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1.

INTRODUCTION:

The UCLA Center for Advanced Surgical and Interventional Technology (CASIT) shall lead a
R&D program, “Virtual Tissue Modeling for Real-time Surgical and Interventional Procedure
Simulation,” to develop and evaluate a new virtual tissue modeling methodology for use in military
medical training simulators for forward surgical and interventional care of combat injuries.

KEYWORDS:

liver constitutive modeling, material point methods, fluid/elastic multi-species continuum, hepatic
tissue, hysteresis, compression, cardiovascular network simulation, hemorrhage modeling,
smoothed-particle hydrodynamics

ACCOMPLISHMENTS:
What were the major goals of the project?

The overall project goals are to develop a general framework for creation and sharing of virtual
tissue models; create a prototype virtual tissue simulation of the liver and associated soft tissue and
fluidic physiological systems; develop and integrate needed mathematical models, constitutive
models, and interactive graphical models as a functional system of physics-based dynamic tissue
simulations capable of real-time interaction appropriate for medical training simulators. The
constitutive models shall be populated with validated physiological material properties. Virtual
injury mechanisms and surgical tools shall be created for manipulation of the virtual tissue and
methods developed for integrating component models (e.g. the liver) into a virtual patient body
habitus model. Results shall be documented in a final report. The system shall be demonstrated in
either a video or online interactive presentation format. The technologies and capabilities that shall
be included are: computational simulation, graphical simulation, constitutive models, material
property data acquisition, toolKkits for injury and surgical procedures, and an online model repository
and sharing system.

The goals for this project were the research and development in the following focal areas:

Fluid dynamics & tissue constitutive modeling
Numerical methods for real-time modeling
Biomechanical and graphical modeling of organs
Tissue properties measurement and validation
Body habitus graphical and physical modeling
Medical requirements and assessment
Open standards development for virtual anatomic models
Project advisory activity
a) Formation of advisory panel of military medicine SMEs
b) Formation of advisory panel of surgical and interventional simulation industry SMESs
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What was accomplished under these goals?
1. Fluid dynamics & tissue constitutive modeling

There are two overall objectives of the fluid dynamics modeling team in this project. The first
objective is to develop a comprehensive network model of the human cardiovascular system, with
associated cardiac and autoregulation sub models, coupled with a fluid and nutrient transport model
of the liver. The second major objective is to create a computational fluid dynamics simulation,
based on smoothed particle hydrodynamics (SPH), of visualized bleeding from injury or surgical
sites in the virtual model of the liver. These objectives are intertwined, since the visualized bleeding
simulator requires the dynamic inflow conditions from the network model.

During Q1 of Y1 in fluid dynamics, in order to achieve these objectives, we planned to carry out
several intermediate tasks. One task was to adapt the current cardiovascular network simulation tool
(based in LabView) into a more modular and platform-independent form based on C++ or Python.
In this adaptation, the tool would be extended to enable plug-in modules for organs, customizable
physiological parameters, and a validation framework. Another task was to obtain—from medical
imaging—a three-dimensional geometric model of the liver’s three vascular trees, so that segments
in the network model can be rigidly mapped to their proper geometric coordinates for use in the
virtual injury and surgery functions. A third task was to adapt the current visualized bleeding
simulator to the liver, which, in the short term, will require, e.g., a particle model of the liver
geometry and surrounding abdominal cavity and organs, and some determination of porosity
properties in liver tissue.

Q1 of Y1 contained preparatory stages of this work. One new graduate research assistant, supported
by the project, carried out literature review and familiarized himself with the network simulation
tool. A post-doc partially supported by the project fine-tunned the bleeding visualizations from
earlier leg modeling work, which has direct impact on the tasks required for this project.

During Q1 of Y1 in tissue constitutive modeling, our constitutive modeling efforts focused on
evaluation and comparison of the various stress-strain models in the current literature. Dr. Klug
worked on a refactoring of his group’s C++ finite-element code that will lead to more efficient
numerical implementation of constitutive models and fracture algorithms for simulating cutting and
tearing. He has also recruited a new Ph.D. student in Mechanical Engineering, Mr. Michael Reyes,
and he began training Reyes in the development of the requisite numerical methods.

The Klug research group also completed the initial development of a new method for experimental
characterization of tissue material properties. The method is specifically designed to ensure that
parameters of a constitutive model are identified uniquely from a given experimental data set.
Shockingly, uniqueness is not guaranteed by most approaches presented today in the literature. In
order to overcome this limitation and regain the diagnostic capability of the identified material
properties, during Q1 we completed and submitted a paper (Perotti, et al, 2015) in which we present
a new method termed DEMO - Direct Equilibrium Matching Optimization. Our method is based on
force and full-field displacement data, i.e., the displacement field due to the applied forces is known
everywhere in the body of interest. This can be achieved clinically using magnetic resonance
imaging. In our method, we impose the displacement field and minimize the difference between
computed and experimentally measured forces (see Fig 1). When combined with material strain



energy functions based on the linear combination of polyconvex terms, DEMO determines the
tissue material properties uniquely by minimizing a convex objective function. In the paper, we
describe a new numerical strategy to obtain material energy laws that optimally describe the
available experimental data. Moreover, a natural outcome of DEMO is the straightforward analysis
of the reliability of the identified material properties. In the paper, we evaluated DEMO using
passive myocardium experimental data at the material point and demonstrated its applicability to
identify potentially diseased tissue with an in silico experiment modeling the passive ventricle.
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Fig. 1. Comparison of the Standard Approach — left — and the DEMO method — right — for
material properties identification.

During Q2 of Y1 in fluid dynamics, we started our development on two target areas that will
comprise the fluid dynamics component of the virtual tissue model.

The first target area involves the development of a modular real-time network model of the human
cardiovascular system. This model will drive the local network model of the organ (liver) once that
is developed. We started implementing this systemic model in an API (application program
interface) format, which enables easy connection to other components of the overall tissue model.

The second target area involves the extension of our bleeding visualization framework to the liver.
During this review period, we performed a preliminary simulation of bleeding from a static model
of the liver. Since we still lack many details, such as the local pressure in the liver, the details of the
injury geometry, and a mapping of the vasculature, we proceeded in an ad hoc manner in order to
gauge our capabilities.



During Q2 of Y1 in tissue constitutive modeling, the constitutive modeling worked to develop
mathematical models that characterize the mechanical response of liver tissue to applied loads the
elastic mechanical response of liver tissue. Specific objectives are: 1) to characterize the spatial
heterogeneity of elastic properties; 2) to couple tissue solid mechanics with fluid mechanics in the
vasculature; and 3) to develop simulations of irreversible cutting, tearing, and rupture of tissue.

We continued the refactoring of our group’s C++ computer code for implementation of new
consititutive laws, especially oriented toward multiphysics models (for example, models coupling
tissue elasticity to fluid flow). Dr. Klug also began discussions with Dr. Eldredge about possible
approaches for coupled simulation of bleeding in deformable geometries. We resolved to focus on
large-deformation poroelasticity as a modeling framework for bringing together tissue elasticity and
blood flow. Plans were made to begin joint work with a new Ph.D. student in Mechanical
Engineering, Yi-Jui Chang.

We also continued the evaluation of models from the literature for the elastic and viscoelastic
response of both the liver capsule and parenchyma. We advised Dr. Teran and his group on how to
structure the constitutive modeling components in the real-time FE code, specifically focusing on
hyperelastic strain energy models, and variational constitutive updates for viscoplastic models.

During Q3 of Y1 in fluid dynamics, we continued our development on two target areas that will
comprise the fluid dynamics component of the virtual tissue model.

The first target area involves the development of a modular real-time network model of the human
cardiovascular system. This model, which provides local pressure and flow rate in the vascular tree,
will drive the local network model of the organ (liver) once that is developed. We have now
implemented this systemic model in an API (application program interface) format, which enables
easy connection to other components of the overall tissue model. We evaluated the model by
simulating a patient in a baseline (healthy) state and comparing with typical data.

The second target area involves the extension of our bleeding visualization framework to the liver.
During this review period, we performed a pair of simulations of bleeding from a static model of the
liver, improving the previous simulation by using a more realistic internal pressure in the liver to
generate realistic oozing. We are still carrying these simulations out without detailed data for the
liver, simply to refine our visualization approach.

During Q3 of Y1 in tissue constitutive modeling, the constitutive modeling team worked to develop
mathematical models that characterize the mechanical response of liver tissue to applied loads the
elastic mechanical response of liver tissue. Specific objectives are: 1) to characterize the spatial
heterogeneity of elastic properties; 2) to couple tissue solid mechanics with fluid mechanics in the
vasculature; and 3) to develop simulations of irreversible cutting, tearing, and rupture of tissue.

We have continued the refactoring of our group’s C++ computer code for implementation of new
constitutive laws, especially oriented toward multiphysics models (for example, models coupling
tissue elasticity to fluid flow). This work is an important prerequisite for accomplishing all three of
the above objectives.



Toward objective 1), Dr. Klug worked with a new Mechanical Engineering Ph.D. student, Yi-Jui
Chang, on the review of a number of papers on mechanical properties of liver. Mr. Chang has
begun to get familiar with hyperelastic constitutive laws for large-deformation elasticity,
implementing some standard constitutive models in a C++ code.

Toward objective 2), Dr. Klug worked with Dr. Eldredge and the Fluid Dynamics team on coupling
tissue solid mechanics with vasculature. In particular, Dr. Kwitae Chong, a postdoc on the Fluid
Dynamics team was partially supported by Dr. Klug to begin working on a plan for coupled
simulation of bleeding in deformable geometries. Also, Klug and Eldredge mentored Yi-Jui Chang
in the study of large-deformation poroelasticity, which we have chosen as a modeling framework
for bringing together tissue elasticity and blood flow.

During Q4 of Y1, we continued our development on three target areas that will comprise the fluid
dynamics and elasticity components of the virtual tissue model.

The first target area involves the development of a modular real-time network model of the human
cardiovascular system. This model, which provides local pressure and flow rate in the vascular tree,
will drive the local network model of the organ (liver). We have now assembled a Matlab-based
network model of the systemic arterial tree and the vasculature in the liver. We have also
implemented an auto regulatory and cardiac sub model, and are exploring how to best combine this
with the vascular sub model.

The second target area involves the extension of our bleeding visualization framework to the liver.
During this review period, we have been preparing a simulation in which the liver is under active
deformation during the bleeding visualization. This required some modification of our existing
bleeding simulation framework. We expect results on this in the following quarter.

We also explored the equations of poro-elasticity, which govern the mechanics of a porous, elastic,
fluid-filled material, such as the perfused liver. These equations will form the basis for the ultimate
form of our virtual liver modeling, since they will account for the effect of blood (and bile) on the
liver deformation, and also provide a clear coupling between the elastic deformation and the
bleeding simulations.

There are two overall objectives of the fluid dynamics modeling team in this project. The first
objective is to develop a comprehensive network model of the human cardiovascular system, with
associated cardiac and autoregulation sub models, coupled with a fluid and nutrient transport model
of the liver. The second major objective is to create a computational fluid dynamics simulation,
based on smoothed particle hydrodynamics (SPH), of visualized bleeding from injury or surgical
sites in the virtual model of the liver. These objectives are intertwined, since the visualized bleeding
simulator requires the dynamic inflow conditions from the network model.

During Q1 of Y2, we continued our development on three target areas that will comprise the fluid
dynamics and elasticity components of the virtual tissue model.

The first target area involves the development of a modular real-time network model of the human
cardiovascular system. This model, which provides local pressure and flow rate in the vascular tree,



will drive the local network model of the organ (liver). We have now combined the various
component submodels — systemic vasculature, cardiac, and autoregulation — into a single Matlab-
based model, and demonstrated its performance on a basic hemorrhage event. The vascular
submodel is expressed in the frequency domain, wshile the other submodels are in the time domain.

The second target area involves the extension of our bleeding visualization framework to the liver.
During Q1 of Y2, we have performed a visualization of hemorrhage during a ballistic penetration of
the liver. This is the first time in which we have coupled the bleeding simulation to the deforming
liver geometry, so it’s an important milestone. We are currently pursuing a longer-duration
simulation of a similar injury event.

We have also been exploring the equations of poro-elasticity, which govern the mechanics of a
porous, elastic, fluid-filled material, such as the perfused liver. These equations will form the basis
for the ultimate form of our virtual liver modeling, since they will account for the effect of blood
(and bile) on the liver deformation, and also provide a clear coupling between the elastic
deformation and the bleeding simulations. In this quarter, we have established the governing
equations and proposed a candidate hyperelastic constitutive model for liver tissue.

During Q2 of Y2, we continued our development on three target areas that will comprise the fluid
dynamics and elasticity components of the virtual tissue model.

The first target area involves the extension of our bleeding visualization framework to the liver.
During this quarter, we carried out a more refined and longer-duration simulation of a ballistic
penetration of the liver. We are currently pursuing a second simulation involving a complete
resection of the liver. These simulations have been very promising, and have been helpful for
refining our procedures for introducing computational blood particles into the scenario. For
example, we now are able to determine which major vascular segments in the three major networks
(portal vein, hepatic artery, hepatic vein) within the liver have been severed by a given injury, and
introduce bleeding from these precise locations.

However, the simulation still relies on a few ad hoc aspects: one, we are only guessing at the
pressure and flow rate of the severed vessels; and two, we carry out the simulation as a one-way
coupling: tissue deformation and failure is simulated first, and these are used a posteriori to simulate
bleeding in a geometry of prescribed deformation. Both of these aspects are currently being
addressed.

In order to obtain pressure and flow rate at the site of the injury (or treatment), we have been
developing a modular real-time autoregulated network model of the cardiovascular system and a
local network model of the liver. In the previous quarter, we recognized some drawbacks of our
previous submodel of the systemic vasculature, which had been expressed in the frequency domain.
During this quarter, we have been developing a time-domain version of the submodel, which
enables more consistency and flexibility when connecting it to the cardiac and autoregulatory
submodels. This work should be completed by the end of the next quarter.

In order to more strongly couple the dynamics of the bleeding and the tissue deformation, we have
been developing the equations of poro-elasticity, which govern the mechanics of a porous, elastic,



fluid-filled material, such as the perfused liver. These equations will form the basis for the ultimate
form of our virtual liver modeling, since they will account for the effect of blood (and bile) on the
liver deformation, and also provide a clear coupling between the elastic deformation and the
bleeding simulations. In this quarter, we have been carrying out some preliminary simulations of
poro-elasticity in simple scenarios, such as a wet sponge under compression.

During Q3 of Y2, we continued our development on three target areas that will comprise the fluid
dynamics and elasticity components of the virtual tissue model.

In the first target area, we applied our bleeding visualization framework to a complete resection of
the liver. This virtual resection exposed a number of severed vascular segments in the associated
network model of the liver vasculature. Computational blood particles were introduced at the distal
ends of these segments and allowed to flow, using approximate flow rates based on the flow into the
hepatic artery. This was mostly carried out to develop more guidance on how much resolution is
needed to achieve a good rendering of the bleeding. The movie is embedded below:

As mentioned in the previous report, the simulation still relies on a few ad hoc aspects: one, we are
only guessing at the pressure and flow rate of the severed vessels; and two, we carry out the
simulation as a one-way coupling: tissue deformation and failure is simulated first, and these are
used a posteriori to simulate bleeding in a geometry of prescribed deformation. Both of these
aspects are currently being addressed, as we describe below.



In order to obtain pressure and flow rate at the site of the injury (or treatment), we have been
developing a modular real-time autoregulated network model of the cardiovascular system and a
local network model of the liver. During this quarter, we mostly completed our time-domain version
of the 1-d vascular submodel, and this is closed with the cardiac and neurogenic regulatory
submodels. The code was originally written in Matlab, a non-compiled language that isn’t very
efficient, so we will rewriting this in Julia, a very good and modular language that exhibits much
better performance. We will also be testing the full cardiovascular model with reported results in the
literature.

In order to more strongly couple the dynamics of the bleeding and the tissue deformation, we have
been developing the equations of poro-elasticity, which govern the mechanics of a porous, elastic,
fluid-filled material, such as the perfused liver. In this quarter, we implemented the governing “bi-
phasic” equations for this model, using Smoothed Particle Hydrodynamics (SPH), the same
methodology that we had previously used for just the blood phase in our uncoupled visualizations.
Here, we have used SPH for the solid phase, as well. This SPH bi-phasic simulation tool is
completely novel. We have begun carrying out simulations of simple configurations of a spongy
cubic specimen: compression (with associated ejection of the liquid phase) and expansion (the
absorption of liquid from a bath in which the specimen is immersed). These have allowed us to tune
some of the numerical parameters.

During Q4 of Y2, we focused on the continuing development of the two target areas that will
comprise the fluid dynamics and elasticity components of the virtual tissue model: a simulation tool
for the coupled fluid-tissue mechanics of liver and its constituent liquids, driven by an auto-
regulated model of the full cardiovascular system. We also completed our efforts on our
“uncoupled” bleeding visualizations, since these will be supplanted by the coupled fluid-tissue
simulations.

The overall objective of this simulation framework is to enable a physics-driven, visually faithful
rendering of the liver, when subjected to various injuries or surgical interventions. This requires

e A simulation of the liver tissue mechanics, with material properties obtained by mechanical
testing of liver samples, coupled with

e A simulation of the spatially resolved flow of the homogeneous interstitial blood (and bile)
phase in the perfused tissue

e A complete set of dynamically-variable “inflow” and “outflow” conditions for the liver,
from the systemic vasculature and cardiac function, and the feedback control provided by
the autonomic response to, e.g. hemorrhage or pharmacological intervention.

We have pursued the first two of these in a fully coupled manner, through a bi-phasic computational
model, in which the solid (tissue) and liquid (blood and bile) are regarded as superimposed phases,
which interact through relative drag force and a constraint that preserves their total volume fraction.
This model accounts for essential physical behaviors: tissue swelling by absorption of liquid,
expulsion of liquid by local compression, and overall mechanical response of the perfused tissue
under various loadings. Beginning with the previous quarter, and continuing in this quarter, we have
computationally implemented these equations with Smoothed Particle Hydrodynamics (SPH). We
have been testing and refining this implementation using simple scenarios that allow us to identify



and fix problems that would also be present in the full liver simulation. Among these simple
problems are the mechanical tests pursued by the Candler research group on this team.

In parallel with this, we have also been addressing the other component, the cardiovascular model.
We have developed and implemented (in a language called Julia) a modular real-time autoregulated
network model of the cardiovascular system. During this quarter, we have been evaluating this
computational model against reported results in the literature, such as the pulsatile waveform
generated at the ascending aorta under normal physiological conditions, the evolution of the
pressure and flow rate signals into the major peripheral arteries, and the behaviors of the heart rate,
systemic vascular resistance, and other gross physiological parameters in response to disruptions
that trigger the sympathetic and parasympathetic nervous system. One of these triggers will, of
course, be hemorrhage in the liver, so we place a premium on getting this response correct.

During Q9, we focused, as in the previous period, on the development and implementation of the
two target areas that will comprise the fluid dynamics and elasticity components of the virtual tissue
model. Below is a snapshot for one test case, in which a cubic liver specimen, initially perfused
with blood, is also supplied continuously with blood at the specimen’s center. The specimen is
inside of a container, which traps the draining blood. The upper snapshots show the blood (red
particles) and the tissue (blue particles) at two different stages, and the lower snapshots depict just
the tissue, which shows the relaxation (under gravity) and the subsequent swelling. The simulation
framework is based on the method of Smoothed Particle Hydrodynamics (SPH).
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In parallel with this, we have also been addressing the other component, the cardiovascular model.
We have developed and implemented (in a language called Julia) a modular real-time autoregulated
network model of the cardiovascular system. During this quarter, we have finished our testing of the
simulation tool, evaluating it on criteria such as the pulsatile waveform generated at the ascending
aorta under normal physiological conditions, the evolution of the pressure and flow rate signals into
the major peripheral arteries, and the behaviors of the heart rate, systemic vascular resistance, and
other gross physiological parameters in response to disruptions that trigger the sympathetic and
parasympathetic nervous system. One of these triggers will, of course, be hemorrhage in the liver,
so we place a premium on getting this response correct. The methodology and results have been
submitted for publication to the journal International Journal for Numerical Methods in Biomedical
Engineering.

During Q10, we have pursued more sophisticated mechanical tests of the fully-coupled biphasic
computational simulations of the liver sample, including the movie embedded below, which depicts
a projectile passing through the perfused sample. These tests enable us to develop and refine the
various mechanisms that constitute tissue response, failure, and interaction with perfused blood.
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In parallel with this, we have also been addressing the other component, the cardiovascular model.
We have developed and implemented (in a language called Julia) a modular real-time autoregulated
network model of the cardiovascular system. During this quarter, we have revised our previously-
submitted paper to the journal International Journal for Numerical Methods in Biomedical
Engineering. We have also been planning the software links between this cardiovascular model and
the biphasic model of the liver.

During Q11, we have carried out a wide array of mechanical tests of a virtual cubic tissue sample —
including gravity-driven drainage when initially perfused with blood and indentation tests of the
perfused sample. We have also begun to couple the virtual tissue model with our autoregulated
cardiovascular simulator.

Our paper on the cardiovascular simulator was published in International Journal for Numerical
Methods in Biomedical Engineering, and can be found here.

During Q12, we have completed more tests, including impact by a high-speed projectile and
drainage during continuous perfusion. The second of these was achieved by coupling with our
autoregulated cardiovascular model.

The cardiovascular model itself has also been the subject of significant effort in this quarter. We are
pursuing the use of data assimilation, in order to incorporate real-world measurements that improve
the overall fidelity of the model. In this quarter, we have carried out a simple test of this approach.
By assimilating real measurements of flow through the pulmonary artery, we have been able to use
an extracted part of our overall cardiovascular model in order to predict the pressure waveform in
the pulmonary artery, and from this, detect differences between healthy patients and those with
pulmonary hypertension. Though pulmonary hypertension is not explicitly related to the
overarching virtual tissue modeling effort, the data assimilation framework will allow us, in
ongoing work, to determine more accurate model parameters from conventional medical monitoring
data.

During Q13, we carried out a test on the full-scale liver model. In this test, the liver was subjected
to a complete resection, carried out by applying a scalpel to the computational model that cut
through the tissue. This resection cut through the outer layer and exposed the perfused tissue,
allowing blood to drain. The complete set of tests can be seen here. The link is to a video submitted
by our team to the Gallery of Fluid Motion at the American Physical Society’s Division of Fluid
Dynamics meeting.


https://doi.org/10.1002/cnm.2975
https://gfm.aps.org/meetings/dfd-2018/5b98b648b8ac31610362f412

We have also been carrying out an investigation of the use of data assimilation to improve fidelity
of our cardiovascular modeling tool. In the previous term, we had used data assimilation to improve
a limited cardiovascular model, of the pulmonary circulation. In this term, we began exploring the
sensitivity of various common measurement modalities (e.g. brachial pressure, cardiac output) to
variations in model parameters in the overall cardiovascular model. This sensitivity study provides
essential information for determining what parameters can be tuned most effectively from
measurement data. This process is carried out within an Ensemble Kalman Filter, which utilizes an
ensemble of randomly-perturbed versions of the model. The mean of the ensemble results provides
the prediction, and the spread of results provides an estimate of the uncertainty. Both are essential
for constructing a modeling framework that can be applied on a patient-specific basis. In future
work, this data assimilated cardiovascular model, in conjunction with the virtual tissue model, can
be used to provide reliable simulations of liver injury and surgery.

During Q14, we presented our work on both the virtual tissue modeling and on the data-assimilated
cardiovascular modeling at the American Physical Society’s Division of Fluid Dynamics meeting.
We also have been preparing the virtual tissue modeling work for journal publication. This paper is
nearly completed and will be submitted next quarter.

The sensitivity study of the cardiovascular model, started in the previous quarter, has been
completed. We are also using the data assimilation framework for a different subtask now:
determining optimal parameters for outlet impedance boundary conditions for CFD simulations. We
are working with a CFD simulation of the lower leg for this task. Though it is not directly related to
the virtual tissue modeling, it expands our capabilities for developing patient-specific models for
biomedical simulation and training.

During this review period, we put final touches on the development and implementation of the two
components that comprise the fluid dynamics and elasticity components of the virtual tissue model:
a simulation tool for coupled fluid-tissue mechanics; and a data-assimilated model of the full
cardiovascular system.

In this period, we validated our coupled fluid-tissue simulation framework on several benchmark
problems, including vibration of a cantilever beam and the flow through a static porous medium,
performing convergence test on the second case, demonstrating good agreement with test problem.
We also reimplemented our SPH solver from CPU-based to GPU-based , improving the
computational efficiency by a factor of 10. The figure below exhibits this efficiency and its
scalability to (more realistic) simulations with more computational particles. We made our
simulation framework more general by adding a surface tension formulation at the interface
between liquid and air. The liquid droplet now maintains its shape on a plane due to surface tension,
as shown in the figures below, rather than spreading outward unphysically. We will imminently
submit a paper on our computational framework for fluid-tissue modeling.

The methodology and results of the basic model have already been published in the journal
International Journal for Numerical Methods in Biomedical Engineering.

During this period, we have refined our data assimilation framework for the cardiovascular model,
using real measurement data to accurately estimate the model parameters of (1) a pulmonary
circulation model, successfully distinguishing the characteristics healthy patients and those with



pulmonary hypertension, and (2) a circulatory model of the lower leg, focused on modeling diabetic
patients. This framework can be used, for example, to determine optimal inlet and outlet boundary
conditions for high-fidelity computational fluid dynamics simulations of the modeled geometries. In
particular, it is used to drive the SPH-based fluid-tissue simulations in the liver. We have published
a paper on the data assimilated cardiovascular model to a special issue on Machine Learning in
Fluids in the journal Theoretical and Computational Fluid Dynamics.

2. Numerical methods for real-time modeling

During Q1 of Y1, PI Teran and postdoc Chenfanfu Jiang wrote a new code for the finite element
(FEM) simulation of the liver as a homogeneous, isotropic hyper elastic Mooney-Rivlin solid. This
agrees with the observations in the literature. A still frame from one of these sims is below. The
geometry of the liver was built from a procedural model of the surface geometry and various
resolution tetrahedron meshes were created for simulation purposes. In the future, we will build
these methods directly from patient specific scanning data.

The Pls started regular meetings for designing the process of determining constitutive parameters
from experimental and imaging data sources. These meetings are biweekly and will help finalize
our suggested mechanical response. While initial efforts have characterized the model as hyper
elastic, the final model needs to include some viscous effects and these aspects are also being
hypothesized in the meetings.

During Q2 of Y1, PI Teran and his group continued developing a new code for the finite element
(FEM) simulation of the liver. They have developed a framework that should allow for easy
creation of subject specific liver models from scan geometries obtained from Pl Santhanam. Also,
they have developed a framework for simulating a wide range of elastoplastic constitutive laws, as
well as treatment of surface based elasticity. These new techniques allow for discretization of
plastic flows described by very general yield surfaces and associative and non-associative flows. A
discrete return mapping algorithm has been developed that works with both semi and fully implicit
time discretization.

Teran and his group have investigated and are still developing a new vectorization/SIMD friendly
singular value decomposition (SVD) algorithm for large arrays of 3X3 matrices. This is needed for



the elastoplastic discretization of the liver constitutive model. The new technique improves on
accuracy of a rival technique developed by the PI a few years ago, and also provides improved
accuracy. Furthermore, they are investigating a new optimization class of integrators for solving
implicit equations with added efficiency.

During Q3 of Y1, we continued to develop three different aspects of the simulation infrastructure.
First, we are developing a Material Point Method (MPM) based simulation of liver with surface
membrane elasticity combined with elastoplastic interior. We have developed a new class of
algorithms capable of treating a wide range of elastoplastic models to help facilitate the creation and
testing of subject specific constitutive models. One of the primary advantages of the MPM approach
is the treatment of failure and self-contact. MPM does not require any modifications to its basic
implementation to treat these phenomena and this allows for more efficient simulations. Once
complete, this infrastructure should let us synthesize a number of injuries (including blast wave and
projectile based trauma) and subsequent surgical repairs.

The second aspect of our development is concerned with new optimization techniques for solving
the nonlinear equations needed with implicit time stepping. Implicit time stepping allows for
maximal computational efficiency, but this is contingent upon the ability to robustly and efficiently
solve the equations. We are investigating a new class of methods that give stable results with far
fewer iterations than the more commonly used Newton iteration. This is proving to provide drastic
performance improvements, independent of other factor such as parallelization.

Lastly, we are developing a new code base that can be released to the computational and surgical
community to allow others to use the simulation techniques.

During Q4 of Y1, we developed new algorithms for simulating the failure of the surface membrane
used in the MPM simulation of the liver. While traditional MPM naturally allows for failure, the
addition of the surface elastic membrane requires a novel treatment. This allowed us to simulate
ballistic based traumatic injury of the liver at unprecedented level of detail. We gave a demo of this
functionality at the meeting in May.

We also continued our efforts with fine tuning the constitutive relation for the mechanical response
of the liver tissue. This has been complicated by the tragic loss of Professor William Klug. The
groups of Teran and Eldredge have doubled our efforts to compensate for the loss of expertise that
only Professor Klug could provide. Despite this loss, we are making good progress. We have
modified our model to include the effects of pre-stress in the liver. We have also developed a new
approach that allows us to model the blood and elastic tissue interaction as a porous medium. This
novel development is proving very powerful and is giving us a wide range of new functionality to
explore.

During Q1 of Y2, we further developed the constitutive model of the liver including the effects of
blood as a porous multi-species medium. We will soon enter into a fitting stage where we directly
fit experimental observation with our model.



We additionally included the effects of damage/topological change of the vascular during traumatic
injury simulation. We have further developed an excision tool to allow for simulated surgical
manipulation, e.g. in response to the traumatic injuries we have simulated.

We now have a model that consists of an elastic surface membrane, a hyperelastic bulk interior, an
embedded elastic vascular as well as a porous fluid matrix. Furthermore, this model can be
simulated with considerable flexibility to topological change and extreme deformation.

During Q2 of Y2, we completed an investigation of coupling terms between the porous fluid matrix
and the bulk fluid interior of the liver. We use a multi-species continuum approach to do this. Blood
is modeled as its own continuum species and the elastic fluid matrix as another. The two materials
individually obey conservation of mass and momentum. The mass density and momentum of the
fluid/matrix model is the sum of the individual species mass density and momentum. This defines
the velocity of the combined phases as the mass average velocities of the species and balance of
linear momentum follows if we define the effective fluid/matrix stress as the sum of the individual
species stresses. The individual species momenta evolve under the influence of their local stress, as
well as a momentum exchange term between the species. This term is stiff and we have developed
appropriate implicit time stepping treatments of the term. This is done via the material point method
(MPM). Our initial investigations have included the effect of the vascular structure in the elasticity
and we have demonstrated our method on oozing and bleeding following liver surgical incision. We
have also begun the model fitting phase for with a suite of experiments that can be used to fit the
model to data.

During Q3 of Y2, we have continued the process of fitting our model to experimental data. We
designed and started the development of surgically relevant simulation examples involving sutures
incisions in soft tissues. We explored various algorithmic options for this.

This quarter we completed an investigation of coupling terms between the porous fluid matrix and
the bulk fluid interior of the liver. We use a multi-species continuum approach to do this. Blood is
modeled as its own continuum species and the elastic fluid matrix as another. The two materials
individually obey conservation of mass and momentum. The mass density and momentum of the
fluid/matrix model is the sum of the individual

species mass density and momentum. This defines the velocity of the combined phases as the mass
average velocities of the species and balance of linear momentum follows if we define the effective
fluid/matrix stress as the sum of the individual species stresses. The individual species momenta
evolve under the influence of their local stress, as well as a momentum exchange term between the
species. This term is stiff and we have developed appropriate implicit time stepping treatments of
the term. This is done via the material point method (MPM). Our initial investigations have
included the effect of the vascular structure in the elasticity and we have demonstrated our method
on oozing and bleeding following liver surgical incision. We have also begun the model fitting
phase for with a suite of experiments that can be used to fit the model to data.

During Q4 of Y2, we have continued the process of developing new techniques for cutting soft
tissues in Material Point Method simulations. Furthermore, we have developed a framework for
generating libraries of simulation data that will serve as the enabling technology for real-time
computing applications. We hope to achieve real-time technology by leveraging advances in



machine learning and we are investigating how this can be done in the context of soft tissue
simulation.

During Q9, we have continued the process of developing new techniques for cutting soft tissues in
Material Point Method simulations. We continue to develop a machine learning approach to real
time simulation. We are also investigating the simulation of membrane stiffness and suture torsional
resistance in our MPM simulation context.

During Q10, we developed a few new network models for the machine learning framework and we
tested a few more virtual tissues configurations to assure robustness/effective generalization from
the simulation data. We also developed an MPM technique for collision resolution with co-
dimensional objects with appreciable thickness/bending resistance that will serve as a starting point
for strands and sutures.

During Q11, we investigated different strand models and ultimately build on the work of Begou et
al., Discrete Elastic Rods, ACM Transactions on Graphics, 2008. We are working on how to
incorporate this in to our MPM computational framework. We also made good progress on how to
simulate injuries to soft tissues via ductile failure.

During Q12, we made good progress on the suture/strand modeling by abandoning the updated
Lagrangian nature of MPM. We had to augment our model with new collision impulses based on
purely Lagrangian considerations. We showed that this is still efficient and robust.

During Q13, the suture/strand model continues to resolve a good number of new phenomena,
including simple contact and collision issues that we found were clearly an issue with our older
approaches. We also made big strides in developing tissue failure visualization. Our discovery is a
big improvement over the model we used in prior years.

During Q14, we successfully submitted two papers related to our work on sutures/strands and
ductile failure of soft tissues.

These papers were accepted at the ACM SIGGRAPH/Eurographics Symposium for Computer
Animation. The paper on the simulation info ductile failure of tissues and related materials was
awarded best paper. Our new techniques will vastly improve the level of detail possible with MPM
simulation of soft tissues and more generally for ductile failure. Notably our technique allows us to
run simulations with accuracy that would normally be only achievable with much higher (and thus
more computationally expensive) spatial resolution.




3. Biomechanical and graphical modeling of organs

During Q1 of Y1, the graphics modeling of the liver anatomy was based on a patient-specific
anatomy obtained from imaging protocols such as the CT and gated MR systems. During the Q1 of
the year 1, we focused on developing methodologies for processing CT and MR imaging system to
segment liver anatomy, perform 3D mesh generation and estimate 3D liver motion during the
breathing process. Fig (a) shown below depicts a high-resolution liver image acquired froma CT
image scans. Each finite element shown here is a 1 mm3mesh element and each element also
includes the internal constituents such as the blood vessels and parenchymal structures. Fig (b)
shown below demonstrates a GPU based implementation of a linear deformation model of the liver
generated from the high-resolution anatomy. The green colored elements show regions where no
deformation was observed. The model was perturbed with a spherical bolus for deformation
purposes. The blue region shows the tissue construction caused by the spherical bolus.



(b)

Fig (a) shown below depicts the lung (in pink) and liver (in brown) geometry and how they are
placed with each other. Lung expands and contracts during breathing causing the liver to compress
during the inhalation and expand during the exhalation. Fig (b) shows the regional lung expansion
and liver contraction during the inhalation and fig (c) demonstrates the liver stretching during the
exhalation. Here the lung surface is shown in blue (during inhalation) and red (during exhalation)
because of its outward construction and inward stretching. The process consisted of both regional
tissue expansion (in blue) and contraction (in red) in both liver and lungs.

(a)

(b) (c)

During Q2 of Y1, automatic quantification of the registration accuracy for liver image processing
was studied as described below.

Errors and artifacts during the imaging process may lead to errors in the DIR procedure and
subsequently errors in the treatment delivery and ultimately a lowered treatment efficacy. Errors in
the imaging process stem from internal structures (e.g. parotid glands) that are both not clearly
visible with on-board imaging as well as deform during the patient setup for subtle changes in the
patient posture. Artifacts in the on-board imaging may stem from a high signal-to-noise ratio (SNR)
and implants in the patient anatomy. The gold standard for quantitatively assessing registration
accuracy is manually placed landmarks. However, placing landmarks are time consuming, user
dependent, and suffer from small sample size. ISMs provide a mathematical formulation for
quantifying the similarity of two intensity fields but provide little value without proper context.

Since the above-mentioned errors and artifacts are both patient and anatomy specific, there is a need
to quantify the DIR accuracy on a subject-specific and site-specific basis, which forms the focus of




this paper. Developing a formulation that encapsulates the image similarity would enable
guantifying the DIR accuracy. The process is limited by the lack of validation datasets that can be
used for setting the formulation. Conventional approach to validate DIR is to employ landmark-
based approach, which for our purposes, is cumbersome and may be affected by inter-subject
differences in the ground-truth. Image Similarity Metrics such as the Mutual Information (M),
Entropy Correlated Coefficient (ECC) are potential metrics that can be used for quantifying the DIR
accuracy. They are however limited by the fact that their usage has not been parameterized yet.

This work aims to propose and test a formulation, which is based on image similarity metrics
(ISMs) for processing 4D liver imaging, to provide a robust quantification of DIR accuracy. The
key contribution of this paper is (a) to formulate the parameterized way to quantify DIR accuracy
on a patient and site-specific basis, and (b) to quantify the DIR accuracy using high-resolution
biomechanical models. To our knowledge, such a method has not been previously investigated.
Such a metric can also be eventually integrated into the DIR procedure to ensure the registration
procedure can be constrained for specific accuracy requirements.

The parameterization process was numerically quantified as follows. We employed the
biomechanical head and neck model to generate changes in the patient posture and physiological
changes. Specifically, for the case of head and neck anatomy, we simulate biomechanical
deformation at three different neck rotations and tumor regression at 15 and 25 percent volume
reduction. For each of the combination, a KVCT, Cone Beam CT (CBCT) and Mega Voltage CT
(MVCT) was generated. The Gaussian SNR for each image was set to 4.0 as commonly observed
for 4D imaging. In addition, for each contoured structure inside the head and neck anatomy,
landmarks were automatically generated to quantify the DIR accuracy. A total of 4500 landmarks
were generated for each of the 15-patient geometry. In summary, a total of 45 source-target dataset
pairs were generated with each pair having 4500 landmarks for parameterizing the formulation.

For DIR, we employed an in-house developed GPU-based optical flow based registration
procedure, which has been previously validated. The registration parameters for the optical flow
(smoothness, number of iterations, warps) was systematically varied and the registration was
performed in order to characterize the DIR accuracy domain.

Equation 1 (below) shows the proposed cost function, where 1 is the image similarity metric, m and
n are CF variables to be optimized for each similarity metric, and f is a weighting factor between 0
and 1. Ideally, X =0, Y =1, and R = 1. Initial work focused on normalized mutual information, but
additional metrics could easily be added in the future.

R=f(1-X)"—(1—-fY" X = |Igg — Igy| , Y = Iy

Four registration parameters were systematically sampled to fill a dense parameter space with DIR

produced DVFs and known TREs. Initial tests showed that calculating a single TRE and CFR value
for the entire 3D data volume produced poor results. However, targeting specific structures such as
the PTV or parotids showed good correlation between the CFR and TRE.

During Q3 of Y1, we discovered that a limitation in the recognition and characterization of diseased
liver tissue is that a clinical detection is not followed by an assessment of its mechanical properties



in an in-vivo manner. Reports have suggested that diagnostic discrimination of tissue malignancy
may be possible using tissue stiffness as a metric, as malignant lesions exhibit considerable higher
elasticity than the surrounding normal tissue.

Elastography is a non-invasive way to image the local elastic properties of soft tissue. Liver
elastography has many clinical benefits, including the ability to discriminate between healthy and
diseased tissue, visualize liver tissue changes during a clinical intervention, and detect pathological
changes within the liver. Current elastography techniques involve applying low frequency
oscillation to tissue and measuring the resulting deformation with US, extracting elasticity from the
observed motion. Another technique, magnetic resonance elastography (MRE), uses synchronized
cyclic shear wave displacement, encoded into the phase of the MR signal, to derive the elastic
properties of tissue. Despite the usefulness of image-based elastography and its proven diagnostic
accuracy in the thyroid, breast, and prostate, it has not yet been thoroughly investigated in the liver
particularly within the modeling and simulation context, where the usage of multiple imaging
modalities also raises the need to precisely register the multi-modal data, a problem has not been
fully addressed so far.

Knowledge of biomechanical properties would also be useful for physics-based biomechanical
modeling applications. Biomechanical tissue deformation modeling has been investigated by peers
in many biomedical applications related to lung disease diagnosis and cancer treatment planning.
Sophisticated biomechanical models can use material properties of soft tissue to correctly predict
outcome and response to tissue interaction, calculate mechanical deformation of surrounding tissue
caused by tumor growth, and accurately model tissue movement during radiation therapy
treatments. For instance, tissue motion due to lung deformation can hamper the accuracy of
brachytherapy seed implantation, and compensating for tumor motion caused by such tissue
deformation requires tissue biomechanical modeling. By taking the mechanical effects of lung
enforced liver deformation into account during the biomechanical simulation, respiratory liver
motion can be estimated in real time. Describing respiratory-induced liver deformation can help in
modeling and simulation techniques.

The focus of our research is to formulate a method to perform high-precision image-based liver
elastography using patient-specific 4DCT data acquired during radiotherapy treatment planning, and
to systematically validate and quantify the accuracy of this methodology. A linear elastic
biomechanical model, which has been previously used for representing head and neck (Neylon, Qi
et al. 2015) and breast (Hasse, Neylon et al. 2016) deformations, will be employed as a deformation
model to represent the lung anatomy. Each mass element of the biomechanical simulation
represents a corresponding voxel of tissue from the source image of the 4DCT data. Lung surface
displacements were applied as boundary constraints for the model-guided liver tissue elastography,
while the inner voxels were allowed to deform according to the linear elastic forces within the
model. A novel biomechanically-based anisotropic convergence magnification technique was
applied to the inner voxel in order to amplify the subtleties of the interior deformation. The inverse
elasticity problem is solved by implementing a gradient-based search algorithm. Fig 1a shows the
lung and liver anatomy at the start of the breathing cycle. The registered liver anatomy at the middle
of the breathing cycle is shown in 1b while 1c shows the lung and liver anatomy simulated by the
image-based liver model.
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(a) Shows the lung and liver anatomy at the start of the breathing
cycle. The registered liver anatomy at the middle of the breathing cycle
is shown in (b) while (c) shows the lung and liver anatomy simulated by

the image—based liver model.

During Q4 of Y1, we have instituted a liver elastography approach that will allow us to estimate
tissue elasticity using conventional 4D imaging that is typically employed for deformable organs
such as the lung. Conventional approach using MATLAB based solvers that typically employ a
CPU based computing environment will not be able to address the computational complexity. Using
a GPU based framework developed ground-up enables us to perform the elastography within 1 hour
of computing time.

During Q1 of Y2, the overall goal is to develop a liver elastography framework using 4DCT and 4D
MR based imaging paradigm coupled with the hyperelastic liver tissue modeling. For this quarter,
we intend to develop an in-house codebase that will enable doing the same.

Model guided liver elastography framework: The focus of our research is to formulate a method
to perform high-precision image-based liver elastography using patient-specific 4DCT data
acquired during radiotherapy treatment planning, and to systematically validate and quantify the
accuracy of this methodology. A linear elastic biomechanical model, which has been previously
used for representing head and neck (Neylon, Qi et al. 2015) and breast (Hasse, Neylon et al. 2016)
deformations, will be employed as a deformation model to represent the lung anatomy. Each mass
element of the biomechanical simulation represents a corresponding voxel of tissue from the source
image of the 4DCT data. Lung surface displacements were applied as boundary constraints for the
model-guided liver tissue elastography, while the inner voxels were allowed to deform according to
the linear elastic forces within the model. A novel biomechanically-based anisotropic convergence
magnification technique was applied to the inner voxel in order to amplify the subtleties of the



interior deformation. The inverse elasticity problem is solved by implementing a gradient-based
search algorithm.

Background: Elastography is a non-invasive way to image the local elastic properties of soft
tissue. Liver elastography has many clinical benefits, including the ability to discriminate between
healthy and diseased tissue, visualize liver tissue changes during a clinical intervention, and detect
pathological changes within the liver. Current elastography techniques involve applying low
frequency oscillation to tissue and measuring the resulting deformation with US, extracting
elasticity from the observed motion. Another technique, magnetic resonance elastography (MRE),
uses synchronized cyclic shear wave displacement, encoded into the phase of the MR signal, to
derive the elastic properties of tissue. Despite the usefulness of image-based elastography and its
proven diagnostic accuracy in the thyroid, breast, and prostate, it has not yet been thoroughly
investigated in the liver, particularly within the modeling and simulation context, where the usage
of multiple imaging modalities also raises the need to precisely register the multi-modal data, a
problem has not been fully addressed so far.

In-house codebase development: As part of the grant, we have instantiated a liver elastography
approach which will enable the liver tissue elasticity to be estimated using conventional 4D imaging
that is typically employed for deformable organs such as the lung. Conventional approach using
MATLAB based solvers that typically employ a CPU based computing environment will not be
able to address the computational complexity. Using a GPU based framework developed ground-up
enables us to perform the elastography within 1 hour of computing time.

Iterative hyperelastic value determination: To move from the initial estimates developed in
8C.2.2.3 to the final estimates, we will employ forward model-guided elastography, where the
forward model (Finite Element) will be employed to generate deformations using the previously
estimated hyperelastic properties. The hyperelasticity will be iteratively optimized until a preset
convergence is achieved. During the deformation phase, the outer lung surfaces will be constrained
based on their deformable image registration displacements (SA1) while the inner lung voxels will
be allowed to deform using their transient hyperelasticity. At steady state deformation, a
unidirectional perturbation force will be applied to the inner voxels in order to amplify their
convergence. The optimization of the estimated hyperelastic values will be performed using
gradient descent and fast simulated annealing, which are well suited for hyperelasticity estimations.
The desired hyperelastic properties R will be determined using the relation,

R = argminl|D — RQF|| + BJTVF2] + ¢ )

where D represents the lung deformation (SA1), F the applied force, and B is a regularization
parameter. The deformation operator will consist of the eigenvalues of the 2" Piola-Kirchoff stress
tensor’s inverse. In vector form, D is expressed as a convolution of F and R (Equation 4).

Because the hyperelasticity is numerically described as a sequence of parameters, optimizing the
hyperelasticity is a multi-local minima problem. To address this issue, a fast-simulated annealing
algorithm will be used to optimize the hyperelasticity simultaneous to a regularization, similarly to
our previously published application in the breast.



Fig 1. Lung and liver model setup for elasticity estimation. Fig a shows the start of lung
inhalation (tightening colored in blue). (b) shows the end of the inhalation where the liver
constriction is caused by the expansion fo the lung. (c) shows the end of exhalation where the
liver expansion is caused by the contraction of the overall lung.

Deformation setup: A physics-based biomechanical model of the lung and liver was used as a
forward model to solve the inverse elasticity problem. The forward model focused on iteratively
computing the liver tissue deformation for a given lung surface displacement for a given liver
elasticity distribution. Fig 1 shows the deformation interaction between the lung and liver. For our
research, we consider the lung models as the boundary constraint for the liver elastography
estimation.

Preliminary results using synthetic lung phantoms: We published a systematic analysis of a
linear version of the elasticity estimation process using synthetic lung phantoms, normal and
emphysemic lung, with and without embedded lung tumors, enabling us to test the algorithms using
ground-truth tissue elasticity and lung deformations. Fig 2 presents the results. Employing 18
synthetic lung phantoms, our results showed that 99.98% (right lung) and 99.92% (left lung) of the
voxels converged with an average of within 0.5 mm of the ground-truth displacement values, which
resulted in 91.59% (right lung) and 91.87% (left lung) of the voxels converging within 1 kPa of the
ground-truth elasticity. Figure 4 shows the linear elasticity estimate for a normal lung. Figure 4b
shows the estimation errors were less than ~0.8 KPa. While these results employed linear elasticity,
they indicate feasibility of the more general hyperelastic approach. The simulations of emphysemic
lung and lung tumors also showed good agreement with the estimated and ground truth elasticity.
Emphysema lowers the elastic modulus of normal tissue, and malignant tumors generally have a
greater elasticity than surrounding tissue. On average, the methodology converged with
displacement accuracy values of 99.95%, 99.94%, and 99.95% for simulated emphysematous,
cancerous, and normal tissues respectively, corresponding to 91.90%, 91.68%, and 91.62% of
voxels converging within 1 kPa of the ground-truth elasticity values.
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Fig 2: A systematic assessment of model-guide elastography, when applied to lung.

During Q2 of Y2, we studied our preliminary results using human patient data.

Preliminary results using human patient data: We estimated the linear elasticity for human
patient datasets using the methodology discussed above. We employed both non-COPD and COPD
patient lung datasets for our study. Figure 1 shows the elasticity estimation results for a non-COPD
patient. The elasticity estimated from the lung deformation (figure 1a) is shown in figure 1b. Figure
2 shows the elasticity estimation results for two severe COPD lung patients. The elasticity estimated
from the lung deformations (figures 2a and 2c) are shown in figures 2b and 2d. Much of these
lungs have elasticity (0-2 KPa) consistent with COPD lung tissues. The difference between COPD
and normal lung tissues are clear in these examples and are consistent with expected values. We
conducted the elastography estimation on 13 lung cancer patients, 7 of which had COPD and the
remaining had otherwise normal lungs, using images reconstructed at peak inhalation and
exhalation using the techniques of Low et al [47]. These datasets simulate breath-hold at these
breathing phases, avoiding the added complexity of dynamic breathing, which will be modeled in
SA3. Figure 7 shows the average elasticity for voxels with HU values of -600 to -800, representing
parenchymal tissues, for the 13 patients, ranked in order of average elasticity. As expected, the
mean elasticity values of the COPD patients were consistently lower than the non-COPD patients.
These data indicate that we are able to differentiate between COPD and non-COPD patients. We
anticipate that by directly utilizing the FHFBCT images and employing hyperelastic property
estimation, we will be able to provide data that investigators will be able to use to make subtler
differentiations, such as those needed to evaluate treatment efficacy.
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Fig 1. 2D slice view of the deformation
magnitude (in mm) for a non-COPD lung (a) is
shown. The corresponding 2D slice view of the
estimated elasticity (in KPa) is shown in (b).

(©)

Fig 2. 2D slice view of the deformation magnitude (in
mm) for two COPD lung patients is shown in (a) and

(c). The corresponding 2D slice view of the elasticity
(in KPa) is shown in (b) and (d).

Elastography validation techniques: We will validate the elastography techniques using the
technique by Low et al [47] to model human breathing motion. This technique uses free-breathing
CT scans and a breathing motion model to create CT datasets at any breathing phase. Because SA2
involves only biomechanical property estimation and not airflow dynamics, we will create breath-
hold CT scans for validating SA2. FHFBCT scans will be employed to test the full FSI model.

(@) The elasticity estimates will be validated by employing them to predict the tissue deformations
and comparing the predicted deformations to the actual deformations of the breath-hold CT
scans using techniques we have described when validating elasticity estimates of the head and
neck and breast. We conducted this analysis with the patient data shown in Figures 5 and 6, and
our observations showed that for both datasets, 95% of the voxels demonstrated <10%
displacement error.

(b) We will determine if the linear elastic components of our estimated tissue elasticity values
agree with published data.

(c) Elasticity properties are independent of the breathing state, and so should be our estimated
properties. We will systematically exclude one or more lung geometries at specific breathing
phases and re-compute the elastic properties. The property values should be the same
regardless of which breathing phases are excluded; variations will indicate errors in our
approach.



The primary outcome will be a voxel-by-voxel description of tissue hyperelasticity. To date, such
subject-specific hyperelastic properties have not been available and will be the key contribution of
the proposed work.

During Q3 of Y2, we present a novel methodology for performing lung elastography within the
radiotherapy context. Our approach employed a physics-based model and a novel convergence
magnification approach to estimate the lung elasticity distribution. For a systematic analysis, we
employed a physics-based virtual lung phantom with CT source geometry and a heterogeneous
voxel-to-voxel elasticity distribution. A set of 18 synthetic CT image datasets with known ground-
truth elasticity representing normal, emphysematous, and tumor tissue within the lungs was
generated and used as input for the lung elastography. During the lung elastography, we start by re-
estimating the lung deformations using a deformable image registration procedure. For known
phantom geometry, boundary conditions and lung deformation, we solve for the elasticity
distribution by iteratively optimizing the tissue elasticity and deforming the lung model for given
boundary constraints. To improve the estimation accuracy, a convergence magnification approach
was formulated using a physics-based process that amplified the geometrical differences between
the ground-truth and the deformed geometry. Our results showed that the model-guided approach
estimated the elasticity with[91.94 + 5.2(% of voxels within 0.5 mm of ground-truth displacement
and 1 kPa of the ground-truth elasticity. The novel convergence technique presented in this paper
improved the accuracy of the estimated elasticity from 77.05% to 91.94%. In the systematic
analysis, variations in forward model, ground-truth elasticity distribution, boundary deformation,
and geometry were investigated with respect to their effect on the accuracy of the elasticity
estimation technique.

Assessing the estimation accuracy for variations in the ground-truth elastic distributions:
Table 2 lists the average results for the systematic analysis performed using the locally
heterogeneous convergence magnification method. The results were also broken down by
experimental category; these results are further explained in sections 4.3 — 4.4 below. Three
different ground-truth elasticity distributions—emphysematous, cancerous, and normal tissue—
were investigated to analyze the robustness of our methodology. On average, the methodology
converged with displacement accuracy values of 99.95%, 99.94%, and 99.95% for emphysematous,
cancerous, and normal tissue respectively. These results, presented in table 2 above, corresponded
t0 91.90%, 91.68%, and 91.62% of voxels converging within 1 kPa of the ground-truth elasticity
values. Figure 9 illustrates the robustness of the methodology for reproducing different ground-truth
elasticity distributions. Figure 9(a) shows the conventional elasticity reconstruction, which was the
same for normal, emphysematous, and cancerous ground-truth elasticity distributions.
Discrepancies between the reconstruction and the normal ground-truth elastic distribution that are
greater than 1 kPa are highlighted in yellow. It can be seen that initially, the reconstruction is very
different from the ground-truth, with a similarity of less than 50%.
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Figure 1. 2-D slice of middle right lung. (a) shows the conventional reconstruction for all 3 ground-
truth elasticity distributions. (b) shows the novel reconstruction for normal tissue, (c) shows the
reconstruction for normal tissue with emphysematous region, and (d) shows the reconstruction for
normal tissue with tumor. Discrepancies (error > 1 kPa) between the reconstructed and ground-truth
distributions are highlighted in yellow.

Figure 1(b — d) show the novel elasticity reconstruction for normal, emphysematous, and cancerous
tissue respectively, with the discrepancies (error > 1 kPa) between the reconstructed and ground-
truth data highlighted in yellow. With similarity values of 92.73%, 93.44%, and 91.10%, it can be
seen that use of the locally heterogeneous convergence magnification greatly improves the elasticity
reconstruction, allowing for the visualization of emphysematous and cancerous regions within the
lungs. It should be noted that for each lung geometry, cancerous and emphysematous regions were
placed at different locations within the 2-D slices to ensure that the regions could be localized
regardless of position. A two-sample t-test was performed between the mean values of 18 different
emphysematous, 18 different cancerous, and 18 normal tissue distributions, and the observed
difference was convincing enough to say that the average values of each ground-truth elasticity
distribution did not differ significantly (P > 0.05).

Assessing the estimation accuracy for variations in the boundary constraints: As described in
section 3.2.4 above, the outward motion of the lung boundary was constrained to three different
values for each section of the lung as listed in table 1. The resulting displacement and elasticity
accuracy values of the methodology are listed in table 4 below.

Table 1. Displacement and elasticity accuracy values for different geometries and boundary
constraints.

Lung Geometry - Displacement Elasticity
Boundary Constraint Accuracy Accuracy
<0.5mm (%) <1kPa(%)
Apex—2 mm 99.99 97.89
Apex -4 mm 99.99 97.55
Apex -6 mm 99.97 96.82
Middle -3 mm 99.92 94.17
Middle - 6 mm 99.94 92.18
Middle -9 mm 99.95 90.07

Base — 10 mm 99.98 89.37




Base - 13 mm 99.99 82.86
Base — 16 mm 99.78 84.80

Overall averages are listed for the three different boundary constraints in table 2 above. A two-
sample t-test was performed on these values, and it was found that there were no significant
differences between the results regardless of whether boundary constraint 1, 2, or 3 was used for
each geometry.
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Figure 2. 2-D elasticity reconstruction of base of left lung. (a) shows conventional reconstruction,
(b) shows novel reconstruction with 10-mm boundary constraint, and (c) shows novel
reconstruction with 16-mm boundary constraint. Discrepancies (error > 1 kPa) between the
reconstructed and ground-truth distributions are highlighted in yellow.

Figure 2 further illustrates that the reconstruction converges similarly regardless of the boundary
constraint magnitude. Figure 10(a) shows the conventional reconstruction of the base of the left
lung, (b) shows the reconstruction when a 10-mm boundary constraint was applied, and (c) shows
the reconstruction when a 16-mm boundary constraint was applied. Figure 2(a) is over 50%
different than the ground-truth, while 2(b) and 2(c) are only 6.07% and 6.34% different from the
ground-truth respectively. The result supports the accuracy in estimating the lung elasticity for
varying boundary constraints.

In summary, our elasticity estimation converged with about 99% sub-millimeter accuracy, resulting
in an elastic convergence of about 92%. We have shown that the use of the locally heterogeneous
convergence magnification approach is necessary in the transition to apply our conventional
elastography technique to lung anatomy. However, use of different ground-truth elasticity
distributions and different boundary constraint magnitudes did not affect the convergence of our
technique. While we mainly focus on ground-truth values obtained from an elastodynamic forward
model, “noisy” and elastostatic forward models also produced reliable elasticity estimations.

During Q4 of Y2, our work is summed up below.

Objectives: Liver diseases, such as liver cancer and cirrhosis, are commonly associated with
changes in the biomechanical properties of liver tissue. Functional imaging techniques such as
elastography have shown great promise in measuring the biomechanical properties of liver tissue;
however, current liver elastography techniques require additional equipment that is not available
within the radiotherapy setup. We present a novel methodology for estimating liver elasticity



derived from deformation observed during 4DMR ViewRay (MRIdian System™, ViewRay™,
Cleveland, OH, USA) scans within a radiotherapy setup.

Methods: Phase 1 and phase 8 datasets, categorized by diaphragm position, were deformably
registered. The resulting displacement maps were considered ground-truth. A GPU-based
biomechanical model was then assembled from the segmented phase 8 liver dataset and, along with
patient-specific boundary constraints, used to iteratively solve for the liver elasticity distribution.
The liver elastography process was performed for 11 4ADMR patients.

Results: Maximum liver deformation was observed to be between 3.99 and 9.04 mm. On average,
95% convergence within 1 mm was observed. A validation study using phase 4 liver datasets
illustrated an accuracy of 86%. Normalized cross-correlation quantified high similarity between the
results of the estimation and validation studies with their respective ground-truths.

Conclusions: Overall, the results suggest that liver elasticity can be measured with approximately
95% convergence using 4DMR scans acquired within the radiotherapy workflow.

Advances in knowledge: These results indicate the potential for performing liver elastography
within the radiotherapy setup without the need for additional equipment, which can lead to
improved tissue-sparing radiotherapy treatment plans and more precise monitoring of treatment
response.

Hepatocellular carcinoma (HCC) is one of the most common malignancies, and the third most
common cause of cancer-related death worldwide.» 2 Surgical resection and liver transplantation are
the primary treatment methodologies, however strict criteria limit the pool of eligible patients for
both cases. HCC has a poor prognoses, with a 5-year survival rate of less than 12% due to a
combination of late diagnosis and lack of efficient therapies for advanced stages.® Stereotactic body
radiotherapy (SBRT) has been used to treat patients with HCC who are not eligible for other
treatments.* SBRT uses advances in imaging and conformal radiotherapy to deliver ablative, high
dose radiation in order to optimize local control. Radiation-induced liver disease (RILD) is a
significant limiting factor in the use of SBRT because there are no effective treatments or
predictors.? Most patients with HCC have pre-existing cirrhosis or hepatitis, which may
significantly increase their risk of RILD.® Baseline liver function is thought to be the most
important factor associated with risk of RILD.! Pre-treatment visualization of liver function in vivo
is necessary in order to expand the use of SBRT for HCC.

The liver plays a role in metabolism, synthesis, secretion, immunity, and many other functions.®
Liver disease, including cirrhosis, fibrosis and tumors, can disrupt the functions of the liver by
altering the biomechanical properties of the tissue, most notably by changing the tissue stiffness.” 8
Clinically, elastography provides a measurement of liver stiffness and is a predictor for HCC.®
Magnetic resonance elastography (MRE) can noninvasively and quantitatively assess the elasticity
characteristics of soft tissue.” Liver stiffness measured by MRE has been shown to correlate well
with histologic staging of fibrosis and differentiation of benign and malignant liver lesions.°
However, current MRE techniques require equipment that is not typically available within a
conventional radiotherapy setup.



Recently, an MR guided radiation therapy (MRgRT) system (MRIdian System™, ViewRay™,
Cleveland, OH, USA) was introduced in the field of radiotherapy (RT).1! The ViewRay system
integrates a 0.35T MRI and 3 Cobalt sources, which allows for simultaneous MRI acquisition and
treatment delivery for a variety of malignancies.!? The superior soft tissue contrast from ViewRay’s
on-board MRI enables soft tissue based gated RT and also provides an effective way for on-line
adaptive RT. Both techniques are especially helpful for treating thoracic and abdominal tumors by
effectively accounting for intra-fractional and inter-fractional motion. In addition, a 4ADMRI
sequence on the 0.35T magnet on ViewRay was recently developed for motion characterization.3
In this study, we present a novel elastography process for estimating liver tissue elasticity using
4ADMRI to observe liver deformation in each respiratory cycle during patient treatment simulation.
The rest of this paper is organized as follows: Section 2 introduces the methods employed for the
deformable imaging registration, elasticity estimation, validation, and quantitative evaluation.
Section 3 presents the qualitative and quantitative results of the deformable image registration,
elastography, and validation processes. Section 4 presents a discussion of the results and highlights
the areas for continued research, while section 5 concludes the paper.

Our elastography process focuses on estimating the effective Young’s modulus for each voxel of
liver tissue using 4ADMR liver data. Figure 1 shows a flow chart summarizing the elasticity
estimation. First, phase 1 and phase 8 datasets from the 4DMR liver images were registered using
an optical flow deformable image registration (DIR) algorithm.* Liver deformation vectors (DVFs)
were obtained for every voxel of liver tissue. The biomechanical model was then assembled using
segmented phase 1 liver geometry and a randomly initialized elasticity distribution. Using the
ground-truth liver DVFs, the elasticity distribution was optimized. The inverse elasticity problem
was formulated as a parameter-optimization problem with an objective to determine the elasticity
parameter that would minimize the difference between the ground-truth deformation and the
deformation computed by a biomechanical model. The biomechanical model and inverse elasticity
estimation was implemented on a GPU cluster, which allowed the elasticity estimation for each
patient dataset to converge in around 2 hours. Spatial elasticity and displacement error distributions
were then obtained and validated.

Obtain two 4DMR phases |

Compare model

: . ) deformation to ground-
biomechanical model and )
truth deformation for error

Load source dataset into

Register to obtain ground- estimate elasticity analysis

truth deformation vectors

Figure 1. Flow chart describing the liver elastography process. Two 4DMR liver phases are
registered and ground-truth deformation vectors are obtained. A biomechanical model is used to
obtain an optimal elasticity estimation and error analysis.

In this section, we first briefly present the 4DMR acquisition process and the DIR technique used to
obtain the ground-truth DVF. Next, we present the constitutive model and convergence criteria used
for the elasticity estimation process. We then describe a technique that was used to validate the
estimated elasticity. We conclude the section with a discussion of the metrics used to evaluate the
guantitative accuracy of the elasticity estimation and validation results.



The study was approved by our institutional review board and each patient provided written
informed consent. Eleven patients with tumors in the liver treated on ViewRay were included in our
study. The MRI study was performed immediately after high resolution 3D MRI simulation
acquisition. The 4DMRI sequence parameters are: TE/TR=3.0/6.0ms; bandwidth=400Hz/pixel,
FA=110°, field-of-view=500x350x200mm, resolution=1.3x1.3x1.8mm?, acquisition time = 7min.
No specific breathing instruction was given to the subjects during the MR exam.

The model-guided elasticity approach presented in this paper relies on displacement values
extracted from DIR of 4ADMR datasets. 4ADMR datasets were acquired from 4DMR ViewRay
(MRIdian System™, ViewRay™, Cleveland, OH, USA) scans taken within a radiotherapy setup.
The 4ADMR datasets were separated into phases according to diaphragm position. The liver was
segmented and phase 1, corresponding to end inspiration, and phase 8 datasets, corresponding to
end expiration, were then deformably registered using a well-validated in-house multi-level optical
flow DIR algorithm.'* The resulting DVFs were taken to be the ground-truth displacement for the
elasticity estimation process. For the rest of the paper, the phase 8 datasets will be considered the
source images, the phase 1 datasets will be considered target images, and the phase 8 datasets
deformed according the ground-truth displacement will be considered warped images.

The accuracy of the DIR results is necessary to ensure the validity of the ground-truth deformation
data. Figure 2 illustrates an example of the DIR for a 2D-slice of ADMR data. Figure 2(a) shows the
source data (phase 8 dataset) in red overlain with the target (phase 1) data in green. Mismatches can
be seen between the source and target, especially near the diaphragm and liver boundaries. Figure
2(b) shows the target data is red overlain with the warped source data in green. It can be seen that
the registration accounts for the liver deformation well, with little mismatch seen between the target
and warp images. The extent of the registration accuracy will be further quantified in Section 3.4.

source target target warp

(b)

Figure 1: Example of the registration results achieved with our in-house optical flow algorithm.
The source (red) and target (green)(a) were registered, resulting in the warped (green) image that
is overlain with the target in (b).

During Q9, we worked on Code parallelization. The liver anatomy processing consists of a number
of voxels representing the liver anatomy. Biomechanical modeling of the liver using the voxels

require a streamlined usage of the graphical processing units. The computational complexity of the
liver finite deformations was computed to be O(N M), where N represents the total number of liver



voxels and the M represents the total neighbors (26) for each of the N voxels. As N gets higher and
higher, processing biomechanical liver deformations becomes a complex task. To this end, we
developed a code streamline process, where we transferred the code to work in a GPU based setup.
We designed and developed a novel winged-edge data structure that stores the voxel neighbors in a
compact manner. The data structure works as follows: For each voxel, we have a set of 26
neighboring voxels which are needed to be processed. For each voxel, we first created a bigger
volume box and placed all the voxels inside the box in a shared memory. For each voxel, the
neighboring volume box is also redundantly kept in the shared memory. When processed, each
voxel has a read-only shared memory access to all its neighboring voxels in a winged-edge data
access manner. This enabled processing of the biomechanical liver data in a streamlined manner.

During Q10, we worked on Data analysis using noise-inherent data. Elastography has the potential
to inform diffuse liver disease phenotype characterization and staging and treatment response
monitoring. Elastography is a non-invasive method of mapping the distribution of a critical liver
biomechanical property, elasticity, or tissue stiffness. In our preliminary work, we demonstrated a
novel elastography approach using virtual phantoms. This methodology was quantified and
validated for lung cancer radiation therapy CT scans reconstructed using a published breathing
motion model.

Our elastography estimation method used multiple 4DMR scans, each delivering 3 T magnetic field
to the liver. Our current technique delivers exposures similar to routine diagnostic MR studies at
0.35 Tesla. Diagnostic MR studies are used for human image interpretation while the scans acquired
for elastography estimation are used to determine the motion and distortion characteristics of liver
tissues during breathing. Therefore, we assessed elastography quality using simulated reduced MR
scans.

In this study, low magnetic field scans were simulated using a noise injection process in order to
determine the effect of noise on our liver elastography process. Simulated scans with tube current-
time products representing various stages up to 0.5 T were investigated. The results of the baseline
scans and low magnetic field simulated scans were not significantly different, indicating that low
dose MR scans could produce reliable elastography results. Since the baseline scans were taken
with 3 T and an effective equivalent CT dose of 1.2 mSy, this suggests that the effective dose could
be reduced to about 1.5 T per scan while still obtaining useful elastographic information.

We foresee a few limitations to this study. Firstly, the noise injection code assumed no tube current
modulation, which is not typically employed in radiation therapy but is often employed for
diagnostic purposes. The algorithms to select tube current modulation are proprietary and depend on
the capability of the x-ray generator, which place limits on the slew rate of the tube current. The
lack of modulation creates increased noise at the top or bottom of the image as the shoulders or
abdomen starts to appear. However, as the parenchymal tissue is located near the center of the
image on the chest MR, we believe these artifacts did not affect the parenchymal registration
process. Secondly, the quality of the elastography results depend on the quality of the deformable
image registration, which is affected by the addition of noise. There is a need to investigate
registration algorithms that are more robust to high imaging noise, which will be addressed in future
work. Thirdly, we employed image domain-based noise injection which is not as accurate as noise
injection in the raw data domain. As shown in the Appendix, the image domain-based noise



injection generated results that closely match experimental data. Future work will focus on
extending the noise injection technique to the raw data domain, and performing more water tank
scans to ensure the accuracy of the results.

During Q11, we worked on Elasticity Optimization. Variations in the elasticity estimation
optimization may lead to variations in the estimated liver tissue elasticity. To systematically study
this phenomenon, we implemented 4 different optimization algorithms, (a) gradient descent
optimization, (b) ADAM optimization and (c) particle swarm optimization. Gradient descent
optimization focused on following the gradients of the deformation accuracy until the minimum
accuracy was achieved. ADAM optimizer focused on optimizing the elasticity based on the
minimization of the moments. Finally, the Particle swarm optimization was employed as a way to
address a multi-local minima optimization, where multiple elasticity distributions may provide the
same deformation pattern observed in the 4DMR images. Our study showed that using the ADAM
optimizer we were able to estimate the linear elasticity distribution consistently.

During Q12, we worked on Extension to hyperelasticity. We formulate hyperelasticity using a
generalized Ogden material model, which defines a strain energy, W, in terms of principal stretches,
2i, and a shear modulus, [«
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where |(x7; is the hyperelastic model power term for parameter p of N parameter. The principal
stretches were determined by solving for the image deformation tensor field eigenvectors. We
employed the Ogden material model to experiment with a physically realistic range of strain-energy
functions. The principal Cauchy stresses, |g;, were determined from the 2™ Piola-Kirchoff stress
tensor, which were itself be derived from the partial derivative of the strain energy W with respect
to the principal stretches.
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Typical implementations of the Ogden material model employ a hydrostatic pressure term, which
we will not need due to the relative incompressibility of the tissues. The internal force vectors were
computed from the principal Cauchy stress at each element, enabling update of the velocity,
assuming near-linearity for small time increments. Although implementation is relatively
straightforward, the methodology is much more computationally intensive than typical linear
Hookean material models. In order to maintain performance at interactive speeds, we implement the
Ogden material model on a multiple GPU framework employing an in-house compute cluster that
we have previously employed for real-time radiotherapy calculations.

3.C.2.2 Elasticity estimation: The Ogden model data inputs are: the FHFBCT images and
associated deformation vector fields (SA1), pressure transducer-measured intraoral pressure,
spirometer-measured airflow, abdominal strain-gauge belt measurements to provide initial estimates




of the forces (as boundary conditions) within the livers, and ECG to relate heart induced liver tissue
motion to cardiac phase. Estimating the hyperelasticity associated with each liver voxel is a
mathematically complex problem, mostly attributed to the size of hyperelasticity parameter search
space and the fact that the hyperelasticity values may be degenerate, leading to multiple solutions
for the same deformations. To this end, we employ the following two-step process to reduce the
parameter search space and solve for the global minimum:

Step 1: Compute the initial hyperelasticity properties using a pseudo-direct hyperelasticity
estimation procedure employing a Green’s function model and physics-based airflow distribution.

Step 2: Refine the hyperelasticity properties employing a hyperelastic finite element deformation
model that deforms the liver geometry for known actuation parameters (pressure at the mouth,
spirometry measurements) and the hyperelasticity distribution estimated in step 1.

3.C.2.3 Initial hyperelasticity estimation: A pseudo-direct hyperelastic property estimation reduced
the optimization process to a workable search. We associate with each voxel a deformation
operator, which is a vector of numerical values representing the hyperelastic properties of the
voxel’s local neighborhood, separating the deformation operator estimations into voxels at the liver
surface and inside the liver.

Estimation of Linear Elasticity of liver surface voxel: We first estimate the effective Young’s
Modulus, a linear elastic parameter associated with each liver surface voxel, employing our
approach discussed in Santhanam et al 2008 [21]. In that approach, the effective Young’s Modulus
is represented as a linear combination of steady state structural and functional parameters. The
former is related to the location of the voxel, and the latter is directly related to the voxel
deformation comp