histological examinations.

Clot Number RBC Composition  Fibrin Composition
1 23.5% 76.5%
2 19.7% 80.3%
3 18.7% 81.3%
4 41.8% 58.2%
5 38.6% 61.4%
6 36.0% 65.0%
7 65.9% 34.1%
8 68.5% 32.5%
9 69.0% 31.0%
10 82.0% 18.0%
11 85.8% 14.2%
12 84.9% 15.1%
13 94.5% 5.5%
14 93.1% 6.9%
15 98.1% 1.9%
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Table 2.

Page 23

The phantom study with different sizes of the examined ranges for evaluating the mean attenuation distances

(da-scan) and mean attenuation coefficients (1) with SD.

Examined Ranges in Phantom

dA-scan (mm)
+SD

H (mm)
+SD

Case 1, 40 A-lines (3 to 5 mm with 0.1 mm interval)
Case 2, 20 A-lines (3 to 5 mm with 0.2 mm interval)
Case 3, 40 A-lines (1 to 9 mm with 0.2 mm interval)

Case 4, 80 A-lines (1 to 9 mm with 0.1 mm interval)

0.613 +£0.038
0.605 +0.032
0.608 + 0.034
0.610 +£0.038

1.053 £0.062
1.069 + 0.055
1.059 + 0.059
1.054 +0.061
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