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Abstract—Introduction Magnetic resonance navigation
(MRN) uses MRI gradients to steer magnetic drug-eluting beads
(MDEBS) across vascular bifurcations. We aim to experimentally
verify our theoretical forces balance model (gravitational, thrust,
friction, buoyant and gradient steering forces) to improve the
MRN targeted success rate. Method A single-bifurcation phan-
tom (3 mm inner diameter) made of poly-vinyl alcohol was
connected to a cardiac pump at 0.8 mL/s, 60 beats/minutes with a
glycerol solution to reproduce the viscosity of blood. MDEB
aggregates (25 % 6 particles, 200 um) were released into the main
branch through a 5F catheter. The phantom was tilted horizon-
tally from — 10 to +25 to evaluate the MRN performance.
Results The gravitational force was equivalent to 71.85 mT/min
a 3T MRI. The gradient duration and dmglltude had a power
relationship (amplitude = 78.717 (duration) 525) It was possible,
in 15 elevated vascular branches, to steer 87% of injected
aggregates if two MRI gradients are simultaneously activated
(G, = +26.5mT/m, G,= + 18 mT/m for 57% duty cycle), the
flow velocity was minimized to 8 cm/s and a residual pulsatile flow
to minimize the force of friction. Conclusion Our experimental
model can determine the maximum elevation angle MRN can
perform in a single-bifurcation phantom simulating in vivo
conditions.

Keywords—MRI duty cycle, Bifurcation phantom, Magnetic
drug-cluting beads, Microrobots, Steering aggregate.

Address correspondence to Gilles Soulez, Centre de recherche du
Centre hospitalier de 1, Universit¢é de Montréal (CRCHUM), 900
Rue Saint-Denis, Montreal, QC H2X 0A9, Canada. Electronic mail:
gilles.soulez.med @ssss.gouv.qc.ca
Cyril Tous and Ning Li are co-first authors and they have con-
tributed equally to this study article.

0090-6964/21/1200-3724/0 © 2021 Biomedical Engineering Society

ABBREVIATIONS
.
B0 Main MRI magnetic field strength
EPI Echo planar readout
MDEBs Magnetic drug-eluting beads
MRN Magnetic resonance navigation
MRI Magnetic resonance imaging
PLGA Poly-lactic-co-glycolic acid
PVA Poly-vinyl alcohol
T2 Relaxation time of the transverse
magnetization
TE Echo time
TR Repetition time
INTRODUCTION

Intra arterial chemotherapy, chemo-embolization,
prevention of stroke or treatment of vascular disease
are all parts of interventional radiology applications
based on the endovascular navigation of catheters and
guidewires to the therapeutic target. However, super-
selective catheterization is dependent on the skills and
experience of the interventional radiologist. Often,
tortuous vessels and friction of the guidewire prevent
from reaching the targeted area, leading to incomplete
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treatment and frequent reinterventions, adding signif-
icant cost on patient care.” Therapeutic targeting at a
location of interest to concentrate magnetized micro-
robots?’, magnetotactic bacteria'® and deviate mag-
netized tip of a guidewire are all techniques that consist
of either activating magnetic gradients for steering and
imaging, known as Magnetic Resonance Navigation
(MRN)'® or placing adequately large ferromagnetic
cores to perform Dipole Field Navigation (DFN),'* or
using existing MRI fringe field to perform Fringe Field
Navigation (FFN).? Lastly, a closed-loop control of a
Helmholtz coil system for actuation of magnetic
microrobot swarms was proposed to form and steer
aggregates of nanoparticles.'? Since the magnetic force
increases at a cubic rate of the bead’s radius, a single
magnetic microparticle is difficult to steer. Forming
aggregate with known numbers of particles was first
introduced by Li et al’ to optimize steering and in-
crease therapeutic loads per bolus, without the need of
external coils.

So far, DFN had only been implemented in non-
physiological models of vascular tree and can inad-
vertently trap microrobots to the nearby strong ferro-
magnetic core (exceeding 300 mT/m).'* Although
rotating magnetic fields provides a greater magnitude
of the field to sustain the aggregate uniformity’', they
rely on close strong magnets limiting their application
for deep tissues (> 30 cm) and human size bore (~60
cm). Alternatively, FFN relies on moving the patient in
the MRI fringe with a robotic arm, which is chal-
lenging to implement in clinical MRI rooms. On the
other hand, MRN uses existing clinical MRI scanners
to image and steer microrobots. At first, MRN
research focused on using stronger gradients and
making the magnetic drugs eluting beads (MDEBs)
more magnetic, while at the same time making the
MDEBs more biocompatible and biodegradable.

To apply the MRN technology to liver cancer che-
mo-embolization procedures, the anti-cancer drug
doxorubicin was first co-encapsulated into 50 pm
diameter microspheres consisting of graphite-coated
FeCo nanoparticles (60%) (diameter = 206 £ 62 nm)
and biodegradable polymer poly-lactic-co-glycolic acid
(PLGA) (40%).”® These FeCo-based MDEBs were
successfully steered toward the right or left lobe of
rabbit livers, using a coil insert delivering a gradient of
288 + 13 mT/m.?® To avoid potential cobalt toxicity
and to obtain at particle size optimized for drug
delivery in human liver, 200 £ 12 um (coefficient of
variation = 6%) microparticles, composed of super-
paramagnetic biocompatible iron oxide nanoparticles
(12 £ 3.6 nm) coated with C;,-bisphosphonate and
PLGA (50:50 ester terminated; MW 60—100 kDa; IV
0.76—0.94 dL/g, Durect Co., AL, USA) were synthe-
sized in a co-precipitation method.*> To maximize the

steerability of these MDEBs in our study, we focused
on taking advantage of influencing forces such as
gravity, the magnetic force between particles, thrust,
buoyancy and the steering force induced by the MRI
gradients, while reducing the effects that can minimize
steering efficiency, e.g., friction force and high flow
velocity.

Before injection into the blood circulation, MDEBs
were gathered into aggregates of 25 + 6 microparticles
with a controlled magnetic trap.” Due to the larger
scale of the aggregate in the range of 0.5 to 1 mm in

relation to ?0, this method increases the overall
magnetic force required for MRN while preserving the
microscopic scale of the particles necessary for a
therapeutic effect and decreasing the overall injection
time compared with single particle injection.'® ' Since
the MRI gradients affect the entire field, the subse-
quent aggregate bolus cannot be released until the
previous one reaches the target.!” In this so-called
pulsed-bolus injection, a trigger signal sent to the MRI
starts the MRN sequence with a delay accounting for
the transit time of the aggregate in the catheter and
vascular system. The thrust force generated by blood
flow will propel the aggregates into the hepatic vas-
culature. However, the physiological blood flow
velocity (30—40 cm/s) was too high to be compatible
with MRN. Injection of aggregates through a partially
inflated balloon catheter has therefore been proposed
to make the flow velocity range compatible with MRN
(10 cm/s).”!

Due to their density (p, = 2.9500g/cm?), MDEB
aggregates accumulate at the bottom of the arterial
vessel wall. To minimize friction forces, a baseline
continuous non-pulsatile injection flow of 0.2 mL/s in
the catheter was combined with a peripheral pulsatile
flow around the balloon catheter with a frequency of
60 bpm (beats per minute) and an amplitude of 0.4 mL
to generate a slow displacement of the aggregate.'”*!
In flat glass phantoms, one with a single and one with a
double bifurcation, a 100% success rate was observed
to navigate MDEB aggregates across the first bifur-
cation and between 80 and 100% for the second

bifurcation depending on the orientation of BO rela-
tive to the main branch direction."® Thus, aggregates
can be successfully steered to the desired location with
standard clinical MRI gradients (< 43 mT/m). How-
ever, these experiments did not account for in vivo flow
conditions, the complex geometry of the hepatic vessel
tree, the viscosity of blood, and the applied forces as
mentioned above.

Phantoms are used to reproduce in vivo conditions
and verify theoretical models. They can reproduce wall
deformations®>*®, mimicking dynamic viscoelasticity
and friction resistance of blood vessels'®>?*, under
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Mean flow pattern
Particle aggregate
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FIGURE 1. Estimation of the thrust forceE) from the relationship between gravitational force (F—;), friction force (Ff}),
supporting force (Fs) and buoyancy force (F}), according to the inclination angle (0), aggregate’s speed and flow velocity in a
magnetic field ( Bp ). On the right, cross-section of the vessel with the magnetic force (F ;) in X and Y direction which levitates the

aggregate with an angle (Q2).

systemic pressure with a cardiac pump. Steering
microrobots across multiple bifurcations in phantoms
has already been investigated,”*'*! but disregarded
the effect of the gravitational force, the friction force,
the curvature of the vessel innerwall, and the pulsatile
flow with systemic pressure, all acting on the steering
success. They are relevant as a proof of concept but not
realistic enough to test in vivo feasibility.

In this paper, we are aiming to verify experimen-
tally, our theoretical model of the forces acting on the
MDEB aggregate steered by the MRI gradients in
realistic in vivo flow conditions in a single-bifurcation
phantom. We will be able to determine the maximum
branch elevation angle which MBEB aggregates can be
successfully steered according to the applied MRI
gradients and acting forces on the aggregates.

MATERIALS AND METHODS

Theoretical Thrust Force, a Rheologic Model

The aggregate is subject to: the gravity (Tg)), the
thrust force (f,)), the friction force (?f), the supporting
force (F;) (also known as the normal force), the

buoyancy force (?b)), the magnetic force (?0}), and the
magnetic forces from the steering gradients

(F.0) (Fig. 1),

To achieve the force balance at 0 = 10° without
gradient steering, the forces need to satisfy the condi-
tion below.

f;f(Tg)f?b))sinB:,uof; (L.1)

Here,Ft) and 1?: can be expressed by:

HFI‘)” =0~ (Vba - Va) (12)
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F, (Tg) - ﬁ) cost (1.3)
where o is a constant related to the dynamic viscosity
of the fluid, and the object size and shape. V', and V5,
are the velocity of the aggregate and the flow velocity
bypassing the aggregate, respectively, while u is the
dynamic friction constant. From Equation (1.1)—(1.3):

0 Vg — Vi) — (T; - ﬁ)sin@
=p- (Tg) - ﬁ)cos@ (1.4)

For a particle aggregate composed of 200 um (di-
ameter) particles in saline,

E)_E):N VOZP(pp_pv)? (15)

where N = 25 is the particle number in an aggregate,
Vol,=%mnr* is the volume of a single particle,
pp=2.9500g/cm? is the density of magnetic particles,

ps = 1.0046g/cm? the density of saline, and H =

9.8066m /s>  the acceleration due to gravity.
—_— — —7

Thus,|| F; — Fp || =20 x 107" N.

This theoretical calculation was verified experi-
mentally by assessing the average aggregate’s velocity
(20 tests) with an MRI compatible camera in a bifur-
cation phantom tilted at 0 = +10° and — 10°.

Theoretical Maximum Steering Angulation Against
Gravity

There is a linear relationship between the magnetic
force and the applied gradient.'” The magnetic force
F,, acting on a particle aggregate is

F,, = NVol,(M,eV)B (1.6)
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where N = 25 is the particle number in an aggregate,
Vol, is the volume (m?) of a 200 um (diameter) mag-
netic particles, M, = 8.85x 10* A/m is the magneti-
zation of the particles,

B = 3 T is the strength of the magnetic field, and
VB = 0.0265T/m is the magnetic gradient.

Thus, F,, = 7.2 x 107" N.

With a pulsatile flow (i.e. Fg = 0) according to
previous study,'” we obtain

F
(F ¢ F b)
and in the cross section, the rotation angles (Q,) of the
aggregate is, for one activated gradient,

Fp. Fy.

sinf =

(1.7)

tan(Q,) = F_F, = N.(p, —py) e Vol oz (1.8)
or
F'ﬂl'
tan(Q,) = m (1.9)
g ny

for two activated gradients where p, = 2.9500g/ e’ is
the density of magnetic particles, pg = 1.0046g/cm?
the density of saline, and g = 9.8066m /s> the acceler-
ation due to gravity. Applying only one magnetic
gradient at B = 0.0265T/m yields a deviation angle
0, =20.2342°. Two activated steering gradients at Gy
= +26.5 mT/m and G, = +18.0 mT/m against the
gravitational force, we can select a branch division
with a positive angulation of Q, = 26.1842° (For de-
tails see Appendix A).

Measuring the Gravitational Force

Gravitational force was measured by placing a vial
containing 87 magnetic particles (r, = 115um radius)
in a saline solution at a distance r = 82 + 3 mm (10
tests) above a carbon steel bead (R = 10.88 mm)
placed at the iso-center of the MR scanner. According
to Maxwell’s electromagnetic theory, the magnetic

induction field B from a point magnetic dipole is'":

— 1y 3(nieF)F — nir
C 4n r

with 77 the net magnetic dipole moment producing a
dipolar magnetic field, p, the vacuum permeability (4n
x 1077 H/m) and 7 the position vector between the
aggregate and the bead. The magnetic moment of the
bead can be expressed as the volume of the magneti-
zation field'*:

(2.1)

A R3
W

W= Mdv 3

(2.2)

with M the vector sum of magnetic dipoles, V' the
volume and R the radius of the bead. It follows ||§)H =
71.59mT/m as the equivalent magnetic force in [mT/m]
of the theoretical gravitational force in a 3T MRI.
The steering gradient force applied on each particle is'®:
— —
E, =V,M,G (2.3)
where V), is the volume of the magnetic particles in
[m3], M, is the constant volume of magnetization

(88.5% 10° A/m), B magnetic induction field in
[N.%=T], and G the magnetic gradient vector

(G = %595 85) in [T/m] at 3T. To counteract

gravity and lift off the aggregate in the solution, the
steering gradient force must be:

—
Fn > Vp(pp —ps)€ (2.4)

with p, = 2.9500g/cm? the density of magnetic parti-
cles, p, = 1.0046g/cm’ the density of the saline solu-
tion and g=9.8066N/kg the gravitational
acceleration. Thus,

—
|G|l > 71.85mT/m

which is the required magnetic force in [mT/m] to lift
off the aggregate in the 3T MRI, meaning that it is
equivalent to the gravitational force in [mT/m]. This
experimental value agrees with the theoretical value of
the gravitational force (71.59 mT/m). Therefore, it is
not possible to steer with 43mT/m MRI gradient the
particles against the force of gravity. However, the
gradients and the duty cycle can be optimized to in-
crease the overall steering force.

Steering Gradients in the MRN Sequence

The MRN sequence is based on the Echo Planar
Imaging (EPI) readout which accounts for the gradient
cooling. The duty cycle is defined as:

o0 G
dutycycle = TRG. (3.1)

with ¢ the gradient duration (ramp up + plateau) in [ms],
TR the repetition time in [ms], G the applied gradient
amplitude in [mT/m] and G,,,, the maximium gradient
amplitude allowed (43 mT/m). Previous MRN experi-
ments used a single gradient steering along the x (hori-
zontal) plane orthogonal to the vessel centerline to divert
aggregates to the target vessel.'> '® 2! However, the
steering gradientsinthex (i.e. Gy),y (i.e. Gy)and z (i.e. G:)
directionare defined by its nominal value as:

G=/(Gi+ G, +G2). (3.2)
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FIGURE 2. Front and side views of a segmented vascular branch. Four steering possibilities in the main hepatic artery (ﬁ) toa
targeted branch ( by ) downward from a branch ( b, ), either perpendicular to the main branch (green arrow), opposite to the other
non-target branch (blue arrow), parallel to the targeted branch (purple arrow) or against the gravity (yellow arrow)).

Any contributions from other axes increase the
steering force. Further, applying a gradient against
gravity (+ G, axis) would decrease the influence of the
gravitational force.

Several combinations of steering directions are
possible to deviate aggregates toward a targeted
branch. The steering gradient can be oriented perpen-
dicular to the main branch to deviate the aggregates on

the side of the target branch (L 7), opposing the

non-target branch (—b_)z) to prevent the aggregate from
entering the non-target branch or parallel to the tar-

geted branch (|| ﬁ). To minimize the impact of gravity
and frictional forces, another gradient opposing grav-
ity (—g) can be combined with the steering gradient
(Fig. 2). Steering against the non-target branch is the
sum vector of decreasing the flow force, i.e. the
aggregate velocity, and steering perpendicular to the
main branch to deviate the aggregate toward the target
branch. While steering parallel to the main branch is
the vector sum of steering perpendicular to the main
branch and increasing the flow force, the aggregate
velocity, in the main branch. The thrust force that will
drive the aggregates will be controlled by the flow
downstream from the catheter which is a combination
of the flow due to catheter perfusion and peripheral
pulsatile flow around the balloon catheter (bypass
flow). This proximal control of the flow to modify the
thrust force is more important than the effect of either
decreasing the gradient or decreasing velocities in the
non-target or target branch.?' The magnitude of the
gravitational force is also higher than the gradient
magnetic force. Thus, we tested a gradient perpendic-
ular to the main branch and aligned in the direction of
the target branch to deviate aggregates. The orienta-
tion of these branches was determined according to the
averaged centerline from prior segmentations. This
gradient was applied alone or in combination with a
vertical gradient to elevate the aggregate.
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The Experimental Setup

A compromise between gradient amplitude and
duty cycle was verified experimentally by measuring
the steering success rate against gravity in a single-
bifurcation phantom tilted at + 15 degree above hori-
zontal plane. Poly-vinyl alcohol hydrogel (PVA-H),
which is made of poly-vinyl alcohol (PVA) and water,
is ideal for mimicking dynamic viscoelasticity and
friction resistance of blood vessels.'> The steps to
prepare the PVA phantom are detailed in the Appen-
dix B. Its transparency allows the MRI acquisitions to
be compared using an MRI compatible video camera
to assess flow and the MRN success, i.e. the number of
times the aggregate reaches the targeted branch.

An aqueous 33% (w/v) glycerol solution was used to
reproduce the viscosity of blood (2.78 mPa.s, 2.65
mm?/s)°. The total flow was set at 0.6 mL/s by tuning
the cardiac heart pump, manually measured by col-
lecting the outlet flow coming from the two branches
of the phantom for 20 s in a graduated beaker, and
double confirmed with the flow measurement from a
2D cine phase contrast MRI sequence (MRI parame-
ters detailed below). (see Fig. 3, for a schematic of the
phantom). During the injection, a cardiac pump
(Harvard Apparatus pulsatile blood pump, USA)
operating at 60 bpm, with a systole/diastole duration
ratio of 30/70, and a stroke volume of 16 mL provides
a 0.60 mL/s flow volume while the aggregate is injected
at 0.20 mL/s (Fig. 3). Details of the aggregate injector
system are provided in,'> while images of the setup are
provided in the supplementary material to be able to
reproduce the methodology (Appendix B).

A 5-French compliant occlusion balloon catheter
(Cordis, Johnson & Johnson, NJ, USA) was placed in
the main branch 5 cm away from the bifurcation to
account for the turbulent flow from the jet. The bal-
loon was partially inflated (0.6 mL water) to preserve a
pulsatile flow, thus to maintain motion to minimize
friction with the inner surface of the vessel as demon-
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FIGURE 3. One bifurcation PVA phantom is connected to a cardiac pump with an adjustable bypass and damping to simulate
in vivo flow conditions. A partially inflated catheter balloon decreases the flow velocity from 35 to 15 cm/s (systole) to control
aggregate navigation while preserving a pulsatile flow to minimize friction with the inner vessel.

FIGURE 4. Side and front view of one bifurcation PVA phantom (M: main, L: left, R: right branches) tilted at an angle Q1 from the

horizontal plane.

strated during previous in vitro testing.!” The flow
becomes pulsatile and laminar beyond the jet stream to
allow MRN before the bifurcation. The flow distri-
bution in each branch division was equivalent at the
baseline position (0° angulation, 0.4 mL/s in each
branch) and provided 50% steering success without
MRN and 100% steering success with MRN at 26.5
mT/m perpendicular to the main branch. It is impor-
tant to note that contrary to other catheter brands, the
Cordis catheter was used because it does not contain
any ferromagnetic rings to hold the balloon which
would otherwise trap the magnetic aggregate. The
cardiac pump and the actuator which are not MRI
compatible, were placed in the MRI control room, 5 m
away from the MRI isocenter. Due to the tube’s length
and the difference of elevation between the MRI and
the control room, the bypass and damping were ad-
justed to reproduce in vivo flow condition in the
phantom.

The flow velocity was measured with a 2D cine
phase-contrast sequence and a manual measurement at
the inlet and outlets. The cine phase requires a cardiac
trigger to encode the cardiac phase. An air pressure
sensor was connected to the adjustable valve control-
ling the damping and the trigger placed at the begin-
ning of the ventricular pressure wave. The cross-
section of the main (4 mm) and bifurcation branches (3
mm) were acquired with cine phase contrast at TR =
78.4 ms, TE = 5.63 ms, flip angle = 20°, FOV = 128,
VENC slice (z) = 60, voxel size = 0.5 mm x 0.5 mm x
4 mm in a PVA phantom placed horizontally. The flow
velocity was compared with manual measurement of
the flow rate at 0.5, 0.6, 0.7, 0.8 and 0.9 mL/s for two
cardiac phases cycle. The flow velocity v in [cm/s] in the
branches was calculated from the equation below:

_ Volume

pr— (4.1)
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where Volume is the liquid volume collected from the
two outlets of the two sub-branches in the time of 1 =
20s in a graduated beaker, and r is the internal radius
of the branch in [cm].

The optimized gradient combination, duty cycle and
maximum steering angle against gravity were deter-
mined by tilting the phantom (Fig. 3) to an angle Q,
(Fig. 4).

Finally the estimation of aggregate elevation due to
the gravitational gradient was assessed by measuring
the angle Q, which is the deviation angle of the
aggregate from the bottom of the vessel to the lateral
portion of the vessel wall (gravity direction).

RESULTS

The Optimum Duty Cycle and Gradient Strength

A series of gradient amplitudes were tested to verify
their respective duty cycle (Fig. 5). The duty cycle falls
because it is inversely proportional to G, = 43 mT/
m. The repetition time is 100 ms, thus at 25 mT/m the
gradient is activated 49.9% of the time but its duty
cycle is 29%.

Figure 6C shows that a nominal amplitude of

364.97(gradié:ntnominal)71'217 is gained, for instance a
gain of 9.49mT/m at a nominal amplitude of 20 mT/m
when two gradients are simultaneously activated.
There is a power relationship between the duration and

the amplitude of the MRI gradient (in X: Amplitude
= 78.717 (duration) %%, in Y: Amplitude = 56.93
(duration)%%).

According to preliminary results in the rheologic
model, it is expected to not be possible to steer against
gravity with an angle more than 23.7°. The current test
is thus for an angle at 15 ° to compare the steering
success of two simultaneously activated gradients ver-
sus a single one (Fig. 7)

Figure 7 shows that when the read and phase gra-
dients (G, = +26.5 mT/m, G, = 18 mT/m) are
simultaneously activated, the success rate in the branch
tilted at +15° is 87% while the success rate is only
55% with only one gradient (G, = + 35 mT/m). These
two gradients yield a nominal amplitude of 32 mT/m at
29.45% duty cycle, meaning that gradients should be
activated at about 1/3 of the time to guarantee steering
success while maintaining sufficient nominal steering
force. The duration of these two gradients is 8 ms.
These gradient conditions will be considered as the
optimal duty cycle given their steering success rate.

Steering Against Gravity Under Optimal Duty Cycle

MRN with two activated gradients is successful up
to 70% at the first bifurcation with 20° angulation
against the gravitational force (Fig. 8), whereas the
same success rate with only one gradient is achieved
with an angle between 0° and 5°. The steering success
rate is a binary result, it follows with Bernoulli prob-

One gradient activation

35 7 r 60
323, 499 499 499 499 499 499 499 499
30 L
50
25 7
- 40 _
| 23.2 ~ é’
20 20.9 =
2 - 30 .g
15 - 17.4 . g
13. e
3.9 > - 50
10 - 11.6
5 7 5.—§ - 10
Duty Cycle === Duration \
0 T T T T T T T T T 1.2 0
43 40 35 30 25 20 18 15 12 10 5 1

Gradient amplitude [mT/m]

FIGURE 5. 3T MRI performance with one activated gradient, the amplitude determines the maximum duration which yields the

respective duty cycle.
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(a) Amplitude Vs. duration in simultaneous activation (X,Y)

Amplitude [mT/m]

7

——X
—0=Y

y = 78.717x:95%
R?=0.9999

———
C o T
T s ——

y = 56.93x70:47
R2=1

—

13 15

Gradient duration [ms]

(b) Duty cycle Vs. nominal value with an
additional gradient

\
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\ \ R? = 0.9994
_ \ ——@— 2 gradients
< 40
: N\
L) R
S 35
o
z
3 30
y = 945.16x°0-952
25 R =0.9876 < ~
-~
20 T~
20 25 30 35 40 45

Nominal gradient amplitude [mT/m]

50

(c)‘ Difference of nominal amplitude gain
between two and one gradient

12

10

(o]

y = 364.97x1217
R?=0.9999

Difference [mT/m]
(o)}

20 25 30 35 40

Nominal gradient amplitude [mT/m]

45

FIGURE 6. Simultaneous activation of the X and Y gradients (blue lines) with their respective amplitude, gradient duration, and
duty cycle (A). In B, the duty cycle is shown according to the nominal sum of the gradients activated and their difference is

displayed in C.

ability the standard error equal to the square root of
the variance (Var)

1—p

Var =r— (5)

where p is the mean and n is the sample size (n = 20).

Steering Against BO Under the Optimal Duty Cycle

The aggregate orientation corresponds to the mag-
netic field B0.'" To test whether the form of the

aggregate along "BO can affect MRN steering success,
the phantom was kept at 15° above the coronal plane
(XZ) and rotated along the phase direction (Y axis) at
0°, 15°, 30°and 45°. Without steering, all the aggre-
gates would go in the downward branch because of the
gravity on the particles. Previous phantom testing

without elevation provides 100% steering success
along with different rotations from B0.'® Regardless of

the orientation of the phantom to B0 we found no
difference in the MRN success rate (Table 1). The
steering was kept perpendicular to the main bifurca-
tion for each orientation, the second gradients (G,)
(the one acting against gravity) was kept at 18 mT/m,
and tested twenty times for each rotation.

Moreover, there was no difference between the
MRN success rate and the variation of the heart rate
from 60 bpm to 90 bpm when the phantom was tilted
at +15° above the coronal plane.

Experimental Verification of the Rheologic Model

From three measurements at Q, =[10°,-10°,0°], the
mean aggregates’ velocity was 1.34 & 0.18 cm/s, 1.59 £+
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Steering success rate and activated gradients
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FIGURE 7. Steering success rate against gravity in one bifurcation tilted at +15 degree along BO with one activated gradient
(readout (+Gy), green) or two activated gradients (read (+Gy) and phase (+G)), blue).
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FIGURE 8. Percentage of steering success rate with two activated gradients under the optimal duty cycle (Gx = +26.5 mT/m, Gy =
18 mT/m) according to the angulation of the branch tilted against gravity in degree along BO.

TABLE 1. Steering success rate in a single bifurcation phantom tilted at 15° above the coronal plane and rotated along the Y axis
of the MRI while keeping steering orientation perpendicular to the main branch.

Amplitudes
Rotation along Y axis in degrees X Y z Success rate [%]
0 - 26.5 18 0 60
15 - 252 18 71 50
30 - 21 18 15.3 60
45 - 18 18 18.8 50

0.14 cm/s, 1.46 + 0.18 cm/s (mean + SD, n = 20),
respectively, using a flow velocity of 8 cm/s and an
MRI compatible camera with a frame rate of 30 fps.
We can retrieve V;,, ¢ and p
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From equation (Eq 2.4) with (Eq 2.5),
F,= - (Fg — Fy)cos(0) = 10x 107" N
Vie = 1.8 cm /s

o = 2.77 x 10* N.s/m?

uw=0.5
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Thus, at 6 = 0°, the thrust force from the flow on
the particle aggregate is 10x 107 N, which is also the
dynamic friction force on the particles. Although the
mean flow velocity is 8 cm/s (0.8 mL/s pulsatile flow
and 0.2 mL/s constant flow in a 4 mm tube) in the
main branch of the PVA phantom, the flow bypassing
the particle aggregate is only 1.8 cm/s. The weight of a
particle aggregate is N- Vol,p,-g= 30.2 x 1077 N
which yield the gravitational force, F, — Fp, at 20 X
107" N.

This result is consistent with our theoretical model
on the thrust force. Figure 4 in Appendix B shows a
video of the particle speed on the camera and the
respective MR TRUFI images.

DISCUSSION

Magnetic resonance navigation (MRN) of micro-
robots has so far relied on either external gradients
coils,* small animal 7T scanner,’ Helmholtz Coil Sys-
tem'” and rotating magnetic field' to either compen-
sate for the lower gradients amplitude found in clinical
MRI (~ 43mT/m) or to find an alternative. Our results
show that MRN is still possible using a 3T clinical
MRI if all the forces applied on the microrobots are
considered in the navigation: friction, gravity and
buoyancy forces, combined MRI gradients amplitude
and thrust force from the blood flow.

For steering, the gradient duration 6 and amplitude
G have a power relationship (G = 78.717 5 *5%).
According to the Siemens 3T MRI Skyra design
specifications, the vector sum of the three orthogonal
axis is limited to 78 mT/m which is consistent with our
measurement. Previous in vitro experiment selected 20
mT/m for half of the sequence duration which yields a
duty cycle of 23.2%.?! The simultaneous activation of
the steering gradient perpendicular (G, = +26.5 mT/
m) to the targeted branch at +15° above horizontal
plane and the second gradient (G,= +18 mT/m) to
minimize the gravity force yields a 32 mT/m nominal
amplitude in average across time to increase the suc-
cess rate from 55 to 87% compared to a single gradient
activation (+G,). No significant difference was
observed in MRN steering success when the aggregate

was steered along BO or at 15°, 30° and 45° from BO.
The variation of heart rates from 60 to 90 bpm did not
affect the MRN success, which suggests that patients
with a differing resting pulse could thus undergo a
successful MRN procedure.

Since the sequence is based on the Echo Planar
Readout (EPI), which accounts for the gradient cool-
ing, the MRI can sustain the nominal value for the
steering duration. Steering is only required for less

than 10 seconds because the aggregate velocity is ~1.5
cm/s at 8 cm/s flow velocity. The flow on MDEB
aggregates inside a bifurcation aligned with the hori-
zontal plane (no gravity favor) provides a thrust force
equivalent to the aggregate’s dynamic friction force.
We were able to steer the aggregates when the flow was
less than 10 cm/s or about 6 times the aggregate’s
speed. Imaging while steering had been proposed using
either a large metallic bead (2 mm diameter) or by
disregarding  pulsatile flow and gravitational
forces.”®!® Their sequences were limited to one image
per second which is insufficient to keep track of the
microrobots moving at more than 1.5 cm/s across
bifurcation branches. The measured gravitational force
was found experimentally to be 71.85 mT/m, compared
to 71.60 mT/m theoretically. Given the MRI gradient
strength (26.5 mT/m), the steering success rate declines
with higher elevation angles opposing gravity. An
adequate patient positioning would take advantage of
the gravitational force to target the desired bifurca-
tions. The pathway to the tumor will consider the
influence of the gravity on the aggregate trajectory.

For liver chemotherapy, if the first bifurcation of
the main hepatic artery (right-left branches) is placed
at zero degrees in the coronal plane with an adequate
patient’s position, the second bifurcation should not be
oriented more than 15° above this plane to reach 80%
MRN success. Reaching a second bifurcation will al-
low a segmental or sublobar embolization. In fact,
from an atlas of 19 patients with 32 hepatocellular
carcinoma nodules all the nodules (» = 14) in the left
lobes could be reached with MRN within two bifur-
cations.”® To reach the right lobes nodules (n = 18),
three bifurcations are sufficient. Seventy-five percent of
the elevation angles of the branch divisions were below
the horizontal plane. There are only two cases where
the bifurcation elevation angle was above 20°. Thus,
only two nodules out of the 32 (6.2%) would have been
rejected for MRN. To align all vascular bifurcations
with minimal or no elevation relative to the horizontal
plane, the patient must be situated in a prone position
for left lobe nodules, supine position for right lobe
nodules.

To perform such patient position in vivo, e.g. for
liver chemotherapy, the proper hepatic artery would be
catheterize in the X-ray angiography room. Blood flow
velocity would be measured for each gradual inflation
of the balloon catheter until a blood flow velocity
compatible with MRN (<10cm/s) is reached which
would inform us on the volume required for the opti-
mal inflation of the balloon. The second step would be
to bring the patient to the MRI room, where the port
would be hooked up to the automatic balloon inflation
device and the MDEB aggregate injector. The patient
would first be scanned for anatomic and flow study
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(2D phase contrast MRI for a 20 sec breath-hold or 4D
flow for 6 min). With the patient placed in a position
that favors gravity acting on the MDEBs, and while
blood flow being controlled, the MDEB aggregates
would be injected aggregate-by-aggregate until the
targeted segment is embolized.

Our in vitro study presents several limitations. Al-
though the temperature of the fluid was not at body
level (37.5°C), the proportion of glycerol was adapted
(1/3 of the volume) to obtain the viscosity of blood.
Ideally, blood should be used during our experiments,
but it would be more challenging to assess the steering
success of the aggregates while maintaining blood
temperature, oxygenation and preventing blood clots
in the catheter. With the recent clinical use of 7T MRI,
MRN success rate could be improved with higher

magnetic field strength (Fd) because it will led to less
particles dispersion from the aggregate.' The proposed
rheologic model calculates the maximum steering angle
that MRN can perform given the nominal amplitude
of all the MRI gradients involved; this means that
aggregates can be steered up to the angulation deter-
mined by the model. In our experiment, 70 + 10% of
the aggregates could be steered to a 20-degree elevated
branch. At 25-degree angulation, 10 + 6 % of aggre-
gates reach the targeted branch. Our theoretical model
estimates that 26-degree angulation is the limit to steer
the aggregate to the elevated branch. The difference
between the theory and experiment could be due to the
aggregate’s shape affecting the drag force,® and the
time of aggregate release with the cardiac cycle. A re-
lease at diastole does not have the same effect than a
release at systole because the aggregate has more time
to be steered to the left or right inner wall in diastole
phase. One limitation of our model is that it does not
calculate the steering success rate beyond the angula-
tion limit, which was done experimentally. However,
after calculating the steering angle when different
MRN sequences are used, we can estimate which se-
quence will supply the best targeting effect for the
MDEBs. One gradient can reach 43 mT/m, but in
reality, has only 23.2% duty cycle. Using MRI with
multiple dedicated gradients 60 mT/m or even 300 mT/
m would overcome the gravitational force (~72 mT/m)
to increase steering success rate regardless of the vas-
cular angulation. Patient’s positioning would therefore
not be required.

In conclusion, steering MDEBs in an in vivo flow
condition is feasible in a clinical MR scanner if two
gradients are simultaneously activated and the flow
velocity is minimized to 8 cm/s with a residual pulsatile
flow to minimize friction force. Phantom experiments
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indicated that the target branch should not have a
positive elevation of more than 15 degrees compared to
the non-target branch. The analysis of data indicates
the position in which patients will need to be posi-
tioned to perform MRN in vivo to account for gravi-
tation force, steering gradient efficiency, and thrust
force. This approach could be also optimized by using
computational flow modeling to simulate the different
forces and optimize the different parameters (patient
positioning, flow control and gradient direction and
timing).
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