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Abstract external magnetic field, and the largest capture efficiency
Purpose—The aim of the present work is to present the observed was approximately 98%.

development of a computational two-way coupled (fluid and Conclusion—The simulation results presented in the present
particle coupled) magnetic nanoparticle targeting model to work have shown to yield favorable capture efficiencies for
investigate the efficacy of magnetic drug targeting (MDT) in micron range particles and a potential for enhancing capture
a patient-specific diseased left carotid bifurcation artery. efficiency of superparamagnetic particles in smaller arteries
MDT of therapeutic agents using multifunctional carrier and/or using magnetized implants such as cardiovascular
particles has the potential to provide effective treatment of stents. The present work presents results for justifying further
both cancer and cardiovascular disease by enabling a variety investigation of MDT as a treatment technique for cardio-
of localized treatment and diagnostic modalities while vascular disease.

minimizing side effects.

Methods—A computational model is developed to analyze Keywords—Capture efficiency, Carotid artery, Diseased,

pulsatile blood flow, particle motion, and particle capture
efficiency in a diseased left carotid bifurcation artery using
the magnetic properties of magnetite (Fe30O4) and equations
describing the magnetic forces acting on particles produced
by an external cylindrical electromagnetic coil. A Eulerian—
Lagrangian technique is adopted to resolve the hemodynamic INTRODUCTION
flow and the motion of particles under the influence of a
magnetic field (B,= 27). Particle diameter sizes of 20 nm—
4 um in diameter were considered.

Results—The computational simulations demonstrate that

Eulerian, Lagrangian, Magnetic drug targeting, Magnetite,
Patient-specific, Pulsatile flow.

Cardiovascular disease is the leading cause of death
worldwide.> Medical drug delivery via the use of iron

the greatest particle capture efficiency results for particle oxide magnetlc nanopartlcles. as carrier vehicles f(?r
diameters within the micron range, specifically 4 ym in therapeutic agents under the influence of a magnetic
regions where flow separation and vortices are at a minimum. field in cardiovascular flow has received much atten-

It was also determiped tha}t the ca.pture'efﬁciency of p'articlfzs tion for the prospects of treatment processes for cancer
decreases substantially with particle diameter, especially in

the superparamagnetic regime. Particles larger than 2 um and  cardiovascular  disease. This drug delivery

were targeted and captured at the desired location by the scheme promises improvei:ments.in diagnos.is and ther-
apeutic treatments by increasing targeting efficacy

while avoiding and/or minimizing systemic circulation
which often causes added toxicity to healthy sites.
However, despite ongoing research of cardiovascular
flows and magnetic targeting as a potential candidate
for medical drug delivery for cancer and cardiovascu-
Address correspondence to Rodward L. Hewlin Jr., Department lar disease, the fluid dynamics as well as the magnetic

of Engineering Technology & Construction Management (ETCM), effects associated with MDT is poorly understood.
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Targeting particles in cardiovascular flow is depen-
dent upon the magnetic and hydrodynamic forces
acting on particles."'”?* As a result, the physical
properties, magnetic field strength, and flow parame-
ters such as drag force, wall shear stress, and vorticity
have a major effect on effective particle targeting.
Various experimental studies have been reported on
characterizing the behavior of magnetic nanoparticles
in research and clinical applications. One of the first
clinical trials incorporated permanent external magnets
to target tumors in the body via chemotherapeutic re-
moval techniques.”” In the efforts of targeting loca-
tions deeper in the body, the use of magnetic
stents>”!337 and implants'®*>3° have been investi-
gated and reported. Forbes er al.'* proposed a tech-
nique that involves exposing a magnetizable stent to an
external magnetic field to target particles for potential
cell therapy techniques. Two independent magnetic
field sources are used to allow deep penetration within
the subject: one is an external high gradient magnetic
field to attract the magnetic drug carriers to the stent,
the other is the magnetic field induced by the magne-
tized stent which attract particles to regions of interest.
This reported approach can not only improve the
capture efficiency of particles in the injury region of
interest, but present a potential solution to one of the
major problems caused by in stent-restenosis.!” This is
because particles can continuously and quantitatively
provide anti-proliferative agents. Chorny et al.”'''>%
and other researchers'® later conducted studies to
verify and improve this method.

A small number of numerical studies have also been
carried out to investigate the behavior of magnetic
nanoparticles in physiological flow under the influence
of a magnetic field.>**** Finite element methods
(FEMs) have been widely used to investigate the mo-
tion of particles under different physical condi-
tions.’*** Wong et al.*® applied FEM simulations of
magnetic particle inspection to analyze the magnetic
field around a defect. A few studies have been reported
that implemented simulation models based on a finite
volume approach to solve the Navier-Stokes equations
and a refined discrete particle motion model to solve
the equations of motion of particles due to an external
magnetic field.**> These studies have reported that the
simulation results indicate a significant potential for
the treatment of atherosclerosis. Based on studies of
previous researchers, the targeting method of magnetic
nanoparticles still needs to be improved due to its
limited capture efficiency.
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The present work presents the development of a
magnetic nanoparticle tracking model which was used
to investigate the transport and targeting efficiency of
magnetite (FesO4) nanoparticles dispersed in a patient-
specific diseased left carotid bifurcation artery and
targeted by an external magnetic field. All the simu-
lations are performed using ANSYS Fluent™ 19. The
blood flow in the arterial vessel is modelled as non-
Newtonian, incompressible, laminar, and transient.
The forces that have effects on the particles are viscous
drag, buoyancy, and magnetic forces. A cylindrical
electromagnetic coil is modelled as the source of the
external magnetic field. The influence of blood flow
and magnetic field strength on particle capture effi-
ciency is investigated.

THEORETICAL FORMULATION AND
NUMERICAL METHODS

Blood Flow

All blood flow and particle tracking analyses were
conducted in ANSYS Fluent™ 19. For blood flow
simulations, the continuity and three-dimensional
Navier—Stokes equations describing the pulsatile flow
of blood as an incompressible fluid is implemented and
numerically solved in a finite volume formulation:

Vou=0 (1)

p(?; +u(u- V)) =—-Vp+ V- (uVu) (2)

where u is the three-dimensional velocity vector, p is
the density of blood, p is pressure, and p is the dynamic
viscosity. The rheology of blood is also considered as
described by the non-Newtonian Carreau model:

1(3) = foo + (o — o) (1 GDT (3)

where 7 is the strain rate, p.. (0.0035 kg/m s) is the
infinite viscosity, g, (0.056 kg/m s) is the zero-shear
viscosity, 4 (3.313) is the time constant, and »n (0.3568)
is the power law index. A patient-specific left carotid
bifurcation artery geometry was used for all blood flow
and particle simulations and was obtained from the
Charite’ Clinical Research Hospital in Berlin Ger-
many. The geometry was uploaded as a point cloud
image and reconstructed in Solidworks using a 3-D
plane construction, surface spline generation, and
boundary boss uniting methodology. More details on
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FIGURE 1.

this methodology can be found in Refs. 23 and 24 A
piecewise unsteady velocity waveform is implemented
at the inlet of the model as shown in Fig. 1 and Eq. (4).

Plot of unsteady inlet velocity waveform and Windkessel outlet waveforms.

TABLE 1. Resistance and capacitance values used for the
Windkessel boundary conditions. Values obtained from
Gharahi et al.'®

The unsteady inlet velocity is modeled as fully devel- Ry (Pa s/m3) C (m®Pa) R, (Pa s/m®)
oped as shown in Eq. (5). The walls of the arterial 5 s 1
1 deled as a rigid vessel with the no sli IeA 11110 4.20 > 10 8.15 > 10

vessel are mod g p ECA 2.27 x 10° 227 x 107 4.07 x 10™
condition applied at the boundary.

83.33#% — 12.50¢*> +0.21667¢ + 0.13 0s<t<0.155s

7517.12¢* — 5688.2713 4 1529.701% — 169.61¢ + 6.6462 0.155 <t <024

u(t) =< —96.92313 +100.307> — 34.425¢ + 4.1629 0245s<1<042s 4)

58.291¢% — 5235.7¢ + 1193

18.835¢% — 36.9601> + 23.427¢ — 4.60

0425s<t<047s
0475 <t<0.80s

u(y, 1) = 2(1) [1 - (%)1

The outlet pressures of the external carotid artery
(ECA) and internal carotid artery (ICA) are modelled
using Windkessel boundary conditions. The Wind-
kessel boundary conditions are expressed through an
ordinary differential equation (ODE) similar to the
relation between voltage and current in electrical cir-
cuits. The ODE used for blood flow and particle sim-
ulations in the present work is shown in Eq. (6), where
R, is proximal resistance for large arteries and arteri-
oles, R4 is the distal resistant for simulating small
arterioles and capillaries, C is vessel capacitance for
large arteries and arterioles, i(¢) represents the flow
rate, and p(¢) is the time dependent pressure. Table 1

(5)

list the values used to model the Windkessel boundary
conditions for the present work.

<1+§—Z>i(r)+CRddé—(:)—l%?+C

dp(1)

o

Wall shear stress (WSS) and vorticity values are
predicted on the fluid domain surfaces that represent
the interface boundary between the fluid and the
neighboring tissue. The equations used to calculate
these hemodynamic parameters are shown below. Wall
shear stress is calculated using Eq. (7) and vorticity is
calculated using Eq. (8). Vorticity @ in Eq. (8) is
evaluated by @ = V x u, where u is the velocity.

Oou Ov
Tyx = Txy = U 87)/_'—&
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Dw

Dr = (@-Vu+wWa (8)

Particle Force Balance

The physics describing the transport of magnetic
nanoparticles in the cardiovascular system is governed by
various factors: (1) the magnetic force produced by the
external magnet, (2) viscous drag, (3) unsteady effects due
to the driving pressure wave, (4) particle kinematics
(Brownian motion), and (5) the interaction between the
fluid and particles. In the present work, our model
incorporates the dominant magnetic and viscous forces
and the particle/blood interaction through an integrated
force balance. This is done via deriving the magnetic force
exerted on a cluster (parcel) of particles. Each particle has
a radius Ry, and a spherical volume Vy,,. The magnetic
force exerted on the particles is derived from a dipole
moment approach in which the particle is replaced by an
equivalent point dipole which is focused at the center. The
magnetic force computed on a parcel of particlesin a non-
conducting medium described as:

4 3
Fm = gannp:uO ( P

where H is the applied magnetic field intensity at the
center of the parcel, X,,77,, is the magnetic susceptibility
(3.1) and py (4 x 107" N A~?) is the permeability in
air."”” The derivation of the magnetic force incorpo-
rates the assumption that blood is a non-magnetic
medium with permeability. The magnetic field in the
present work is modelled as a cylindrical electromagnet
of radius Ry, that is positioned a distance d orthog-
onal to the axial flow field as shown in Fig. 2. The
magnetic field is described as:

2 22
Ho(x,y) :Mslzemag< (x+4d) JV ) (10)

((x+d2+)2)?
and

Merznag 2(x+d)y (11)
2 \((x+ a2+
Equations (10) and (11) are substituted into Eq. (9)

to determine the magnetic force components as de-
scribed below in Egs. (12) and (13):

HJ’(xay) =

4 3m
Finx (x,7) :gﬂR;pﬂoﬁ
mp
OH,(x,y OH,(x,y
X [Hx(xay)a(x)"_Hx( ) ) 8()7 )
(12)
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FIGURE 2. Schematic representation of the circular
electromagnet of radius “Rmag” distanced “d” from the
centerline of the ICA.

and
4 3m
Fy(x,») = g”anpﬂo(y—_f_?))
{mp
O0H,(x,y OH,(x,y
X HY(xay)}a(x)+Hy(xay)J;9(y)
(13)

Equations (12) and (13) may be simplified via the
differential product rule to yield the following mag-
netic field force components:

_ —3nuoR$’npxmpM§Rﬁlag (x+d)

. (14)
3
Ymp 3 2((x + d)2+y2)
and
o TRy MI Rl Y (15)
my — ’
me + 3 2((X + d)2+y2)

The derived model describes the targeting of a
parcel of particles embedded with magnetite (Fe;O,)
particles as described by Takayasu et al.*® and Furlani
and Furlani.'> Magnetite nanoparticles are biocom-
patible and have a density p,= 5230 kg/m>.?® For the
magnetic field source, a 6 cm in diameter (radius 3 cm)
electromagnet, with a magnetization of
M= 1.5915 x 10° A/m (remanence B,= 2.07) is
modelled. The surface of the magnet is positioned
2.4 cm from the centerline axis of ICA branch of the
carotid bifurcation.
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Particle Trajectory Model

A discrete phase model (DPM) was implemented in
the present work. This approach follows the Euler—
Lagrange approach. The interaction with continuous
phase option was enabled in Fluent to allow the dis-
crete phase (particle clusters) to exchange mass,
momentum, and/or energy with the continuous phase
(blood). The trajectory of the particles is predicted by
integrating the force balance on the particle cluster,
which is written in a Lagrangian reference frame. The
force balance equates the particle cluster inertia with
the forces acting on the particles and can be expressed
as:

du
d_lp:FD(“_up)‘i‘

2 (pp — )

+ Fyi + I (16)
Pp

where u is the fluid velocity, u,, is the particle velocity, p
is the fluid density, p,, is the particle density, F4,; is the
Brownian force acceleration term, Fy is the body force
acceleration term, d,, is the particle diameter, and Fp
(u — up) is the drag force per unit mass and is written
as:

184 CpRe
./ 17
Py 24 )

Fp

The relative Reynolds number, “Re” is defined as:

d _
Re = w (18)
I
the drag coefficient, “Cp” is defined as:
a2 al
Cp = =24 3 19
p=2a;+ Re + Re? (19)

where a;, a,, and a3 are constants that apply for
smooth particles using the spherical drag law and ap-
ply over a range of Reynolds numbers as reported by
Morsi and Alexander.” For the present work, when
substituting the appropriate constants, the drag coef-
ficient takes the following form for micron sized par-
ticles:

24
Cp = Re (1 -l-blRebz) +

b3 Re
bs + Re

(20)

where

by = exp(2.3288 — 6.4581¢) + 2.4486¢%)

by = 0.0964 + 0.5565¢

by = exp(4.905 — 13.8944¢ + 18.4222¢% — 10.25994%)
by = exp(1.4681 + 12.2584¢ — 20.73224> + 15.8855¢°)

which is adapted from Haider and Levenspeil.?! The
shape factor, “¢” is defined as:

=75 (1)

where s is the surface area of a sphere having the same
volume as the particle, and S is the actual area of the
particle. The shape factor cannot exceed a value of 1.
For superparamagnetic particles, a form of Stokes
drag law is used.’' In this case, the drag force on a
particle per unit mass is defined as:

_ 8u
o ppCe

Fp (22)
where the Cunningham correction factor C. is de-
scribed as:
22 —(1.1d,/24)
Co=1+2 (1.257+0.4e /22 ) (23)
dg
and 4 is the molecular mean free path. For super-
paramagnetic particles, the effects of Brownian motion
are included. The components of the Brownian force
are modeled as a Gaussian white noise process with
spectral density given by S, ;.

Sn,ij = 5051] (24)

where J;; is the Kronecker delta function and modelled
as:
216vkgT
Sy = ;/)B (25)
2 pd; (7") C.

T is the absolute temperature of the fluid (taken as
body temperature), v is the kinematic viscosity, and kg
is the Boltzmann constant. The Brownian force per
unit mass component is described as:

Fyi = Ci\/%slo (26)

where (; is the zero-mean unit-variance-independent
Gaussian random number.

Particle Capture Efficiency

One of the most reported challenges for MDT is the
capability of targeting and capturing particles via
producing a magnetic force to overcome the drag force
acting on particles due to the inlet pressure wave. As a
result, capture efficiency is a major parameter of
interest in the present work. Capture efficiency de-
scribes the effectiveness of targeting particles under the
influence of a magnetic field. The capture efficiency for
the magnetized section of the artery is defined as the
ratio of the number of injected particle parcels to the
number of particle parcels leaving the magnetized re-

gion:
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N
Ne = 22 x 100% (27)

np, in

In the present work, Eq. (27) is evaluated via
imposing a reflective boundary condition at the wall of
the magnetized section [region of interest (ROI)].
Previous studies that have utilized a trapped boundary
condition as opposed to a reflective boundary condi-
tion.” A trapped boundary condition cancels the tra-
jectory mapping of particle trajectories as opposed to
continuously monitoring the trajectory if the particles
move from the current position in a future time step.
Additionally, an escape boundary condition is imposed
at the outlets which allow particles to escape (exit) the
outlets. The capture efficiency is determined via com-
paring the number of escaped particle parcels N, out
to the number of injected particle parcels Ny, in as
described in Eq. (27).

NUMERICAL METHODS

The pulsatile flow of blood and particle tracking
was calculated via ANSYS Fluent™ 19. The magni-
tude of the magnetic force components is substituted
into the accelerated body force term in Eq. (16). User
defined functions were written for the pulsatile velocity
waveform and the magnetic force generated by the
magnetic field. The user defined functions were com-
piled in the ANSYS Fluent platform for simultaneous
flow and particle trajectory calculations. The Navier—
Stokes equations were solved implicitly using a quad-
ratic upwind discretization scheme (QUICK) for
nonlinear terms. The integrated force balance de-
scribed in Eq. (16) was numerically integrated using a
sixth order Runge—Kutta scheme for instances where
the left side of the equation was significant, and a Euler
scheme otherwise. A two-way fluid-particle coupling
method is implemented in Fluent to predict the effect
of the discrete phase on the continuum. This method
solves the discrete and continuous phase equations

Vinlet —>

FIGURE 3. Top view of the arterial computational mesh.
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until the solutions of both phases have stopped
changing.

The flow domain was discretized into a large num-
ber of tetrahedral computational cells. The arterial
model was tested for three different mesh grid densi-
ties, i.e., 274, 548, and 1096 cells in the cross-sectional
flow area. The time-averaged absolute difference in
centerline axial velocity between the coarse and fine
cross-sectional mesh was 2.2 mmy/s, and that between
fine and finer one was only 1 mm/s, which was very
small relative to the mean centerline axial velocity
value of 105 mm/s.

The mesh scheme that contained 548 cells per cross-
section, i.e., 230,608 for the whole arterial mesh as
shown in Fig. 3 and evaluated over 80 time steps per
cycle provided the best grid result for independency
and stability in solutions within a satisfactory CPU
time.

RESULTS

Blood Flow Results

The ability to target particles in the cardiovascular
system is dependent on the capability of overcoming
the hydrodynamic drag produced by cardiovascular
flow. Also, it is evident that cardiovascular flow is
highly unsteady, which has a huge effect on hemody-
namic parameters. The flow characteristic profile in-
side the stenosed carotid bifurcation artery is shown in
Fig. 4 for both systole and diastole during cycle 3 of
the cardiac flow waveform. Contours of axial velocities
have been plotted along eight sliced planes normal to
the direction of flow. Flow streamlines representing the
trajectory of finite fluid particles are tracked and
superimposed on the transparent mesh and the axial
velocity contours. As depicted in slice 3 of both dias-
tole and systole, a Womersley flow profile is estab-
lished upstream of the sinus bulb region of slice 3 and
continues throughout the artery for both cases in the
cardiac cycle observed. During diastole the flow is

» X
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(a)
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(b)

FIGURE 4. Contour plots of velocity and streamline traces of blood flow during (a) diastole and (b) systole (3rd cardiac cycle).

4562
4106
3650 Q.
3195 - "
2739 Q@ ¥l
2283
1827
1372
916

460
4

Vorticity (1/s)

FIGURE 5. Contour of flow vorticity at systole.

highly skewed towards the wall as shown in each axial
velocity contour. The streamlines are also disorganized
in the common carotid artery (CCA) region and show
areas of flow separations and secondary flow upstream
of the internal and external carotid artery (ICA and
ECA). Similar findings have also been reported,
whereby such skewed flow structure is primarily caused
by the misalignment of the mean axis of the artery,
curvature of the lumen, unsteady centrifugal forces
caused by the sudden decrease and increase in flow
velocity.®?

The asymmetric flow pattern within the stenosed
carotid artery plainly depicts strong unsteadiness (not
to be confused with turbulence as the Re = 545)
downstream of the sinus, while remaining flow damp-
ens upstream of the sinus region. During diastole,
fewer velocity profiles appear to have a Womersley
profile and the streamlines are much more organized.
This is believed to be due to the large momentum in-
crease of fluid motion from systole to diastole in which
the flow has achieved maximum flow. The sinus bulb
region remains to have a Womersley profile which

indicates that possibly some recirculating flow occurs
in this region. A more conclusive examination can be
predicted from a plot of the vorticity fields as shown in
Fig. 5.

As shown in Fig. 5, from the bifurcation region to
both the ICA and ECA, the flow changes significantly
and becomes more chaotic with pronounced vortical
coherent structures and strong central vortex threading
being formed through the stenosed regions of both
branches. These unsteady affects also effect WSS as
shown in Fig. 6. The average range of WSS in the
carotid artery is 1-12 Pa,*>*' whereas in the present
work the highest WSS occurs around 18.93 Pa at the
stenosed region, indicating high near wall forces. The
break-down of vortex structure in the post-stenotic
region can also be observed. Flow separating areas
that produce chaotic flow present huge barriers for
particle targeting and capture. Moreover, the likely
hood of particles sticking to the wall and remaining to
the wall are highly unlikely without the presence of a
magnetic field and during weak magnetic fields
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FIGURE 6. Wall shear stress contours at systole.

FIGURE 7. Interior view of dispersed particles inside the carotid bifurcation artery downstream of the bifurcation point and sinus

bulb. The red tinted transparent wall is the artery wall.

(B, > 1T). In this case, the magnitude of hydrody-
namic drag should be taken into consideration.

In the present work, particles with diameters rang-
ing from 20 nm to 4 um are uniformly injected into the
flow through the inlet and subjected to the external
magnetic field. The calculated drag forces that occur
on particles ranging from 20 nm to 4 um are of the
range 0.025-12.48 pN. This indicates that a magnetic
force must be generated higher than 12.48 pN to
overcome the hydrodynamic drag.

Particle Flow and Capture Results

Pulsatile blood flow simulations with a periodic inlet
velocity boundary condition were performed in which
the particles were uniformly injected at the inlet face at
time increments of 1/100th of the flow over a total time
of 3.2 s. Over a time of 3.2 s, a homogeneous mixture
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of 73,184 magnetite particles were uniformly injected
into the artery from the inlet. Figure 7 shows an inte-
rior view of the injected particles inside the carotid
bifurcation artery downstream of the bifurcation point
with the magnet turned off. The particles are colored
by size and are scaled by 100 times the actual diame-
ters.

The magnitude of the magnetic field strength
within the flow field for cases when the magnet is
turned on is shown in Fig. 8. The average magnetic
field strength within the ROI site, specifically the
sinus bulb and stenosed region (upstream and down-
stream) is approximately 0.5717. The magnitude of
the force field generated by the magnetic field for
4 um diameter particles dispersed in the flow field is
shown in Fig. 9. The average force within the ROI
site, specifically the sinus bulb and stenosed region is
approximately 12.4 pN.
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FIGURE 8. Contour of the arterial magnetic field strength at B,= 2.0T: (a) top view and (b) bottom view generated in ANSYS Fluent.
The black circle represents the magnet and the dashed line represents the region of interest (ROI).
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FIGURE 9. Contour of the magnetic pulling force (fowards the magnet) exerted on 4 ym diameter particles at B,= 2.0T: (a) top view
and (b) bottom view generated in ANSYS Fluent. The black circle represents the magnet and the dashed line represents the region

of interest (ROI).

A comparison analysis was conducted to illustrate
the particle capture behavior for a normal artery vs. a
diseased artery case. The same artery mentioned earlier
was modified whereby the stenosis was removed to
create an unrestricted flow boundary along the axial
direction of where the stenosis was originally. This

model is referred to as the normal artery, whereby the
artery with the stenosis is referred to as the diseased
artery. For both cases, particles were injected through
the inlet face of the artery over a total time of 0.8 s
with the magnet turned off. After 0.8 s, the magnet was
turned on and simulations were ran over a total time of
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FIGURE 10. Particle distribution in the normal carotid artery at different time instances: (a) without a magnetic field and (b) with a
magnetic field turned on at 0.8 s and for the duration of the tracking.

3.2 s. Figure 10 shows a top view (view from the bottom
of the magnet facing the artery) of the particles dis-
persed in the normal artery during studies in which the
magnet is turned off and for a case in which the magnet
is turned on. Figure 11 also shows the same scenario
for the diseased artery case.

For both the normal and diseased artery cases,
during the time when the magnet is turned off, the
particles are injected into the artery and flow
throughout the artery due to the viscous drag force
produced by the driving pressure wave as shown in
both Figs. 10a and 11a. The particles follow the flow
streamlines as their inertia is negligible compared to
the viscous drag. As shown in both Figs. 10a and 11a,
over a total time of 3.2 s, the majority of particles have
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exited the artery and only a few particles are found to
adhere to the vessel walls due to the no slip condition.
When the magnet is turned on, as shown in both
Figs. 10b and 11b, the particles are found to be influ-
enced appreciably by the magnetic force. For both the
normal and diseased artery cases, the particles are
shown to be attracted to the top portion of the vessel
wall where they can exchange medical drugs with the
arterial wall. For the diseased case however, the par-
ticles are shown to be skewed towards the top edge of
the vessel wall. This phenomena is illustrated in
Fig. 12.

As mentioned previously, the flow is axisymmetric
in nature and the magnetic arrangement does not show
angular or axial symmetry. For both cases, the
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FIGURE 11. Particle distribution in the diseased carotid artery at different time instances: (a) without a magnetic field and (b) with
a magnetic field turned on at 0.8 s and for the duration of the tracking.

majority of particles tend to be attracted to regions
where recirculation is low. For the normal artery case,
particle dispersion and capture appear to be balanced
(equal) on both the ICA and ECA as compared to the
diseased case at time 1.6 s in Fig. 10b. This is believed
to be attributed to the fact that the lack of a stenosis on
the ICA branch promotes smoother flow and equalized
velocity distributions on both branches which allow a
more balanced transport of particles on both branches.
This phenomena also encourages the capture of smal-
ler micronsized particles as shown in Fig. 10b for time
32s.

For the diseased artery case, no particles are cap-
tured near the inner edge of the stenosed region. The
inner edge of the stenosed region is a high recirculation
zone and area where the Venturi effect causes a sig-
nificant increase in velocity and makes particle capture
difficult. However, when considering the capture effi-
ciency in terms of particle diameter, a significant

fraction of the captured particles are 4 um in diameter.
Similar results have been reported in previous stud-
ies.>*® This deems to be a positive result when con-
sidering ex vivo applications for MDT to large arterial
sections. The overall capture efficiency of the homo-
geneous dispersion was found to be 77% for the dis-
eased artery case. The overall capture efficiency of the
homgenous dispersion for the normal artery case was
68%. In comparison, the normal artery allows more
particles to escape overtime as compared to the dis-
eased case due to the lack of a stenosis. For the dis-
eased case, a capture efficiency quantitative analysis
was conducted for homogenous dispersions of particle
diameters ranging from the superparamagnetic region
to 4 um as shown in Fig. 13.

Figure 13 shows the calculation result for MDT
capture efficiency as a function of particle diameter
and varying magnetic field strength. The first obser-
vation is that the best capture efficiency results at
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FIGURE 12. Particle distribution of captured particles in the diseased carotid artery at 4 s (B,= 27): (a) isometric view and (b) top

view.
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carotid artery. The inset shows the efficiency of MDT in the superparamagnetic regime at B,= 2T.
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B.,= 2.07 as compared to lower magnetic field
strengths. The second observation is that the larger
diameter particles (micron sized particles) have better
cumulative capture efficiency and targeting potential
compared to smaller diameter particles (superparam-
agnetic particles). For the best capture efficiency case
which occurs at B,= 2.07, high capture efficiencies of
92-98% were observed for particles larger than 1 ym
in diameter. For particles with diameters ranging from
500 to 800 nm, capture efficiencies of 60-91% were
observed. For smaller particles ranging from the
superparamagnetic regime to 400 nm, capture effi-
ciences of 0.5-30% was observed. As reported in pre-
vious studies, for in vivo applications and depending on
the medical injection location, large particles
(D > 200 nm) may be quickly eliminated by the
reticuloendothelial system of the spleen and liver dur-
ing continuous circulation in the cardiovascular sys-
tem.”®** Smaller particles (10-200 nm) in diameter
have been reported to be optimal for in vivo MDT as
they can escape renal clearance, whereas the large
particles are eliminated.

It is worth mentioning that the smaller diameter
particles will flow past the magnetized region of
interest again as they circulate continuously in the
bloodstream for an in vivo case. The overall capture
efficiency of smaller particles may potentially increase
during an in vivo case through many passes, contrary
to what is shown in Fig. 13.

CONCLUSION

Three dimensional modelling of pulsatile blood
flow, particle motion, and particle tracking was per-
formed in a patient-specific diseased left carotid
bifurcation artery using the magnetic properties of
magnetite (Fe;0,4) and equations describing the forces
acting on particles produced by an external cylindrical
electromagnetic coil. A two-way coupled (fluid and
particle coupled) Eulerian—Lagrangian technique was
adopted and implemented to resolve the hemodynamic
flow and the motion of particles under the influence of
a magnetic field (B,= 27). The computational simu-
lations demonstrate that the greatest particle capture
efficiency result for particle diameters within the mi-
cron range, specifically 4 um in regions where flow
separation and vortices are at a minimum. It was also
determined that the capture efficiency of particles de-
creases substantially with particle diameter, especially
in the superparamagnetic regime. It is also worth
noting that several simplifications have been intro-
duced in the computational simulations involving the
vessel geometry, boundary conditions, and particle
modeling.

Some of these simplifications include restructuring
portions of the arterial model that promote meshing
irregularities, modelling the vessel as a rigid wall vessel,
implementing a velocity inlet waveform that does not
match the true waveform of the subject being studied,
and not modelling the drug thickness on particles. It is
unlikely that improvements in these simplifications will
severely alter the capture efficiency results significantly.
Perhaps the most significant simplification was made
by evaluating the drag force for superparamagnetic
particles via Stokes expression, using the Carreau non-
Newtonian fluid viscosity model. The Carreau fluid
viscosity model projects a significantly higher viscosity
than the actual viscosity of blood plasma. In this case,
small particles within the superparamagnetic regime
may tend to move along stream traces in the blood
plasma without colliding with blood constituents,
therefore experiencing a drag force proportional to the
viscosity of the blood plasma. The viscous drag expe-
rienced by particles of the order of or smaller than the
blood cells, as used in the present work, may therefore
be much smaller than that which is presently used by
considering the Carreau viscosity model. This could
significantly change the outcome of capture efficiency
for superparamagnetic particles in computational
simulations such as those presented in the present
work. The obtained capture efficiency results for the
superparamagnetic could be significantly
underestimated.

In addition, the authors would like to mention that
an alternative approach for increasing capture effi-
ciency of smaller particles in larger arteries may be
done potentially by modeling a magnetized cardio-
vascular stent in the diseased sections as opposed to
targeting particles in diseased sections of the artery
during pre-stenting. In this case, the magnetized stents
could potentially amplify the magnetic field gradient
and increase particle capture of superparamagnetic
particles. Future studies should explore experimen-
tally and numerically, the effect of a secondary mag-
netic field produced by a magnetized stent on capture
efficiency. Computational simulations such as those
discussed in the present work make it possible to
study the feasibility and practicality of MDT a prior
to clinical trials. Furthermore, computational simula-
tions are useful for investigating the influence of
various factors independently and for optimization.
The simulations results presented in the present work
have shown to yield favorable capture efficiencies for
micron range particles and a potential for enhancing
capture efficiency of superparamagnetic particles in
smaller arteries and/or using magnetized implants
such as cardiovascular stents. The present work pre-
sents results for justifying further investigation of

MDT.
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