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Abstract

We present the application of ReconGAN, introduced in a previous study, for

simulating the vertebroplasty (VP) operation and its impact on the fracture

response of a vertebral body. ReconGAN consists of a Deep Convolutional

Generative Adversarial Network (DCGAN) and a finite element based shape

optimization algorithm to virtually reconstruct the trabecular bone microstruc-

ture. The VP procedure involves injecting shear-thinning liquid bone cement

through a needle in the trabecular region to reinforce a diseased or fractured

vertebra. To simulate this treatment modality, computational fluid dynamics

(CFD) is employed to predict the morphology of the injected cement within

the bone microstructure. A power-law equation is utilized to characterize the

non-Newtonian shear-thinning behavior of the polymethyl methacrylate

(PMMA) bone cement during injection simulations. The CFD model is coupled

with the level-set method to simulate the motion of the interface separating

bone cement and bone marrow. After predicting the cement morphology, a

data co-registration algorithm is employed to transform the CFD model to a

high-fidelity continuum damage mechanics (CDM) finite element model of the

augmented vertebra for predicting the fracture response. A feasibility study is

presented to demonstrate the ability of this CFD-CDM framework to investi-

gate the effect of VP on the mechanical integrity of the vertebral body in a can-

cer patient with a lytic metastatic tumor.
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1 | INTRODUCTION

Vertebroplasty (VP) is a common treatment modality that helps to stabilize the vertebra in metastatic cancer or osteopo-
rotic patients suffering from vertebral fracture (VF).1,2,3 This minimally invasive procedure involves injecting a poly-
meric material such as polymethyl methacrylate (PMMA) bone cement via a needle to fill the trabecular regions of the
diseased/fractured vertebra. The in-situ polymerization, that is, hardening of the bone cement, mechanically stabilizes
the affected vertebra, which can significantly reduce pain and improve the quality of life in VF patients. However, based
on the clinical follow-up observations in such patients, the augmented vertebral body or its adjacent bodies could be
subjected to new fractures.4,5 These secondary fractures are often associated with the natural history of osteoporosis,6 or
the increased stiffness of the augmented bone, inducing fracture on adjacent vertebra.7,8 Further, the injection of bone
cement may come with adverse risks such as thermal necrosis of the bone tissue (due to high polymerization tempera-
tures)9 or intraspinal cement leakage.10,11 Although most leakages are asymptomatic, serious complications may
emerge if the cement injection causes pulmonary embolism or compression of the spinal cord.12 As VP is widely avail-
able and could help thousands of patients each year (e.g., 24,316 operations from 2012 to 2017 in the Medicare popula-
tion13), prospective data on proper use of VP is vital for managing high-risk cases.

The recovery of the vertebra's mechanical stability after the VP procedure, as well as the side effects discussed above,
are directly linked to the morphology of the polymerized cement. Several biomechanical factors, such as the cement vis-
cosity, injection flow rate, injected volume, and trabecular tissue architecture, affect the cement shape and, thereby, the
VP efficacy. The anisotropic permeability of the underlying tissue, which consists of the trabecular bone, pre-existing
cracks, and potential tumors, leads to high variability in the cement infiltration pattern. In a successful VP procedure,
the bone cement uniformly infiltrates trabecular cavities, and its volume is sufficient to recover the mechanical strength
of the vertebral body. It is suggested to keep the maximum injection pressure below 2 MPa to reduce micro-scale dam-
ages associated with the injection process.14 Cement viscosity has been identified as a crucial parameter affecting the
uniformity of the filling pattern, and thereby the risk of cement leakage.14,15 Experimental studies have shown that
polymeric-based bone cements such as PMMA are shear-thinning non-Newtonian fluids.16 Therefore, the cement vis-
cosity decreases at higher fluid shear rates, which in turn increases the risk of cement leakage.

Besides in vivo and in vitro studies, computational modeling can be used to study the VP procedure. The cement
injection process, which is a fluid dynamics problem from a physical point of view, has been numerically investigated
using various computational techniques.17,18,19 These studies are based on the solution of Darcy's law in conjugation
with effective underlying permeabilities, directly estimated from imaging data. For example, a computational homoge-
nization (CH) approach is employed to upscale micro-scale rheological properties of PMMA to the macroscale.19 How-
ever, such models overlook the complex porous microstructure of the vertebra, which is crucial for predicting the
cement infiltration pattern. An accurate simulation of this process requires creating a realistic geometrical model of the
vertebra that captures its intricate microstructure. Incorporating local tissue architecture in the CFD model of a
patient's vertebra could be a challenging task, as current diagnostic imaging technologies such as computed tomogra-
phy (CT) lack the required resolution to capture such microstructural details. As an alternative approach, micro-CT
imaging can provide a high-resolution visualization of the 3D bone microstructure with sub-micron accuracy. Numeri-
cal studies based on the microscale flow through trabecular cavities extracted from micro-CT data are carried out using
techniques such as the lattice Boltzmann method20 and the finite volume method.21 However, such studies are limited
to only a small trabecular sample, which does not provide a sufficiently sizable geometrical model that takes into
account microstructural features of the whole vertebra. Moreover, micro-CT data can only be acquired from small
cadaveric samples, which does not allow the reconstruction of a patient-specific model.

Among numerical studies currently available in the literature, the main focus is on the simulation of the treated ver-
tebra's mechanical behavior after performing VP through finite element (FE) simulations.22,23,24 Such studies enable
virtually evaluating the impact of various underlying parameters such as pre-existing defects,23 cement distribution,22

and the cement stiffness24 on the efficacy of VP. However, most of these investigations assume a pre-determined bone
cement distribution,23 which is not necessarily specific to the subject's underlying vertebral body microstructure. Some
studies use a geometrical model of the vertebra directly reconstructed from CT data, although this approach limits the
scope of the study to one injection scenario at a time, as well as the time/cost associated with experimental and imaging
procedures.22 To address this limitation, a combination of CFD simulations to predict the cement injection pattern after
VP and high-fidelity FE simulations to predict the corresponding VF response of the augmented vertebra simulations is
presented in Reference 17. However, this study does not take into account the complex microstructural features of the
whole vertebra, which could affect the accuracy of the resulting predictions.
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The challenges outlined above have motivated the implementation of a CFD model to simulate the injected cement
morphology within the ReconGAN framework,1 which enables reconstructing a realistic geometrical model of the ver-
tebra and predicting its post-VP fracture response. The knowledge gained from this effort will provide insights on opti-
mizing VP and maximize its clinical benefit. The ReconGAN model relies on a deep convolutional generative
adversarial network (DCGAN)25 learning algorithm to synthesize realistic gray-scale microstructural models of the tra-
becular tissue. The main reason for using this model to synthesize the trabecular microstructure rather than a direct
reconstruction from quantitative micro-CT (micro-QCT) data is the unique ability of DCGAN to enlarge the size of the
virtual microstructure. Given the small size of cadaveric samples used for preparing micro-QCT imaging data, this scal-
ability is essential for synthesizing a sufficiently large model of the trabecular bone microstructure that can subse-
quently be embedded in a whole vertebra model (cortical shell) using a shape optimization-based approach. The
resulting digital twin of the vertebral body can then be transformed into a high-fidelity FE model to analyze vertebra's
mechanical stability under different loading conditions. Using CFD to simulate the injected cement morphology within
the trabecular region of this digital twin not only allows for predicting its fracture response after the VP but also enables
linking this response to operation parameters such as needle tip location, cement volume, and injection rate.

After synthesizing the vertebral geometrical model and simulating the VF response, image segmentation is per-
formed to isolate the porous phase of the fractured vertebra and convert that into a high-fidelity mesh for cement injec-
tion CFD simulations. In these simulations, the level-set method26 is employed to track the interface separating the
injecting PMMA cement and the bone marrow under the assumption of a two-phase immiscible flow.27 This assump-
tion is justified by the non-zero surface tension at the interface between cement and the bone marrow, which results in
a distinct fluid–fluid interface separating these phases in the porous trabecular microstructure.28 After the injection
simulation, the cured cement morphology is embedded in vertebra's FE model to simulate its VF response and compare
that with that of the original vertebra before the VP operation. Because the meshes used in CFD and continuum dam-
age mechanics (CDM) simulations do not precisely coincide, an image co-registration approach is employed to accom-
plish this task. Note that, due to the shrinkage of the cement during the polymerization process, the cement-bone
interface is debonded in some regions.29 Therefore, the interdigitation between the PMMA cement and trabecular
microstructure is an important factor on the mechanical stability of augmented vertebra,30 which must properly be
reflected in the FE model used for the VF simulation. It is noteworthy that this simulation is carried out using a phe-
nomenological strain-based damage model, accounting for stress triaxiality in the bone tissue.31 The stress triaxiality,
which is the ratio of the hydrostatic stress to the von-Mises stress,32 accounts for tension-compression asymmetry and
loading mode dependency of the bone response.33

The remainder of this manuscript is structured as follows: Constitutive equations and material properties associated
with the flow of PMMA cement are presented in Section 2. Section 3 provides a detailed description of the CFD model,
as well as the reconstruction of FE models used for CFD and CDM simulations. A thorough feasibility study is pres-
ented in Section 4 on the ability of the integrated CFD-CDM framework for investigating the effect of three VP parame-
ters, namely the cement flow rate, cement volume, and the needle tip location on the cured cement morphology and its
subsequent impact on the risk of VF in the augmented vertebra. Final concluding remarks are summarized in
Section 5.

2 | CONSTITUTIVE MODELS AND MATERIAL PROPERTIES

PMMA-based bone cements used for clinical applications are composed of a polymeric powder and a liquid monomer.34

Upon mixing, the cement shows a non-Newtonian flow behavior with properties recorded through rheological mea-
surements.35,36 Studies have shown that in addition to the time-dependency of viscosity, PMMA-based cements are
shear-thinning,36 meaning the viscosity decreases at higher fluid shear rates. In the current study, the rheological
behavior of PMMA is defined using a power-law relationship as16

μ¼ a
t
ts

� �
þb

� �
_γ

_γs

� �c t=tsð Þþd

, ð1Þ

where μ is the dynamic viscosity, _γ is the fluid shear rate, ts ¼ 60 s is the characteristic time, and _γs ¼ 1.0 s�1 is the char-
acteristic shear rate. Also, a,b,c, and d are PMMA viscosity parameters adopted from Reference 16 as a¼ 590 Pa.s,
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b¼�1048:8 Pa.s, c¼�0:026, and d¼�0:290. Note that the parameters used in the equation above are validated for
Simplex bone cement, which is a widely used bone cement for orthopedic applications.

In the CFD simulations presented in this work, the scripting interface of COMSOL Multiphysics software package37

is employed to evaluate the cement viscosity as a function of time and shear rate. The shear rate _γ is given by

_γ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
L :LT

r
, ð2Þ

where L is the strain rate tensor. The cement and bone marrow flows are governed by the Navier–Stokes equations as

∂u
∂t

þu �ru ¼ μ=ρð ÞΔu�rp=ρþ f st

r�u ¼ 0,
ð3Þ

where p is the pressure, u is the velocity, ρ is the density, and f st is the force vector associated with the surface tension
between the bone marrow and the cement. Here, u �ru and μ=ρð ÞΔu represent inertial and viscous components deriv-
ing the fluid flow. In the current study, we assume ρcement ¼ 1200 kg=m3

,
20 ρmarrow ¼ 1060 kg=m3

,
18 and

μmarrow ¼ 0:4 Pa:s.
38

The cement flow in trabecular cavities is characterized using the Reynolds number,

Re¼ ρuD
μ

, ð4Þ

where D is the characteristic length scale associated with the internal microstructure. It is well-known that at low Reyn-
olds numbers, viscous forces are significantly higher than inertial forces, which is also known as a creeping flow.39 In
this work, a preliminary simulation was carried out that showed the maximum Reynolds number during the injection
process was < 10�3, meaning the creeping flow regime is in place and the effect of u:ru in (3) can be neglected.

3 | VIRTUAL RECONSTRUCTION OF AUGMENTED VERTEBRA

As outlined in Section 1, the goal of the present work is to simulate the VP procedure and quantitatively understand its
impact on the mechanical stability of the vertebra. In this section, we present a CFD-assisted algorithm for
reconstructing a realistic geometrical model of an augmented vertebra after performing this procedure. This framework
consists of four main phases: (i) generating a 3D geometrical model of the vertebra using the ReconGAN framework1;
(ii) simulating the fractured vertebra geometry through continuum damage mechanics (CDM) FE simulations;
(iii) predicting the injected cement morphology via CFD simulations, which requires using the level-set algorithm to
track the cement-marrow interface during the injection process; (iv) performing CFD-CDM data integration to incorpo-
rate the cement morphology in a second FE model to predict its mechanical stability via CDM simulations.

As described in Reference 1, ReconGAN relies on a 3D deep convolutional generative adversarial network
(DCGAN) to generate a realistic microstructural model of the trabecular bone tissue after being trained with micro-
QCT images obtained from cadaveric samples. Classic Generative Adversarial Networks (GANs) use two independent
networks (generator and discriminator) in an adversarial manner such that the generator aims to produce fake samples
while the discriminator determines if these samples are sufficiently realistic or not through comparison with reference
data. From a mathematical perspective, these networks play a two-player min-max game with the objective of generat-
ing very good fake images (here, bone microstructure) that are indistinguishable from real ones. The resulting virtual
microstructure is infused into the vertebra cortical shell extracted from the patient's CT data to fill the interior region.
Additionally, an FE-based shape optimization algorithm is employed to locally (along trabecular-cortical interfaces)
evolve the initial synthetic model into an optimal digital design, with a smooth transition from the tubercular tissue to
the cortical shell. This is a crucial step to avoid unrealistic stress concentrations in this region that lead to premature
damage (and thus under-estimating the strength) when simulating the fracture response of the vertebra. To track the
progression of damage in the bone tissue, a continuum damage model is implemented that relies on the von-Mises yield
criterion with the hardening law
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Y¼ σvm�σY εpleq

� �
¼ 0, ð5Þ

where σvm is the von-Mises stress, εpleq is the equivalent plastic strain, and σY represents the yield stress function. Dam-
age initiation and progression are then triggered based on a strain-driven criterion given by

YD ¼ εpleq� εpl0 ηð Þ¼ 0, η¼�p=σvm, ð6Þ

where εpl0 ηð Þ is the threshold value and is a function of stress-triaxiality η. From theories of continuum mechanics, it is
well-known that incorporating the stress-triaxiality in damage formulation accounts for tension-compression asymme-
try in mechanical behavior of the bone tissue. Next, we describe the CFD model and the integration of CFD-CDM data
for re-assessing the vertebra fracture response post-VP procedure.

3.1 | Prediction of injected cement morphology

To simulate the cement injection into the trabecular region of the vertebral body, Navier–Stokes equations governing
the bone marrow and cement are combined with the level-set method to track the moving interface between these
phases. In the level-set algorithm, the interface location is implicitly tracked using a smooth step function, Φ, which
varies between zero in one fluid (bone marrow) to one in the other (cement) over the thickness ε. Typically, it is
assumed that ε¼ hmax=2, where hmax is the maximum element size of the CFD mesh. The following governing equation,
coupled with Navier–Stokes equations, is solved during the cement injection simulation to evaluate Φ

∂Φ
∂t

þu:rΦ¼ γr: εrΦ�Φ 1�Φð ÞrΦ
jΦ j

� �
, ð7Þ

where u is the interface velocity and γ is a problem-specific stabilization parameter. It is suggested that an appropriate
value for γ is the maximum magnitude of u. To ensure numerical stability, the dynamic viscosity in the domain is
defined as a function of the level-set variable as

μ¼ μcþ μm�μcð ÞΦ, ð8Þ

where μc and μm are dynamic viscosities of cement and bone marrow, respectively. Moreover, the level-set variable Φ is
employed to evaluate the volumetric surface tension force vector given in (3) as26

f st ¼ σst
ρ

�r:
rΦ
j rΦ j

� �
rΦ, ð9Þ

where σst ¼ 0:032 N=m is the surface tension coefficient.40 To calculate the interface velocity, the Navier–Stokes and
level-set equations are solved as a fully coupled nonlinear system of equations using a staggered approach.41,42 In this
approach, the fully coupled system is divided into multiple uncoupled equations (Navier–Stokes and level-set) solved
separately. In this iterative process, the continuity of velocity and level-set variable in the domain is ensured by
exchanging information at the cement-bone interface. For more details on the physics governing the two-phase flow
using the level-set method, refer to Reference 43.

3.2 | Creating augmented vertebral FE model

As shown in Figure 1, after simulating the cement injection process using a CFD model, the predicted cement morphol-
ogy must be incorporated into the vertebra model to analyze its mechanical stability post-VP operation. Note that while
the FE models used for CFD and CDM simulations are completely different, the former requires simulating the cement
injection into the bone marrow space and, therefore, the bone tissue is not incorporated in the FE model

AHMADIAN ET AL. 5 of 16



(cf. Figure 2A). On the other hand, Given the negligible mechanical stiffness of the bone marrow compared to the bone
tissue, the bone marrow is not considered in the CDM FE model used for the VF simulation and is instead modeled as
a porous region (cf. Figure 2B). Therefore, it is necessary to transform the cement morphology simulated using the CFD
model (mesh 1) into mesh used for a subsequent CDM simulation (mesh 2) for the augmented vertebra.

To incorporate the cement shape in the vertebra's FE model used for the VF simulation (mesh 2), we first convert
this mesh into a voxelated geometrical model (volumetric image) represented in the VTK format.44 The CFD simulation
result (mesh 1) is converted into a binary image according to the level set variable assigned to each element, where the
bone marrow and cement are identified as Φ<0:5 and Φ>0:5, respectively. The injected cement morphology is then
extracted from this volumetric binary image by performing image segmentation using the scikit-image python pack-
age.45 As shown in Figure 1C, the resulting cement shape can then be embedded in the voxelated model of mesh 2 to
generate a geometrical model of the augmented vertebra.

A smooth transition between these geometrical models (vertebral trabecular tissue and cement) requires several
additional considerations. First and foremost, it is crucial to use similar input parameters for generating mesh 1 and
mesh 2 (i.e., similar element sizes, types, and local refinement levels) to avoid a significant mismatch between the tra-
becular geometry and cement shape along their interface. However, given that two distinct domains are modeled in
mesh 1 and mesh 2 (the bone marrow versus the bone tissue; see Figure 3A,B), it would practically be impossible to
avoid small mismatches between the cement morphology extracted from the former and the trabecular tissue
(cf. Figure 3C).

An image co-registration approach is employed to address this issue by aligning the position and orientation of the
two voxelated data. The co-registration process involves identifying paired landmark points to generate the coordinate
transformation function that puts (registers) both data sets in the same coordinate system. In the current work, a semi-
automatic co-registration algorithm used in the 3DSlicer software package46 is employed to stitch the vertebra model
and the cement morphology obtained from CFD simulations (cf. Figure 3D). A conforming FE mesh is then generated
for the resulting voxelated image of the augmented vertebra to simulate its fracture response and analyze its mechanical

FIGURE 1 Creating the geometrical model of the augmented vertebra by infusing the cement morphology generated using CFD

simulations within the fractured vertebral model generated using FE simulation. CFD, computational fluid dynamics; FE, finite element

FIGURE 2 (A) CFD and (B) CDM models of the vertebra generated by segmenting bone marrow and bone tissue from imaging data to

simulate cement injection and vertebral fracture, respectively. CDM, continuum damage mechanics; CFD, computational fluid dynamics
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stability post VP operation. Note that the mesh size was selected after performing a mesh-sensitivity analysis on fracture
response of trabecular bone samples subjected to a compressive load.

Elastoplastic and damage properties of the bone tissue used in this FE model, as well as the process of mapping
density-dependent bone elastic modulus from voxelated model to the FE mesh, were presented in Reference 1. The
workflow for evaluating the elastic modulus of the bone tissue from gray-scale imaging data can be written as

GSave ¼ 1
V

Z
V
GS x,y,zð ÞdVρ¼ αþβGSaveE¼Kρnapp, ð10Þ

where GSave is the volume-averaged gray-scale value corresponding to each element of the FE mesh. The bone mineral
density ρ is calculated based on a linear curve interpolated between α and β parameters, which are calibrated using
phantoms with known density scanned alongside the tissue sample. Finally, the elastic modulus E is computed using a
power law, with K ¼ 24:53 GPa and n¼ 1:3, which are calibrated for vertebral trabecular specimens subjected to com-
pression.47 Note that the bone cement (PMMA) is modeled as a linear elastic material with elastic modulus Ec ¼ 1500
MPa and Poisson's ratio ν¼ 0:33.

48

4 | RESULTS AND DISCUSSIONS

In this section, we study the effect of three VP parameters, namely the cement flow rate, cement volume, and the needle
location on the injected cement morphology and its subsequent impact on the fracture response of the augmented ver-
tebra. As shown in Figure 4, four vertebral models virtually reconstructed using the ReconGAN framework are used in
this study. The first model, Sr, has no metastatic tumor or pre-existing fracture, which is used as a benchmark to

FIGURE 3 Cross sections of the vertebral body showing the process of stitching the CDM FE model (mesh 1) and the CFD simulation

result (mesh 2) to generate an FE model of the augmented vertebra. CDM, continuum damage mechanics; CFD, computational fluid

dynamics; FE, finite element

FIGURE 4 Geometrical models of vertebral bodies with (A) no lytic metastasis or pre-existing fracture; (B) lytic tumor but no cortical

fracture; (C) lytic tumor and pre-existing cortical fracture under pure compression; and (D) lytic tumor and pre-existing cortical fracture

under a flexion load
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compare its response with three other models all having the same lytic tumor but different pre-existing fracture pat-
terns; S1: no cortical fracture and only minor cracks in the trabecular bone under uniform compression; S2: major corti-
cal fracture caused by a higher uniform compressive load; and S3: cortical fracture caused by a flexion load (combined
bending and compression). These pre-existing fracture patterns are simulated using the FE CDM model, and the behav-
ior of each case was previously studied in Reference 1. It is also worth mentioning that in addition to pre-existing frac-
tures, the presence of the lytic lesion significantly compromises the vertebra mechanical stability due to the
deterioration of bone tissue and loss of its load-bearing capacity within the tumor.

CFD simulations were carried out using COMSOL for each vertebral model to predict the injected cement morphol-
ogy corresponding to different needle locations, cement volumes, and flow rates. The lytic lesion is assumed to be surgi-
cally removed or irradiated in these models, meaning cement can flow into the resulting cavity without any resistance.
In all CFD simulations, we assume the cortical shell pressure is p¼ 3:4kPa,

49 with a zero-shear slip boundary condition
(∂u=∂n¼ 0) along bone tissue surfaces, where n is the unit normal vector to the surface. During a VP operation, the
injection pressure of the surgical needle is monitored to ensure it is well below the trabecular strength (≈ 2 MPa14). In
this study, we simulate a uni-pedicular injection using a 13-gauge needle for injecting cement into the anterior portion
of the vertebra (cf. Figure 5). Given the large number of tetrahedral elements in the CFD models (Sr: 11.8 million, S1:
10.3 million, S2: 10.1 million, and S3: 9.8 million), the simulations were conducted in parallel on 48 processors using
the computing resources at the Ohio Supercomputer Center. The simulation times ranged from 32 to 54 h, depending
on the flow rate and injected volume of the cement.

Figure 5 shows three snapshots of the cement morphology at different stages of simulating the cement injection into
the S1 model for a flow rate of Q¼ 0:25 ml=s. The propagation front of the cement-bone marrow interface is visualized
by an iso-surface representing a level-set variable of Φ¼ 0:5. Note that the resulting cured cement shape depends on
various parameters such as the bone microstructure, tumor morphology, injection site, injection flow rate, and cement
volume. Unlike the first two parameters that are patient-specific in nature, the other three parameters can be controlled
by the surgeon to achieve the desired cement shape that maximizes the mechanical stability of the bone. As shown
next, studying the impact of these three parameters on the cement morphology and the VF response of the augmented
vertebra requires using a realistic patient-specific model of the vertebra generated using the ReconGAN framework. We
also aim to study the risk of cement leakage into the spinal canal associated with each parameter, which is one of the
most serious side effects of the VP operation that causes pain and may necessitate follow-up surgeries.

FIGURE 5 Different snapshots of the simulated cement morphology injected into the S1 model for an injection flow rate of

Q¼ 0:25 ml=s
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The first parametric study in this section focuses on the impact of the injection flow rate on the shape of the cured
cement, where we simulated the injection of 4.0 ml of cement with three different flow rates (Q¼ 0:05, 0.1, and 0.25
ml=s) into the S1 model (needle location similar to Figure 5). The cured cement shape corresponding to each case is
illustrated in Figure 6, indicating a highly uniform (nearly ical) distribution of cement in the trabecular region for the
lowest flow rate (Q¼ 0:05 ml=s). Increasing the injection flow rate leads to a more irregular cement pattern due to its
accelerated flow in the path of least resistance (i.e., the lytic lesion). This irregular pattern is especially evident for the
highest flow rate, Q¼ 0:25 ml=s, which also shows the cement intrusion into one of the pedicles indicating a higher risk
of cement leakage. A similar phenomenon is observed in experimental studies,14 where it has been shown that a higher
injection flow rate reduces the ratio of the pressure needed to inject the cement into the lytic defect to the pressure
required to expand that uniformly. While this magnified pressure reduces the cement viscosity and thereby helps filling
the removed tumor regions more effectively, as shown in Figure 5C, it also leads to a more tortuous cement path that
amplifies the risk of cement leakage through pedicels.

According to the results presented above, an injection flow rate of Q¼ 0:05 ml=s is selected in the remainder of this
study due to the uniform distribution of cement in the anterior region of the vertebra and the low risk of cement leak-
age associated with that. Figure 7 illustrates the top and side views of 4.0 ml of cement injected into Sr, S1, S2, and S3
vertebrae models (same needle location as Figure 5) at this flow rate. As shown in this figure, the injected cement prop-
erly fills the anterior region of all vertebra models, with the most ideal (spherical) pattern observed in the Sr model.
Note that in the VP procedure, from a clinical perspective, it is desirable that the injected cement cures into the shape
of a uniformly expanding cloud50 to minimize complications such as cement leakage through pedicles. However, the
presence of tumors and pre-existing fracture vertebrae such as those modeled in S1– S3 lead to more irregular cement
patterns, which is attributed to the fact that the cement tends to flow into the path of least resistance with the highest
permeability (e.g., the large cavity caused by the lytic lesion) compared to the more intricate network of trabecular cavi-
ties in these models. Also, note the small cement leakage into the anterior cortical opening in the S3 model due to a
pre-existing cortical fracture. While this leakage is not into the spinal canal and is not of particular concern compared
to leakage through pedicels, this observation suggests that further increasing the injection flow rate could increase the
side effects of the VP operation. While in practice, the healthy vertebral model (Sr) is not a candidate for the VP opera-
tion, comparing this benchmark model with the other three vertebral models in this study clearly shows the impact of
the tumor and pre-existing fracture (patient-specific parameters) on the cement pattern.

FIGURE 6 Morphologies of 4.0 ml of cement injected into the S1 vertebra model at different flow rates. Top and bottom rows show top

and side views of the vertebral body, respectively
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It is worthwhile to study the variation of the injection pressure during each of the CFD simulations with Q¼ 0:05
presented above. As shown in Figure 8A, in all four vertebra models, high injection pressure is initially required to
enable the cement flow into trabecular cavities and push out the bone marrow. This initial pressure is particularly high
in the Sref model, where the trabecular microstructure is intact. On the other hand, the cavity (higher permeability)
caused by the removal of the lytic tumor causes a much lower pressure threshold for injecting the cement into the ver-
tebra. After this initial phase of the rapid surge in pressure, the injection pressure increases at a much lower rate in all
models remotely mimicking a steady-state flow condition, although the increasing viscosity associated with the progres-
sive polymerization of the cement during the injection process does not allow reaching this condition in practice. It is
worth noting that the pressure needed to inject the cement into the fractured vertebrae (S2 and S3) is higher than that
of the lytic vertebra with no cortical fracture (S1 model), which is due to the reduced height of fractured vertebrae and
partial collapse of the tumor cavity that reduces permeability in S2 and S3 models. Nevertheless, in all four vertebral
models, the injection pressure is well below the 2.0 MPa threshold that might cause mechanical damage to the trabecu-
lar microstructure.

The ability to predict the injected cement morphology via CFD simulations allows for analyzing the VF response of
the augmented vertebra via CDM simulations to quantify its restored mechanical stability post-operation. Before

FIGURE 7 Morphologies of 4.0 ml of injected cement into (A) Sref : intact vertebra, (B) S1: lytic vertebra with no cortical damage, (C) S2:

lytic vertebra with pre-existing crack under pure compression, and (D) S3: lytic vertebra with pre-existing crack under flexion. Top and

bottom rows show top and side views of the vertebral body, respectively

FIGURE 8 (A) Variation of the cement injection pressure versus time during VP CFD simulations; (B) Comparison between force-

displacement responses of augmented S1 model with tied (strong bonding) and loose (hard contact) cement-bone interfaces in the CDM

model; (C) Simulated force-displacement responses of augmented vertebrae S1, S2, and S3, as well as two non-augmented vertebrae (intact

and lytic) subjected to uniform compression. CDM, continuum damage mechanics; CFD, computational fluid dynamics
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performing such study, it is crucial to determine the impact of the cement-bone interface bonding strength in the FE
damage models on the VF simulation results. To quantify this effect, we consider two extreme cases in the FE damage
model generated for the S1 vertebra (lytic vertebra with no cortical fracture): loose interface (no bonding, only contact)
and perfect bonding (tied interface) between the cement and trabecular bone. Figure 8B illustrates the simulated force-
displacement response of each model under uniform compression, which shows a negligible difference between these
results. It is worth mentioning that the effect of cement-bone interface bonding strength on the VF strength might
depend on a variety of parameters such as the loading condition and the fracture mode. In the CFD simulations pres-
ented in this study, it is assumed that cement is fully infiltrated within the trabecular tissue, which provides a physical
interlocking between cement and bone phases. Our numerical studies have shown that this interlocking is the domi-
nant factor in stabilizing the vertebra compared to the cement-bone bonding strength. Therefore, in the simulations
presented next, a perfect bonding condition is assumed along the cement-bone interface in the FE models used to study
the VF response of augmented vertebrae.

To study the impact of the VP operation on restoring the mechanical stability of the vertebra, we simulated VF
responses of three augmented vertebral models (S1, S2, and S3) with 4.0 ml cement injection, as well as two non-
augmented vertebrae (lytic and intact) subjected to a uniform compression of uz ¼ 0:05 mm/s. Figure 8C illustrates
force-displacement responses of the three augmented vertebrae generated using the CFD model and their comparison
with responses of the intact and lytic models. As shown in this figure, the cement injection can considerably recover
the mechanical stability of all augmented vertebrae, where the force-displacement curves show a significant improve-
ment compared to the lytic (un-treated) model. Among the three treated vertebrae, the S1 model (lytic cavity, no pre-
existing cortical fracture) shows a nearly complete restoration of mechanical stability compared to the intact model.
This observation suggests that performing VP as a preventive measure before the emergence of cortical fracture could
significantly reduce the risk of VF, although clinically, this is not often the case, and VP is mainly performed in patients
with a fractured vertebra. Unlike the S1, the presence of cortical fracture in S2 and S3 only leads to 19.2% and 57.1% res-
toration of the strength, respectively. This can be attributed to the fact that at a low injection flow rate, the cement can
only partially penetrate the crack surface, leading to a partial recovery of mechanical stability, although as shown previ-
ously, increasing the flow rate would increase the risk of cement leakage. It is also worth mentioning that despite a par-
tial recovery of mechanical stability after the cement injection, minimizing the relative motion of fractured segments in
these treated vertebrae could still significantly reduce the patient's pain after the VP operation.

To better understand the impact of injected cement on the VF response of the treated vertebra, damage patterns
after failure in augmented S1, S2, and S3 models are depicted in Figure 9. As shown in these figures, the final fracture
path does not completely match the pre-existing cortical fracture in these vertebrae. Instead, the damage often initiates
and propagates from a site of high-stress concentration in the trabecular bone adjacent to the cured cement. Figure 10
illustrates the damage propagation along Section A of the treated S1 vertebra (cf. Figure 9A), showing that the trabecu-
lar tissue surrounded by the cement is practically immune to damage. Referring back to Figure 9, another key feature
of damage pattern in all three models is damage on the upper surface of the vertebra, caused by pressing a thin layer of
cortical bone on the cement in this region (also see Figure 10). In other words, compared to a healthy vertebra, the pres-
ence of cement in the treated vertebra disturbs the uniform stress distribution from the intervertebral disc to the treated
vertebral body and causes damage accumulation on its upper and lower surfaces. Although only one vertebra is simu-
lated in this work, we hypothesize that this behavior also explains the fractures commonly observed in adjacent verte-
brae after the VP operation,48 although further studies are required to verify this assumption.

FIGURE 9 Damage pattern at the failure point in augmented S1, S2, and S3 vertebra models subjected to uniform compression
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We also studied the impact of the needle location on the shape of the injected cement and corresponding VF
response of the augmented S2 vertebra. As shown in Figure 11A, in the first study, the needle was placed on the lower
side of the sagittal plane to simulate the injection of the same volume of cement (4.0 ml) into the vertebral model. While
the resulting cement location is notably different than the original shape of cement (cf. Figure 7) in this case, as shown in
Figure 11C, both augmented vertebrae have similar VF responses, and no considerable difference is observed between
their fracture strength and ductility. Note that, while at different locations, the needle tip was kept in the anterior region
of the vertebra in both simulations to avoid the cement leakage into pedicels, which is a common practice during VP
operations.

Finally, it is worthwhile to study the impact of the injected cement volume on the VF response of the treated verte-
bra. It is postulated that in a clinical setting, an end plate-to-end plate cement augmentation can significantly increase
the post-operative mechanical stability of the vertebra compared to a partial augmentation.51 To quantify this effect, we
simulated the injection of 6.0 ml cement (50% increase in volume) into the S2 model while preserving the original nee-
dle tip location. Note that the augmentation of this vertebra with 4.0 ml of cement leads to only 19.2% recovery in frac-
ture strength, which was the lowest among all models studied thus far. Figure 11B shows the simulated morphology of

FIGURE 10 Damage propagation patterns on Section A of the S1 vertebra (cf. Figure 9) under uniform compression

FIGURE 11 (A) Augmentation of the S2 vertebra with cement filling the lower side of the sagittal plane (S2�1); (B) An endplate-to-

endplate injection scenario for the S2 vertebra (S2�2); (C) Comparison of force-displacement plots of S2�1 and S2�2 with the original injection

scenario
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6.0 ml cement injected into this vertebra, which provides an end plate-to-end plate augmentation with no leakage into
pedicels due to the low injection flow rate (Q¼ 0:05 ml=s).

The CDM approximation of the force-displacement response of the augmented S2 vertebra with 6.0 ml of cement
injection is depicted in Figure 11C, showing a considerably better restoration of mechanical stability (72% strength
recovery) compared to only 19.2% in the case of partial augmentation. This figure also shows that the end plate-to-end
plate augmentation of this vertebra increases the ductility (absorbed energy) compared to the vertebra with 4.0 ml
cement injection. The von-Mises stress field in the elastic zone for each case scenario is depicted in Figure 12, where
the end plate-to-end plate augmentation provides a more uniform distribution of stresses within the vertebra. This pilot
study verifies that the end plate-to-end plate augmentation of the vertebra could significantly improve its mechanical
stability in clinically relevant anterior wedge fractures, although further studies are necessary to investigate the impact
on adjacent vertebral bodies.

5 | CONCLUSIONS

An integrated CFD-assisted framework was introduced for simulating the vertebroplasty (VP) procedure and predicting
its impact on the fracture response of augmented vertebrae, considering realistic microstructure of the bone tissue gen-
erated using an AI-enhanced algorithm. After performing CFD injection simulation to predict the cured cement mor-
phology, an imaging data co-registration approach was employed to generate a high-fidelity FE damage model to study
the VF response of the augmented vertebra. A feasibility study relying on virtual geometrical models of a cancer patient
with a lytic metastatic tumor and pre-existing fractures was conducted to demonstrate the ability of the proposed frame-
work to investigate the effect of VP on the mechanical integrity of treated vertebrae. Main outcomes of the study are
summarized below:

• Under higher injection flow rates, the cement tends to form into a more irregular pattern due to its accelerated flow
in the path of least resistance (i.e., lytic lesion). The study shows that increasing the injection flow rate leads to a
higher risk of intra-spinal cement leakage during the injection process.

• Simulating the compression fracture responses of two augmented vertebral models with a weak (no bonding, only
contact) and a perfectly bonded (tied) cement-bone interface showed the negligible impact of bonding strength in
force-displacement curves.

• Force-displacement responses of the three augmented lytic vertebrae, with cement shapes predicted via CFD simula-
tions, showed the strength recovery of � 99% for the vertebra with no pre-existing cortical fracture, while only
� 19:2% and � 57:1% recovery where achieved for cases with pre-existing fractures caused by pure compression and
flexion loadings, respectively.

• Under a uniform compression, the damage often initiates from sites of high-stress concentrations adjacent to the
injected cement. However, the final propagation pattern does not completely match the pre-existing cortical fracture
(no healing) in the augmented vertebra.

FIGURE 12 von-Mises stress distribution in the elastic zone along the sagittal plane of the S2 vertebra with (A) partial, and (B) end

plate-to-end plate cement augmentation
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• An end plate-to-end plate cement augmentation is shown to considerably improve the mechanical strength of the
treated vertebra (�72% strength recovery) compared to only �19.2% in the case of partial augmentation.

The feasibility study presented in this manuscript aimed at demonstrating the capability of an AI-enhanced digital twin
to provide an end-to-end modeling framework for simulating the vertebroplasty procedure. A more comprehensive in-
vitro study must be conducted to calibrate/validate the cement injection CFD simulation and corresponding CDM sim-
ulations used to analyze the mechanical stability of augmented vertebrae. Furthermore, a better understanding of varia-
tions in the bone tissue properties in the presence of metastatic tumor lesions may be necessary to study the impact of
vertebroplasty in stabilizing the vertebra in such patients. Such studies require incorporating a three-phase flow model,
as well as understanding/incorporating mechano-biological factors such as the stress-induced metastatic tumor
response. Nevertheless, the preliminary studies presented in this work show the ability of the applicability of the digital
twin for performing a variety of clinically relevant studies.
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