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As a blood clot forms, grows, deforms, and embolizes following a vascular injury, local clot-flow
interactions lead to a highly dynamic flow environment. The local flow influences transport of
biochemical species relevant for clotting, and determines the forces on the clot that in turn lead to clot
deformation and embolization. Despite this central role, quantitative characterization of this dynamic
clot-flow interaction and flow environment in the clot neighborhood remains a major challenge.

Here, we propose an approach that integrates dynamic intravital imaging with computer geometric
modeling and computational flow and transport modeling to develop a unified in silico framework to
quantify the dynamic clot-flow interactions. We outline the development of the methodology referred
to as Intravital Integrated In Silico Modeling or IVISim, and then demonstrate the method on a
sample set of simulations comprising clot formation following laser injury in two mouse cremaster
arteriole injury model data: one wild-type mouse case, and one diYF knockout mouse case. Simulation
predictions are verified against experimental observations of transport of caged fluorescent Albumin
(cAlb) in both models. Through these simulations, we illustrate how the IVISim methodology can
provide insights into hemostatic processes, the role of flow and clot-flow interactions, and enable
further investigations comparing and contrasting different biological model scenarios and parameter
variations.

Blood clot formation, growth, deformation, and embolization have an innate connection to the local flow
environment'. Interactions of a continuously growing and deforming clot with surrounding pulsatile viscous
blood flow at a vascular site in vivo leads to a complex dynamic flow environment, which determines flow-
mediated transport in the clot neighborhood as well as flow-induced loading on the clot. Local flow environment
plays a key role in determining transport of platelets and coagulation proteins, as well as transport of thrombolytic
drug for treating stroke*’. Hemodynamic loading or forces such as pressure and shear on the clot can mediate
clot growth, induce deformation, and lead to clot fragmentation and embolization**. Advanced understanding
of these processes is essential for understanding disease etiology and progression for stroke and thrombosis, for
evaluating efficacy of existing treatment approaches, and for evaluating novel treatment modalities including
therapeutic targets for thrombolysis in stroke”. A wide-range of techniques have been employed to investigate the
processes in clot formation. Experimental investigations include in vivo experiments in mouse models of stroke
and injury®*'}; and microfluidic systems for coagulation including whole blood and platelet based assays'*™'“.
Advancements in coupled multiscale multiphysics modeling techniques have enabled complementing these
experimental approaches with high resolution computational models and in silico experimentation. Compu-
tational modeling has been successfully demonstrated for hemostasis and thrombosis phenomena across vari-
ous investigations. These include: studies on developing highly resolved discrete mechanics models seeking to
resolve detailed platelet-level interactions'>~'%; studies on extending discrete platelet interactions with processes
at larger scale to enable multi-scale analyses'*?%; and continuum averaged models for clotting phenomena includ-
ing coagulation species transport and larger-scale clot-flow interactions?!-**. A further comprehensive review
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of state-of-the-art computational modeling is not the focus of this study, and the interested reader is referred
to systematic reviews presented in Refs.?>"*’. Despite the range of investigations, quantitative understanding
of unsteady flow and transport processes in vivo in the neighborhood of a dynamic clot of arbitrary shape and
heterogeneous microstructure remains a major challenge. The combination of these factors is critical to resolve
several aspects of clot structure-function relationship. Pulsatility, and arbitrary clot shape together can lead to
complex flow structures around the clot owing to clot-flow interactions, which in turn can produce local flow
features and barriers that organize mass transport*>?. Clot structural heterogeneity such as pore-space distribu-
tion can determine the state of hindered diffusive transport of key species such as thrombin®’. Formation of stable
clots is necessary for effective hemostatic response. Conversely, for thrombosis, highly stable and stiff clots may
be difficult to lyse, while low clot stability may increase chances of embolization®!. Approaches to probe these
features of clot structure-function relationship are therefore of high value.

Specifically, advancements in developing genetically modified mouse models, and imaging technology, have
led to laser injury models in mice become a widely employed avenue to study hemostasis and thrombosis events
in vivo. Typically, laser irradiation is used to create a localized vascular injury in mouse, and physiological clot-
ting process in vivo is observed in real-time using techniques of intravital microscopy imaging®. Injury sites
in existing studies have involved the mesenteric vessels, saphenous vein, and cremaster arterioles, with vessels
in the range of 30-100 xm. In a series of prior works>73**, laser mouse injury models have been systemati-
cally used to develop a systems level understanding of clot formation, growth, and biochemical transport and
signaling in a coupled dynamic manner. In conjunction with simple computational analysis, clot geometry at
different instants in time have been used to analyze clot deformation with the goal of identifying the transition
point where large deformations and fragmentation initiates (referred to as the yield point, with the associated
hemodynamic forces referred to as the yield stress)**. Combined with fluorescent tagging of platelets and key
biochemical species, intravital mouse injury experiment data can provide a sufficiently detailed characteriza-
tion of clotting phenomena immediately following the vascular injury. However, existing injury experiments do
not directly include detailed unsteady flow information, and its coupling with associated biochemical transport
dynamics and clot mechanics. This motivates the question: can we integrate intravital microscopy data with in
silico modeling to quantitatively recreate the dynamic in vivo flow and transport processes around a growing
and deforming clot? Here we address this question by developing an innovative computational multiphysics
methodology that couples intravital imaging data with numerical flow and transport analysis named Intravital
In Silico Integrated Modeling or IVISim. Our proposed methodology leverages a novel integration of an auto-
mated image-processing workflow with custom stabilized finite element algorithms to provide high resolution
space-time varying flow and transport characterization around the dynamic clot post laser injury, that has been
validated against experimental data. We demonstrate that through a framework like IVISim, we can directly
generate a fully dynamic characterization of flow, transport, clot deformation, and flow-induced forces around
the clot within a single unified computational toolkit, which is a significant advancement of the state-of-the-art
in modeling thrombosis and hemostasis.

Methods

Intravital microscopy in a mouse laser injury model

We obtained time series images of hemostatic plug evolution from intravital microscopy of mouse laser injury
experiments in mouse cremaster muscle arteriole®. Briefly, the experiments entailed using a laser to induce a
perforation on the vessel lumen of live mice which triggered the hemostatic process. Confocal laser excitation
was used to illuminate three fluorescent tracers: CD41, caged fluorescent albumin (cAlb), and P-Selectin, which
are associated with hemostasis. CD41 signal intensity is associated with platelets that form the solid part of the
clot. Region of high cAlb intensity indicates cell free plasma, including trapped plasma in the clot interstitial
space or damaged vascular cells. P-selectin signal intensity indicates the region of highly activated platelets tightly
packed near the perforation site. Consequently, high-intensity region of P-selectin indicates the “core” region
of the clot!”. For these experiments, 300 intravital image frames of each fluorescent channel were captured at
0.55 seconds per frame.

Automated segmentation workflow

The goal of this workflow was to identify and extract geometrically contiguous domain representing the region
of high pixel intensity around the perforation site on each fluorescent channel. These were identified by a large
continuous geometric envelope area of high pixel intensity value across each domain. We will refer to this domain
as the “clot domain” for all three fluorescent channels. Due to the high number of image frames per stack, the
segmentation method must be automated through the entire stack. The underlying steps within the overall
workflow have been illustrated in Fig. 1 panels a-d.

Image pre-processing

Each frame in the stack was pre-processed to remove any noise in the image. Since the pixel intensity value of the
noise is often comparable to those inside the clot domain, applying a general-purpose denoising algorithm on
the image directly does not remove the noise effectively. The image was first binarized based on the distribution
of pixel intensity values. Binarizing the image differentiated the sparsely spaced bright pixels (noise) from the
tightly packed bright pixels (clot) regions. The median filter was applied on the binarized version of the image
to remove the sparsely spaced bright pixels. Finally, a Gaussian filter was applied to remove any additional noise
and holes that may occur inside the clot domain. Image binarization and denoising were done using the open-
source image analysis library OpenCV?. See Supplementary Material S1 for details on the binarization process.
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Figure 1. Schematic illustration of the IVISim workflow:(a) clot image is extracted from intravital microscopy
images; (b) clot boundary is segmented at each frame of the image; (c) vessel boundary is marked from the
images; (d) computational domain is generated, and points inside the boundary are marked; (e) hemodynamics

around the clot domain is simulated; (f) simulated results are pre-processed to extract clot kinematics and
mechanics.
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Image segmentation and clot boundary identification

The pre-processed image stack was segmented based on pixel intensity values using the k-means clustering
algorithm implemented in the Python library Scikit-learn®. Since the image was already pre-processed, only
two clusters were required to get the final clot domain segments. Finally, a Canny edge detection algorithm was
applied to the segmented image to obtain the clot boundary pixels around the segmented portions. We observed
that in some cases after segmentation, some image frames may contain multiple disconnected boundaries due to
the remaining noise. To ensure that we get a single distinct clot domain in each frame, we selected the boundary
with the largest perimeter as the final thrombus domain boundary. This process was efficiently automated by
representing the image as a graph of boundary pixels. We then implemented a disconnected graph identifica-
tion algorithm and use the largest sub-graph as the clot boundary across all of the stacks in the time-series of
intravital images. See Supplementary Material S2 for additional details on the disconnected graph identification
algorithm implemented in our framework. A simple analysis of quantitative accuracy of the segmentation output
was conducted, by testing the segmentation workflow on a synthetic ellipsoidal patch geometry, with pixel image
intensity statistics similar to the clot domain in the intravital image sequences as described in the Supplementary
Material S6, and the errors of segmentation for varying ellipsoidal geometries was found to be < 10%.

Reconstruction of clot dynamics

Pixel representation of the clot boundary is difficult to manipulate and is not directly suitable for a computational
simulations due to the stair-step effect in the boundary model. A smooth curve is required to represent the physi-
ologically realistic clot boundary. In IVISim, we parameterized the boundary as a B-spline curve representation
using the NURBS-Python library’’. We used the individual pixel positions as the control points of the curve.
The time increments between each microscopy image frame obtained is 0.55 seconds. However, a smaller time
increment was required to achieve a reasonably accurate flow and mass transport reconstruction over time. We
obtained the clot boundary between each microscopy image frame by linearly interpolating the boundary points
along the B-Spline curve which have the same angle from the center of mass of the clot region. An in-house
ray tracing approach is used to identify these interpolating points on the B-Spline curve. The resulting smooth
B-spline curve is independent of any background mesh used for subsequent finite element simulations, which
is advantageous. See Supplementary Material S3 for implementation details.

Front tracking algorithm for moving clot domain marking

Since the shape of each clot domain are highly irregular and varies over time, efficient identification of finite
element nodes inside the dynamic clot domains was a necessary step in developing the flow and transport
simulations across multiple instances in time. Here, we adopted the point-set method as outlined in*. Briefly,
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this method involved solving Laplace’s equation V2I = 0 for an indicator function I on the fluid grid where the
boundary conditions were such that I = 1on each node which is part of an element in the mesh that contains a
point on the segmented clot boundary. The nodes on the boundary of the domain were set to I = 0. Once this
Laplace equation was solved, the nodal solution values were thresholded such thatI < 1 — € = 0 where € is an
arbitrarily small number. We note that this procedure adds one extra Laplace equation solve per time step in the
entire image-processing workflow, which was a relatively cheap operation compared to the fluid flow and mass
transport solutions as outlined in the later steps in the IVI Sim workflow. Furthermore, this front tracking step
was only done once for each stack of microscopy images, rendering the associated computational expense to
be small.

Moving fictitious domain stabilized finite element formulation
Flow and transport modeling
Blood was assumed to be an incompressible, Newtonian fluid with a constant averaged dynamic viscosity of
1 = 4.0 cP, and a constant average density of p = 1.06 g/cc. Flow around the clot was computed using the
unsteady Navier-Stokes equation. Flow inside the heterogeneous porous clot domain was modeled using the
Brinkman equation for low Reynolds number flow through porous media*. The overall flow and biochemical
species transport using the Brinkman Navier-Stokes formulation was numerically simulated based on a custom
stabilized finite element algorithm adopting techniques from prior works*®*!. Specifically, the final system of
mass and momentum balance equations was solved using a Petrov-Galerkin stabilized finite element method.
For modeling the Brinkman resistance to the flow, the clot permeability was estimated as a function of porosity
using the classical form of the Kozeny-Carman relation stated as follows:
¢3
K =150 o M
1 —¢p

where Kj is the permeability estimate, and ¢y is the averaged porosity in a region of the porous clot domain being
considered. We note that this relationship is only an approximation and may not be suitable for all clot scenarios.
Specifically, in prior work* it has been reported that platelet rich clot permeability is better approximated by
direct Kozeny-Carman type relations, while fibrin composition may influence these permeability estimates and
require additional terms. These have not been discussed in our current study, but are easy extensions of the
existing IVISim framework requiring simple algebraic modifications of the permeability-porosity relationship.
The computed flow velocity within and around the dynamic clot was used as a background flow for numerically
simulating unsteady biochemical species transport for the clot domain using an advection-diffusion formulation.
Within IVISim, the resulting mass transport equations are solved using a custom finite element algorithm that
combines Petrov-Galerkin stabilization with concentration jump stabilization techniques. This custom stabili-
zation algorithm enables ITVISim to handle more complex spatio-temporally varying porosity and diffusivity
inputs, if such data is available for the dynamic clot domain. Details of the stabilized finite element algorithms
and their mathematical formulations are included in the Supplementary Material S4. The combined stabilized
finite element algorithms were implemented using an open-source finite element library FEniCS*, with Python
as the primary scripting language.

Dynamic clot domain properties

Using the overall image-processing framework in IVISim we reconstruct the clot as a dynamic heterogeneous
porous domain. This enables a simplified averaged form of capturing clot microstructural features that vary
in time. Essentially, this implies that for our numerical formulation, the porosity and diffusion coefficients are
actually represented as: ¢(x, t), and D(x, t). We note that in this study, we have not attempted to quantitatively
describe the fully-resolved spatio-temporally varying clot pore network and microstructure information, and
obtain mathematically detailed definitions of these functions. However, when such information is available, the
corresponding D and ¢ functions can be used as inputs to the framework outlined here. For the cases and analyses
presented here, we represent the clot domain varying in time as Q7 (£). We have dynamic reconstructions enabled
from the CD41 signal intensity which gives us the overall clot domain, and the P-selectin signal intensity which
gives us the core region of the clot. Re;{)resenting the dynamic clot core domain as: 7 (t), we obtain the dynamic
shell domain as: Q; (t) = QThe . (1). The porosity is then defined as an implicit function of space and time
through the domain information as follows:

¢ ifx e QI ()
$x0) =1 ¢, ifxeQl () ®)
1 otherwise

Likewise, the diffusivity values are also specified in form of effective diffusivity values in the clot interior. This
accounts for observations in previous studies that reported hindered diffusion to be the dominant mode of mass
transport inside the clot'’.

D, ifx € QT ()
D(x,t) ={ Dy ifx € QI () (3)
Dy otherwise
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where Dy is the free-stream diffusion coefficient of the biochemical species in consideration (for example, cAlb
in this study, as shown later), and D, D are core and shell diffusion coefficient that are scaled versions of the
free-stream diffusion coefficient using scaling relations based on porosity and pore-connections as available from
theories of transport in heterogeneous materials*~*%: for example, for the core: D, = o (¢ (x, £)) Dy with a being
a porosity dependent scaling factor; and likewise for the shell.

Simulation case-studies

Here we demonstrate our complete IVISim methodology as illustrated in Fig. 1, using a simulation case-study
involving intravital data from two mouse models reported in prior work®. The first set was standard wild type
(WT) male mice 8-12 weeks of age prepared as outlined in'”*’. The second set involved mice with a substitution
of phenylalanine for 2 tyrosine residues in the oy, 83 integrin, referred to as diYF knockout mice. One repre-
sentative set of intravital microscopy data for each mouse strain was used for this study. This combination of a
WT and a diYF knockout model was chosen here to demonstrate the IVISim predictions on two clots with
significantly different structural features and dynamics. The diYF knockout is known to have impaired integrin
outside-in signaling and hindered in vitro clot contraction. For both, caged fluorescein conjugated to Albumin
(cAlb) was imaged, to quantify transport rates in the clot domain, as described in®. For each model, the cremaster
arteriole centerline flow velocity was estimated experimentally from the images to be 1300 jm/s, measured by
tracking tagged platelets in the vessel before the laser injury was made. For simulations, this flow was specified
as an inflow boundary condition mapped on to the inlet face of the arteriole domain as a parabolic flow profile.
Fixed averaged viscosity and density values of 4.0 cP and 1.06 g/cc respectively were assumed. Porosity values
in clot interior were taken to be in the range 0.2-0.4 as reported in'’. Specifically, porosities in the dynamically
evolving core and shell regions for the WT model were assigned to be 0.2 and 0.3 respectively, while those for
the diYF model were assigned to be 0.2 and 0.4 respectively. For cAlb mass transport simulation, we assumed a
diffusion coefficient of 60 m? /s in the free flow domain as also reported in prior work!”. Inside the thrombus
domain, mass transport is hindered due to the thrombus microstructure as detailed in several previous studies.
Hence, the effective diffusion coefficient was modeled as a scaled version of the corresponding free-stream value.
For this study, the scaling comprised of a porosity and pore-tortuosity based factor as outlined Section "Mov-
ing fictitious domain stabilized finite element formulation", as well as an additional geometric correction factor
that accounted for the comparison between the exact reconstructed geometries of the clot and the ellipsoidal
approximated models reported in prior work'”. The resultant effective diffusion coefficients for the clot interior
used in this simulation were 0.8 ;tm? /s in the shell region and 0.4 um? /s in the core region for the WT vari-
ant; and 1.0 pm? /s in the shell region and 0.5 m? /s in the core region for the diYF variant. We note that these
effective diffusion coeflicients are different from the values reported in the prior work!” due to the mismatch in
the exact vs ellipsoidal geometry. To enable further analysis of parameter sensitivity and uncertainty quantifica-
tion, we implemented a workflow to integrate IVISim with the open source toolkit Dakota*’. We conducted
an analysis of sensitivity of the segmented clot domain with respect to key image processing parameters using
Dakota’s built-in Latin Hypercube Sampling approach. Details of this methodology is outlined in the Sup-
plementary Material S6. Finally, to demonstrate the quantitative performance of the dynamic clot interpolation
workflow within IVISim, we down-sampled the dynamic image set by removing every two frames from the
image stack, re-interpolated the temporally down-sampled images between each frame, and compared the output
against the clot boundary obtained from the original image stack. Additional details on this methodology are
outlined in the Supplementary Material S3.

Results

Characterization of in vivo dynamic flow environment around a clot

Our first objective was to demonstrate that the resultant IVISim framework enables a quantitative characteri-
zation of the in vivo dynamic flow environment around a growing and deforming clot, which is otherwise not
available from the intravital microscopy alone. To establish this, we used our in silico framework to compute the
space-time varying flow around the hemostatic plug formed at the puncture injury site in the mouse cremaster
arteriole. The resultant flow and clot shape data for the WT mouse are presented in Fig. 2. Specifically, panel
a. illustrates the spatio-temporally varying hemodynamics in the clot neighborhood. We observe that during
the early stages of the clot formation, where platelet aggregation is still nascent, and the core-shell structure of
the clot is evolving, the flow remains mostly undisturbed, and permeates the clot interior. As the clot grows,
and organizes into a distinct structure comprising a tightly packed core and a loosely packed shell, the flow is
distinguishable into two regimes. There is a significantly arrested, slow intra-thrombus flow in the heterogene-
ous pore space of the core and the shell of the clot, with the core being less porous, and therefore showing more
arrested flow than the shell region. External to the clot, the resistance to the flow offered by the clot as it grows
and occludes greater portion of the vessel lumen leads to rapid increase in flow velocity at the regions of high
occlusion. These observations are consistent with multiple prior studies on clot-hemodynamics interactions.
The overall Reynolds number associated with the computed flow environment was in the range of ~ 102-107,
consistent with numbers reported in prior work'’. Additionally, we observe a distinct region of slow pooled flow
with high cAlb signals, that originates as the injury itself leads to a local deformation of the vessel lumen, and
subsequently a stagnation region for the flow.

In addition, a continuous sequence of clot geometries is extracted using our automated algorithm, which
recreates the continuous kinematics of the clot through the intravital image acquisition time, details of which
are presented in Fig. 2, panel b. for the WT case. The tracked clot kinematics is used to compute clot shape and
size features. We note that within IVISim, high frequency noise content due to imaging artifacts are filtered
out to ensure that only contributors to clot kinematics can be observed. The reconstructed dynamic clot domain
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Figure 2. Flow and clot kinematics data obtained from IVISim simulations on wild-type (WT) mouse laser
injury data. Panel (a) shows the unsteady flow environment at 4 consecutive instances in time (T1-T4). Red
curve depicts the shell, Green depicts the core, and White depicts the plasma cAlb domain. Panel (b) depicts the
clot shape variations over time tracked using clot domain area and aspect ratio. Panel (c) presents the total flow-
mediated traction forces (shear and pressure) along the clot boundary over time.

is robust to the choice of the key image processing parameters, and the sensitivity analysis via integration with
Dakota as described in Sect. "Simulation case-studies" shows that the average variabilities in reconstructed area
and aspect ratio are less than =~ 10% and = 2% respectively (see also Supplementary Material Fig. S11. Addition-
ally, comparisons of the interpolated boundary from the image-stack with those obtained from a down-sampled
sequence as described in Section "Simulation case-studies” demonstrated that the interpolation algorithm was
robust. The point-wise averaged distance between the down-sampled interpolated boundary and the original
boundary is in the order of < 1.0 microns for both WT and diYF models (see Supplementary Material Figs. S4
and S5). The unsteady kinematics is a result of clot growth and deformation under flow, as well as clot contraction,
and fragmentation or embolization due to flow-induced loading. We note that these occur at differing time-scales,
with events like growth and stretching/deformation occurring over a slower time scale compared to embolization.
Additionally, embolization in particular is a discrete phenomenon associated with a rapid change in clot volume.
Motivated by these arguments, we also computed the rate of change of clot shape and size, tracking not only the
magnitudes but also positive/negative rates of change as indicators of clot kinematics. The computed trends in
overall area are the same as those reported in prior works**** which do not use our automated technique, hence
validating our geometric/kinematic reconstruction approach. Specifically, we observe that the overall clot domain
(represented by the CD41 channel signals in these datasets) reproduces the characteristic growth behavior fol-
lowed by an inflection in the geometry and a slower growth or a plateau phase as observed in experiments in*’. We
note that the resulting clot kinematics reported in* utilized a pixel intensity thresholding based technique, while
our approach seeks to identify a coherent geometric envelope or domain of the clot. Consequently, there could
be regions inside the actual core/shell domain that are not illuminated in a pixel intensity threshold image, but
will still be resolved using our approach owing to the pixel clustering approach. Additionally, in our methodology
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we obtain the overall clot domain with pores, whereas if we purely threshold based on pixel signal intensity, we
are not guaranteed to obtain the manifold with pore spaces inside. Hence, in summary, between the approach
and final kinematics reported in prior work®, and those represented in our work, we are capturing the overall
domain geometry differently. While acquiring and comparing the averaged trends across multiple experiments
for a direct quantitative comparison of the clot kinematics was not the goal here, we have included a sample
quantitative comparison against WT CD41 dataset trends in Supplementary Material in Sect. S5. The factors
identified above pertaining to differences in methodologies account for the differences observed between the
datasets, while still demonstrating the similarities in the temporal trends as reported earlier in this paragraph.

Furthermore, computed flow data was post-processed to obtain the flow-induced loading on the clot. Spe-
cifically, in Fig. 2, panel c. we illustrate the total flow-induced loading on the clot generated by clot-flow inter-
actions over time. In accordance with fluid-structure interaction principles, we compute the total force on the
clot as the integral of the total stress on the clot boundary originating from clot-flow interactions. This includes
the total pressure and total shear loading obtained by integrating pressure and shear from the flow along the
boundary of the clot over time. The total flow-induced loading is a key driver of clot structural deformation
and embolization. Additionally, as demonstrated in our prior works*****, the pressure gradient across the clot
boundary is a determinant of the extent of permeation of biochemical species into and out of the clot domain at
the permeable shell boundary of the clot. Specifically, for the WT model, we observe that the loading increases,
with increase in occlusion, until a peak value at which point the clot deforms, relieving the load. Comparing
with the kinematics data in panel b., we note that this point of peak loading corresponds to instances where the
clot area over time slows down, and the aspect ratio reduces, indicating geometrically that the WT clot essen-
tially deformed and stretched under the action of the hemodynamic load, but not necessarily embolized. This
observation enables a distinction between deformation and embolization of a clot in vivo, which we address
further in Sects. "Comparing clot-flow interactions across the WT and diYF models" and "Characterization of
flow-induced clot deformation properties".

Validation of model predictions using cAlb transport

Another key objective in this study was to demonstrate the validity of the predictions from the complete IVISim
numerical framework. For this purpose, we implemented an in silico model for transport within and around
the clot tracked by cAlb, and compared the simulated cAlb concentration variation against cAlb concentrations
measured in vivo using fluorescent microscopy. Specifically, as described in Sect. "Moving fictitious domain
stabilized finite element formulation", for the intravital images periodic pulses of 405-nm light were used to
uncage cAlb and the resulting fluorescence intensity and decay in the clot domain were monitored with fluo-
rescent microscopy. For the in silico model, cAlb concentration was initialized over the complete clot domain,
and the entire IVISim workflow was executed to obtain a simulated cAlb distribution varying in space and
time. Fig. 3 panel a. illustrates the computed distribution of cAlb at varying instants in time between two suc-
cessive pulses. The computed distribution reveals an initial washout of cAlb concentration in the vessel lumen,
followed by a slow variation of concentration driven by diffusion dominant transport of cAlb in the clot interior
and flow-mediated permeation of cAlb from the clot interior into the lumen. This leads to an overall decay
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Figure 3. Simulation of cAlb for the wild-type (WT) mouse injury model. Panel a. depicts predictions from
IVISim for spatial distribution of cAlb across 4 consecutive instants in time (T1-T4). Panel b. presents a
volume averaged decay of cAlb within the clot domain, which is compared against experimentally measured and
quantified decay behavior. The agreement between predicted curve and the experimental range helps validate
IVISim predictions for cAlb transport.
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curve for the cAlb concentration as presented in Fig. 3, panel b., which has been reported in prior works®. The
resultant cAlb concentration decay was compared with the decay behavior obtained from intravital imaging,
and the predictions from IVISim framework agree well with the expected averaged decay behavior observed
across multiple experimental runs for the WT mouse cremaster injury as shown in panel b. The hemostatic clot
manifests significant heterogeneity in micro-composition, which is reflected in the cAlb concentration map as
well. It is observed that majority of the permeation-driven change in cAlb concentration is in the shell region of
the clot, while within the core the cAlb remains arrested with much slower diffusive transport leading to lower
rates of cAlb concentration decay.

Comparing clot-flow interactions across the WT and diYF models

In Fig. 4, we present the computed flow around the hemostatic clot in a diYF knockout mouse, with the objective
of comparing the flow and transport environment between the WT and diYF knockout models. Similar to Fig. 2:
(1) panel a. presents the space-time varying hemodynamic patterns around the clot; (2) panel b. depicts the time
history of clot shape and size, and their rates of change, obtained using IVISim automated algorithm; and (3)
panel c. illustrates the flow-induced shear and pressure loading integrated along the boundary of the growing
clot over time. When compared to the hemodynamics in the WT clot neighborhood, few qualitative similari-
ties were noted, such as: (a) faster flow around the clot as it grows; (b) slower arrested flow in the clot interior;
and (c) a region of pooled stagnated flow at the base of the clot formed due to the vessel deformation at injury
site. However, the clot in the diYF knockout model grows to a much smaller size before starting to embolize,
as indicated by the drop in clot area at the instant of peak hemodynamic loading, with minimal change in clot
aspect ratio. Subsequently, the clot sheds emboli continuously under the action of the flow-induced loading
(see also animations provided in Supplementary Material S7). Consequently, the peak hemodynamic loading
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Figure 4. Flow and clot kinematics data obtained from IVISim simulations on a diYF knockout mouse laser
injury data. Panel (a) shows the unsteady flow environment at 4 consecutive instances in time (T1-T4). Red
curve depicts the shell, Green depicts the core, and White depicts the plasma cAlb domain. Panel (b) depicts the
clot shape variations over time tracked using clot domain area and aspect ratio. Panel (c) presents the total flow-
mediated traction forces (shear and pressure) along the clot boundary over time.
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is substantially lower in the diYF knockout model than for the WT case. On the other hand in the WT mouse
considered in our simulations, the hemostatic clot is able to grow to a bigger structure that can sustain a higher
level of flow-induced loading.

This can be further illustrated by looking at the time evolution of the regions of CD-41 and P-selectin activity
as presented in Fig. 5. For the WT simulations shown in panel a., the region with high P-selectin intensity indi-
cating the core of the clot, grows and shrinks continuously, with a significant reduction in area being observed
after the initial period of growth. The region of CD-41 activity continues to grow, and deform, but no reduction
in area is observed. Conversely, for the diYF knockout simulations shown in panel b., the P-selectin region shows
minimal levels of area reduction, and the CD-41 region shows embolization leading to a sharp drop in volume,
as opposed to more flow-induced deformation which is stably handled by the WT clot. We note that the diYF
knockout mice are expected to have deficient clot retraction in vivo, and the above observations on clot growth,
embolization, and growth/shrinkage of P-selection vs CD-41 intensity envelopes can be related to differences in
clot retraction behavior. Potentially the deficient retraction in diYF knockout cases may also alter the clot struc-
tural integrity, as discussed in several studies investigating clot retraction and its role*”. However, while the simu-
lations presented here indicate that the IVISIm methodology is capable of detecting such structure-function
differences in the hemostatic clot, additional computational experimentation with a larger set of mouse samples
will be required to infer generalized conclusions about these aspects of clot structure-function relationship.

Additionally, for the diYF knockout case, the distribution of cAlb in the clot domain, and the decay of aver-
aged intra-clot cAlb concentration are presented in Fig. 6, panels a. and b. respectively. The distribution shows
slow variations in concentration over the small core region, but significantly rapid variations over the shell
region of the clot, when compared to the WT case. This is supported by a faster decay rate of the averaged cAlb
concentration compared to WT case as indicated in Figs. 3 and 6 panel b. In both cases, the core region with
higher extent of compaction traps the species concentration, while the shell region manifests the greater extent
of transport and cAlb species washout. Overall, the simulations indicate that with impaired contraction, and
associated smaller core volume and overall higher porosity, the solute transport rates in the diYF knockout cases
can significantly differ as compared to WT mice'”*.

Characterization of flow-induced clot deformation properties

Here, we attempt to summarize the key quantifications from the IVISim framework into a visual tool for char-
acterization of clot-flow interactions in vivo. For this, we plot the continuous time-history of clot size against the
continuous time history of flow-induced loading integrated along the dynamic clot boundary, for each instant in
time. This is a form of mapping of a force-volume relationship in vivo as predicted by the IVISim framework,
leading to a dynamic force-flow-volume phase-space representation of the clotting process. The resultant plot is
shown in Fig. 7, where the mapping of total flow-induced loading (that is, combined pressure and shear loading)
for both WT and diYF knockout cases are overlaid together. See also Supplementary Data S5 and S7 for additional
visuals illustrating the pressure and shear loading individually. The point of embolization is identified (guided
by the time history plots as shown in Figs. 2 and 4 earlier) as the point of inflection in the clot size as function of
time, indicated using an arrow for both WT and diYF models in Fig. 7. The corresponding hemodynamic load-
ing that initiates embolization can be directly estimated as the intercept along the horizontal axis at this point
of embolization. Furthermore, a bounding box is marked out between the point of clot initiation, and the point
of embolization, represented as the shaded rectangular regions in the Fig. 7. Comparison between the WT and
diYF knockout mouse models considered in this study show that the WT hemostatic clot grows to a bigger size
and sustained a higher loading prior to embolization, causing this bounding box to be bigger along both x and
y-axis as compared to that for the diYF knockout case. While this is true for both the shear and pressure forces
on the clot, the differences are more pronounced when the pressure forces are considered. This is likely due to
the fact that these forces are computed as an integral over the entire clot boundary, and while shear is higher at
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Figure 5. Comparison between the overall clot domain (denoted by CD41 channel image intensity) and the
core of the clot (denoted by P-Selectin channel image intensity) between the wild-type and the diYF knockout
mouse model clots.
Scientific Reports | (2024) 14:696 | https://doi.org/10.1038/s41598-023-49945-x nature portfolio



www.nature.com/scientificreports/

Normalized concentration (b)
0.0e+00 0.2 0.4 0.6 0.8 1.0e+00

-_— : ‘ | —

T1 [Flow direction
o 1 2 3 4 5 6
- Time (s)

Figure 6. Simulation of cAlb for the diYF knockout mouse injury model. Panel a. depicts predictions from
IVISim for spatial distribution of cAlb across 4 consecutive instants in time (T1-T4). Panel b. presents a
volume averaged decay of cAlb within the clot domain, which is compared against experimentally measured and
quantified decay behavior. The agreement between predicted curve and the experimental range helps validate
IVISim predictions for cAlb transport.
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Figure 7. Collapsing the force-deformation behavior of the clots formed in the wild-type and the diYF
knockout mouse injury models. Each point in the plot represents the flow-mediated force and corresponding
clot size at an instance in time. Dynamic tracking of these quantities leads to a phase-space plot in the
hyperspace formed from force magnitude and clot volume. The bounding boxes represent the force and size at
the point of embolization in each case, which is indicated as the upper right corner of the bounding box for each
model marked with an arrow.

the regions of peak occlusion along the boundary (affecting the forces only locally), pressure will be determined
more by the resistance offered by the clot to the flow (affecting the forces more widely along the clot boundary).

Discussion

Here we have outlined the development of the IVISim framework, which is capable of directly integrating
flow and transport physics models with dynamic intravital microscopy. Through a set of simulation case stud-
ies, we demonstrated that this approach is able to provide detailed quantitative flow and transport information
for the in vivo murine thrombus neighborhood. This flow environment information is not directly available
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from microscopy alone. For models based on 2D intravital image sequences, the entire IVI Sim computational
workflow can run on standard desktop computing resources, making this a valuable utility complementing
standard intravital experiments. Real in vivo clotting process involves a complex, dynamic, and synergistic
coupling of clot structure, clot-flow interactions, flow-mediated transport, and biochemical processes. The inte-
gration of intravital imaging and detailed quantitative in silico modeling enables us to potentially investigate
these dynamically coupled set of phenomena. This has remained a major challenge, and our study indicates that
a data-driven in silico approach like IVISim can substantially extend the insights that intravital imaging can
provide. Additionally, the methodology developed here is not limited to mouse intravital microscopy alone,
but also generalizable to dynamic imaging of clotting processes as obtained from microfluidic human whole
blood assays, thereby making it a broadly applicable tool. Furthermore, the insights from murine in vivo and
human whole blood in vitro clotting investigations can be integrated by the simulation capabilities embedded
in IVISim framework, to explore a variety of ‘what if” scenarios for the human in vivo clot environment, and
flow and transport phenomena therein. Such quantitative information on human clot environment in vivo is
otherwise significantly challenging to obtain, and motivate future investigations on using IVISim for in silico
exploration of human clotting phenomena. One relevant limitation to note here is that we have demonstrated
our methodology on 2D models of the clot as opposed to actual 3D models. This is not actually a limitation
inherent in the IVISim framework, but rather is attributed to the type of intravital data available. When 3D
data are available, the automated kinematic reconstruction processes can be extended by incorporating fully 3D
point cloud morphing techniques such as coherent point drift™.

Additionally, we demonstrate that using this framework we can computationally estimate the hemodynamic
loading generated from the clot-flow interactions. In our simulations, we investigate the trends in the total
hemodynamic loading which is a combination of the pressure and shear loading, instead of considering them
in isolation. We observed the loading generated by pressure forces to be substantially greater compared to that
generated by shear. Flow-induced shear loading on the clot is high locally at the location of maximum occlusion.
However, pressure increases more globally as the occlusive clot resists flow, and drives up the pressure differential
required to push the fluid across the occlusion region. One simulation parameter that can significantly influence
the force magnitudes is estimates of vessel flow rates or flow velocity. Here we have used a peak centerline velocity
0f 1300 pum/sec as obtained from tracking of tagged platelets in the vessel prior to laser injury'”. This velocity
can be different depending upon the flow conditions post-injury, which may alter the specific numerical values
of the forces, although we expect the trends reported in Fig. 7 to remain similar since the clot deformation kin-
ematics data is directly computed from the image. In this context, we note that in real vascular networks, in the
presence of branching vessels, the above flow-induced loading behavior may be different, as the flow may reroute
through the branching vessels and assume a path of least resistance. Such vessel branching effects have not been
incorporated in the analysis presented here, but comprise an important feature of the in vivo clot environment,
and needs to be accounted for in future investigations. Quantifying the flow-induced total loading, instead of
pressure or shear alone, is therefore advantageous in encapsulating such variability.

Specifically with the laser puncture injury models considered here, for both simulation cases we observed
the presence of a prominent region of slow arrested flow at the base of the clot near the vessel wall injury site,
with high cAlb fluorescence signal intensity outside of the platelet clot domain (that is, regions indicated by the
P-selectin and CD41 signals). This region serves partly as an extension to the shell region of the clot (and conse-
quently referred to as an extended shell) as indicated in a sample illustration from the diYF clot model in Fig. 8.
The left panel illustrates the formation of this extended shell as identified through the images (mmarked using the
label (a)), and the right panel establishes this region with slow flow velocities (marked using the label (b)). This
slow stagnated flow region originates from the vessel deformation in vivo at the injury site, and the flow resistance
from the hemostatic plug that forms around the injury site. Our simulations indicate that: (a) this extended shell
varies with clot growth and deformation; (b) can influence biochemical species transport in and out of the clot
environment; and (c) while not directly a part of the clot itself, it potentially comprises fibrin content originat-
ing from the flow stagnation that may provide clot structural support at the base of the injury site. In reality, we
anticipate that the pooled flow and fibrin formation processes will also extend into the extra-vascular space from

Figure 8. Sample illustration of the slow arrested flow region at the base of the clot referred to as the extended
shell (labelled as (a) and (b) on the two figure panels). On the left panel, (a) labels the segmented outline of high
intensity of cAlb signal, which is outside the clot shell domain (marked in red segment), and which is identified
with slow stagnated flow on the right panel labeled by (b).
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the injury site. In prior work, we have computationally demonstrated potential mechanisms by which the flow
leakage from the base of the clot may influence clot flow interactions”. While we have not focused on illustrating
this phenomena in detail in this specific study, there are simple avenues to incorporate estimates of leakage flow
from image processing and segmentation of the cAlb concentrations. Further characterization of extended shell
and extra-vascular space can be reasonably undertaken through numerical experimentation using additional
sample mouse datasets based on the methodology developed here.

The analysis of flow-induced clot deformation properties as presented in Sect. "Characterization of flow-
induced clot deformation properties” and Fig. 7 enables exploring a key question regarding the extent of force
that the clot can sustain prior to significant stretching, deformation, and embolization. In our IVISim simula-
tion case studies we do not require a clot material model as we reconstruct clot kinematics and deformation
at a high fidelity directly from images. However, we do characterize the clot heterogeneous composition using
microstructural parameters like porosity, and core-shell variations. For a given microstructure, a stable clot
can be expected to withstand a greater extent of flow-induced loading as compared to a structurally weaker
clot. Comparisons between WT and diYF knockout models provide some evidence of this behavior as shown
in Fig. 7. This is of major significance, indicating that IVISim can potentially enable investigations on arterial
clot stability in vivo, which remains currently a major challenge as indicated in several works>*!. We also note
that IVISim is proposed as a methodology to evaluate the flow and transport environment for known clot
growth and deformation kinematics as estimated directly from intravital images, leveraged the clot structure
information to bypass requiring a material model. Consequently, this is demonstrated here as a quasi one-way
fluid-structure interaction approach, where we do not explicitly model the deformation mechanics using clot
material properties. Hence, we have not addressed factors like determination of clot elasticity modulus, yield
stress, and viscous behavior. While this is a limitation of the analysis presented here, we can use IVISim to set
up systematic inverse problems for identifying clot material models and parameters. Specifically, an avenue for
future investigation could involve inverse investigations of choice of material models or material parameters
that correspond to a known clot domain dynamics for a known state of flow-induced stresses on the clot. Such
investigations will require significant theoretical and computational effort which render them beyond the scope
of this current study.

The clot porosity and diffusivity values used here were estimated based on prior literature. We note that in
reality for a dynamically growing, deforming, and embolizing clot the porosity and diffusivity can both vary spa-
tio-temporally, implying that ¢ = ¢(x,t) and D = D(x, t) for in vivo clots as outlined in Sect. "Moving fictitious
domain stabilized finite element formulation". These spatio-temporal microstructural variations are governed
by intricate interplay of clot deformation dynamics, physiological clot consolidation, and a slew of biochemical
and genetic factors. Here, we have considered variabilities in terms of core and shell microstructure as outlined
in "Moving fictitious domain stabilized finite element formulation", but no added variabilities based on detailed
pore network architecture and other structural and compositional features. This is a limitation of the current
study. However, this is not an inherent limitation of the IVISim framework as developed here. When such
detailed spatio-temporally resolved characterizations of the microstructure are available, the IVISim frame-
work can incorporate this information owing to the custom stabilized finite element algorithms implemented
within the framework. However, such dynamic high-resolution space-time varying characterization of the clot
microstructure in vivo is challenging to obtain. Hence, in this study we have demonstrated our simulation cases
by resolving the core and shell structure as a starting point. In the absence of such experimental data, brute
force simulation efforts for statistical characterization and uncertainty quantification for these spatio-temporally
varying microstructures will require a significantly comprehensive computer simulation effort spanning a range
of representations of microstructure and diffusivity, and over multiple mouse or microfluidic models. While
this was beyond the scope of the present study, the aspects outlined here remain a major motivation for future
investigations based on IVISim capabilities. On a related note, in prior works?, we have shown that for small
variations in microstructural features, the flow patterns and resultant pressure loading remains relatively unaf-
fected. However, large spatio-temporal variabilities in clot porosity and other microstructural parameters may
lead to variabilities in the estimated flow-induced loading; which requires systematic sensitivity analysis. While
a comprehensive sensitivity analysis spanning the entire set of parameters from image-processing to transport
variables is a commensurately complicated endeavor, we have demonstrated here the sensitivity analysis for the
image-processing modules of the framework via integration with a specialized library Dakota. This can further
be exploited with techniques of surrogate modeling and reduced order computations to set up efficient sensitivity
and uncertainty quantification in future efforts.

The capability for dynamic reconstruction of coupled flow, transport, and clot deformation can enable key
advancements in hemostasis and thrombosis with clinical implications. This can involve mechanisms and etiology
of related pathological manifestations, as well as efficacy, outcomes, and risks associated with pharmacological
or endovascular interventions®. For example, the elution and local transport of thrombin in vivo is central to
hemostatic response®. Advancements in understanding of thrombin transport and distribution, as well as local
transport of key biochemical agonists such as ADP and Thromboxane can drive advancements in approaches
for hemostatic therapy®>**. As another example, advancements in understanding of structure and stability of a
thrombus or thrombo-embolus can have major clinical implications in terms of endovascular thrombectomy
procedures and distal embolization risks in stroke®>. Additionally, the interplay of transport with clot micro-
structural composition is increasingly recognized to be highly relevant for thrombolytic therapy® - in terms of
understanding how perfusion of tPA and subsequent fibrinolysis occurs, as well as in terms of understanding how
novel targets such as Von Willebrand Factor (VWF) can be accessed for pharmaceutical interventions’ In silico
integration and supplementation of in vivo and in vitro data as facilitated by IVISim framework can transform
into a significant modality for further investigations focused on such aspects of clinical and therapeutic relevance.
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Data availability

All simulation data generated or analyzed during this study are included in this published article and its sup-
plementary information files. The simulation codes generated and/or analyzed during the current study are
not publicly available due to the reason stated as follows, but are available from the corresponding author on
reasonable request. The underlying source codes for the numerical framework reported here are currently being
packaged and built into a software library for open source release. Up until that time, research purpose access to
the development version of the source codes can be obtained by directly emailing the corresponding author or
by sending a message through the following url: https://www.flowphysicslab.com/contact.html.

Received: 3 May 2023; Accepted: 13 December 2023
Published online: 06 January 2024

References

1.
2.

3.
4.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21.
22.
23.
24.

25.
26.

27.
28.
29.
30.
31.

32.
. Welsh, J. D. et al. A systems approach to hemostasis: 4. How hemostatic thrombi limit the loss of plasma-borne molecules from

34.
35.

. Pedregosa, F. et al. Scikit-learn: Machine learning in Python. J. Mach. Learn. Res. 12, 2825-2830 (2011).
37.

Fogelson, A. L. & Neeves, K. B. Fluid mechanics of blood clot formation. Annu. Rev. Fluid Mech. 47, 377-403 (2015).

Brass, L. F & Diamond, S. L. Transport physics and biorheology in the setting of hemostasis and thrombosis. J. Thromb. Haemost.
14, 906-917 (2016).

Piebalgs, A. et al. Computational simulations of thrombolytic therapy in acute ischaemic stroke. Sci. Rep. 8, 1-13 (2018).

Gogia, S. & Neelamegham, S. Role of fluid shear stress in regulating vwf structure, function and related blood disorders. Biorheol-
ogy 52, 319-335 (2015).

. Gorog, D. A, Fayad, Z. A. & Fuster, V. Arterial thrombus stability: Does it matter and can we detect it?. J. Am. Coll. Cardiol. 70,

2036-2047 (2017).

. Xu, S. et al. Model predictions of deformation, embolization and permeability of partially obstructive blood clots under variable

shear flow. J. R. Soc. Interface 14, 20170441 (2017).

. Denorme, F. et al. Adamts13-mediated thrombolysis of t-pa-resistant occlusions in ischemic stroke in mice. Blood J. Am. Soc.

Hematol. 127, 2337-2345 (2016).

. Nesbitt, W. S. et al. A shear gradient-dependent platelet aggregation mechanism drives thrombus formation. Nat. Med. 15, 665-673

(2009).

. Welsh, J. D. et al. A systems approach to hemostasis: 1. The interdependence of thrombus architecture and agonist movements in

the gaps between platelets. Blood J. Am. Soc. Hematol. 124, 1808-1815 (2014).

Mohammed, B. M., Monroe, D. M. & Gailani, D. Mouse models of hemostasis. Platelets 31, 417-422 (2020).

Taha, A. et al. Comparison of large animal models for acute ischemic stroke: Which model to use?. Stroke 53, 1411-1422 (2022).
Colace, T. V., Tormoen, G. W., McCarty, O. J. & Diamond, S. L. Microfluidics and coagulation biology. Annu. Rev. Biomed. Eng.
15, 283-303 (2013).

Zhang, C. & Neelamegham, S. Application of microfluidic devices in studies of thrombosis and hemostasis. Platelets 28, 434-440
(2017).

Williams, E. K., Oshinowo, O., Ravindran, A., Lam, W. A. & Myers, D. R. Feeling the force: Measurements of platelet contraction
and their diagnostic implications. Semin. Thromb. Hemost. 45, 285-296 (2019).

Pivkin, L, Richardson, P. & Karniadakis, G. Blood flow velocity effects and role of activation delay time on growth and form of
platelet thrombi. Proc. Natl. Acad. Sci. 103, 17164-17169 (2006).

Sweet, C. R. et al. Modelling platelet-blood flow interaction using the subcellular element Langevin method. J. R. Soc. Interface 8,
1760-1771 (2011).

Tomaiuolo, M. et al. A systems approach to hemostasis: 2. Computational analysis of molecular transport in the thrombus micro-
environment. Blood 124, 1816-1823 (2014).

Wang, L., Chen, Z., Zhang, J., Zhang, X. & Wu, Z. J. Modeling clot formation of shear-injured platelets in flow by a dissipative
particle dynamics method. Bull. Math. Biol. 82, 1-20 (2020).

Xu, Z. et al. Study of blood flow impact on growth of thrombi using a multiscale model. Soft Matter 5, 769-779 (2009).

Yazdani, A., Li, H., Humphrey, J. D. & Karniadakis, G. E. A general shear-dependent model for thrombus formation. PLoS Comput.
Biol. 13, €1005291 (2017).

Leiderman, K. & Fogelson, A. Grow with the flow: A spatial-temporal model of platelet deposition and blood coagulation under
flow. Math. Med. Biol. 28, 47-84 (2011).

Menichini, C. & Xu, X. Y. Mathematical modeling of thrombus formation in idealized models of aortic dissection: Initial findings
and potential applications. J. Math. Biol. 73, 1205-1226 (2016).

Taylor, J. O., Meyer, R. S., Deutsch, S. & Manning, K. B. Development of a computational model for macroscopic predictions of
device-induced thrombosis. Biomech. Model. Mechanobiol. 15, 1713-1731 (2016).

Zheng, X., Yazdani, A., Li, H., Humphrey, J. D. & Karniadakis, G. E. A three-dimensional phase-field model for multiscale modeling
of thrombus biomechanics in blood vessels. PLoS Comput. Biol. 16, e1007709 (2020).

Cito, S., Mazzeo, M. D. & Badimon, L. A review of macroscopic thrombus modeling methods. Thromb. Res. 131, 116-124 (2013).
Leiderman, K. & Fogelson, A. An overview of mathematical modeling of thrombus formation under flow. Thromb. Res. 133,
S12-S14 (2014).

Yesudasan, S. & Averett, R. D. Recent advances in computational modeling of fibrin clot formation: A review. Comput. Biol. Chem.
83, 107148 (2019).

Teeraratkul, C., Irwin, Z., Shadden, S. C. & Mukherjee, D. Computational investigation of blood flow and flow-mediated transport
in arterial thrombus neighborhood. Biomech. Model. Mechanobiol. 20, 701-715 (2021).

Teeraratkul, C. & Mukherjee, D. Microstructure aware modeling of biochemical transport in arterial blood clots. J. Biomech. 127,
110692 (2021).

Stalker, T. J. et al. A systems approach to hemostasis: 3. Thrombus consolidation regulates intrathrombus solute transport and local
thrombin activity. Blood . Am. Soc. Hematol. 124, 1824-1831 (2014).

Jolugbo, P. & Ariéns, R. A. Thrombus composition and efficacy of thrombolysis and thrombectomy in acute ischemic stroke. Stroke
52, 1131-1142 (2021).

Stalker, T. J. Mouse laser injury models: Variations on a theme. Platelets 31, 423-431 (2020).

the microvasculature. Blood J. Am. Soc. Hematol. 127, 1598-1605 (2016).

Kadri, O. E., Chandran, V. D,, Surblyte, M. & Voronov, R. S. In vivo measurement of blood clot mechanics from computational
fluid dynamics based on intravital microscopy images. Comput. Biol. Med. 106, 1-11 (2019).

Bradski, G. The OpenCV Library. Dr. Dobb’s Journal of Software Tools (2000).

Bingol, O. R. & Krishnamurthy, A. NURBS-Python: An open-source object-oriented NURBS modeling framework in Python.
SoftwareX 9, 85-94 (2019).

Scientific Reports |

(2024) 14:696 | https://doi.org/10.1038/s41598-023-49945-x nature portfolio


https://www.flowphysicslab.com/contact.html

www.nature.com/scientificreports/

38. Torres, D. & Brackbill, J. The point-set method: Front-tracking without connectivity. J. Comput. Phys. 165, 620-644 (2000).

39. Durlofsky, L. & Brady, J. F. Analysis of the brinkman equation as a model for flow in porous media. Phys. Fluids 30, 3329 (1987).

40. Dettmer, W. & Peri¢, D. An analysis of the time integration algorithms for the finite element solutions of incompressible Navier—
stokes equations based on a stabilised formulation. Comput. Methods Appl. Mech. Eng. 192, 1177-1226 (2003).

41. Burman, E. & Hansbo, P. Edge stabilization for Galerkin approximations of convection-diffusion-reaction problems. Comput.
Methods Appl. Mech. Eng. 193, 1437-1453 (2004).

42. Wufsus, A. R., Macera, N. & Neeves, K. The hydraulic permeability of blood clots as a function of fibrin and platelet density. Biophys.
J.104,1812-1823 (2013).

43. Alnees, M. et al. The fenics project version 1.5. Archive of Numerical Software 3 (2015).

44. Torquato, S. & Haslach, H. Jr. Random heterogeneous materials: Microstructure and macroscopic properties. Appl. Mech. Rev. 55,
B62-B63 (2002).

45. Chou, H., Wy, L, Zeng, L. & Chang, A. Evaluation of solute diffusion tortuosity factor models for variously saturated soils. Water
Res. Res. 48 (2012).

46. Tjaden, B., Cooper, S. ], Brett, D. J., Kramer, D. & Shearing, P. R. On the origin and application of the bruggeman correlation for
analysing transport phenomena in electrochemical systems. Curr. Opin. Chem. Eng. 12, 44-51 (2016).

47. Adams, B. M. et al. Dakota 6.18.0 documentation. Tech. Rep., institutionSandia National Laboratories (2023).

48. Mukherjee, D. & Shadden, S. C. Modeling blood flow around a thrombus using a hybrid particle-continuum approach. Biomech.
Model. Mechanobiol. 17, 645-663 (2018).

49. Kim, O. V,, Litvinov, R. L, Alber, M. S. & Weisel, ]. W. Quantitative structural mechanobiology of platelet-driven blood clot con-
traction. Nat. Commun. 8, 1274 (2017).

50. Myronenko, A. & Song, X. Point set registration: Coherent point drift. IEEE Trans. Pattern Anal. Mach. Intell. 32, 2262-2275 (2010).

51. Alkarithi, G., Duval, C,, Shi, Y., Macrae, F. L. & Ariéns, R. A. Thrombus structural composition in cardiovascular disease. Arterio-
scler. Thromb. Vasc. Biol. 41, 2370-2383 (2021).

52. Rana, K. & Neeves, K. B. Blood flow and mass transfer regulation of coagulation. Blood Rev. 30, 357-368 (2016).

53. Link, K. G. et al. Computationally driven discovery in coagulation. Arterioscler. Thromb. Vasc. Biol. 41, 79-86 (2021).

54. Marar, T. T. et al. Thrombin spatial distribution determines protein c activation during hemostasis and thrombosis. Blood J. Am.
Soc. Hematol. 139, 1892-1902 (2022).

55. Wong, G.]. et al. Frequency, determinants, and outcomes of emboli to distal and new territories related to mechanical thrombec-
tomy for acute ischemic stroke. Stroke 52, 2241-2249 (2021).

56. Weisel, J. & Litvinov, R. The biochemical and physical process of fibrinolysis and effects of clot structure and stability on the lysis
rate. Cardiovasc. Hematol. Agents Med. Chem. 6, 161-180 (2008).

Acknowledgements

This work utilized resources from the University of Colorado Boulder Research Computing Group, which is
supported by the National Science Foundation (Awards: ACI-1532235 and ACI-1532236), the University of
Colorado Boulder, and the Colorado State University. Collaborative discussions between Authors DM, MT, and
TS were partly initiated and supported by a Burroughs Wellcome Fund Collaborative Research Travel Grant
(Award: 1016360), and an American Heart Association award (Award: 16POST27500023) - both with DM as
principal investigator.

Author contributions

C.T. and D.M. developed the image-processing and finite element algorithms. C.T. implemented the complete
workflow, conducted all simulations and data analysis. M.T. and T.S. identified intravital experiment cases, post-
processed intravital data, and guided intravital to in silico translation. C.T. and D.M. developed the manuscript
with technical inputs and insights from M.T. and T.S. All Authors reviewed the manuscript and agreed to the
final version as submitted.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-49945-x.

Correspondence and requests for materials should be addressed to D.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:696 | https://doi.org/10.1038/s41598-023-49945-x nature portfolio


https://doi.org/10.1038/s41598-023-49945-x
https://doi.org/10.1038/s41598-023-49945-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigating clot-flow interactions by integrating intravital imaging with in silico modeling for analysis of flow, transport, and hemodynamic forces
	Methods
	Intravital microscopy in a mouse laser injury model
	Automated segmentation workflow
	Image pre-processing
	Image segmentation and clot boundary identification

	Reconstruction of clot dynamics
	Front tracking algorithm for moving clot domain marking
	Moving fictitious domain stabilized finite element formulation
	Flow and transport modeling
	Dynamic clot domain properties

	Simulation case-studies

	Results
	Characterization of in vivo dynamic flow environment around a clot
	Validation of model predictions using cAlb transport
	Comparing clot-flow interactions across the WT and diYF models
	Characterization of flow-induced clot deformation properties

	Discussion
	References
	Acknowledgements


