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MICROROBOTS
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Using external actuation sources to navigate untethered drug-eluting microrobots in the bloodstream offers
great promise in improving the selectivity of drug delivery, especially in oncology, but the current field forces are
difficult to maintain with enough strength inside the human body (>70-centimeter-diameter range) to achieve
this operation. Here, we present an algorithm to predict the optimal patient position with respect to gravity during
endovascular microrobot navigation. Magnetic resonance navigation, using magnetic field gradients in clinical
magnetic resonance imaging (MRI), is combined with the algorithm to improve the targeting efficiency of
magnetic microrobots (MMRs). Using a dedicated microparticle injector, a high-precision MRI-compatible
balloon inflation system, and a clinical MRI, MMRs were successfully steered into targeted lobes via the hepatic
arteries of living pigs. The distribution ratio of the microrobots (roughly 2000 MMRs per pig) in the right liver lobe
increased from 47.7 to 86.4% and increased in the left lobe from 52.2 to 84.1%. After passing through multiple
vascular bifurcations, the number of MMRs reaching four different target liver lobes had a 1.7- to 2.6-fold increase
inthe navigation groups compared with the control group. Performing simulations on 19 patients with hepatocellular
carcinoma (HCC) demonstrated that the proposed technique can meet the need for hepatic embolization in
patients with HCC. Our technology offers selectable direction for actuator-based navigation of microrobots at

the human scale.

INTRODUCTION

Techniques enabling targeted navigation of micro- or nanorobots in
arteries through external actuation sources are being implemented
for diagnosis, targeted therapy, and intervention (1-6). Current ap-
proaches for delivering local therapy in interventional radiology are
often invasive and require highly skilled operators. For example, to
treat advanced hepatocellular carcinoma (HCC), the third leading
cause of cancer-related deaths worldwide (700,000 deaths/year),
transarterial chemoembolization (TACE) is the preferred approach
(7). TACE using drug-eluting beads (DEBs) can simultaneously
embolize arteries and deliver chemotherapy drugs. Biodegradable
DEBs allow sustained release of antineoplastic agents while main-
taining local drug concentrations and staying within the therapeutic
range with reduced potential for hepatotoxicity (8, 9). However,
DEBs need to be injected supraselectively into tumor-feeding arteries
under fluoroscopy, which remains a technical challenge on a human
scale. Besides the possibility of technical failure to reach the arterial
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feeder of the tumor, visualization of the tumor and assessment of
complete tumor coverage under fluoroscopy after embolization are
challenging (10, 11).

The use of field forces generated by external actuators to navigate
biocompatible microrobots in the deeper arteries (>70-cm-diameter
range) of large animals is an interesting alternative but challenging
because of the weak field force, overwhelming drag force of blood
flow, and gravity (12-16). Two main approaches are commonly used
today to increase the steering success rate: using larger robots and
reducing the distance between the robot and the actuator. Larger ro-
bots have the advantage of providing greater physical-field forces but
are not suitable for targeting complex vascular structures because
they are unable to penetrate small vessels (17, 18); for example, in
fluoroscopy-guided DEB-TACE, DEBs between 100 and 300 pm
have ideal penetration into HCC and smaller ones can cause liver
complications (8, 19). Reducing the distance between the robot and
the actuator can provide enough force to navigate untethered micro-

or nanorobots in the fast bloodstream, but the method cannot be
applied in deep arteries (>70-cm-diameter range) (20, 21). Optical
methods, for example, are generally limited to superficial layers be-
cause of their poor ability to penetrate biological tissues (<7 cm
depth) (22, 23), and acoustic actuators are only effective for control-
ling foreign particles inside small-organism vasculatures or superfi-
cial layers (13, 24). Current magnetic navigation techniques using
electromagnets and permanent magnets as actuators are only used
in in vitro experiments, limbs, heads, superficial organs, or small
animals such as mice and rabbits because the magnetic field strength
of the dipole field is proportional to the dipole moment and inverse-
ly proportional to the cube of the distance (14, 20, 21, 25-30). For
biocompatible superparamagnetic materials like iron oxide nano-
particles, achieving a saturation magnetization level that induces the
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maximum force due to the magnetic gradients typically requires a
minimum magnetic field strength of approximately 1.5 T (31). How-
ever, it is difficult to achieve this for other magnetic platforms [be-
yond magnetic resonance imaging (MRI) platforms] where the
gradients decrease rapidly with increasing distance. In such cases, it
becomes challenging to attain such saturation levels at deeper loca-
tions within the body, specifically within a 70-cm-diameter range. In
addition to magnetic field intensity, the rapid decrease in magnetic
field gradients with distance further weakens the magnetic field
force acting on the magnetic microrobots (MMRs).

We previously proposed to navigate MMRs through the arteries
with a 1.5-T MRI scanner to perform selective arterial embolization,
a technique that has been called magnetic resonance navigation
(MRN) (see fig. S1) (18). Although MRI vendors claim to have gra-
dients reaching 45 mT/m, in reality it is limited at the maximum of
43 mT/m for 23% duty cycle or 20 mT/m at 45% duty cycle (12).
Over the past decade, this patented technology has been demon-
strated in rabbits (32) and pigs (18). However, the in vivo experiments
are limited by using insert gradient coils [15-cm bore size, 400-mT/m
gradients (32)] or by using a large-scale robot [1.5-mm-diameter ferro-
magnetic bead (18)]. Furthermore, the gravitational force of the MMRs
is greater than the buoyancy force, and the net force (gravity —
buoyancy) is approximately equivalent to the force produced by a
magnetic gradient of 71.85 mT/m in a 3-T MRI scanner (12, 33),
which is greater than the maximum MRI steering gradient of clini-
cal MRI scanners (45 mT/m). Theoretical calculations and in vitro
experiments have revealed that when the target vessel branch angle
is +20° above the horizontal plane, the MRN force yields a naviga-
tional success rate of >70%, and the success rate declines rapidly as
the angle increases further (12). Moreover, high-velocity blood flow
(>40 cm/s in the common hepatic artery of pig or human) induces
a greater challenge for microrobot navigation (34). Therefore, MRN
using MMRs, with significance testing, has yet to be demonstrated
in human or large animal models.

Although MRI systems (Connectom MRI scanners, N = 4)
equipped with ultrahigh gradients (up to 300 mT/m) exist, their pri-
mary use is for brain studies because of the limited bore size (56 cm)
(35). These systems come with additional challenges, such as heat
dissipation, peripheral nerve stimulation, and safety considerations,
that limit their clinical use.

To overcome the above problem, this paper reports an algorithm
to determine the optimal patient position that will favor gravity
toward the target vessel branch; that is, gravity does not negatively
affect navigation but acts as an additional navigational force to make
navigation easier. We present a feasibility study in 12 pigs showing
that MRN of MMRs is possible when combined with gravitational
forces. We believe that the proposed technique can improve the
efficiency of various target-navigation techniques based on external
actuators, including but not limited to magnetic navigation.

RESULTS

Experimental workflow

Figure 1 describes the experimental design. Before the experiments,
iron oxide superparamagnetic nanoparticles, which are visible on
T1-weighted MR images, were encapsulated into a biocompatible
polymer that was made from biodegradable and US Food and Drug
Administration-approved poly(lactic-co-glycolic acid) (PLGA) (see
Supplementary Materials). Because our experiments were designed
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to evaluate the feasibility of the proposed targeting technology, the
MMRs were not loaded with chemotherapeutic drugs. However,
successful loading of MMRs with the anticancer drug doxorubicin
has been previously reported (32).

A balloon catheter was placed selectively in the main hepatic
artery under fluoroscopy from a femoral approach. The distal branches
of the hepatic vascular tree can be obtained from the segmentation
of contrast images using cone-beam computed tomography (CBCT)
and three-dimensional (3D) digital subtraction angiography (DSA).
Volumetric images were acquired in supine (0°), lateral right
(90°), prone (180°), and lateral left (270°) positions (Fig. 1A, example
of supine position). Then, we examined the range of body rotation
angle, specifically pathways that favor gravity toward the targeted
liver lobe [the right lateral + caudate lobes (RLL + CL), the right
medial lobe (RML), the left medial lobe (LML), or the left lateral
lobe (LLL)], while ensuring that o (Fig. 1B) remained less than 0.
Here, o is the angle between the horizontal plane (HP) and the
targeted branch leading to the tumor at the vessel bifurcation. A
detailed algorithm and a flowchart (see Materials and Methods) to
determine the optimal body rotation angle are provided.

Once optimally positioned, the pig was transferred from the an-
giography room table to the MRI patient table using a docking table
to maintain its optimal position. The balloon lumen was connected
to a high-precision MR-compatible inflation device (see Materials
and Methods) to reduce the flow velocity from ~40 to ~8 cm/s for
MRN (Fig. 1C) (34).

After controlling the flow, the lumen of the catheter was con-
nected to a specifically designed MMR injector (see Supplementary
Materials) capable of forming suitable particle aggregates and in-
jecting them automatically. When an MMR aggregate was released
from the injector, MR imaging gradients were activated in the proper
direction (see Supplementary Materials) to direct the aggregate to
the target lobe (Fig. 1C). Basic principles of MRN were presented in
the Supplementary Materials. Serial T1-weighted volumetric inter-
polated breath-hold examinations (T1-VIBE) were acquired to
assess the distribution of MMR aggregates in the target and nontarget
lobes every five injections. After all MMR injections were completed
(100 injections), the pig was removed from the MRI field. Outside
the magnetic field, the aggregates broke up into individual particles
and reached the distal arterioles of the target. Then, the animals
were moved back into the MRI bore. T1-VIBE images were ac-
quired, and the corresponding postprocessing method (see Supple-
mentary Materials) was executed to assess the distribution of MMR
aggregates in the target and nontarget lobes. A flowchart illustrating
the experimental procedure for MRN is provided in fig. S2.

MMR synthesis and injection

There were two main steps in the fabrication of MMRs: producing
the superparamagnetic nanoparticles (Fig. 2A) and encapsulating
them into the PLGA material (Fig. 2B). The iron oxide nanoparticles
(12 + 3.6 nm) were coated with biocompatible C;,-bisphosphonate.
The nanoparticles had a saturation magnetization of 70 emu/g
(weight = 1 mg, number of measurements = 1, room temperature;
see fig. S3) (EV9, Microsense) and accounted for 60% of the total
weight of MMRs (mass density = 2.95 g/cm®). The MMRs (number
of microrobots = 54, weight = 1.01 mg, number of measurements = 1,
room temperature) showed no hysteresis at 0 T and were thus truly
superparamagnetic, with a magnetization saturation value at 2 T of
36 emu/g (EV9, Microsense) (Fig. 2C). MMRs were not cytotoxic to
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Fig. 1. Schematic of microrobot navigation in vivo. (A) CBCT acquisition was used to obtain the 3D model of the vascular tree. (B) After processing the pathways relative
to the horizontal plane to assess the effect of gravity on the target operation, the pig was rotated accordingly. (C) Once placed in the compatible position for MRN, the
hepatic flow was reduced by partially inflating a balloon catheter using a high-precision MRI-compatible balloon inflation system. The microrobot injector, connected to
the catheter, created and released a single-particle aggregate with the desired number of particles. After release, the imaging gradients of MRI were activated to steer the
aggregate into the target vessels.
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Fig. 2. Magnetic microrobots used in the experiments. (A) Transmission electron microscope micrograph of the iron oxide magnetic nanoparticles. Scale bar, 50 nm.
(B) Scanning electron microscope image of the MMR. Scale bar, 500 pm. (C) Magnetization curve of the MMR.
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human embryonic kidney cells and human umbilical vein endothe-
lial cells (Lonza, Walkersville, MD, USA) when examined by direct and
indirect cell viability and proliferation assays. Detailed information
on MMR fabrication and biocompatibility testing is available in (36).

The number of MMRs per injection was controlled by the particle
injector (Fig. 1C), and the number determined the size of MMR
aggregates (31). The internal diameters of the left and right hepatic
arteries are 3.0 + 0.3 mm and 3.6 & 0.4 mm, respectively (37). The
criteria for determining the optimum number of MMRs per aggre-
gate were to maximize the number of particles injected in a single
injection while keeping the size of the aggregates smaller than the
diameters of the left and right hepatic arteries. Therefore, the num-
ber of particles per aggregate was limited to 20 to form an aggregate
length of 1.3 to 2.1 mm, resulting in 20 + 6 particles injected each
time (31). The distal branches were less than 2 mm.

Microrobot injection in the absence of the magnetic field
Two living pigs were enrolled to examine the control distribution of
MMRSs in the liver when injected under fluoroscopy in an angiography
room without MRN and aggregate formation. For each pig, 2000 MMRs
were released directly into the pigs proper hepatic artery via a
4-French catheter, and then the liver was harvested and imaged with
T1-VIBE images. As shown in Fig. 3, most of these particles were
evenly distributed in all four liver lobes (RLL + CL, RML, LML, and
LLL). The particles were mainly concentrated in the peripheral
areas of the liver, indicating that they embolized small arteries and
arterioles.

Predicting the optimal body position angle

A total of 12 pigs were randomly divided into three groups: the con-
trol group (pigs #1 to #4) receiving MMR injection without MRN in
a supine position, the right-navigation (R-navigation) group (pigs
#5 to #7), and the left-navigation (L-navigation) group (pigs #8 to
#12). The R-navigation group targeted RLL + CL (pigs #5 and #6)
and RML (pig #7). The L-navigation group targeted LML (pigs #8
and #9) and LLL (pigs #10 to #12).

We developed an algorithm and a flowchart (see Materials and
Methods) to determine the optimal patient position that will favor
gravity toward the target vessel branch. In Fig. 4, we present the calcu-
lation results, which show the range of optimal body rotation angles
obtained based on different vascular trees (Fig. 4, A and C) for target-
ing different liver lobes (Fig. 4, D to G) in pig #8. For all other seven
pigs in the navigation groups, the vessel segmentation and the optimal
rotation angles, similar to the results in Fig. 4 (B and D to G), are given
in figs. S4 to S10. The single optimal body rotation angle for each indi-
vidual pig, corresponding to the targeted liver lobe mentioned above,
has been provided below along with the MRN targeting effect.

After rotating the pigs to their single optimal body rotation
angles, they were immobilized on the docking table and transferred
to the MRI suite. Once in the MRI, magnetic resonance angiography
(MRA) was used to acquire the hepatic vascular tree.

Blood flow control

In previous work, we showed that a high flow rate reduces the effi-
ciency of MRN because the weak magnetic steering forces do not
have enough time to deflect the aggregate toward the target lobe
during the short transit time (38). On the other hand, low flow can
cause microrobots to stick to the bottom of the blood vessels due to
gravity and friction. Our previous studies have shown that the blood
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flow rate in the main hepatic artery should be in the range of 0.5 to
1.0 ml/s to optimize MRN (12, 34).

For the L- and R-navigation groups, the hepatic flow rate was
controlled by partially inflating a balloon catheter positioned in the
proximal proper hepatic arteries. The infusion volume increment to
the balloon was set to 0.01 ml. Each time the measured blood pres-
sure value decreased by 2 mmHg, the blood flow was measured until
the desired flow rate of ~0.5 to 1.0 ml/s was obtained.

Figure 5 illustrates the procedure for measuring the blood flow
rate. Flow rates were measured from cine phase-contrast images at
the cross section of the proper hepatic artery. Free flow (no balloon
inflation) was determined at 3.3 + 2.3 ml/s (N = 12, all pigs), and
controlled flow was 0.7 & 0.3 ml/s (N = 8, two navigation groups)
after balloon inflation.

MRN experiments and postprocessing of the

experimental results

After blood flow control (for the MRN groups) and MRA, 100 MMR
aggregates with 20 + 6 particles per aggregate were injected into the
liver of each pig through the coaxial lumen of the balloon catheter.
When a particle aggregate was released from the injector’s actuator
(Fig. 1), the MRN sequence was turned on for 30 s to ensure that the
magnetic force was applied to the MMR aggregate during the entire
transit time until it reached the targeted lobe. For the two navigation
groups, the direction and amplitude of the magnetic gradients are
described in the Supplementary Materials.

After MMR injections were completed, the pigs were removed
from the MRI field for 30 s and then moved back. Artifact locations
were verified on T1-VIBE images (Fig. 6A). To better identify the
distribution of these artifacts, the 3D hepatic vessel tree segmented
on CBCT images was rigidly co-registered on the segmented MRA
images (Fig. 6B) using 3D-Slicer (version 4.11.20200930) (39). This
allowed particle distribution to be analyzed on the basis of the vol-
ume of the artifacts and their relative spatial relationship to the he-
patic artery and four hepatic lobes, as shown in Fig. 6 (C to E).
Comparing Fig. 3C (MMR injection under fluoroscopy) with Fig. 6C
[MMR aggregate injection in MRI without steering (control group)],
MMRs had evenly distributed over four liver lobes in the absence of
MRN regardless of the presence of the magnetic field.

The analysis of particle distributions in different groups indicat-
ed that the proposed navigation method substantially increased tar-
geting efficiency. The proportion of particles entering the right liver
lobes increased from 47.7 + 8.8% (control group) to 86.4 + 3.5%
(R-navigation group), with a two-tailed P value of 0.0018. Similarly,
the proportion of particles entering the left liver lobes increased
from 52.2 + 8.8% (control group) to 84.1 + 11.7% (L-navigation
group), with a two-tailed P value of 0.0054. Further details on the
particle distribution can be found in Table 1.

The proportion of particles in individual lobes was also exam-
ined. In the control group, the proportion of particles entering the
RLL + CL, RML, LML, and LLL was 24.3 + 5.2%, 23.4 + 8.0%,
31.9 + 12.3%, and 20.4 =+ 9.7%, respectively; the corresponding
values increased to 61.5 + 15.8% (pigs #5 and #6), 40.8% (pig #7),
75.3 + 24.1% (pigs #8 and #9), and 52.9 + 12.9% (pigs #10 to #12)
when the four lobes were targeted separately. Therefore, the number
of MMRs reaching four different target liver lobes had a 1.7- to 2.6-
fold increase in the navigation groups, compared with the control
group. Detailed targeting results were provided in table S1. On the
basis that the results of the R- and L-navigation are statistically
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Fig. 3. Liver distribution of MMR after injection in the angiography room without magnetic field. (A) Angiography showing the anatomy of the liver before embolization.
The left gastric and gastroduodenal arteries were embolized with coils before the injection of the microrobots to prevent embolization in the stomach or duodenum.
Scale bar, 1 cm. (B) DSA acquisition after microrobot injection showing no evidence of flow occlusion and no visibility of microrobots. Scale bar, 1 cm. (C) CBCT showing
no visibility of microrobots. Only the coils positioned in left gastric and gastroduodenal arteries are visible (arrows). Scale bar, 1 cm. (D) Gross pathology with the caudal
view of liver lobes annotated in white. Scale bar, 1 cm. (E and F) Particle distributions in two slices of the T1-VIBE images of (D). Scale bars, 1 cm (E and F).
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Fig. 4. Workflow for obtaining the optimal rotation angles targeting different liver lobes. (A) Vascular trees were imaged at different posture positions in the angiography
room, here in the lateral left position. (B) DSA of the hepatic vascular artery was obtained when the pig was in the supine position. Scale bar, 1 cm. (C) The segmented
vascular tree was registered at four different positions when the proper hepatic artery was aligned. (D to G) Compatible angular ranges that can reach (D) RLL + CL,
(E) RML, (F) LLL, and (G) LML depending on the pig’s posture (individual color); values in the box indicate the postural rotation angles when imaging the vascular tree.
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Scanning section

Average = 20.15 cm/s
Peak = 57.03 cm/s
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Area=0.3 cm?
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Peak =10 cm/s
Flow = 0.669 mL/s
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FoV 200"

Fig. 5. Procedure for controlling and measuring blood flow. (A) Localization procedure for cross-sectional flow measurements in the proper hepatic artery. Scale bars,
5 cm (left), 5 mm (middle), and 5 cm (right). (B) 3D reconstruction of the blood vessel structure for vessel diameter measurements, and flow measurements by the 2D cine
phase-contrast sequence before (C) and after (D) blood flow control. Scale bars, 1 cm (B) and 5 mm (C and D).

significant compared with the control group (P < 0.05), we can
specify a targeted lobe (RLL + CL, RML, LML, or LLL) to further
improve the targeting efficiency of MMRs in the tumor areas.

In addition to the targeting effect, the disintegration of MMR
aggregates into smaller aggregates or individual MMRSs after leaving
the magnetic field region was also examined. Pig #12 was used for
verification. The results (fig. S11) indicated that there were indeed
some MMR aggregates that would break down in the liver after leaving
the MRI magnetic field.

Simulation in an atlas of human liver anatomy
An atlas of 19 patients who had undergone a TACE in 2018/2019,
some with multifocal HCCs representing a total of 32 nodules, was
used to determine whether the tumor distribution was compatible
with the proposed MRN approach to reach the tumor. According to
the Michels classification of hepatic artery anatomy (40), these
patients have type 1 anatomy in 79% of cases (N = 15), as shown in
Table 2. Two out of the 19 patients are type 2, one patient is type 3,
and one patient is type 5. The location of HCC nodules regardless of
the liver classification predominates in the medial lobes.

From this atlas, we determined the number of bifurcations that
can be crossed over the total number of bifurcations to reach the

Lietal., Sci. Robot. 9, eadh8702 (2024) 14 February 2024

tumor, based on our proposed algorithm. Figure 7 shows an exam-
ple of an HCC patient from the atlas. If the patient is lying on the
right side (optical patient position between 22° and 110°), the first
three bifurcations toward the target branch can be crossed. The last
bifurcation (fourth) cannot be reached regardless of the patient’s
position.

Two bifurcations are generally sufficient to reach the left lobe
nodules (segments II, III, and IV). To reach the right lobe nod-
ules, three bifurcations are usually sufficient. Basically, if there is
anodule in the left lobe, the patient should be in a prone position
or on the left side. For right-sided nodules, a supine position was
generally more appropriate, except for segment VIII, which re-
quired a right-sided position. At the optimal body position ob-
tained by our proposed algorithm, 78% (25 of 32) of HCC
nodules (see Table 2) can be targeted, provided that all vessel bi-
furcations leading to the targeted lobe favor gravity during
MRN. There were only two cases where the bifurcation elevation
angle (a, see Fig. 1B) was above 20°, respectively at 23° and 36.5°.
Therefore, only 2 of 32 HCC nodules (6.2%) were unreachable by
this method. Only with such a small proportion of nodules, the
proposed MRN procedure would have no additional therapeu-
tic effect.
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Fig. 6. Quantification and 3D localization of microrobot-induced artifacts in pigs. (A) Identification of artifacts in the T1-VIBE sequence and segmentation of the
hepatic arterial tree (pink) from MRA data. (B) Coordinate alignment of the MRA (pink) and CBCT (dark red) images and segmentation of artifacts (yellow and green). (C to
E) Identification of the artifacts in pigs #3, #8, and #6, respectively, after inserting the 3D hepatic vascular tree extracted from the CBCT; artifacts of MMR in the left liver are
shown in yellow and in the right liver in green. Scale bars, 1 cm (C to E).
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Table 1. Optimal body rotation angle and microrobot distributions. This table presents the optimal body rotation angle for each pig and the resulting
microrobot distributions after the target operation.

Groups Pig #1 Pig#2 Pig#3 Pig#4 Pig #5 Pig #6 Pig #7 Pig #8 Pig #9 Pig#10 Pig#11 Pig#12

Pig rotation angle

Control 0° 0° 0° 0°

140° 50° 130°

240; 210° 270° 250° 250°

Ronavigation ” 89.9 87.7 81.7

L-navigation 99.5 80.2 729 714 96.3
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*In the control group, the distribution ratio of particles is given for the right liver lobes.

DISCUSSION and an algorithm that can predict the optimal body position to favor
We demonstrated the feasibility of navigating MMRs to target a  the effect of gravity during MRN.
specific lobe of the liver in clinical MRI using a balloon catheter Although several systems have been proposed for propelling

placed in the proper hepatic artery for flow control, a custom- microrobots in vivo, these systems are generally limited to small
purpose MMR injector to generate MMR aggregates, magnetic animals or specific regions of the body because of weak actuator-
steering forces generated by the imaging gradient of a clinical MRI,  based field forces. Clinical translation of these technologies to
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Fig. 7. Simulation of MRN in an atlas of human liver anatomy with the proposed algorithm. (A) For a patient with a nodule in segment VIII, four vascular bifurcations
need to be crossed; however, in the supine position, microrobot navigation can be influenced by gravity. (B) Our proposed algorithm recommends patient positioning on

the right side, using the microrobot’s gravity to facilitate targeted MRN.

Table 2. HCC and bifurcation crossings. Locations of HCCs in 19 patients and the number of bifurcations that need to be crossed to reach them. Individual
HCCs with the number of bifurcations that can be crossed with the elevation angle below the horizontal plane after optimal positioning (numerator), out of all
bifurcations that need to be crossed (denominator). The percentage of all tumors in the same segment that can be targeted successfully by crossing all

bifurcations is presented in the last row. ID, identification; F, female; M, male; N/A, not applicable.

Segment with HCC

Patient ID

Anatomy
type

Success to
reach the 100%
tumor

Lietal., Sci. Robot. 9, eadh8702 (2024)
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humans requires the ability to navigate microrobots at the human
scale, which is possible by using clinical MRI with its human-sized
imaging gradient coils to steer MMRs within the human vascular
network. The 1.5- or 3-T main magnetic field of the MRI fully mag-
netizes superparamagnetic nanoparticles within the MMR (41).
MRI is the most sensitive imaging modality to detect HCC or liver
metastasis (42, 43). In addition, the T1-VIBE sequence allows for
the imaging and 3D localization of MMR because of the magnetic
artifacts they produce on MRI acquisitions (44), enabling quantifica-
tion of their distribution. This is a notable advantage compared with
current fluoroscopy-guided DEB-TACE, where DSA in combination
with or without CBCT cannot confirm complete tumor coverage
after embolization (11).

Previous studies on the steering of MMRs identified fast blood
flow as a major limitation of MRN (34). The blood flow in the liver
arteries ranges between 3 and 4 ml/s. To be compatible with MRN,
the flow rate was reduced to approximately 0.7 ml/s by precisely
inflating an occlusion balloon catheter in the proximal proper he-
patic artery with a dedicated inflation device. Using phase-contrast
sequences was very convenient to monitor the flow during MRN
experiments.

In a clinical setting, an implantable port can be easily inserted
percutaneously into the proper hepatic artery with a dual-lumen
catheter for balloon inflation, allowing DEB-TACE to be performed
in the MR unit without hospitalization and subsequent catheteriza-
tions (45). This approach also allows the staging of DEB-TACE
procedures with minimal morbidity.

Performing simulations of our approach on our small database
of 19 TACE patients showed that the proposed approach was viable
in over 94% of HCC nodules. Regardless of the nodule’s location,
one-third of them could be reached within two bifurcations (Ta-
ble 2). Other locations requiring three to four bifurcations could be
reached after the initial MRN followed by disaggregating the MMRs
by removing the patient from the MRI. In humans, there are up to
10 types of vascular anatomies in the liver. The wide range of opti-
mal rotation angles confirmed that several angular positions could
access the targeted liver lobe, which means that the body could be
positioned with slight angular variations while maintaining the re-
producibility of the pathways that reached the desired lobe. Know-
ing the angular range with the proposed framework informs MRN
planning and its potential success. A narrow angle with a limited
range would leave very little room for positional error. The selection
of the target lobe was random and not based on the principle of
easiness. The experimental results revealed a statistical significance
between the control group and the two experimental groups.

Limitations and future directions
In our study, the target nodule was positioned in favor of gravity,
and the gradient’s coordinates were defined as a single continuous
direction toward the target hepatic branch. To further improve
selectivity, knowing the location of the MMR artifact within the
vascular tree could allow us to update the gradient to steer it to-
ward the next target branch. Because of the small number of ex-
perimental animals limited to 12, our study is underpowered for
statistical significance analysis of steering success to each of the
four liver lobes.

The number of particles injected should be determined on the
basis of the specific patient’s needs and therapeutic threshold. In
our experiments, each pig received a total of 2000 MMRs. As the

Lietal., Sci. Robot. 9, eadh8702 (2024) 14 February 2024

number of particles reaching the target blood vessels increases, the
blood flow rate to the branch decreases and, theoretically, the pos-
sibility that the particles might not reach the target vessel also in-
creases. Excessive particle injection can therefore lead to nontarget
embolization and cause adverse events. To overcome these limita-
tions, further studies are necessary to determine the upper number
of MMRs that should be administered.

The MMRs used in the experiment consist of PLGA and super-
paramagnetic nanoparticles. PLGA, widely used as a base material
for drug and/or cell encapsulation, is biocompatible and biodegradable.
Iron oxide nanoparticles, 5 to 20 nm in size, can be phagocytosed
and cleared after microrobot decomposition without any negative or
toxic effects, making them safe to use in living organisms (32, 46).
The microrobots can be loaded with doxorubicin or other antitumor
drugs but were not loaded in our experiments for safety reasons and
to save on cost (32). Further evaluation of the characteristics of the
MMRSs is necessary after drug loading. Lowering the MMR mass
density to match that of blood is indeed a potential approach to
minimize the influence of gravity and enable more efficient propul-
sion in liquid environments (47, 48). However, there are certain
challenges and considerations associated with this approach. If
the goal is to match the mass density of blood, the microrobot ma-
terials should also be biocompatible to ensure safe interaction with
biological systems. Compatibility with the surrounding environ-
ment and potential cytotoxicity issues must be carefully addressed.
It is also important to note that the movement of microrobots with-
in arterial blood flow entails complex vascular structures and blood
flow dynamics. Reducing the concentration of magnetic nanoparticles
inside MMRs to match the density of blood may result in a decrease
in magnetic field forces (propulsion force). Whether the diminished
driving forces can effectively cope with the challenges posed by the
intricate blood flow patterns remains to be demonstrated. In our use
of the MMRs, the combined propelling force, consisting of gravity,
buoyancy, and MRN force, is relatively large because of the robot’s
density being approximately three times that of blood.

MMR tracking is achievable but not used in the article. If the
tracking procedure occupies a duty cycle within the entire MRN
process, it can lead to a decrease in the average gradient amplitude,
which in turn may affect the targeting effectiveness. This contradicts
our initial intention of maximizing the targeting force. The T1-VIBE
sequence was used for MMR imaging, which is a postprocessing
step performed after particle injection. In the experiment, we per-
formed T1-VIBE imaging every five injections to assess the target-
ing effect of the MMRs. Although this evaluation involved a rough
visual inspection of the artifact positions caused by the MMRs, we
could not provide an analysis of the particle distribution as accurate
as the time-consuming postprocessing performed after the proce-
dure. Currently, we have explored the use of T1-VIBE and deep
learning for automated analysis of particle distribution (49). The
entire process takes several minutes, with the potential for further
optimization to reduce the required assessment time. Although it is
not a real-time tracking process, it will be sufficient to detect the
occurrence of nontarget embolization of proximal blockage of
segmental arteries and modify the MRN parameters if needed.

Our MRN experiments involve three main variables: blood control,
body orientation optimization, and MRN force. Further validation
is needed to assess the impact of various combinations of variables,
such as with flow control and MRN but without orientation optimi-
zation, on the effectiveness of the target.
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Clinical translation

In a clinical workflow, computed tomography angiography or 3D
DSA acquisitions in four positions (0°, 90°, 180°, and 270°) are
required to minimize errors associated with elastic deformation of
the hepatic arteries induced by patient rotation in the MRN position.
This can be done during the installation of the implantable arterial
port. In addition, it may be helpful to consider using computational
flow modeling techniques in combination with particle transport
algorithms to simulate the effects of the flow drag force and the
magnetic and gravitational forces on MRN performance (50). These
simulations are useful to optimize blood flow and patient positioning
during MRN. They can also be used to estimate the transit time of
the aggregates between each bifurcation and to synchronize direc-
tional sequences with different angles.

The targeting approach we proposed is likely to be directly ap-
plicable to humans. First, both pigs and humans exhibit a similar
alignment of the common hepatic artery, which primarily follows
the length of the body or the By (main magnetic field of MRI) direc-
tion when inside an MRI bore. Second, the structure of the hepatic
artery (vascular system) in pigs bears a high degree of resemblance
to that in humans (51). Many similarities, including the vascular
structure, have led to ongoing scientific exploration regarding the
feasibility of liver xenotransplantation from pigs to humans. How-
ever, it is important to acknowledge that there may still be some
differences between pig and human physiology, and further research
and validation in human models are necessary to fully ascertain the
applicability of these findings.

The navigation method proposed here has several advantages in
clinical applications. In cases of liver embolization, MRN eliminates
the need for repeated invasive catheterizations. Because MMR-
TACE with MRN requires a hepatic arterial port, it is compatible
with multimodal therapy. MMR-TACE can be combined with an
intra-arterial infusion of chemotherapeutic drugs to facilitate the
treatment of advanced-stage disease. It can also be combined with
therapeutic agents injected intra-arterially, for example, oncolytic

CBCT in four different postural positions(6): supine (68; =0°), lateral right
(6,=90°), prone (6:=180°), and lateral left (64=270°).
(Refer to Fig.4A-4C)

v

Analysis of the range of optimal body rotation angles (6;)) required to
target four different live lobes using the proposed algorithm using our
MATLAB codes. Here, the value of iin 6;; corresponds to the values of the
postural angles (6), and j corresponds to the targeted liver lobe (RLL+CL,
RML, LLL, or LML).

(Refer to Fig. 4D-4G)

v
Finding the range of the optimal body rotation angles 6;; corresponding
to four different postural positions (6)) based on the targeted lobe ()).
(Refer to Fig. 4D-4G)

After determining j, from i= 1 to 4, we sequentially calculate the minimum
value (Vimin) of the absolute difference between 6;;and 6.
(Refer to Supplementary Materials/Supplementary Materials and
Methods/How to select single body position angles to target each
liver lobe)

viruses (52) and immune checkpoint inhibitors (53); MMR-TACE with
MRN is a localized treatment that improves efficacy while reducing
morbidity and healthy tissue at risk. Last, MMRs can also be loaded
with a new generation of drugs (tyrokinase inhibitors) (54, 55).

MATERIALS AND METHODS

The experimental design involved using MRN in conjunction with
an algorithm to achieve targeted navigation of MMRs in the blood-
stream in vivo. The algorithm was proposed to predict the optimal
body position with respect to gravity during endovascular microrobot
navigation. As mentioned in Results, two pigs were enrolled to
examine the control distribution of MMRs in the liver under fluo-
roscopy without MRN, MRI magnetic field region, and MMR aggre-
gate formation, and an additional 12 pigs were used in the targeted
navigation testing and randomly divided into three groups: a control
group (N = 4), an R-navigation group (N = 3), and an L-navigation
group (N = 5). Each pig received 100 injections of MMR aggregates.

MMR synthesis, specifically designed systems, and

MRN sequence

The synthesis of MMRs, the MRI-compatible MMR injection system,
and the optimization of the MRN sequence have been reported, and
we briefly introduce them in the Supplementary Materials.

High-precision MRI-compatible balloon inflation system

A custom-made, piezoelectrically actuated, MRI-compatible balloon
inflation system was used. The system was mainly divided into two
parts, an MRI-compatible actuator near the scanner and a controller
in the control room. A piezoelectric rotatory motor (diameter: 45 mm,
thickness: 25 mm, made at Nanjing University of Aeronautics and
Astronautics, China) was fitted to the actuator to accurately control
the plunger flange of a syringe (3-ml syringe, with Becton, Dickinson
and Company) forward and backward, controlling the inflation and
deflation of the balloon catheter with an injection accuracy of

Obtaining the corresponding iand j
when the first Vi is equal to 0.
Directly selecting the value near (+ 15°)
the midpoint of the corresponding 6;; as
the single optimal body rotation angle.
(Refer to Supplementary
Materials/Supplementary Materials
and Methods/How to select single
body position angles to target each
liver lobe)

Finding the minimum value of Vimin and
the corresponding iand j. Then,
selecting the value near (+ 15°) the
midpoint of the corresponding 6;; as the
single optimal body rotation angle.
(Refer to Supplementary
Materials/Supplementary Materials
and Methods/How to select single
body position angles to target each
liver lobe)

YES

le'n =07

NO >

Fig. 8. Flowchart showing how to select the single optimal body rotation angle. This figure presents a flowchart illustrating the process of selecting the single optimal

body rotation angle.

Lietal., Sci. Robot. 9, eadh8702 (2024) 14 February 2024

100f 14

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

0.00067 ml. A piezoresistive differential pressure transducer (MPX
5050DP, NXP USA Inc.) was placed in the actuator, and it could
monitor the blood pressure changes in front of the catheter tip dur-
ing balloon inflation.

Optimal body position prediction model

At vessel bifurcations, if one artery leads to the tumor and the other
does not, it is necessary to facilitate particle migration through the
first artery. Particles are subject to gravity because of their weight.
Therefore, at the bifurcation, the MMRs naturally migrate toward
the lowest artery, in other words, toward the artery with the most
negative bifurcation angle (o, see Fig. 1B) with respect to the hori-
zontal plane. o is always in the range of —90° to 90°. Here, we
develop an algorithm to predict the optimal body position during
microrobot navigation. After obtaining the vascular tree from
CBCT, the 3D geometry of the segmented hepatic artery centerlines
is extracted in the Vascular Modelling Toolkit (VMTK) library
(movie S1); the algorithm stores the vascular tree as a binary tree.
The root corresponds to the first division of the hepatic artery.
Branch divisions are defined by their 3D bifurcation vector. The
pathway to the targeted liver lobe and the number of bifurcations
to cross are determined by optimizing angle below the horizontal
plane for each bifurcation.

The main hepatic artery is mostly aligned in the craniocaudal
direction close to the By (z axis) in the headfirst supine position,
while the first and second bifurcations are more in the transverse
direction and affected by the individual’s rotation angle (6) along the
main hepatic artery, specifically the z axis or slice axis. Hence, the
3D rotation matrix is

cosO —sinO 0

R,(0) = (1)

sin® cosO 0
0 0 1

The individual’s rotation angle (8) can range between 0° and
359°, with 0° a supine position of the patient and with positive 6 for
a right-side rotation (see Fig. 4A).

An optimal rotation range of the patient (0) is obtained if all bi-
furcations leading to the targeted lobe meet the following conditions

2
where OTargetedpo is the angle between the horizontal plane and the
targeted vessel branch at the vessel bifurcation (Fig. 1B), which was
obtained by analyzing the 3D geometry of centerlines of the seg-
mented hepatic arteries in MATLAB. Correspondingly, anontargeted|o i
the angle corresponding to the nontargeted vessel branch. Note that
in our above conditions, we assume that targeting vessels and non-
targeting vessels within a vascular branch are in the same plane, as
shown in Fig. 1B. In practical operation, 0 argetedjo being less than
QNontargetedje 18 sufficient to achieve the enhanced targeting control
effect with the use of gravity.

For each rotation angle range (), a decision tree is applied to
determine whether 0 is optimal. If © is optimal, all aTargetedjp Values
along the pathway to the tumor meet the conditions above. If 8 is not
optimal, we try to maximize the number of consecutive bifurcations
that facilitate particle navigation to the tumor. This step provides
information on the number of consecutive bifurcations that can be
favored by gravity.

o
(xTargeted|9 <0%and aTargeted|G < aNontargeted\S
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The operation details to obtain the range of the optimal patient
positions were presented (movie S2 and the Supplementary Materials).
After obtaining the range of optimal body rotation angles, we deter-
mined the single optimal body rotation angle based on the method
outlined in the flowchart in Fig. 8. The existence of Vyy;, here was to ensure
that there is minimal rotation from the body’s postural angle to the
single body rotation angle, thereby reducing vascular deformation.
In the Supplementary Materials, we combined Figs. 4 and 8 to ex-
plain how to obtain the single body rotation angle to target each lobe
of pig #8, after obtaining the range of the optimal patient positions.

Experimental animals

All animal studies adhered to the National Institutes of Health Guide
for the Use and Care of Animals and were conducted in accordance
with the Canadian Council on Animal Care and approved by the
CHUM (Centre Hospitalier de L'Universite de Montréal) Research
Center’s Institutional Animal Care Committee (C17014GSp). Hybrid
pigs [N = 14 (7 females and 7 males), weight: 35 to 50 kg, age: 3 to
7 months] (Ferme Triporc Inc., Quebec, Canada) were enrolled.
All experiments were done under general anesthesia, and the ani-
mals were euthanized at the end of the experiments. All angio-
graphy and CBCT acquisitions were performed in an experimental
angiography room (Artis Q, Siemens, Forchheim, Germany). All
MRN procedures were performed in a 3-T MRI scanner (Skyra,
Siemens, Germany).

MMR injection in the angiography suite

The purpose of this experiment was to evaluate the MMR distribu-
tion when injected in an angiography suite without magnetic fields
and aggregate formation. Two pigs had MMR injections. A 5-French
introducer was placed via the femoral approach. The main hepatic
artery was catheterized with a 4-French glidecath cobra catheter
(Terumo, Tokyo, Japan). After a selective angiography (DSA) of the
hepatic artery, selective catheterization of the gastroduodenal and
left gastric arteries was performed with a 2.5-French microcatheter
(Cantata, Cook Medical, Bloomington). To prevent nontarget em-
bolization outside the liver, embolization of both arteries was performed
using an experimental gel made of chitosan-sodium tetradecyl sul-
fate (56) and/or microcoils (Nester Embolization Microcoil, Cook
Medical) (Fig. 4B). However, during the autopsy, we discovered that
the gel had caused ulceration to the duodenum and stomach. As a
result of ethical concerns raised by the veterinarians, we had to
switch to coils for a safer alternative. We confirmed that no damage
was observed after the change and decided to continue embolizing
with coils. Then, 2000 MMRs were injected in free flow in the angi-
ography suite. An MRI of the explanted liver was performed after
the euthanasia of the two animals [T1-VIBE acquisitions, out-of-
phase: repetition time (TR) = 5.2 ms, echo time (TE) = 1.4 ms;
in-phase: TR = 5.2 ms, TE = 2.6 ms, flip angle (FA) = 9°, matrix
size = 195 X 320, slice thickness = 3 mm, field of view (FOV) =
282 mm X 347 mm, bandwidth = 1040 Hz, slice = 72]. In all ex-
periments, the imaging parameters of the T1-VIBE sequence were
kept constant.

Preparation of MRN procedures in the angiography

suite (visit 1)

The purpose of this procedure was to have a 3D assessment of the
anatomy of the hepatic artery and its branch divisions to each liver
segment and to determine the best pig position to favor gravity for
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MRN. The 3D DSA acquisitions of the hepatic artery were per-
formed by manual injection to localize the branch divisions of the
hepatic artery. An embolization of the gastroduodenal and left gas-
tric branches was also performed to prevent nontarget embolization
in the upper gastrointestinal system.

Then, CBCT acquisitions were performed with contrast injection
through the 4-French catheter positioned in the proper hepatic
artery to obtain a 3D model of the liver arterial system in four different
positions (0°, 90°, 180°, and 270°). In our blood vessel segmentation
process from CBCT images, the reconstruction of segmented vessels
was verified by referring to angiography images (Fig. 3A). It was
ensured that even small vessels were visible and that vessel informa-
tion, including those crucial for navigating to different liver lobes,
was not lost during the segmentation process.

MMR injection in the control and navigation groups (visit 2)
For the four pigs in the control group, the cobra Glidecath catheter
was placed 3 cm below the first bifurcation (left and right hepatic
arteries) in preparation for aggregate injections. All control pigs
were positioned in the supine position.

For the pigs in the two navigation groups, a 5-French balloon
catheter (2-cm-long balloon with 6-mm inflated diameter, Power-
flex P3, Cordis, USA) was positioned in the proper hepatic artery.
The pigs were rotated to the optimal MRN position (Table 1) ob-
tained by using the algorithm proposed above.

Animals were transferred to the MRI room. MRA was acquired
in the coronal plane according to the arterial phase with a T1-
weighted gradient-recalled sequence (TR = 3.33 ms, TE = 1.23 ms,
FA =19°, FOV = 300 mm, 0.78 mm in-plane isotropic voxel, and 0.8
mm slice thickness) under breath hold, after intravenous injection
of 0.5 mmol/kg of gadolinium (Prohance, Bracco Imaging, Anjou,
Quebec). The imaging has a 7-s delay after bolus tracking in the
proximal abdominal aorta.

For each pig in the control group, the cobra catheter was con-
nected to the MRI-compatible injector to allow the injection of
microrobots in free flow and without navigation. For the pigs in the
navigation groups, the blood flow rate in the proper hepatic artery
was reduced to an appropriate range compatible with MRN. The high-
precision MRI-compatible balloon inflation system was connected
to the balloon inflation port of the catheter to inflate the balloon and the
guidewire lumen port to monitor the blood pressure (fig. S12). The
blood flow rate in the proper hepatic artery was measured using
the 2D cine phase-contrast sequence (TR = 50.32 ms, TE = 3.61 ms,
FA =20°, FOV =200 mm, voxel size = 0.39 mm by 0.39 mm by 3.70 mm)
under cardiac gating and breath hold. The measurement was taken
on a cross section perpendicular to the long axis of the proper hepatic
artery. Flow measurements were repeated for different balloon infla-
tion volumes until the blood flow rate was reduced to ~0.5 to 1.0 ml/s.
Then, the balloon inflation port was closed, and the guidewire lumen
port of the catheter was connected to the MRI-compatible injector
to allow the injection of MMRs in the proper hepatic artery.

Retrospective clinical study

Clinical data and the corresponding analysis results were obtained
during the period authorized by the CHUM Research Ethics
Committee (20.039). The requirement for patient consent was waived
by the Director of Professional Services in CHUM, given the retro-
spective nature of this project. In addition, the risk of this project
was minimal for patients.

Lietal., Sci. Robot. 9, eadh8702 (2024) 14 February 2024

Statistics and data analysis

Experimental results were studied using Student’s ¢ test. The differ-
ence between the control group and the two navigation groups was
considered statistically significant at P < 0.05.
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Editor’'s summary

Magnetic microrobots can be used for selective drug delivery in arteries; however, challenges from gravity and blood
flow can make it difficult to navigate them with accuracy. Li et al. developed an algorithm to determine the optimal
patient position such that gravity helps, rather than hinders, targeted drug delivery in hepatic arteries. Magnetic fields
generated from MRI were used to steer the microrobots through hepatic arteries to targeted liver lobes in living pigs.
When the algorithm was used to determine the optimal position for the pig, the number of microrobots that reach
targeted lobes increased up to 2.6-fold compared with microrobots navigated in pigs that were not repositioned.
Finding the optimal patient position could improve efficiency in drug-delivery techniques that rely on an external field for
navigation. —Melisa Yashinski
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