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A B S T R A C T

Magnetic targeting is a non-invasive strategy to improve treatment efficacy for graft intimal hyperplasia (the
leading cause of the arterial bypass graft failure). The present study aims are to investigate the possibility of MPs
retention in the bypass graft anastomosis region where IH are developed after surgical intervention and quantify
the particles accumulation function of the position of the external magnetic field. In this study iron (Fe) particles
with 10 μm in size were used to model the magnetic carrier mixed in the glycerol-water solutions. The 10 μm
diameter iron particle was used only to model the magnetic carrier in experimental investigation (not intended
for clinical use), to demonstrate the feasibility of the particle targeting. Magnetic fields are generated by NdFeB
external magnet. Positioning permanent magnet near to the diseased area resulted in a deviation of the injected
ferromagnetic particles within the blood flux and their capture onto the wall of the bypass graft test section. To
increase the accumulation of the particles in the targeted region, it is critical to understand the effect of the flow
structure on particle deposition, namely interaction between the instabilities formed in the primary vortex of the
anastomosis region. The results presented in this paper, put in evidence the blood constituents migrations to the
artery wall for the specific flow pattern (through used iron particles), and demonstrate the feasibility of the
magnetic drug targeting as a potential alternative method for effective treatment of the bypass graft intimal
hyperplasia.

1. Introduction

Arterial or vein bypass grafts with single proximal and multiple
distal anastomoses are often used in patients undergoing coronary ar-
tery bypass graft (CABG) surgery [1].

Bypass graft remodeling is a complex process involving hemody-
namic and biological factors. Following CABG surgery, bypass graft
failures are classified either as early (cause of graft failure is throm-
bosis) or late (cause is the neointimal hyperplasia – IH).

Many data from the literature indicate that in the anastomosis
configuration, the IH occurs preferentially around the suture line, the
toe, and the heel regions. Change of the hemodynamic conditions after
surgical intervention induce a change in the flow pattern. This changes
in flow pattern have directly correlated with the migration of the wall
shear stress value in the pathologic range [2–4].

For example, one of the main conclusions of the PREVENT IV trial
(PREVENT-IV was a phase-3, multicenter, randomized, double-blind,
trial to prevent neointimal hyperplasia and vein bypass graft failure).
This conclusion refers to the additional studies to better understand the
most appropriate conduit of the flow pattern to improve long-term graft

patency and clinical outcome of patients undergoing CABG surgery [5].
Magnetic targeting is an attractive non-invasive strategy to improve

treatment efficacy for graft intimal hyperplasia. In the current practices,
this remains a challenge, until both, techniques and used drugs achieve
some desired characteristics like drug durability, drug non-toxicity and
drug release in a controlled manner [6–8].

Our previous work was focused on two distinct directions, namely
to the potential application of the magnetic drug targeting for treatment
of the intimal hyperplasia in the arterial bypass graft [9], and to in-
vestigate and analyze the blood hydrodynamics in the bypass graft
anastomosis region for different type of graft geometry (straight and
helical geometries) [10,11].

The post-interventional natural behavior of the bypass graft differs
significantly from native vessels inducing higher risk for restenosis. Loss
of the graft patency and the risks of repeat surgery are not negligible
aspects for the long-term bypass graft evolution. In the current medical
practices in the majority of case, percutaneous intervention is the pre-
ferred therapeutic modality for treatment of the graft failure (involving
stent placement, bare-metal stents – BMS or drug-eluting stents – DES)
[12]. Unfortunately, percutaneous intervention is associated with a
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high rate of the major adverse cardiac event irrespective of the im-
planted stent type (restenosis and thrombosis) [13].

Traditional local delivery systems of the drug (like drug-eluting
stents) have been shown to lack sustained delivery and adverse the
event. Therefore, magnetic drug targeting represents a potential alter-
native for prolonged local delivery of therapeutic agents [12].

For example, Pislaru et al. [14] investigated endothelialization of
the synthetic vascular grafts (8mm diameter Dacron grafts) using su-
perparamagnetic microspheres (SPMs) (0.9 mm diameter, coated iron
oxide particle) in the presence of the magnetic force. Authors conclude
that endothelial cells loaded with SPMs are rapidly captured and re-
tained on the Dacron graft surface under pulsatile flow conditions.

The present study aims, are to investigate the possibility of the
magnetic particles (MPs) retention in the realistic post-surgical bypass
graft anastomosis region (30-degree bypass graft angle) and quantify
the particles accumulation, function of the position of the external
magnetic field.

Because flow velocity in the circulatory system is not a controllable
parameter, the dependence of magnetic control efficiency on flow ve-
locity determines the size of blood vessels in which drug targeting is
practical. We assume steady flow but use realistic mean velocity values
for blood flow in the artery. The analysis is not meant to accurately
model magnetic drug targeting in the artery (particles sticking to vessel
walls both in proximal and distal sections of the targeted region), but
rather to find realistic ranges for a set of parameters that will be used in
further simulations and experiments.

2. Experimental setup

Experimental setup used for particle trapping is shown in Fig. 1 (this
setup described in detail in our previous work [9]).

Magnetic particles were injected into the main flow upstream of the
bypass graft inlet section. The syringe pump was used to push the
carrier fluid into the main flow. Injecting the particles (suspension) at a
distance of 2D (D – graft diameter) before the graft inlet section, fa-
cilitated dispersion of them in the fluid flow stream at the entrance of
the graft.

The measurements procedure used for investigation was:

1. The main flow was turned on and adjusted up to 0.2m/s, corre-
sponding to 602mL/min flow rate (0.2 m/s is the average blood
velocity corresponding to the patients without significant stenosis,
minimum velocity of 0.15m/s and maximum velocity of 0.28m/s,
[15]).

2. The position of the permanent magnet is adjusted to the desired
distance from the bottom wall of the anastomosis region.

3. The syringe pump injected the carrier fluid contained MPs into the
main flow in interval time of the 30 s. We used this time interval to
avoid sedimentation of iron particles in the syringe pump, respec-
tively to be able to quantify the flow effect on the particle deposition
in the anastomosis region.

Particle distribution and the flow field in the anastomosis region
was investigated using the image analysis technique. To visualize both
flow dynamics and particle depositions a Sony XC CCD camera was
used to record the investigated processes.

2.1. Graft geometry

Realistic anastomosis is variable regarding graft/artery calibers,
graft angle, flow rates, and out-of-plane curvatures. In the real ana-
stomosis geometry (Fig. 2A) the low wall shear stress (WSS) covers, the
artery floor opposite the graft orifice, the lateral wall of the graft–artery
interface, the zone distal to the toe, practically the zone where the in-
timal hyperplasia develops. Our test section is a copy of the realistic
post-surgical bypass graft anastomosis region for the bypass graft with
of the 30° anastomosis angle.

The test sections with the anastomotic angle of 30° are fashioned
into a right shape from glass tubing, with a constant internal diameter
of 8mm (Fig. 2B). Flow experiments were conducted under typical
physiological conditions [15]. The mean flow velocity is Um=0.2m/s,
corresponding to the Reynolds number of Re=471 (based on graft
diameter and fluid viscosity).

2.2. Blood analog fluid preparation

Drug carriers are used to deliver the drugs in a controlled manner to
the target artery site (bypass graft anastomosis in our case). Working
fluid used for this analysis is a blood analog fluid, which has the density
(ρ) same to the blood of 1060 kg/m3.

Because the flow considered in this study are steady and contain
only very small regions with shear rates lower than 10 s−1, the blood
viscosity model does not include viscoelasticity [9,11,16].

2.2.1. Rheological properties of the blood analog fluid
For blood analog carrier fluid (CF), glycerol-water solutions pre-

pared by mixing calculated weights of distilled water and glycerol.
Glycerol is a colorless, viscous, liquid with a density of 1.26 g/cm3 and
is miscible with water [17].

Viscosity curves at T= 25 °C, respective T=37 °C of carrier fluid
presented in Fig. 3 indicates a shear-thinning behavior (typical of
pseudoplastic systems) at low shear-rates, which becomes Newtonian at
shear rates> 10 s−1.

In this paper, in order to evaluate the hydrodynamic graft perfor-
mances, ferromagnetic particles (FMP’s) were utilized for quantification
of particle deposition in the anastomotic region. The iron particles
suspension in glycerin–water mixture carrier is a magnetorheological
fluid (MR fluid) [18]. Bio-ferrofluids with a multicore magnetic parti-
cles-potential magneto-responsive drug carriers-show significant mag-
netoviscous effect similar to MR fluids [19].

The model suspension of magnetic carriers used in experiments was
obtained mixing blood analog carrier fluid (CF) (aqueous glycerol so-
lutions) with iron (Fe) particle (10 μm in size, Merck KGaA, Darmstadt,

Fig. 1. Experimental setup used for bypass graft in-
vestigations. The block diagram of the main re-
circulating flow loop contained: flowmeter, particle
injection mechanism – syringe pump, test section –
bypass graft model, valve, particle filter, reservoir,
centrifugal pump. Syringe pump injects suspension in
front of the bypass graft entry section.
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Germany) with 0.16% mass concentration.
The degree of change in the model suspension depends on the

magnitude of the applied field. The fluid structure further depends on
the volume fraction such that dilute suspensions form in the magnetic
field some weakly interacting single particle chain, while more strong
system forms particle chains cross-linked laterally into a dense network.
Magneto-viscous characteristics were measured using a rotational rhe-
ometer (MCR 300, Physica, Stuttgart, Germany).

Fig. 3 shows that the Fe particle suspensions exhibit shear-thinning
behavior in the absence of the magnetic field, probably due to the
shear-thinning character of the carrier fluid at low shear rates, and to
the small aggregates of the Fe microparticles, that are progressively
destroyed with shear intensification. The rheological values for the
aqueous glycerol solutions presented in Table 1, can be described using
the Carreau model with four fit parameters Eq. (1) [20,21].

= + − +
∞ ∞

−η γ η η η Cγ( ̇) ( )[1 ( ̇) ]o
p2 (1)

where η0 is zero shear viscosity, η∞ is the viscosity at infinite shear
rates, C is the characteristic time constant, and p is the flow behavior
index.

The values of the fit parameters obtained to fit the experimental
data from Fig. 3 are presented in Table.1. The comparison of the used
suspension viscosity and the real blood viscosity presented in [22]
shows a good agreement (Fig. 3).

It is important to mention that wall shear stress (WSS) is dependent
on the fluid viscosity and the gradient of the velocity profile perpen-
dicular to the vessel surface (practically derived from the friction of the
flowing blood on the endothelial surface of the arterial wall). In the
present paper, we investigated the particle targeting possibilities for the
WSS value in a pathologic and normal range corresponding to the blood
flow in the arterial bypass graft [23,24] (Fig. 3).

2.2.1.1. Magnetic particle characterization. In this study, Fe particles
with 10 μm in size (Merck KGaA, Darmstadt, Germany) were used to
model the magnetic carrier (Table 2). The particles size is much larger
than those used for drug delivery [25,26], but are comparable to the
size of circulating cells such as red blood cells (RBC) and platelets
(human RBCs is 1.7 μm to 2.2 μm in thickness and approximately
7.5 μm to 8.7 μm in diameter [27]).

Practically, this type of magnetic particles was chosen, for its
commercial availability, but rather due to the results obtained by
Pislaru et al. [14], for endothelialization of the 8mm diameter synthetic
vascular grafts (commercial Dacron grafts) used the 0.9mm diameter
coated iron oxide particle (a large diameter particle).

It is important to mention that we used the 10 μm iron particle as a
model to demonstrate the feasibility of the magnetic drug targeting in
the bypass graft (this type of particles does not intend to use in clinical
practices).

Physical morphology of the used Fe particles was confirmed via
microscopic image presented in the Fig. 4.

Magnetic properties of the magnetic carrier (Fe particles) were
measured using a vibrating sample magnetometer – VSM 880-ADE
Technologies, USA, at room temperature (22 °C), in the field range of
0 kA/m to 950 kA/m. Fig. 5 shows the full magnetization curves and
hysteresis loops of the samples. As can see in Fig. 5, the hysteresis loops
are smooth and no hysteresis, which indicated a soft magnetic material
with coercive force and the residual magnetization approach to zero
(Table 3).

Fig. 2. A) Definition of the anastomosis angle after to the bypass graft surgery intervention. B) Simplified experimental bypass model fashioned in a straight shape
from the glass tube with a constant internal diameter of 8mm (both, graft and host vessel).

Fig. 3. Comparison between the viscosity curves of the carrier fluid (CF), the
used suspension fluid (CF+ 0.16% ferromagnetic particles) and blood, for
different working temperatures.

Table 1
Rheological characterization of the carrier fluid and Fe particle suspensions.

Fluid t [oC] B [mT] ηo [Pa s] ηo [Pa s] C [s] p [–] R2

CF (aqueous
glycerol
solutions)

25 0 0.0015 0.026 4.66 0.785 0.909
37 0 0.0012 0.023 4.38 0.812 0.998

CF+0.16% Fe 25 0 0.016 0.174 15.69 0.475 0.998
37 0 0.013 0.131 16.46 0.552 0.995

The R2 values for all fits are close to the unity, indicating an excellent fit (R2 – is
the coefficient of determination used to evaluate quality of the Carreau fits).

Table 2
Fe characteristics, used in the experiments.

Characteristics Value

- Particle diameter 10 μm
- Density 7.87 g/cm3

- Molar mass 55.85 g/mol
- Chemical composition in mass concentration percentage:

Fe-99.5%; S-0.002%; Cl-0.002%; As-0.0002%;
Cu-0.002%; Pb-0.002%; Mn-0.002%; Zn – 0.002%;
other-0.1%.
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3. Magnetic targeting

The magnetic drug targeting (MDT) involves exposure of the area of
interest (targeted region) to an externally applied magnetic field, fol-
lowed by the administration of magnetic particles. After administration
(injection during a specific time), particles were delivered to the area of
interest by the fluid flow.

The significant limitations of the MDT consist in low retention of the
MNP’s due to the reduced value of the magnetic force comparatively
with the hydrodynamic force acting in the circulatory system.

In the next sections, we present our results regarding magnetic drug
targeting possibilities and efficiency applied for treatment of the ar-
terial bypass graft anastomosis region.

3.1. Magnetic field generation

Usually, the magnetic fields are generated by external magnets. The
magnetic induction for in-vitro studies varies from ≈70mT to ≤1.5 T
[28] and for animal trials between 0.1 and 1.5 T [29,30].

To obtain the magnetic field gradient, we first took measurements of

the magnetic flux density within a region of interest
(L×W×h=26mm×29mm×5mm) perpendicular to the pole
face of the test magnet (Fig. 6A). Fig. 6B is a plot showing the magnetic
field induction B within the measurement range, along with the dif-
ferent vertical distance of the magnet surface. The permanent magnet
we used was a NdFeB magnet, the most widely-used type of rare-earth
magnet [31].

To investigate the magnetic field generated by the NdFeB30 magnet,
we ran the simulation using freeware – Finite Element Methods
Magnetics (FEMM) (http://www.femm.info/wiki/HomePage). The
NdFeB30 magnet (or commercial notation N30 – Neodymium 30) re-
present the NdFeB permanent magnet from the rare earth family
magnet with maximum energy product (BxH) of 30 MGOe. To evaluate
the magnetic field gradient in a section of interest, we set up a 2D
problem by simulating the longitudinal section of the investigated setup
(both, the test section – bypass graft, and the used permanent magnet)
as shown in Fig. 7.

When the distance between the permanent magnet and the vessel
wall is small, the gradients of the magnetic field are high
(> 0.1 T cm−1, Figs. 6B and 7), and the MPs can be captured from the
flow field in the targeted region and enable stable deposit. As expected,
if the distance is considerable (small magnetic field gradients is present)
the chance of magnetic capture is small, and MPs, are flushed out from
the targeted region.

4. Results and discussion

4.1. Flow hydrodynamics

Real human arteries are tortuous and induce secondary flows, de-
fined as velocity components that are not parallel to the local tube axis.
From the arterial flow point of view, it is essential to determine whether
secondary flows change the shear-dependent viscosity variation.

During the flow through the bypass graft, the generated inertial and
circumferential forces imposed a change in fluid flow direction. As can
see in Fig. 8A, downstream to the stagnation point, a strong double
helicoidal flow developed, consists in a pair of a secondary spiral flows
located distal to the toe (Dean type vortices). This type of vortices can
be identified clearly in Fig. 8B. The presence of these vortices in the
bypass graft is in agreement with cases reported in the literature and
also in our previous results (obtained after numerical and experimental
investigations of the 45°bypass graft) [9,11].

This abnormal flow field is characterized by flow separation at the
toe, strong flow impact on the host artery floor and flow oscillation in
the bypass graft anastomosis region. Generated secondary flows pro-
duce complicated distributions of shear rate, which may produce un-
expected effects of shear thinning [9]. Secondary flows also produce
axial vorticity, which is not present in parallel flows [10,16].

4.2. Experimental magnetic particle deposition

For this section, the questions are: a magnetic particle can be di-
rected to target a specific region of the coronary bypass graft? So,
consequently where the particles will accumulate?

To answer these questions, we suppose a simple scenario: steady-
state flow, straight bypass geometry with 30-degree anastomosis angle,
and spatially varying magnetic forces.

The central assumptions for the experimental investigations of the
flow are steady laminar flow, negligible gravitational effects, and con-
stant physical properties.

In our experiment, particles have around the 10 μm diameter.
Particles are essentially inertia-free, so the difference between the ve-
locity of the particles and the velocity of the flow around them is
negligible. Consequently, hydrodynamic interactions between particles
are negligible. It this paper we consider only magnetic interparticle
forces and ignore hydrodynamic interactions.

Fig. 4. Microscopic image of the 10 μm Fe powder morphology.

Fig. 5. Magnetization curve measured in a powder state of micro-sized (10 μm)
Fe particles.

Table 3
Fe particle magnetic properties (particle size of 10 μm).

Saturation
magnetization

Saturation field Coercive field Remanent
magnetization

Ms [A·m2/kg] – 190 Hs [kA/m] –
563

Hc [kA/m] –
0.81

Mr [A·m2/kg] – 0.562
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In our study, investigation of the particle depositions was for the
following conditions (Table 4):

During the magnetic targeting, accumulation of the FMPs is the
result of the action of several forces including magnetic forces from the
applied magnetic field, hydrodynamic drag forces from the blood-
stream, buoyancy forces, gravitational forces, and inertial forces.
Because buoyancy forces, gravitational and inertial forces are several
orders of magnitude lower than the magnetic force [9,32], these forces
were considered negligible. In our work, the magnetic capture is based
on the competition between the magnetic force exerted by the magnetic
field gradient on the MPs and the drag force from the fluid (presented in

detail in our previous work [9]). These forces act in opposition to each
other and dictate de magnetic particles deposition in the anastomosis
region (Fig. 9).

Consequently, in our case, the iron particle deposition occurs only
where the magnetic force is of sufficient strength to counteract the drag
force (Fig. 9).

Graft anastomosis geometry induces the local flow variation that
determines the aspect of wall drug deposition and the extent and
asymmetry of drug deposition.

Positioning permanent magnet near to the diseased area has ob-
tained a deviation of the injected FMPs within the fluid flux and their

Fig. 6. A magnetic field generated by the NbFeB30 permanent magnet used in the experimental investigation. A). The dimension of the used magnet and axis
association. The used permanent magnet has an axial polarization indicated in the figure. B). The magnitude of the magnetic field produced by the permanent magnet
in the longitudinal section, along axis X at the 4mm and 5mm (bypass wall) distance from the magnet surface. Figure showing a comparison of the magnetic field
measured with F.W. Bell Gaussmeter, model 5080, and the magnetic field obtained from numerical simulation. The plot shows that the numerical solution of the
magnetic field agrees well with the experimentally measured values. The differences are due to the position of the gaussmeter hole.

Fig. 7. A numerical simulation of the magnetic field used during the experimental investigation (free FEMM software was used). The figure shown the magnitude of
the magnetic field produced by the NdFeB30 permanent magnet in longitudinal section, along to the bottom wall of the bypass graft at the distance of 5mm from the
magnet surface.
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capture onto the wall of host vessels.
Taking into account that the distance between FMPs injection point

(inlet section of the graft) and the bypass anastomosis is small practi-
cally after the time of 3 s the FMPs particle starts to deposit on the host
tube wall (Fig. 9).

Fig. 9A and 9B show that fluid drag force acting on the FMP exceeds
the magnetic forces generated by the magnet. In this situation, blood
velocity washes the particles downstream to the anastomosis region

before magnetic force affects particles. In the case of the comparable
value of magnetic force and blood drag force, FMP build-up near the
vessel wall creating a specific shape of the deposition (Fig. 9A).

Fig. 9 shows the variation in time of the FMP accumulation in the
bypass anastomosis region for the constant position of the magnet
(5 mm from the bypass bottom wall). For investigated geometry, par-
ticles accumulated in low lying “dunes” running across the entire pole
face of the magnet and slightly increased accumulation downstream

Fig. 8. Experimental flow visualization: (A) Flow dynamics in bypass graft with anastomosis angle of 30°. Vast recirculation region generated between occluded end
and flow stagnation point. In the distal part of the host artery a helical type flow pattern was induced due to the interaction between main flow jet and the developed
large recirculation region. (B) Flow visualization inside to the host artery distal to the anastomosis, using a 5mm diameter endoscopic camera. Flow field corre-
sponding to the section placed at the 5mm distal of the anastomosis toe (red line in Fig. A). In this picture, we can see the generation of the Dean type vortex. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Particle deposition parameters setup.

Parameters Particle diameter Mean flow velocity Reynolds (Re) Fluid viscosity Magnetic field induction

Value 10 μm 0.2m/s 471 0.0036 Pa s 0.07–0.13 T

Fig. 9. A). The abnormal flow field is characterized by the flow separation at the toe, the strong flow impact on the host artery floor and flow oscillation at the heel
region. The complex vortex structures created in the area between the heel and occluded part depends on the flow parameters and structure. B). Particle accu-
mulations are based on the competition between the magnetic force and the drag force. This competition is correlated with the flow structure in the anastomosis
region. As can see the presence of the two flow structures (zone 1 and 2) influence the deposition shape, and the quantity of the accumulated particles. Magnet
distance from the bypass wall is 5mm.
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from the stagnation point.
As it can be seen in Fig. 9A, a complex vortex structure is generated

in the area between the heel and occluded part of the host artery. The
primary vortex (zone 2), is the more significant vortex closest to the
anastomosis, rotated anti-clockwise appeared to have a higher angular
velocity. Generated angular velocity, induce to the fluid particles a
periodically shedding from the central vortex into the graft flow
(Fig. 9B).

For particles accumulation in the targeted region, it is critical to
understand the effect of the flow structure on deposition. The in-
stabilities formed in the primary vortex, disturb the incoming flow from
the bypass graft inducing further fluctuations in the central vortex.
More, the presence of active helical motion in the distal part of the graft
(zone 1, Fig. 9B) increases the interaction between fluid, injected FMP
particles, and the magnetic field. As a result, part of the injected par-
ticles is carried downstream in the host artery (zone 1 in Fig. 9A), and
part of particles become trapped in the low shear stress regions of the
artery wall (Fig. 9A and 9B).

Also, the presence of the recirculation flow (zone 2 in Fig. 9B) in-
creases the particle near-wall residence time and induce particle de-
position. Particle deposition shape is a result of the balance between the
hydrodynamic force generated by the angular velocity of the re-
circulation region and the magnetic field intensity generated by the
used permanent magnet (Fig. 9B and C).

The main conclusion from this analysis refers to the fact that the
horizontal and vertical position of the magnet is determinant for the
quality of the accumulation in the targeted region (Fig. 10).

It is evident from Fig. 10 that the carrier particles (in our case with
large radius 10 μm) are captured easily in the targeted region. The
conclusion that the carrier particles with larger radius used in magnetic
targeting are consistent with the experimental observation made by
Lübbe et al. [33].

Particle deposition shape evolution regarding deposition length and
thickness during the injection time are presented in Table 5.

As it can be seen in Fig. 10, the injected FMPs are attracted to the
anastomosis wall and have a very different distribution along the host
artery wall. Shape characteristics like length, width, and position are
directly correlated with the flow structure (stagnation point, re-
circulation, helical type flow motion (presented in Fig. 8), and the

magnetic field intensity and field distribution.
Fig. 11 put in evidence the strong correlation of the particle de-

position with the magnet position relative to the host artery wall.
As can see in Fig. 11, for the real bypass geometry (30-degree

anastomosis angle), that although the particle deposition length is
practically same, the shape of the deposition in the part of the host
artery labeled with zone 2 changes during the injection time. It is im-
portant to point that change in the shape of the accumulation lead to
different amounts of trapped particles.

Quantitative correlations between magnet distance, magnetic field
induction and particle depositions, (for the same working conditions
described in Fig. 11) for each investigated magnet positions are pre-
sented in Table 6.

5. Clinical perspective

In the real case of blood flow in the arteries, flowing blood com-
ponents (red blood cells, leukocytes, platelets) migrate inward from the
wall at a rate that increases with cell size and cell deformability [34].
Practically, it has been demonstrated that the tendency of the con-
stituents of the blood to migrate toward the center of a perfused vessel,
in decreasing order, is as follows: red cell aggregates, leukocytes, single
red blood cells, and platelets (in decreasing order of the cell size) [35].

From this point of view, using a 10 μm diameter iron particles
(particles with a comparable size of the red blood cells), our experi-
ments reproduce this migration to the artery wall.

Regarding the iron particles used in our experiments:

• iron is essential for many physiological processes, but several lines
of evidence suggest that iron excess may predispose to vascular
disease [36].

• for example, locally enhanced vascular production of reactive
oxygen species (ROS) decreases the bioavailability of nitric oxide
(NO), (promoting platelet adhesion and aggregation), is a con-
sequence of the high quantities of the body iron [37].

• On the other hand, iron oxide at different size is used as a contrast
medium in MRI. Ultra-small superparamagnetic particles of iron
oxide (USPIO) due to of their small size (≈30 nm) is used success-
fully in medical practices because they extravasate freely through

Fig. 10. Particle retention in the bypass anastomosis
region during the injection time of the 30 s. The
distance between the permanent magnet and bypass
wall are 5 mm. The average intensity of the magnetic
field along the bypass bottom wall was B= 0.11 T
according to Fig. 6. Particle deposition at the dif-
ferent time steps: A) T= 10 s, B) T=20 s, C)
T= 25 s, D) T=30 s (end injection).
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capillaries and can accumulate in the cells of the spleen, liver, lymph
nodes and bone marrow [38].

Taking to account all this aspect regarding to iron particles we keep

in mind that in present investigations, the 10 μm diameter iron particle
was used only to model the magnetic carrier in experimental in-
vestigation (not intended for clinical use), to demonstrate the feasibility
of the magnetic drug targeting as a potential alternative method for
effective treatment of the bypass graft intimal hyperplasia.

As it was described in Section 2.1, the anastomotic section is man-
ufactured from glass tubing. The glass tube wall was impermeable. In
reality, the human blood vessels are tortuous and arterial walls are not
smooth. In this condition, driving magnetic particles in the targeted
region would be hindered by particles sticking to arterial walls in the
same way they stick to the current experimental setup. When planning
a magnetic drug targeting treatment is essential to consider this effect,
and take to account this effect for errors estimation, regarding to the

Table 5
Characteristics of the particle accumulation shape during the injection time.

Time step [s] Accumulation length [mm] Average thickness corresponding to the Zone 1
[mm]

Average thickness corresponding to the Zone 2
[mm]

Magnetic field magnitude
[T]

T_1= 10 36 1 1 0.11
T_2= 20 36 1.2 1 0.11
T_3= 25 37 1.5 1 0.11
T_4= 30 36 2 1 0.11

*Effective quantitative measurements of the particle accumulation it is not performed for each time steps.

Fig. 11. Particle accumulations in the anastomosis region for different magnet position. A) Magnet distance of 2mm, B) Magnet distance of 5mm, C) Magnet distance
of 10mm. D) Magnetic field induction the distance to the magnet surface along to axis Z. The same working condition was applied for all magnet positions: 30-
degrees anastomosis angle, inlet velocity of 0.2 m/s, and injection time of the 30 s.

Table 6
Characteristics of the particle accumulation for different magnet distance.

Magnet
distance [mm]

Magnetic field
magnitude [T]

Accumulation length
[mm]

Particle
quantity [g]

2 0.14 36 0.0321
5 0.11 36 0.0267
10 0.07 36 0.0153
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accumulated particles quantities.
In the next step, we will use particles with a good biocompatibility

profile and most appropriate dimension to clinical practices, for ex-
ample: coated nanoparticle (polyethylene glycol - PEG coated magnetic
nanoparticle). Also, we intend to investigate a more realistic bypass
model using an elastic permeable wall.

6. Conclusions

Based on experimental results, the following general features of the
flow field can be identified:

• from the graft tube, a core fluid enters in the anastomosis junction
and travels towards on the bed of the host tube;

• presence of the stagnation point, split flow structure into forwarding
and retrograde components. Both structures induce a large near-wall
velocity fluctuation in the anastomosis region;

• strong recirculation region is developed between main flow jet and
occluded part of the proximal host artery;

• this vortex rotated anti-clockwise and induce a more significant
exchange of fluid between the occluded arterial section and the
graft; also, the recirculation region structure increases due to the
contact between the main flow and the graft surface.

The character of the compound vortex structures created in the
anastomosis region influence the particles deposition in the targeted
region. The unstable character of the primary vortex dictates the shape
of the particles accumulation in the proximal part of the anastomosis
region. The different distribution along the host artery wall of the ac-
cumulated particles is due to the magnetic field distribution in the
targeted region, practically depend on the horizontal and vertical po-
sitions of the magnet. The presence of the complex flow structure in-
duces the washing effect for part of the injected particles.

Using the 10 μm diameter iron particle, we put in evidence the
blood constituents migration to the artery wall for the specific flow
pattern in the bypass graft anastomosis and highlight some accumula-
tion characteristics like deposition length and accumulation position (a
function of the magnetic field position and magnitude).
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