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Purpose: Our aim was to compare different magnet arrangements for magnetic cell delivery to
human lower leg arteries and investigate the theoretical targeting efficiency under realistic flow
conditions as a possible treatment after angioplasty. Additionally the potential of scaling down or
translating the magnetic actuation device for preclinical studies was explored.

Methods: Using finite element methods, the magnetic field distribution was calculated in 3D
for the optimization of magnet arrangements. Computational fluid dynamics simulations
were performed for the human posterior tibial artery with the geometry and boundary condi-
tion data derived from magnetic resonance imaging (MRI) studies. These simulations were
used to trace the trajectories of cells for an optimized magnet arrangement. Additionally the
behavior of cells close to the vessel wall was investigated using a fluid-structure interaction
model.

Results: The optimal magnet for the lower leg arteries was a Halbach cylinder k3 variety (12 ele-
ments with 90° rotation steps for the magnetization orientation). With this magnet, numerical simu-
lations predict a targeting efficiency of 6.25% could be achieved in the posterior tibial artery for
cells containing 150 pg iron. Similar simulations, which were scaled down to rabbit dimensions
while keeping the forces acting on a cell constant, lead to similar predicted targeting efficiencies.
Fluid dynamic and fluid-structure interaction simulations predict that magnetically labeled cells
within a 0.5% radii distance to the vessel wall would be attracted and remain at the wall under
physiological flow conditions.

Conclusions: First pass capture of magnetically labeled cells under pulsatile flow conditions in
human lower leg arteries leads to low targeting efficiencies. However, this can be increased to
almost 100% by stopping the blood flow for 5 min. A magnetic actuation device can be designed
for animal models that generate magnetic forces achievable for cells in human leg arteries.

© 2011 American Association of Physicists in Medicine. [DOI: 10.1118/1.3593363]

Key words: magnetic cell delivery, Halbach cylinder, peripheral arterial disease, computational
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I. INTRODUCTION

Peripheral arterial disease (PAD) is one of the major manifes-
tations of atherosclerosis leading to the obstruction of blood
flow in major arteries, most commonly in the pelvis and legs.
Prevalence of PAD is approximately 12% in the United States
in people older than 60 years of age, leading to at least
8 x 10° Americans affected.' Major risk factors for PAD are
similar to those for atherosclerotic diseases in the heart and
brain such as advanced age, smoking, diabetes, dislipidema
(high blood cholesterol levels) and hypertension. Diabetes fur-
ther increases the risk for PAD (independent of age) by a fac-
tor of 3. With aging populations and a rise in diabetes in the
industrialized world, there is an increasing prevalence of PAD.?
Although PAD is predictive for other cardiovascular events,
many patients are asymptomatic as other complications such as
stroke or heart disease dictate patient symptomatology.” In
those who are symptomatic, it presents with progressive cramp
in the calves on walking (intermittent claudication).

PAD can lead to critical limb ischemia, particularly in
diabetics, where the limb is chronically undersupplied with
oxygen and nutrients. Symptoms of critical limb ischemia
are rest pain, cold, or numb feet, and nonhealing ulcers or
gangrene. Diabetic PAD is the leading cause of amputation
in the Western world.

Treatment of PAD includes life style changes, exercise
and risk factor modification. Intervention to alleviate symp-
toms and prevent amputation require the restoration of pulsa-
tile blood flow to the feet.>® This can be achieved via
balloon angioplasty, stenting or surgical intervention such as
bypass grafting or endarterectomy (surgical removal of a
blockage). Catheter based interventions for angioplasty carry
lower risks compared to surgery and reduce the duration of
hospitalization. However, despite initial improvements in
blood flow, long term patency following angioplasty is lim-
ited by vascular restenosis and neointimal hyperplasia.”®
Neointimal hyperplasia, excessive growth of smooth muscle
cells in the blood vessel, is a response of the vessel wall to
injury. Several potential solutions for this problem have
been suggested including: drug eluting stents,” cellular thera-
pies,'®!" and specific surface coatings for stents,'> which
has lead to some increase in patency.

As traditional techniques are reaching their limits,
new avenues leading to cellular therapy via specific capture
are currently being explored.'’ Drug eluting stents have
shown promising results for short term outcome. However,
the long term outcome did not improve as vascular healing is
delayed.'* In the last decade, cellular therapies have received
more attention particularly since Asahara et al.'® discovered
endothelial progenitor cells (EPCs) in the circulating blood.
Endothelial progenitor cells are a population of bone mar-
row-derived cells, which incorporate into sites of neovascu-
larization and endothelial injury. Animal studies indicate
that the administration of EPCs to sites of vascular injury
leads to re-endothelialization and prolonged vessel pat-
ency.lo’l 16 However EPCs are a rare cell type contributing
less than 0.0008% of peripheral bone marrow cells in the
blood stream,'” and conventional cell delivery strategies

9,12

Medical Physics, Vol. 38, No. 7, July 2011

3933

such as interarterial or intravenous infusion retain less than
5% of the cells delivered in coronary arteries.'® Furthermore,
EPC concentrations and activity are reduced in patients with
PAD due to the associated risk factors;19 taken together this
results in a suboptimal therapy. There is a clear clinical need
to develop a therapeutic strategy to target these cells to the
area of need and maximise their retention.

Magnetic cell delivery has been proposed as a potential
strategy to improve the cell targeting and retention efficiency.
Magnetic cell delivery relies on the fact that human cells con-
tain almost no iron and hence are not actuated by a magnetic
field. Yet cells that have been labeled with iron oxide can be
directed to a region of interest using a magnetic field with a
suitable field gradient. This principle of magnetic targeting has
been assessed clinically for drug targeting? and preclinically
for cell and drug delivery,?'~° indicating the safety of iron ox-
ide for cell labeling including EPCs.?***?” Theoretical investi-
gations of drug and cell targeting in blood vessels have also
been performed.?®*° Moreover, magnetic labeling of cells has
been used for cell tracking with magnetic resonance imaging
(MRI) in preclinical models®" and clinically®* indicating the
safety of transplanting magnetically labeled cells into humans.
Labeling of cells with magnetic particles offers the ability of
magnetic targeting and non invasive cell tracking of adminis-
tered cells using magnetic resonance imaging. Although
sonography which does not allow tracking of magnetically la-
beled cells is used more frequently for the diagnosis of PAD,
the use of MRI angiograms as primary diagnosis for below
knee PAD is increasing. Despite these obvious advantages,
no clinical trials for magnetic cell targeting have been
conducted.

One of the key reasons for this lies in the nonlinearities of
the scalability of magnetic delivery strategies. Magnetic
delivery strategies can be divided into three principle groups.
The first group uses external permanent magnets to provide
a magnetic field and field gradients,zo’33’34 while the second
group relies on electromagnets for the same purpose;>' >3
the third group uses either permanent magnets or electro-
magnets to provide a magnetic field and small ferromagnetic
implants to generate a field gradient.>~° Nevertheless, a
common limitation for all strategies is the rapid decline in
magnetic field strength and gradient strength with increasing
distance from their source. Accordingly, strong magnetic
forces can easily be achieved in small animal models but are
almost impossible to achieve for human dimensions.

We therefore reason that optimization and feasibility
assessment of magnetic cell delivery should start with human
dimensions. Following which a scale down to an appropriate
animal model>’° should be performed, such that the forces
acting on cells are kept constant if possible. Following this
logic, the aim of this paper is to investigate the theoretical fea-
sibility of magnetic cell delivery to the arteries of the lower
leg as a potential supplementary treatment after balloon angio-
plasty for PAD, in order to improve re-endothelialization and
increase vessel patency.

In this study, MRI angiograms were acquired from healthy
volunteers, whose leg dimensions were selected to best reflect
diabetic patients with PAD. The resulting angiograms were
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used to define the position of the three major vessels in the
lower leg (peroneal, anterior, and posterior tibial artery) and
the skin in 3D. Three-dimensional vessel positions were used
for a finite element (FEM) optimization of a range of different
magnet configurations in 3D. A computational model of the
blood vessels, together with boundary conditions from mag-
netic resonance phase contrast images were used for computa-
tional fluid dynamics (CFD) simulations. This allowed the
comparison of the fluid and magnetic forces acting on labeled
cells, allowing an estimation of the maximum distance for
cells drifting near the vessel wall to be captured by the mag-
netic field. Moreover, the best performing design was scaled
down for a rabbit arterial injury model of the common carotid
artery while maintaining a constant force acting on cells.

Il. METHODS
IlLA. Study subjects

In order to obtain an estimate for the dimensions of dia-
betic PAD legs, the circumference of legs below the knee, at
the maximum Gastrocemius (calf muscle) circumference
and above the ankle, were measured from 20 consecutive
outpatients (59 * 12 years, 6 female) who gave their con-
sent. All of these patients had ulcers or gangrene and a his-
tory of diabetes mellitus. Informed written consent was
obtained from three healthy volunteers (25 * 4 years, 2
female) for MRI data acquisition to provide an anatomical
model of the arteries in the lower leg.

I.B. MRI

Magnetic resonance imaging was performed on a 3T Philips
scanner (Best, The Netherlands) using an eight-channel
phased-array receive coil. Axial 2D time-of flight angiography
images were acquired downstream of the branching of the pero-
neal and posterior tibial arteries. One hundred consecutive sli-
ces were acquired using the following parameters: field of view
(FOV) 120 x 120 mm, slice thickness 2 mm, matrix size
160 x 160, flip angle (FA) 50°, echo time (TE) 4 ms, repetition
time (TR) 21 ms, and reconstructed to 0.25 x 0.25 x 2 mm.
2D phase contrast (velocity encoded) gradient echo images
were acquired for the inflow and outflow slice of this volume.
Twenty time frames were acquired to cover one cardiac cycle
using echocardiography retrospective gating and the following
imaging parameters: TR 12 ms, TE 7 ms, number of signal
averages (NSA) 3, FA 10°, velocity encoding 80 cm/s, recon-
structed to 0.5 x 0.5 x 2 mm.

A sacrificed rabbit (2 kg) was scanned using a 9.4T Var-
ian VNMRS scanner (Palo Alto, CA). Consecutive axial gra-
dient echo slices were acquired to cover the whole neck area
with a 72 mm volume coil (Rapid Biomedical, Rimpar,
Germany) using the following imaging parameters FOV
60 x 60 mm, slice thickness 1 mm, Matrix size 512 x 512,
TR 1370 ms, TE 7 ms, and NSA 8, FA 30°.

II.C. Theoretical background for magnetic targeting

Matter can be classified into five basic groups according
to their behavior when placed into a magnetic field. The
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groups that are of concern to us for this paper are ferromag-
netic, ferrimagnetic, and paramagnetic materials. Ferromag-
netism arises from strong interactions of atomic moments in
materials such as iron, nickel and cobalt, and some of their
alloys. These materials can maintain their magnetization after
the removal of an external magnetic field and are hence used
for the manufacturing of permanent magnets. Ferrimagnetic
materials show also a strong interaction of atomic moments,
but the orientation of these moments is opposing for different
crystal lattices. A net moment remains as magnetic moments
are not equal for the different lattices. Ferrimagnetism is
observed in some crystals consisting of different irons such as
magnetite (Fe,Os). Paramagnetic materials have magnetic
moments that are essentially noninteracting. These materials
show no magnetization without an external magnetic field, yet
positive magnetization due to the alignment of their magnetic
moment with an external magnetic field.

Most particles which are used for magnetic drug targeting
are superparamagnetic. If the crystal size of ferromagnetic or
ferrimagnetic materials is reduced, so that their magnetic
moments can be reorientated by thermal energy, superpara-
magnetic behavior can be observed. Superparamagnetic par-
ticles show a linear increase in magnetization for small
external magnetic fields (like paramagnetic materials) but
reach a saturation magnetization for higher external field
strength (>0.1 T). A magnetization curve shows this relation
between magnetization and applied magnetic field. This curve
is S-shaped for superparamagnetic particles and the positive
quarter of it can be approximated with a Langevin function.

The magnetic force acting on a particles depends essen-
tially on three parameters; the magnetization of the particle,
the magnetic field, and its gradient. This can be described by
the following equation:*°

F, = (m-V)B, (1)

where m is the magnetic dipole of the particle, and B is the
magnetic flux density.

For particles suspended in a medium their magnetic
dipole can be replaced via their volume magnetization lead-
ing to

VinAy
Ko

with V,, as particle volume, Ay the susceptibility difference
between particle and surrounding medium, and p, the perme-
ability of free space. Equation (2) is only correct for low mag-
netic field strength, where the particle magnetization is linearly
dependent on the applied field. However, as mentioned above
a Langevin approximation can be used to describe the magnet-
ization of these particles for any field strength

Fp =

(B-V)B, 2

1
L(B) = coth(e) — - 3)
and
L D3 UM % @
 6kT



3935

where by M is the saturation magnetization of the particle,

D the particle diameter, T temperature, u%‘ magnitude of the

magnetic field strength, and k;, Boltzmann’s constant. Using
Eq. (3), we can rewrite Eq. (2) as

F, = 7VMMSL(H) <B . V)B. 5)
Ho |B|

With Eq. (5) we can calculate the magnetic force for low
field strength where the force is proportional to field strength
and gradient, as well as for high field strength, where the
force is only proportional to the gradient. For magnetic tar-
geting of cells, a scalar for the number of superparamagnetic
particles in a cell N, needs to be added to Eq. (5) leading to

M@M¢an<3
Fpy = "

() ©
Magnetic forces acting on a cell were always calculated for
cells with an internalized iron oxide concentration of
15 pg/cell unless stated otherwise. The main force that
needs to be overcome for the targeting of suspended cells is
the drag force of the fluid,

Fq= _67'“7Rc(vc - Vf)a @)

where R, is the cell radius, n the dynamic viscosity, and
ve —vr is the velocity difference between cell and fluid.
Equation (7) is Stokes drag force, which is only accurate for
low Reynolds numbers as commonly found for magnetic cell
targeting. Furthermore, Eqs. (6) and (7) do not include
dipole—dipole interactions, buoyancy forces, gravitational
forces, and Brownian motion, which can be important under
some circumstances.

I.D. Magnet optimization using finite element
methods

Permanent magnets offer high field strength without the
need for electric power or cooling. However, as there are
many potential arrangements, a rational optimization is
necessary.

We used commercially available finite element modelling
software opErRA V12, TOSCA (Kidlington, UK) to calculate
the magnetic field distribution in three dimensions for four ba-
sic geometries: Halbach cylinder (in this paper always a hol-
low cylinder), linear Halbach array, equilateral triangular rod
and magnetic rod (see Fig. 1). In order to test for mesh inde-
pendence of our finite element simulations, all element sizes
were halved for one simulation for each geometry, which lead
to an error in the magnetic force of <0.7% on average.

The Halbach cylinder is a one sided flux concentrator
with continuously changing magnetization direction*' (¢)
following:

¢ = k¢, (8)

with k as a positive integer between 2 and 4 for internal flux
concentration, and ¢ the angle for the position around a circle.
However, as this would be difficult to build, in practice
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linear Halbach array

a n=5 'T\

Halbach
cylinder
k4, n=12

anterior
tibial
artery
posterior
F tibial
artery

equilateral
triangle

\ rod

peroneal artery

Fic. 1. Geometrical arrangement of different magnet shapes around a
human leg. A magnetic resonance image is shown in the center of the Hal-
bach cylinder to indicate the three major blood vessels of the lower leg.
Open arrows indicated the magnetization orientation of different elements.
Note that only one of the basic geometries was used at one time for finite
element simulations.

Halbach cylinders are built out of segments with a constant
magnetization using Eq. (8) for the center of each element.
This leads to a reduction of the flux density*' following:

sin(2m/n)

B(n) =B 27/n

©)
where B, stands for the magnetization of a Halbach cylinder
with continuously changing magnetization orientation and n
for the number of elements.

A linear Halbach array is also a one sided flux concentra-
tor, which follows the same principle as the Halbach cylin-
der (magnets with sinusoidal magnetization produce single
sided fields). The magnetization orientation makes one full
rotation along L (one wavelength) focusing all magnetization
on the lower side of the array.

For each of the four geometries tested, the magnets were
arranged around an air cylinder (placeholder for a human
leg) with a radius of ; =80 mm and a length of L =200 mm
(for a full list of model parameters see Table I) while r,, r3,
¢, and a (see Fig. 1) were increased to calculate the magnetic
field for an increasing magnet volume. An MRI angiogram
of a leg was centered in the air volume to get blood vessel
positions in 3D space. For each of the three vessels consid-
ered, magnetic forces acting on cells in the center of them
were calculated at 20 points along their centerline. Magnets
arranged around the air cylinder were rotated 360° around its
long axis in 36 steps. Forces acting on cells for 60 points (20
points, 3 blood vessels) of each rotation step were evaluated.
The rotation which generated the highest force over all 60
points was selected and the resulting average has been used
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TaBLE I. Physical parameters used for this manuscript.

Parameter Symbol Value Units

200 (200-300)%, 40° mm
80 (54-98)*,25°  mm

Length for magnets and vessel section L
Halbach cylinder inner radius r

Halbach cylinder outer radius 2 140 (82-240)*, 29°  mm
Magnetic rod radius 3 115 (18-226)" mm
Linear Halbach array height a 259 (6-1005)* mm
Linear Halbach array width b 160 (40-160)* mm
Equilateral triangle side length c 309 (75-609)* mm
Outer radius endplate 4 130 (100-140)* mm
Endplate angle o 45 (30-90)* °
Endplate hight h 25 (5-50)* mm
Residual flux density NdFeB® B, 1.36 T
Coercivity NdFeB® H. 1051 KAm™!
Relative permeability NdFeB© . 1.04 —
Residual flux density sintered ferrite B, 0.37° T
Coercivity sintered ferrite H,. 240° kA m-1
Relative permeability sintered ferrite I, 1.21° —
SPIONY crystal size D 8.8 nm
Saturation magnetization iron oxide M 354 kAm™'
Temperature T 300 K
Magnetic permeability free space Ho 4xmx1077 Hm !
Boltzmann constant ks, 1.38 x 10723 JK!
Cell radius R, 10 Hm
Cell density b 1100 kgm™?
Cells Young’s modulus — 10 kPa
Cells Poisson ratio — 0.45 —
Dynamic viscosity, fluid n 0.0039 kgms !
Fluid density by 1080 kgm ™’

“The first number indicates dimensions which were used for the comparison
of magnet arrangements with the same volume, while numbers in brackets
indicate the range used for simulations.

"Numbers indicate values used for the rabbit scale model.

“NdFeB Neodymium Iron Boron.

ISPION superparamagnetic iron oxide nanoparticles.

for average force plots. Force calculations were performed
using MATLAB (R2010a, Natick, MA).

All of these geometries, except for the Halbach cylinders
have a one sided distribution of magnet material. In order to
investigate different arrangements of the basic geometries, a
magnet volume was selected (6600 cm?) and kept constant
while the number of basic geometric elements (linear arrays,
rods, triangular rods) around the air cylinder was increased.
For example 1, 2, 4, 6, 8, 10, and 12 magnetic rods were
equally spaced around the air cylinder, while r; was
decreased to keep the total magnet volume constant. The
magnetization was orientated toward the center for n=1,
following a dipole orientation for n>1 and following a
quadrupole orientation for n > 4 as given by

¢ =(1+(p/2))¢,

with p =2 for a dipole and p =4 for a quadrupole.

For the Halbach cylinders, a k3 variety was used with
decreasing n leading to a magnetic hollow cylinder with a sin-
gle magnetization orientation for n = 1. Magnetization orienta-
tions for the linear Halbach array were kept constant, but a
and b were adjusted in order to fit n linear arrays around the
air cylinder.

(10)
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To address the scalability of a Halbach cylinder k3 for a
range of potential human leg diameters, the ratio of r/r
was kept at 0.62 while r; was increased from 54 to 98 mm.

All of these simulations were done in 3D using the
demagnetization curve of commercially available neodym-
ium—iron—boron magnet standard grade 45SH (remanence
magnetization B, = 1.36 T, coercivity H.= 1051 kA/m, and
relative permeability u, = 1.04).42

Finally, simulations for the scale down of a Halbach cyl-
inder k3 for a rabbit common carotid artery model, with
ry=25 mm and L=40 mm, were performed using the
demagnetization curve of commercially available magnetic
sintered ferrite (B, =0.37 T, H. =240 kA /m, i, = 1.21).%

Il.E. Model construction for computational fluid
dynamics

In this study, the geometry of the arterial system has been
simplified from a three-dimensional tube to a two dimen-
sional channel in order to reduce the computational cost of
the simulations. The geometry has been taken as a channel
section 2.2 mm in diameter (according to the MR angio-
gram); 200 mm in length and 0.11 mm in width (see Fig. 9).
The fluid has been modeled as incompressible Newtonian
fluid with a density of 1080 kg m™> and a viscosity of
0.0039 kg m s~ (density and viscosity of blood). The vol-
ume was meshed using mixed tetrahedral and hexahedral
elements (Fig. 9) and was tested for mesh independence by
applying a constant velocity boundary condition at the inlet
of 0.25 m s~ (maximum difference between inflow and out-
flow boundary value), O Pa pressure at the outlet and symme-
try boundary conditions enforcing the two-dimensional flow.
Velocity variations down the center of the channel were
assessed, and the mesh was determined sufficiently fine
when the maximum percentage difference between succes-
sively finer meshes was found to be less than 1%. The final
mesh consisted of 156 155 nodes and 419 191 elements.

Flow profiles were extracted from phase contrast images
using the freely available software segment.***> The average
velocity recorded at both inlet and outlet was fitted to an
eighth order Fourier series using MATLAB. These were then
applied to the fluid domain as inlet and outlet velocity
boundary for the channel.

For the rabbit common carotid artery, a channel diameter
of 1.5 mm, a length of 30 mm, and a width of 0.11 mm were
used. For the inflow boundary, an interpolated spline fit was
performed using mMatLAB with the flow profile from Cui
et al.,*® while the outflow pressure boundary was set to 0 Pa.

Il.F. CFD simulations and post processing

Computational fluid dynamics modeling was performed
using ANsys crx 11.0, a finite volume based computation
fluid dynamic solver, which solves the unsteady equations
for mass and momentum conservation of an incompressible
fluid. The unsteady flow dynamics are solved by advancing
the solution with a time steps of 0.01 s. At each time
step, the residuals of the nonlinear system are reduced till ei-
ther the maximum of the residuals of both the velocities and
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pressures were less than 107® or 100 convergent iterations
had been performed. In order to assess the periodicity of the
solution, the boundary conditions were repeated for three
cardiac cycles.

Postprocessing of this data was performed using ENSIGHT
9.1.2, which was used to model particle traces under the
application of magnetic forces. Cells were simulated as
massed particles (m,,), which experience drag (F;) and mag-
netic forces (F,,),

dy
mpZ:Fd +Fm

(11
Constant magnetic forces between 12 and 120 pN were
applied corresponding to an iron load of 15-150 pg/cell.
The path of each magnetically labeled cell was traced at
each time step, displaying how the particle path would
evolve under both fluid and magnetic forces.

II.G. Behavior of a cell close to the arterial wall

A fluid-structure interaction model was used to model the
behavior of a cell near a vessel wall. As this requires both
the structural deformation and fluid-structure interaction, the
explicit finite element code LS-DYNA was used. A cell
was modeled as an isotropic elastic body with a density of
1100 kg m ™, Young’s modulus of 10 kPa, and a Poisson ra-
tio of 0.45. A commonly reported Young’s modulus for
human umbilical vein endothelia cells*’ was chosen as no
data for EPCs could be found.

A uniform inlet velocity of 0.01 m s~ ' was applied, which
corresponds to the maximum value of the velocity at the top
of the fluid domain assuming that the full velocity profile in
the channel is parabolic. The simulations were run until a
linear velocity gradient was formed across the inlet. Mag-
netic forces were applied to the cell by applying a uniform
and constant force to each node in the cell, pulling it toward
the wall.

Fluid-structure interaction was performed using a penalty
coupling method, whereby the force applied to both fluid
and structural domains was determined by calculating the
level of fluid penetration into the solid domain. The fluid
model of LS-DYNA is a compressible model and was
defined with the following parameters: density 1080 kg m~,
dynamic viscosity 0.0039 Pa s, and a bulk modulus of 22
GPa. The value of the bulk modulus directly controls maxi-
mum timestep in explicit time integration, thus in order to
obtain simulations that runs in reasonable time frames this
value was reduced to 1% of its true value, which was found
to have no effect by comparing the numerical solution to the
analytical solution of channel flow.

lll. RESULTS
lll.LA. Magnet optimization

The maximum calf muscle radius measured for our
patient group was 98 mm (see Table II). We therefore
choose a radius of 80 mm for our initial comparison of dif-
ferent magnet arrangements, as these would accommodate
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TaBLE II. Leg dimensions for a small group of patients with peripheral arte-
rial disease.

Radius Maximum Radius Radius

n=40 below knee radius above ankle ankle

mean = SD (mm) 5910 60+ 11 38+7 43+5
minimum (mm) 37 46 25 35
maximum (mm) 91 99 59 59

90% of our population. As our patient group is limited, it
may not reflect the real variability of PAD patients; we there-
fore investigated the scalability of a magnet in Sec. III B.
Figure 2 shows the average magnetic force acting on cells in
the anterior tibial artery, posterior tibial artery, and peroneal
artery, for six magnet arrangements, with increasing magnet
volume. For magnet volumes below 1000 cm?®, the magnetic
rod, the Halbach cylinder k3 and the linear Halbach array
generate a similar force. However, for larger magnet vol-
umes, the Halbach cylinder k3 generates a stronger magnetic
force than any other arrangement, followed by the Halbach
cylinder k2. No change in magnetic force was notable above
10000 cm® from the magnetic triangle, magnetic rod, linear
Halbach array or Halbach cylinder k4.

Figure 3 shows the effect of multiple elements of basic
magnet arrangements on the average magnetic force acting
on a cell. The Halbach cylinder k3 again outperforms all
other arrangements, provided it is constructed of more than
six elements [see Eq. (9)]. For less than six elements, the
magnetic rods are superior, closely followed by linear Hal-
bach arrays. A quadrupole arrangement [see Eq. (10)] of
magnetic rods comes closest to the Halbach cylinder k3 for
more than six elements.

Figure 4 shows the force profile for a linear Halbach array
and for the Halbach cylinders k3 and k4 across the center of

N
S
L

oy
N
1

—¥— Halbach cylinder k4
—©— Halbach cylinder k3
-©- Halbach cylinder k2
~A- Triangular Rod

—=— Linear Halbach array
--®- Magnetic Rod

-
o

Average magnetic force [pN]
[} [ec]

r .

15000 20000 25000 30000 35000
Magnet volume [cm?]

0 5000 10000
FiG. 2. Average forces acting on magnetically labeled cells in the three
major arteries of the human leg for different magnet arrangements with
increasing magnet volume. All Halbach cylinders consisted of 12 elements

while one magnetic rod and triangular magnetic rod were used. The linear
Halbach array consisted of five elements.
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was not modified; only the number of elements it was divided into was
changed. As outlined in Sec. II D, the magnetization orientation of the Hal-
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the air cylinder. Radial distances for blood vessels from the
center axis of the leg are shown as well to visualise the
expected force for such radii. The mean distance between
anterior tibial artery, posterior tibial artery, peroneal artery,
and the skin for three angiograms was 32 = 7 mm. Note that
the force produced by cylindrical magnet arrangements is
rotationally symmetric, while the force from the linear array
continues to fall with increasing distance. The Halbach cyl-
inder k3 produces a fairly constant force over a wide range
of its internal radii due to its linear field gradient profile.
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Fic. 4. Example force profiles for different magnets using the same volume
of magnetic material (6600 cm?®) All Halbach cylinders consist of 12 ele-
ments while the linear Halbach array consists of five elements. The radial
position of the major lower leg arteries have been plotted to indicate their
position within the magnet.
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An infinite Halbach cylinder would have a perfectly sym-
metric field distribution. However, the finite length of real
cylinders leads to flux loss at the ends and hence to
decreased field and gradient strength. Figure 5 shows a com-
parison of different cylinder lengths for Halbach cylinders
k3. Additionally, the effect of endplates as outlined by Bjgrk
et al.®® has been assessed. Vertical black lines have been
drawn in Fig. 5 to indicate the length of the blood vessel seg-
ments used for CFD simulations. All force profiles shown in
this figure are for a line with a radius of 15 mm away from
the center. Increasing the cylinder length beyond the length
of the vessel segment leads to considerable improvements in
the homogeneity of the force. The use of endplates as indi-
cated in Fig. 6 has the benefit of minimising the use of mag-
netic material while increasing the force acting along the
line. However, the linearity was not improved to the same
degree as for the extended Halbach cylinders.
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Fic. 6. Geometrical arrangement of endplates on a Halbach cylinder k3.
Endplates are made of the same magnetic material as the Halbach cylinder.
Open arrows have been used to indicated the magnetization orientation of
the four endplates.
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ferent inner diameters illustrating the scalability for different human leg
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radius of 80 mm corresponding to the sixth circle on the Halbach cylinder
k3 line of figure 2.

ll.B. Scalability of magnetic forces

Two aspects of scalability are addressed in this paper;
firstly changing the inner diameter of a Halbach cylinder k3
to accommodate different human leg diameters and secondly
the scale down for an animal model.

Figure 7 shows the slow decline of the magnetic force as
the inner radius is increased from 54 to 98 mm for Halbach
cylinders k3 with a r;/r, ratio of 0.62. Magnetic forces act-
ing on cells for increasing leg diameters decrease from 14 to
6 pN. At the same time, the necessary magnet volume
increases from 4000 to 100 00 cm”.

Figure 8 shows the force profiles along the radius for two
Halbach cylinders k3. The first one has an inner radius of 80
mm and is made of neodynium—iron—boron, while the sec-
ond one has an inner radius of 25 mm and is made of sin-
tered ferrite. The outer radius of the smaller cylinder has
been adjusted in order to match the force acting on cells of
the bigger cylinder. As the smaller cylinder is intended for a
rabbit common carotid injury model, the radial distance of
the right carotid from the neck center line has been added. It
can be appreciated that the forces acting on cells in the ca-
rotid artery would be similar to forces expected for the
human lower leg arteries (see Fig. 4).

lll.C. Magnetic attraction of cells to the arterial wall

Computational fluid dynamics modeling was used to
investigate the behavior of magnetically labeled cells in an
artery with pulsatile flow and an external magnetic field.
Figure 9 shows a small section of the mesh in the flow chan-
nel (approximation for the posterior tibial artery) and seed
points, which were used to release and track the movement
of cells. Cells were seeded 20 mm inward of the flow chan-
nel to avoid disturbances from the inlet.
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FiG. 8. Force profile for a Halbach cylinder k3 and a scaled down version
for a rabbit injury model. The radial position of the right common carotid ar-
tery has been plotted to indicate the force cells would experience along the
centerline of the artery.

Figures 10(a) and 10(c) show the trajectories for cells
experiencing a magnetic force of 48 pN (60 pg iron/cell) dur-
ing maximum forward flow (A: toward foot) and backward
flow (C; toward knee), respectively. Cells which are within
1% of the chamber radius from the wall will hit the wall,
while cells released at 2.5% from the wall will not. Figures
10(b) and 10(d) show the trajectories for cells exposed to a
magnetic force of 120 pN (150 pg iron/cell) along the x axis
(up) as for A and C. Cells seeded at 0.5 and 1% from the wall
contact the wall quickly (in one forward cycle) while cells
seeded at 2.5% require both forward and backward cycles to
contact the wall. For this case the total capture efficiency over
one cardiac cycle would be 6.25% of all cells passing through
the channel while a magnetic force of 12 pN per cell would
lead to a capture efficiency of <0.5%.

L seed point

FiG. 9. Close up of the meshed artery channel with the different cell seeding
points indicated by full circles at the start of the dashed lines. The size of
this section with respect to the whole artery channel is indicated by the box
at the bottom of the figure.
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Fic. 10. Trajectories for cells labeled with 60 pg iron per cell at the time of maximum forward flow (A) (toward the foot) and maximum backflow (C) are
shown. (B) and (D) show the trajectories for cells labeled with 150 pg iron per cell. The magnetic force is orientated up for all plots, as indicated by the arrow
in the lower left corner. Other arrow heads indicate the velocity of the fluid, which are scaled in magnitude. The two plots in the middle show the inflow and
outflow profile for a 200 mm anterior tibial artery section over three cardiac cycles, the current time point of the simulations indicated by the difference in
shading. Plots A-B show the flow field 1 s after the first heart beat, while C-D show the flow field 1.3 s after the first heart beat.

The plots in the center between A-B and C-D show the
flow profile for the inflow and outflow, which have been
used in these simulations; these were obtained from a 200
mm section of the posterior tibial artery from a single volun-
teer. Portions of these flow curves have been shaded to indi-
cate the time points within a cardiac cycle for which the flow
profiles are shown.

Capture efficiencies for magnetically labeled cells in the
rabbit common carotid artery with an applied magnetic force
of 12 and 120 pN per cell were <0.5 and 100% over one car-
diac cycle, respectively (data not shown).

lI.D. Physical behavior of a cell close to the arterial wall

Fluid-structure interaction simulations were performed to
investigate the behavior of a magnetically labeled cell close
to the arterial wall as the resolution of the CFD simulations

ficell at starting OSition FHE

in-flow
velocity

Fig. 11. Finite element mesh of the cell (structure) and fluid used for fluid-
structure interaction simulations. A constant fluid velocity is applied on the
right side. Here the magnetic force is orientated downwards.
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are insufficient to address this issue. A uniform magnetic
force was applied on all nodes of the structural model of the
cell, while a constant boundary condition was applied for the
fluid flow and allowed to evolve.

Figure 11 shows the mesh and the geometrical arrange-
ment at the start of the simulation with the cell at 5 ym from
the vessel wall. The magnetic force pulls the cell to the wall
(contact occurs in <0.05 ms) and together with fluid forces
this leads to the flattening of the cell. Here friction between
the cell surface and the wall has been neglected, which
results in the cell rolling with minimal displacement along
the channel (~3 um over 1 s). A snapshot for the fluid field
at the rolling condition is shown in Fig. 12 and a movie for
the whole process as supplementary movie 1.

Velocity (m/s)

0.000 0.002 0.005 0.007 0.010
FiG. 12. Fully develop fluid velocity field around the cell (0.4 s after simula-
tion start). The cell has been attracted to the wall and flattened by the mag-
netic force acting on the cell. The fluid forces result in the slow rolling of
the cell during the simulation as the wall of the artery has been modelled as

frictionless (see supplementary movie 1).
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IV. DISCUSSION

Overcoming fluid forces is of major importance for most
magnetic cell or drug targeting approaches. It is therefore
important to optimize all important components involved
such as cell labeling, magnet actuation device design and
delivery protocol. Furthermore, any such study needs to fol-
low a thorough parameter optimization, which will be de-
pendent on the geometry of the targeting tissue. While there
is a lot of literature on particle optimization**~? and cell
loading,’>>* there is little material documenting magnet
optimization.*"*®> Additionally previous reports have only
tested a small number of geometric arrangements, while we
have investigated a wide range of configurations to maxi-
mise the potential for translation of a clinical magnet actua-
tion device.

Our optimizations showed that for arteries in the legs, a
Halbach cylinder k3 outperforms all other potential arrange-
ments of permanent magnets. This would also be true for
other arrangements where the arteries are not close to the
skin. It is advantageous that Halbach cylinders produce fields
with rotational symmetry as this makes positioning of the
magnet straightforward. Linear field gradients produced by
the Halbach cylinder k3 lead to constant forces over a wide
range where the magnetic particles are fully magnetized.
However, this comes with the drawback that the force will
fall to zero close to the center. If a human leg is centered in a
Halbach cylinder, the peroneal artery will be closest to the
center and can cross the centerline (data not shown). This is
not desirable as cells might be washed away but clinical expe-
rience suggests that the reendothelialization of the posterior
and anterior tibial artery is of greater importance.” Hence, it
might be acceptable to have some areas of the peroneal artery
where magnetic cell delivery would be less efficient.

As mentioned above, fluid forces are a major obstacle for
magnetic cell and drug targeting. Consequently, it is impor-
tant to consider them during the optimization process. CFD
offers interesting opportunities to study magnetic targeting
in fluids. This approach has previously been used for the tar-
geting of magnetic particles in experimental arrange-
ments?®*>7 but has not been combined with patient derived
geometry and blood flow data for the purpose of cell target-
ing. Our CFD model was built from MR data, which allowed
the theoretical assessment of cell targeting efficiency for the
human lower leg arteries. For a healthy volunteer the fluid
forces were dominant and lead to a targeting efficiency of
6.25% for strongly labeled cells. Cells which were close to
the vessel wall (<0.5% of the radius) were attracted during
peak flow even when they experienced only a magnetic force
of 12 pN. Only first pass capturing has been considered as
cells returning with the venous blood to the heart are likely
to be captured in the lung.

In patients with PAD, it is likely that the blood flow rates
are lower due to their condition. Additionally cell aggrega-
tion due to dipole interactions at the magnetic flux density
used is likely to increase targeting efficiency.”® Nevertheless,
we envisage the best delivery protocol would be to stop
blood flow for 5 min, while cells are delivered via a catheter
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which is being retracted. This would increase the targeting
efficiency to almost 100%. The leg would be placed in the
center of the magnet during cell delivery and kept there for
another 30 min to allow cell attachment to the artery; such
an approach should be acceptable from a clinical perspec-
tive. This initial cessation of blood flow would allow cells to
be attracted to the vessel wall. On reperfusion, the low fluid
velocities close the boundary permit the magnetic forces to
overcome the drag force and thus prevent cells from washing
away. Another point which needs to be considered is that due
to the positions of the arteries relative to the center of the Hal-
bach cylinder, cells would be attracted to a half circle of the
vessel wall covering about 50% of the vessel inner surface.
Cells would have to spread out to cover the remaining area.

The strength of the magnetic forces generated is also de-
pendent on the cell labeling. We performed all magnet opti-
mizations assuming a cell loading of 15 pg iron per cell,
which is an amount we have previously achieved.® For
some of the CFD simulations we investigated cells loaded
with 150 pg iron. Labeling concentrations between 10 and
300 pg iron per cell have been reported previously,’®°
which indicates that such labeling efficiencies should be
achievable. However, this requires to be tested for the cell
line under investigation.

In order to get a better idea of how cells might behave in
the boundary layer of the vessel wall, we used a fluid-struc-
ture interaction approach. The simulation of a single elastic
cell being attracted to a surface by magnetic forces acting on
each vertices and fluid flow around the cell led to the flatten-
ing of the cell. This flattening together with the magnetic
force was sufficient to prevent the cell from flowing away,
but it did not stop the cell from slowly rolling along. Such
behavior is not surprising as the vessel wall has been mod-
elled as frictionless. However this abstract model highlights
that a cell can be held at the vessel wall with magnetic forces
from our magnet arrangement. Realistic wall friction and
surface receptors on the cells themselves will likely generate
friction and increase the strength of the cell attachment to
the vessel wall impeding the cells from rolling along. Model-
ling of the cell as a elastic object increases the contact area
between cell and vessel wall, which for the deformable cell
would be 30 um? while the contact area for the case of a
rigid sphere is essentially a point, resulting in reduced fric-
tional force which leads to a less positive outcome in cell
attachment.

One of the major problems for the development of mag-
netic targeting applications is the poor scalability of mag-
nets. This is a consequence of the inverse square law
behavior of magnetic fields, which makes it easy to generate
sufficient force at the scale of a small animal but very diffi-
cult to do this for a human. This problem has not been
addressed sufficiently in the magnetic targeting literature as
many experiments performed on small animals cannot be
scaled up.**°' Nevertheless if theoretical optimizations are
first performed with realistic human geometry and blood
flow data, a scale down can be possible. We showed that our
best performing magnet design could be scaled down for a
rabbit arterial injury model such that the forces acting on the
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cells would be similar to those generated for human arteries.
However, we do admit that force linearity is limited to a
smaller range and blood velocities can only be adjusted by
selecting an appropriate artery. This choice is additionally
restrained by biological considerations.

CFD simulations for the rabbit carotid artery showed that
cell capture efficiencies under flow are higher than those
estimated for human lower leg arteries. This is mainly due to
the lower mean flow rate and the lower diameter. Even so,
the scale down would still be valid as the blood flow would
have to be stopped for 5 min in the rabbit also. As for the
human case, cells would have reached the boundary layer in
this time where the magnetic forces would dominate the fluid
forces. In this boundary layer, the behavior of cells would be
similar for human and rabbit arteries.

V. SUMMARY

For our best performing magnet arrangement (Halbach
cylinder k3) the targeting efficiency for all cells passing
through the posterior tibial artery during one heart beat was
6.25% (first pass capture). However, if the flow is stopped
for 5 min a targeting efficiency of close to 100% could be
achieved as magnetic forces would be strong enough to
attract and hold cells at the vessel wall potentially increasing
cell efficacy. Finally, this magnet can be scaled down for a
preclinical rabbit injury model without changing the mag-
netic force acting on the cell. This leads to similar behavior
in the boundary layer close to the vessel wall, thus enabling
development and testing of clinically relevant magnetic cell
targeting approaches in an animal model.
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