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Abstract: Huge parameter studies are usually conducted
to optimize and characterize systems for steering magnetic
nanoparticles in magnetic drug targeting (MDT). Thus, many
simulations or measurements are needed to determine the sys-
tem which is time-consuming and expensive. To overcome this
problem, this paper investigates the feasibility of using orthog-
onal arrays according to Taguchi’s method for determining pa-
rameter trends in MDT. These trends can then be used to fur-
ther optimize the appropriate parameters. By doing so, param-
eters typically varied in the literature were changed in three
levels in a simulation and measurement scenario. In these sce-
narios, using orthogonal Taguchi arrays reduced the number
of analyzed parameter combinations from 243 to 9. Overall,
the results reveal that the relative importance of the param-
eters was correctly identified in the simulation and measure-
ment scenario. The trends of the parameters showed some out-
liers due to single dominant parameters or correlations among
them. However, this is normal for the analysis with orthogo-
nal Taguchi arrays. Thus, it can be concluded that using or-
thogonal Taguchi arrays to optimize and characterize steering
systems in MDT dramatically reduces the optimization time.

Keywords: magnetic drug targeting, MDT, magnetic
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1 Introduction

Magnetic drug targeting (MDT) is an innovative therapeu-
tic approach to enable local cancer treatment and is a well-
established research topic [1]. This therapy uses special
magnetic nanoparticles, called superparamagnetic iron-oxide
nanoparticles (SPIONS), that are characterised by a high mag-
netic susceptibility xym with no remanence [2], as carriers for
the cancer drug. Since these SPIONs are magnetic, they can be
guided through the cardiovascular system to the tumor region

are limited to the tumor region [1]. However, to the best of the
authors’ knowledge, MDT is not clinically certified and there
is still a lot of research work to be done.

Especially, the design of suitable steering magnets is an
open research question [4]. To optimize the steering magnets,
or generally to evaluate the influence of various parameters
on particle steering, many publications conduct extensive pa-
rameter studies [5—7]. Here, one parameter is usually varied,
and all others are kept constant. Therefore, many simulations
or measurements are necessary, which is time-consuming and,
thus, expensive. As other disciplines, such as chemistry or
manufacturing, also face this problem, there are special sta-
tistical methods for evaluating parameter trends in a reduced
number of experiments [8]. However, to the best of the au-
thors’ knowledge, such methods have not been used in MDT
so far. Thus, this paper examines in simulations and measure-
ments the feasibility of such statistical methods for the reduc-
tion of experiments in MDT with orthogonal arrays according
to Taguchi, as this is an efficient way of evaluating the tenden-
cies of individual parameters.

2 Fundamentals
2.1 Taguchi Method

The reduction in complexity of the Taguchi method is based
on orthogonal arrays [9], a matrix in which each possible pair
of parameters occurs an equal number of times in each pair
of columns [8]. The orthogonal array used in this paper is de-
picted in Table 1. Here, p; corresponds to the evaluated pa-
rameter, and ; is the experiment’s result [9]. In this paper,
five different parameters with three levels, high (2), middle (1),
and low (0) are investigated. Thus, a total of 3% = 243 com-

Tab. 1: Orthogonal Taguchi-Array Lg with each 3 levels for 5 pa-
rameters. O corresponds to a low, 1 to a middle and 2 to a high
value, respectively [9].

using external magnetic fields. In doing so, it has already been Experiment \ pL P2 P3 pa D5 \ Result
proven in animal studies [3] that MDT allows a highly effi- 1 0 o0 0 o0 0 o
cient therapy with low side effects, as most anticancer drugs 2 o o 2 2 1 Q2
3 0 2 0 2 2 Q3
4 1 1 2 0 2 Q4
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Fig. 1: Measurement setup consisting of (1) syringe with SPIONs,
(2) peristaltic pump for providing the velocity flow, (3) position-

ing of the magnetic arrays, (4) susceptometer for evaluating the
amount of passed SPIONs [11].

binations would have to be examined in a conventional inves-
tigation. Moreover, in the case of measurements, the same pa-
rameter set should be analyzed several times to obtain a mean-
ingful result. However, using the orthogonal array according
to Taguchi, only nine experiments are necessary to determine
the trends of the parameters.

2.2 Evaluation of Parameter Trends

To determine the parameter trends, in the first step, the mean
value Qmean Of the experimental results @; is calculated [10]

N
1
Qmean - N;Qia (1)

where N corresponds to the number of all experiments. Thus,
in this paper N = 9 (compare Table 1). Based on this, the
influence @, =, on the overall result can be derived by [10]

N,

Pj:kL
1
ij:kL = m z; (Ql |pj:kL _Qmean) . 2
=

Here, p; is again the investigated parameter, and ki is the cor-
responding level (high, middle, low). Q; |, =, is the result at
which a parameter p; has the level ki, and N, —, represents
the number of results @; at which p; was set to & [10]. Thus,
in this paper Nj,.—j, = 3. Based on Eq. 2 for every parameter
p; and every level k., the parameter trend can be determined.

Another interesting aspect is the relative importance of the
individual parameters, which indicates how relevant a certain
parameter is to the result. This can be identified using the sum-
of-squares approach (SoS) [10]. The result of the SoS S'Sp, for
the respective parameter p; is obtained by [10]

85p; =D Np,=hy * Qp,—hy- 3)
kL

Finally, the total sum 5SSy of the results of the SoS SSp; is
required, for which they are summed up [10]:

Sstotal = Z SS}D;"
J
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Fig. 2: Exemplary SPION pulse influenced by the Halbach array
at ¢t = 50s. The color of the particles corresponds to the magnetic
force toward the magnetic array.

Using Eq. 3 and Eq. 4, the relative importance of the indi-
vidual parameters p; can finally be derived from the quotient
SSPJ‘ /Sstotal [10]-

3 Methods and Evaluations

To generalize the work, a typical simulation and measurement
scenario was analyzed. Both were conducted and evaluated
similarly to our previously published work [11]. A photo of
the measurement setup with all components is depicted in Fig-
ure 1. An overview of the fixed parameters of the simulation
and measurement setup can be found in Table 2.

3.1 Simulation Model

The simulations of the particle steering were conducted in a
3D particle-based model using COMSOL Multiphysics® 6.1.
As a steering system, different Halbach arrays with five, seven,
and nine permanent magnets (PMs) made of NdFeB were cho-
sen, as Halbach arrays are commonly used in MDT since they
provide the strongest magnetic field and force [5]. The simula-
tion model consists of a straight tube with deionized (DI) wa-
ter surrounded by an air-filled cuboid. The air space is termi-
nated with a perfectly matched layer. The simulation geometry
with propagating SPIONSs is shown in Figure 2. The numerical
studies for all the experiments shown in Table 1 were carried
out and the number of captured SPIONs N. was extracted as
experiment result ;. Each simulation analyzed one SPION
pulse in a time-dependent study with a time step of ¢ = 0.1s
for 400s. The SPIONs were released at t = 0s and N. was
determined at ¢ = 400 s. For simplicity, particle-particle inter-
action was neglected.

Tab. 2: Overview of the fixed parameters for the simulation and
measurement setup.

Category Value Label

PM 5x 5 x5mm size of single PM
108 A/m magnetization

vessel 30cm length of the tube
2200 kg/m? mass density

SPIONs 25nm radius of one particle
10 rel. permeability
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3.2 Measurement Setup

In the measurements, the detected susceptibility xm was ana-
lyzed. Five measurements were conducted for every scenario
defined in Table 1, and the mean value was derived. As in
[11], the standard deviation was two to three powers of ten
smaller than the mean value (including all outliers). A photo
of the measurement setup is shown in Figure 1. The veloc-
ity flow with DI water was generated in tubes from Ismatec®
Tygon ST using a peristaltic pump. The SPIONs were contin-
uously injected as in a typical MDT treatment [3, 5]. During
the entire measurements, it was ensured that the tube did not
sag. ym was detected using a commercial Barington® MS3
susceptometer, calibrated according to its manual. As the SPI-
ON s are injected continuously, the measured ym saturates over
time. Thus, xm,max is chosen for @);. The SPIONSs, consisting
of magnetite (Fe3O4), were provided by the Section for Exper-
imental Oncology and Nanomedicine of the University Hospi-
tal in Erlangen. They have a diameter of 50 nm and are syn-
thesized in clusters with approx. 66 SPIONs per cluster and
approx. 4.34 - 10'3 clusters per milliliter for a particle concen-
tration of 3.75 mg Fe/ml [12].

3.3 Investigated Parameters

Steering SPIONs in MDT is challenging, as its success de-
pends on many multiphysical properties like e. g. the velocity
flow, the SPIONs’ properties, and the magnetic field gradient
[5-7, 12]. In the parameter study, the aim was to consider pa-
rameters from all different physical domains. Table 3 summa-
rizes the chosen parameters and their levels. As in a particle-
based model the particle concentration cannot be changed in
COMSOL, the number of considered SPIONs was varied. Fur-
thermore, Table 4 shows an overview of the used tubes.

4 Results and Discussion

4.1 Simulation Results

As Figure 2 shows, the SPION pulse is moved by the velocity
flow along the tube. The Halbach array captures SPIONs un-
derneath it. The number of captured SPIONs V¢ is evaluated,
and the studied parameter influences are depicted in Figure 3a
and Table 5. The velocity flow, which is decisive for how long
the SPIONSs are under the array, has the highest influence on
Nc. The slower the velocity, the stronger the resulting mag-

Tab. 3: Values for the levels in the simulations and measurements.

No. ‘ Parameter ‘ 0 1 2
P1 velocity flow [ml/min] 0.5 1.0 2.0
p2 number of magnets 5 7 9
D3.sim number of particles 500 1000 2000
pameas | Pparticle concentration [mgFe/ml] | 1.88 3.75 7.50
j2 inner diameter tube [mm] 152 175 279
D5.sim distance tube end <+ array [cm] 5 10 20
psmeas | distance suscept. <> array [cm] 5 10 20

Tab. 4: Overview of the used tubes from Ismatec® Tygon ST.

Tube Inner diameter Wall thickness
0 1.52mm 0.84 mm
1 1.75mm 0.75mm
2 2.79mm 0.90 mm

netic force and the higher V¢, as shown in [5]. For the same
reason, the length of the Halbach array has an impact. More-
over, the inner diameter of the tube influences the velocity, as
it was defined in ml/min. Thus, the velocity is slower for a
larger tube diameter. However, the importance of the number
of simulated SPIONs and the distance between the tube end
and Halbach array are small. In additional individual parame-
ter studies, no impact of these parameters has been found.

4.2 Measurement Results

In the measurements, the SPIONs were sent continuously, and
xm was evaluated as Q);. The results of the trend study can be
found in Figure 3b and Table 6. In contrast to the simulation
results, the inner diameter of the tube (p4), followed by the
particle concentration (p3), has the biggest impact. The rea-
son for this is that xm increases linearly with the particle con-
centration [12]. For thicker tubes, the amount of SPIONs in
the susceptometer’s detection area is larger. Thus, as can be
seen in Figure 3b, with increasing values of p3 and p4, @ in-
creases, too. The influence of the other parameters, in contrast,
is much smaller. This is reasonable, as e. g. the velocity flow
hardly changes the continuous propagation of the SPIONs. In
comparative additional studies where only the velocity flow
and the distance between the susceptometer and Halbach ar-
ray were varied, no impact of both parameters was detected.
By only varying the number of PMs in the Halbach array, xm
decreased from 2.80- 10~ for five PMs to 2.70- 102 for nine
PMs. This trend is also visible in Figure 3b.

4.3 Discussion of Taguchi’s Method

Overall, the simulation and measurement results depicted in
Figure 3, Table 5, and Table 6 show the trends of the investi-
gated parameters quite well. However, the main disadvantage
of the Taguchi method is that no correlations between the pa-
rameters become apparent in the experimental results. This is
particularly troublesome when two parameters act antagonis-
tically against each other or are mutually exclusive. However,
such behavior has not been observed in the analysis of this

Tab. 5: Influences of the parameters in the simulations.

Parameter Sum of Squares | Importance
(SoS) S8, /SSiotal

velocity flow 0.0267 42 %

number of magnets 0.0138 21%

number of particles 0.0091 14 %

inner diameter tube 0.0138 21%

distance suscept. « array | 9.765-10~4 2%

total 0.0644 100 %
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02 Influence of the parameters on the amount of captured SPIONs
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(a) Influence in simulations.
Fig. 3: Influences of the parameters according to Taguchi; p1
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(b) Influence in measurements.

:= number of magnets, ps := number of particles

(sim.) or particle concentration (means.), p4 := inner diameter tube, and p5 := distance between eval. location and Halbach array.

paper. Nevertheless, if a single parameter clearly dominates,
the tendencies of the other parameters can be distorted. This
can be seen, for example, in the level ko of the parameter py:
In general, it is expected that Q; increases with increasing di-
ameter. However, @ is lower for ko than for k. The reason
can be found in the design of the experiments (compare Ta-
ble 1): ps
which reduces . Hence, the trend of p4 = 1 is lower. In the

1 is always paired with a high value for p,

measurements, Q2 was much higher than the other results, as
p3 = 2 and py = 2 were combined. Such single outliers in-
crease the importance of other parameters. Therefore, e. g. ps
has a higher importance in Table 6 than in Table 5.

In summary, it can be concluded that for the investigated
simulation and measurement scenario, the importance of the
parameters was correctly identified in Table 5 and 6. The
trends in Figure 3, however, have to be interpreted with care,
as single dominant parameters can falsify the trends.

5 Conclusion

The influence of different multiphysical parameters for a typ-
ical simulation and measurement scenario in magnetic drug
targeting (MDT) was investigated using orthogonal Taguchi
arrays. The parameters were chosen to cover parameters typ-
ically varied in the literature [5—7]. Thereby, the number of
combinations was reduced from 243 to 9 for the investigated
scenarios, which decreases time and costs significantly. The
results correctly identified the importance of all parameters,
and apart from some outliers, the parameter trends were ac-
curate, too. It is expected that this also holds true for other
parameters such as varying sizes of SPIONs. Therefore, using
orthogonal Taguchi arrays seems promising to save time and
effort while optimizing magnetic steering systems in MDT.

Tab. 6: Influences of the parameters in the measurements.

Parameter Sum of Squares | Importance
(SoS) S8y, /SSiotal

velocity flow 0.652-10~° 1%

number of magnets 0.460 - 10~ 8%

particle concentration 1.859-1075 32%

inner diameter tube 2.486 - 1075 42%

distance suscept. « array | 0.418-107° 7%

total 5.875-107° 100 %
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