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ARTICLE INFO ABSTRACT

Keywords: Microbrachytherapy with radioactive holmium-166 (***Ho) microspheres (MS) has the potential to be an
Image-guided effective treatment method for brain malignancies. Direct intratumoural delivery of 1®*Ho-MS and dose coverage
Brachytherapy

of the whole tumour are crucial requirements. However, currently no dedicated instruments for controlled
intratumoural delivery exist. This study presents an administration device that facilitates this novel magnetic
resonance imaging (MRI) -guided intervention. The bioceramic alumina oxide cannula creates a straight channel
for a superelastic nitinol precurved stylet to control spatial deposition of Ho-MS. End-point accuracy of the stylet
was measured during insertions in phantoms. Imaging tests were performed in a 3 Tesla MRI-scanner to quantify
instrument-induced artefacts. Additionally, the feasibility of non-radioactive holmium-165 (***Ho)-MS delivery
with the administration device was evaluated in a brain tumour simulant. Absolute stylet tip error was 0.88 +
0.61 mm, instrument distortion in MRI depended on needle material and orientation and dose delivery of '**Ho-
MS in a brain tumour phantom was possible. This study shows that the administration device can accurately

Brain tumour
Steerable needle
Holmium

place the stylet for injection of Ho-MS and that visualization can be performed with MRI.

1. Introduction

Worldwide, the incidence of brain malignancies is approximately
300.000 patients each year [1]. Although the chance on long-term sur-
vival is generally small, specific treatment can be of great value [2-4].
Neurosurgery is traditionally performed for solid malignancies and
whole-brain radiotherapy is used for treatment of multiple brain me-
tastases with a median survival of 11.6 months [5]. Chemotherapy can
be used depending on location, size and number of tumours. The efficacy
of these, generally, palliative procedures is highly dependent on several
factors including, but not limited to, imaging accuracy, dosimetry for
radiotherapy treatment, and the blood-brain barrier (BBB) for chemo-
therapy treatment. Brachytherapy, a minimally invasive treatment with
radioactive implants often containing lodine-125, can be used for
treatment of brain tumours. This technique bypasses the BBB and may
be beneficial in a highly selected patient group. Nevertheless, permanent
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low,- and temporary high-activity radionuclide implants showed
unfavourable outcomes with respect to radiation necrosis and reopera-
tion rate [6,7].

Holmium-166 (*°°Ho) is seen as a suitable isotope for internal
radiotherapy and is characterized by a short half-life time of 26.8 hours
and a high energy beta emission [8-11]. The beta-particles could dam-
age the cancer cell’s DNA and prevent the cells from reproducing [10,
12]. The beta radiation with an energy of 1.84 MeV will have a
maximum tissue range of 8.7 mm. Ninety percent of the beta radiation is
absorbed in the adjacent 2.1 mm of tissue around the point of deposition
(mean penetration depth: 2.2 mm) [13]. 166H0 also emits low energy
gamma-rays which can be used for nuclear imaging [14]. Furthermore,
166Ho is highly paramagnetic and has a high mass attenuation coeffi-
cient making it suitable for imaging with MRI and CT [15,16]. Delivery
of the radionuclides is ensured by microspheres suspended in a carrier
fluid, therefore terming the procedure microbrachytherapy.
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Direct delivery of radioactive '%®Ho-MS in brain tumours looks
promising [8,10], as it minimizes toxicity to surrounding healthy tissue
while the irradiation dose to the tumour can be high [17,18]. MRI is
considered as a promising visualization method for this application. MRI
shows high tissue contrast and allows for anatomical tumour reference
in combination with quantitative distribution of the injected radioactive
(**®Ho) and non-radioactive (*®°Ho) microspheres [18]. Nevertheless,
reaching the whole tumour with a lethal radiation dose is crucial to
obtain efficacy [15] and reduce local recurrence [6,19]. Currently, no
dedicated needle systems exist for controlled administration of Ho-MS
under MRI guidance. Normal straight syringes lack the ability to
distribute the Ho-MS over the whole tumour and multiple punctures
through healthy brain parenchyma are not desirable as it may increase
risk of haemorrhage and dissemination of cancer cells [20,21].

Multiple scientific studies have described the use of conventional
straight rigid needles in minimally invasive procedures and reported the
potential benefits of steerable needles for controlled and local admin-
istration of fluids and suspensions [21-27]. Needle steering can be
introduced by tendon wires, pushing rods, external mechanisms or
lateral forces acting on the tip during insertion into tissue [26].
Bevel-tipped steering was suggested for needle steering in brain tissue in
earlier studies [22,25,28]. But, this approach involves nonholonomic
constraints which complicates needle tip control [29]. Within this work,
steering of the needle is accomplished by mechanical energy stored in
the configuration of the instrument. The design is composed of two
concentric tubes of which the inner needle has a circular precurvature in
line with previously described needles [23,24,26,30]. The tip of the
curvature can be directed to a region in the tumour were Ho-MS can be
injected following a planned path and place. This solution potentially
contemplates only damage of healthy brain tissue along the length of the
cannula, while reach within the tumour can be enlarged or multiple
locations in the brain can be targeted.

This work presents a three degrees of freedom (DoF) Ho-MS
administration device intended for MRI-guided interstitial brachyther-
apy of brain tumours. The mechanism on the proximal end of the in-
strument decouples translation and rotation of the stylet and movements
can be controlled separately to locally inject the Ho-MS suspension in
malignant brain tissue. Patients normally treated by stereotactic radio-
surgery (SRS) were considered as potentially eligible candidates for
interstitial Ho-MS microbrachytherapy in the future, as SRS is limited to
lesions of 30 mm [31]. Therefore, a spherical tumour with a diameter of
30 mm is used as base for the instrument design. The developed pro-
totype is validated on positioning accuracy of the stylet in gelatin
phantoms and on dose delivery capability with Ho-MS in tissue phan-
toms mimicking a tumour in brain tissue. Next to mechanical and dose
distribution performance, artefact quantification of the instrument is
studied in a 3 Tesla MRI test.

2. Materials and methods
2.1. Instrument design

The mechanical design of the instrument allows for manual control
of the axial translation (DoF 1) and axial rotation (DoF 2) of the stylet to
accurately target an entire lesion of 30 mm in diameter and distribute
Ho-MS locally. Deeper instrument insertions are realized by axial
translation of the cannula (DoF 3). Intraprocedural visualization and
localization of the instrument with MRI should be possible, which en-
tails the criteria of non-ferromagnetic materials. The proximal end of the
stylet should allow for syringe attachment and both depth and orien-
tation indicators should inform the physician about the stylet position.

Figs. 1 and 2 show the developed administration device. It consists of
three main components: (1) a straight outer needle, referring to as
cannula, creating a tumour-extracorporeal working channel for (2) the
inner needle, known as the stylet. The stylet has a precurved tip on the
distal end which will be straight when positioned inside the cannula.
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Fig. 1. Administration device with stylet in initial position. Cross-section of the
stylet tip is enlarged in the bottom left.

Stylet (2) Stylet depth
ha

indictator
4

Stylet orientation

Cannula (1)
Va indictator
]

Component

for translating
stylet (38) Component
) /

for rotating
stylet (3B)
4

/Luer-lock
P

/
Mechanism 3)

Fig. 2. Administration device with stylet in maximum position. Black arrows
indicate intended rotational movement to control stylet translation and rota-
tion. Components are identified by the grey arrows, text and numbers. Cross-
section of the stylet tip is enlarged in the bottom left.

Rotation and translation of the stylet can be separately controlled by (3)
the mechanism on the proximal end of the instrument. Insertion of the
cannula towards the lesion should be done in the initial stylet position,
meaning that the distal end of both the stylet and cannula are in the
same plane (see Fig. 1). The component at the handle for translating the
stylet (component 3A) allows for longitudinal movement, eventually
reaching the maximum position of the stylet, shown in Fig. 2. By rotating
the stylet inside the cannula (using component 3B) the right orientation
for reaching a target can be set. Rotation is done inside the cannula to
prevent tissue damage. Following this procedure, multiple locations in
the tumour can be targeted with only one puncture through the healthy
brain parenchyma. In this way, the instrument bypasses the blood brain
barrier and minimizes damage to intermediate structures.

2.1.1. Cannula

The 200 mm stiff cannula has an inner and outer diameter of 0.8 mm
and 1.6 mm respectively and is manufactured from the bioceramic
material alumina oxide (Al;03, 99.8% purity) (Ortech Ceramics, Sac-
ramento, California, USA). Al,O3 has optimal properties for this appli-
cation: biocompatibility [32-34], low magnetic susceptibility (yaumina
=-18.1 x 107®) in MRI scans [35,361], high material stiffness (Epoq =
~370 GPa) [37] and scratch resistance [32-34]. Both empirical tests
and material availability resulted in an instrument’s outer diameter of
1.6 mm, which is below the diameter of biopsy needles currently used
for brain tumour diagnosis [38]. In this way, an optimum is found be-
tween minimizing damage to the patient’s healthy brain tissue along the
insertion length and withstanding the force the precurved stylet tip
exerts on the inside of the cannula, retaining its straight path. Finite
element analysis in ABAQUS/CAE 2017, described in Section 2.1.4, is
performed to analyse the used dimensions and to show other adequate
dimensional values. During microbrachytherapy the cannula with blunt
distal tip is advanced through a cranial burr-hole and a channel to the
periphery of the tumour is created. This channel overcomes transition
between tissue layers potentially inducing deformation when inserting
the stylet [39].
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2.1.2. Stylet

The stylet is made from superelastic nitinol (SE NiTi, EUROFLEX
GmbH, Pforzheim, Germany). This material is reported to be biocom-
patible, resistant to fatigue and twist, creates small susceptibility arte-
facts in MRI and is superelastic [40,41]. The magnetic susceptibility
value of nitinol is 245 x 10’6, where human soft tissues are estimated to
be in a range of ~20% of yyqaer = -9.05 x 1079 [36]. The superelastic
behaviour allows for a curvature on the distal end of the stylet, which
adopts a straight orientation when advanced through the cannula and
returns to its precurved shape if the tip comes out of the cannula. This
phenomenon is created by a phase transition of the SE NiTi material
from martensite, due to the external load of the cannula on the stylet tip,
to austenite, having a crystalline structure transformation when there is
no induced stress. The inner and outer diameter of respectively 0.42 mm
and 0.71 mm match a 22G needle, corresponding to the needle gauge
used in earlier experiments with 1°Ho [42]. The tip has a curvature with
a 15 mm radius over a distance of 0.5 = radians. The stylet can be
connected to a syringe, containing the Ho-MS suspension, via a luer-lock
on the proximal end of the instrument. Passive steering of the stylet can
be used to control spatial placement for deposition of the Ho-MS.

2.1.3. Mechanism

Fig. 3 shows the exploded view of the mechanism located on the
proximal end of the instrument. The cannula (Fig. 3 A) is connected to
the distal part of the mechanism (Fig. 3 B), Component B contains a
spiral thread with a pitch of 5 mm in which the pin of component C can
move causing axial movement of component C and associated extension
of the stylet (component D). Attachment of the component C to
component B is accomplished after revolution of « radians of component
C. Clockwise rotation of (C), with a maximum of 4 rotations, will cause
exposure of the stylet’s curvature. To change steering direction of the
stylet component D can be rotated over 2 n radians. This allows for a
deposition of the radioactive nuclides over a maximum circular surface
of 7.1 em?. It should be noted that translation and rotation of the stylet
can only be controlled individually when the corresponding component
is rotated while the other component is gripped at the same time.

2.1.4. Finite element analysis

Analysis of the computational administration device model is per-
formed in ABAQUS/CAE 2017 (Simulia, Johnston, RI, USA). The finite
element model is created to study the used parameters of the cannula,
other potentially adequate dimensions and stylet behaviour with
increasing clearance between the two concentric tubes. Both the cannula
and stylet are designed as shell with a given offset from midplane,
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Fig. 3. Cross-section of mechanism at the proximal end of the instrument.
Components are identified by the grey arrows, text and letters (A-D). The stylet
is positioned in between the initial and maximum position to clearly show the
spiral thread of component B.
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described as wall thickness. The shell diameter of the cannula varies
from 1.0 to 1.5 mm with a wall thickness ranging from 0.2 to 0.5 mm. A
dynamic implicit solver and standard quadratic elements (type S8R5) for
discretization of both the cannula and stylet are used in the model.
Refined meshing towards the distal tip of the instrument is performed to
maximize sensitivity of the results. The cannula is clamped at the
proximal end over the first 50 mm, while the stylet is allowed to move
through the cannula in longitudinal direction. Interaction between both
needles is possible via surface-to-surface contact with a set friction co-
efficient of 0.15. The mechanical properties of the stylet are retrieved
from literature [43].

2.2. Validation experiments

Three tests evaluate the potential of the developed instrument. First,
repeatability in stylet accuracy is tested for 12 experimental conditions
(N=96). Second, an imaging test with 3T MRI is performed and visual-
ization errors of the used materials are determined. Third, proof of
principle is demonstrated by injecting '*Ho-MS in a tumour in brain
phantom and the dose distribution is measured.

2.2.1. Positioning accuracy

Set-up. The accuracy and precision of stylet insertions are measured in
transparent phantom blocks. Porcine gelatin (Gelatine, Dr. Oetker,
Bielefeld, Germany) tissue simulant blocks (50 x 50 x 40 mm) of 13 wt.
%, approaching the Young’s modulus of the stiffest brain tumour tissue
found in Abramczyk & Imiela [44] (Epoq = 75.7 kPa) are prepared and
allowed to reach room temperature. The upper part of the cannula is
fixed to a linear stage (Aerotech PRO 115, Aerotech Inc., Pittsburgh, PA,
USA). The distal tip of the cannula is punctured into a phantom block
before extending the stylet to minimize cutting and friction forces acting
on the stylet tip during phantom insertion. All trials are performed in
new gelatin blocks to avoid the influence of previously created needle
paths.

Procedure. The magnitude of the stylet extension is controlled by rota-
tion of the corresponding part on the handle (see Fig. 2). Consecutively,
1, 2, 3 and 4 rotations of component 3A are performed to place the stylet
further into the phantom with 5 mm depth per rotation to evaluate depth
dependency. The orientation of the stylet can be controlled by compo-
nent 3B. To determine steering uniformity the set stylet angle is varied
between 0°, 90° and 315°.

Data acquisition. Accuracy of the stylet is assessed by a measure of error.
Stylet depth and lateral stylet displacement are evaluated after the
insertion in a transparent gelatin block and compared to the reference
value, defined as target in Fig. 4. The reference value is determined prior
to the trials of all experimental conditions without the use of a phantom
and the corresponding needle-tissue interaction forces. Pictures, using
two 12MP sensor cameras with 1.22um pixels, in both the XZ,- and YZ-
plane are taken and processed after every puncture to obtain both depth
and lateral error of the stylet tip. In total 96 punctures provided us with
168 instead of 192 end-point locations, as 24 positions were not clearly
visible on the pictures and excluded from the study sample. The diam-
eter of the cannula is measured as 30 pixels in the pictures, thus
providing a conversion unit from pixels to mm. Coordinates of the stylet
tip for each trial in the same experimental condition are averaged and
compared to the coordinates of the dry-run for the corresponding con-
dition to obtain the mean error. Absolute error is defined by the Py-
thagorean formula.

Data analysis. Statistical tests are performed in SPSS Statistics 25 (IBM
Corp, Armonk, NY, USA) to analyse the influence of independent vari-
ables; orientation angle and stylet depth. A Shapiro-Wilk’s test, the
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Fig. 4. Schematic of measurements for the positioning accuracy test of the
stylet. Here, the stylet is placed in the maximum position, so after 4 rotations of
the component allowing for stylet translation.

normal Q-Q plots and a visual inspection of their histograms is per-
formed to verify non-normal error distribution. The nonparametric
Levene’s and a Kruskal-Wallis test are performed to evaluate mean dif-
ferences and p-values < 0.05 were considered statistically significant.
The average error in the XZ,- and YZ-plane is evaluated. No significant
difference is assumed between both planes, as a homogeneous phantom
is pierced. Differences in experimental conditions for orientation angle
and stylet depth may indicate shortcomings in the instrument design.

2.2.2. Material-induced artefact quantification in MRI

Susceptibility-induced distortions allow for artefact size quantifica-
tion of the instrument during the procedure. Eq. (1) shows the distor-
tion, where A is the artefact size and s is the corresponding instrument
dimension. Noteworthy is that A consists of a hypointense (dark) and
hyperintense (bright) part. Both intensities are considered during the
calculations as either of them can obscure intracranial structures and
abnormalities.

% Distortion = A -5 * 100% @
S

Set-up. To determine the instrument-related artefact, the stylet and
cannula are placed in a soft gelatin phantom (3 wt.%) and MRI scans are
made using a whole-body clinical 3T MRI scanner (MAGNETOM Skyra,
Siemens Healthineers, Erlangen, Germany). The phantom is placed in a
PMMA container with needle guiding holes in the front surface. For this
experiment a stylet is designed and manufactured as a straight tube, in
austenite phase, instead of the final curved stylet to easily evaluate the
influence of needle orientation on the formation of the artefact. The
stylet and cannula have a length of 80 mm and 50 mm, respectively.

Procedure. The Al,O3 cannula is placed for 30 mm in the phantom
perpendicular orientated towards the longitudinal axis of the static
magnetic field (BO), obtaining ultimate measurements for cannula dis-
tortions on the MRI. Subsequently, a straight SE NiTi tube with corre-
sponding diameters from Section 2.1.2. is advanced through the cannula
for 60 mm. MRI scans are made to show stylet distortion in the first 30
mm when covered by the cannula and in the range between 30 and 60
mm where only stylet distortions will be measured. To investigate
dependence on needle orientation towards B0, the phantom and needle
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together are placed under different angles in the MRI scanner: 90°, 75°,
60°, 45°, 30°, 15° and 0°.

Data acquisition. T2 weighted turbo spin echo (T2W-TSE) scans are ac-
quired. The imaging parameters were: FOV = 185 x 180 mm; flip angle
= 160°; bandwidth = 200 Hz; TR/TE = 3500/101 ms; in plane voxel
size = 1.09 x 1.09 mm; slice thickness = 3 mm and number of slices =
19.

Data analysis. DICOM files are processed in RadiAnt DICOM viewer
(Medixant, Poznan, Poland) and window width/level is set to 1280/
2560 for visualization of the hypointensity and hyperintensity in
transverse plane. The susceptibility artefacts are manually measured
three times per segment resulting is an average distortion + standard
deviation (£ ¢). During the normal procedure, the stylet has a circular
curvature over 0.5 n radians, thus perpendicular placement of the
straight SE NiTi tube in this experiment will match a parallel orientation
of the curved stylet tip.

2.2.3. Proof of principle with Ho-MS injection

A feasibility experiment is performed using a phantom mimicking
the mechanical and dynamic response of human brain tissue. For safety
reasons, the experiment is performed with non-radioactive '**Ho-MS,
while microbrachytherapy for brain tumours is performed using radio-
active 1%Ho-MS.

Phantom. The phantom is composed of a baseline composite hydrogel
(CH) and incorporated a tumour phantom with a diameter of 50 mm.
This diameter allows for both stylet and Ho-MS placement over a
diameter of 30 mm and Ho-MS penetration in the phantom. The baseline
CH was obtained by dissolving 1.125 wt% Polyvinyl Alcohol (PVA) and
0.425 wt% Phytagel in deionized water [45]. 0.0012 wt% Manganese
chloride (MnCl,) was added to mimic the T2 MRI contrast of gray matter
and tumour tissue [46]. The brain and tumour phantom have the same
material composition but underwent one and two freeze-thaw cycles
respectively to obtain differences in elasticity.

Procedure. The phantom is injected nine times with 1%*Ho-MS (19.6% by
mass Holmium-165) suspended in an injection fluid (Ho-MS provided by
Quirem Medical, Deventer, The Netherlands), with a concentration of 4
mg Holmium-165/ml fluid. The volume of each injection was 0.3 ml.
The phantom injection is done in a standardized manner, starting with a
manual insertion of the cannula followed by four injections in four
different orientations (0°, 90° 180° and 270°) with the stylet in
maximum position at 17.5 mm from the bottom of the tumour. Subse-
quently, four injections at a height of 32.5 mm with the stylet in
maximum position and one injection at the top of the tumour with the
stylet in its initial position were made (Fig. 5). MRI is performed prior to
insertion of the instrument, after insertion of the cannula, after exposure
of the stylet and after injection of the *Ho-MS. If the needle was not in
the preferred position, the position of the stylet was adjusted and MRI
was repeated, until the positioning was correct.

Data acquisition. Data is acquired on a whole-body, clinical 3T MRI
scanner (MAGNETOM Skyra, Siemens Healthineers, Erlangen, Ger-
many), using a head coil in receiving mode. For instrument placement
and location of the tumour T2W-TSE scans are acquired. The imaging
parameters were: FOV = 256 x 256 mm; flip angle = 160°; bandwidth =
200 Hz; TR/TE = 4670/107 ms; in plane voxel size = 1.09 x 1.09 mm;
slice thickness = 3 mm and number of slices = 17. For the detection and
quantification of Ho-MS, a multi-gradient echo sequence is used. The
parameters of this sequence were: FOV= 153 x 379 mm; flip angle = 37°;
bandwidth = 1565 Hz; TR/TE1/ATE = 188/1.13/1.12 ms with 10
echoes; in plane voxel size = 3 x 3 mm; slice thickness = 3.5 mm and
number of slices = 58.
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Fig. 5. Injection protocol of the tumour phantom. Three cross-sections in
transversal plane at different heights show the Ho-MS injection locations
indicated by the cross-marks. Four depots will be placed in four different ori-
entations (0°, 90°, 180° and 270°) at a depth of 17.5 mm from the bottom of the
tumour, four at a distance of 32.5 mm from the bottom and one in the central
axis at a height of 42.5 mm.

Data analysis. MRI-based dose maps, indicating the nominal dose, are
simulated via a commercially available software package Q-suite
(Quirem Medical, Deventer, The Netherlands) which uses previously
described and validated methods [47,48]. A fictional specific activity of
12 MBq/mg was used for the 1%°Ho-MS according to the average specific
activity used in clinical practice [49].

3. Results
3.1. Finite element analysis

Fig. 6 shows both the Von Mises stress and deflection of the cannula
while retracting the stylet into the cannula using a polynomial curve
fitting for noise reduction. The deflection of the cannula increases dur-
ing retraction of the stylet and the von Mises stress is highest when the
stylet is positioned in the cannula.

Table 1 and Fig. 7 show the results of twelve determined experi-
mental conditions. The cannula developed in this study (EC 7) shows a
maximum deflection at the tip of 0.09 mm and a maximum Von Mises
stress of 95.37 MPa. Considering the Modulus of Rupture of Al,O3 (~
375 MPa) [37] the Factor of Safety of the cannula is 3.9. For other
experimental conditions, wall thickness (WT) of the cannula and clear-
ance between cannula and stylet are varied. An increase in both wall

Cannula
fon
Mises
Stress

Cannula
Deflection

Von Mises Stress (MPa)
Deflection
(mm)

L Maximum stylet posiion ~ —__p

m— |Nitial stylet position

Fig. 6. FEA in ABAQUS showing the Von Mises stress acting upon the cannula
and the deflection of the cannula, caused by the force of the curvature of the
stylet, during retraction of the stylet through the cannula. Polynomial curve
fitting (indicated by thick lines) is used to reduce the noise in the simulation
(indicated by thin lines).
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thickness and clearance result in a reduction of both the maximum Von
Mises stress and maximum deflection of the cannula indicated by the
trend line in Fig. 7. Fig. 8 shows the course the stylet makes inside the
cannula. Oscillation of the stylet increases with clearance in the needle
system and results follow the bending behaviour presented in Okazawa
et al. [30].

3.2. Positioning accuracy

Non-normally distributed absolute stylet tip errors were found in
IBM SPSS Statistics 25 for all experimental conditions. Table 2 shows the
mean absolute error and standard deviation (+ o) for all variables. A
Kruskal-Wallis test showed that measurement plane (XZ,- or YZ-plane)
did not significantly influence the error obtained (p > 0.05). Statisti-
cally significant differences in absolute errors were obtained for
different stylet depths, y*(3) = 11.534, p = 0.009, significantly influ-
enced by the vertical component, ¥%(3) = 24.014, p < 0.001. Next to
this, significantly different absolute errors were found for the set
orientation angle, ¥%(2) = 10.120, p = 0.006. This error was mainly
influenced by the horizontal component, y%(2) = 41.592, p < 0.001.

3.3. Material-induced artefact quantification in MRI

The bioceramic cannula creates a distortion in the 3T MRI scanner of
80.6 — 104.4 £ 2.5 %. Advancing the SE NiTi stylet through the cannula
for 60 mm induces a distortion up to 264.6 + 13.2 % in the first 30 mm.
A maximum distortion of 745.1 + 22.0 % was found for the stylet in the
next 30 mm. Fig. 9 shows the hypointense and hyperintense signal of
both the cannula and stylet alone and together when oriented perpen-
dicular to BO. The artefact in the first 30 mm, created by the combination
of the AlyO3 cannula and the SE NiTi stylet, is not different from the
signal void of the stylet alone. However, the distortions calculated with
Eq. (1) indicate a difference due to the associated dimensions. Fig. 10
gives an overview of the material-induced artefacts found in the 3T MRI
test. The effect of needle angle towards BO is clearly visible for the SE
NiTi stylet, where a more perpendicular orientation results in higher
distortions. Noteworthy is that in some scans larger distortions were
measured at the distal tip.

3.4. Proof of principle with Ho-MS injection

Placement of the stylet was performed in nine different locations
within the tumour phantom while only one main channel was created by
the cannula. Ho-MS injection was possible in all predefined positions
with a distance of < 10 mm to the border of the tumour (Fig. 11, left).
Dose distribution of the **Ho-MS resulted in a total mean dose of 66 Gy,
where 40% of the tumour volume received a dose of at least 60 Gy
(Fig. 11, right).

4. Discussion

This study describes a novel administration device for MRI-guided
radiation therapy of brain malignancies. The instrument, consisting of
two concentric tubes, has three DoF and steering arises from mechanical
energy stored in the configuration of the instrument. The administration
device meets the defined design objectives, where the intended pro-
cedure should be performed by a minimum number of instrument in-
sertions through the healthy brain parenchyma while bypassing the
blood brain barrier. The diameter of the cannula is smaller compared to
the commonly used brain biopsy needles of 1.8 and 2.0 mm [38]
potentially minimizing brain damage. Bending stiffness of the rigid
alumina oxide cannula can withstand the force exerted by the curvature
of the nitinol stylet having a Factor of Safety of 3.9. When advanced out
of the cannula, the stylet relaxes into its originally set curvature with a
radius of 15 mm. Stylet tip positioning in multiple locations is ensured
by the mechanism which allows for dose delivery of *°>Ho-MS after. This
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Table 1

FEA of cannula in ABAQUS. Twelve experimental conditions are defined, varying in wall thickness (WT) and shell of the cannula. The shell diameter affects the
clearance within the needle system. For example a shell of 1.20 mm and a WT of 0.20 mm create an outer diameter of 1.40 mm. All experimental conditions are
evaluated on the maximum Von Mises stress and maximum cannula deflection.

Wall thickness of cannula (mm)

0.20 mm 0.30 mm 0.40 mm 0.50 mm
EC Max. Max. EC Max. Max. EC Max. Max. EC Max. Max.
Stress deflection Stress Deflection Stress Deflection Stress Deflection
(MPa) (mm) (MPa) (mm) (MPa) (mm) (MPa) (mm)
1.00 1 364.9 0.33
Shell of 1.10 2 218.1 0.26 4 154.1 0.15
cannula 1.20 3 232.1 0.22 5 141.9 0.14 7 95.37 0.09
(mm)Shell 1.30 6 67.46 0.11 8 53.01 0.08 10 54.12 0.06
of 1.40 9 64.46 0.07 11 45.62 0.05
1.50 12 43.79 0.05
wr
400 +0.20 mm : 30 mm .
2030 mm i Cannula i
350 %0.40 mm < >
00.50 mm H
300 :
’g
S 250 S
8 S
& 200 ) <t
3 3
o o
S 150
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Cannula deflection (mm)

0.11 mm

Fig. 7. Overview of the relation between cannula deflection and Von Mises
Stress for all twelve experimental conditions from the FEA. The trend line in-

dicates the linear correlation. < > ¢ >
: 30 mm H 30 mm :
‘ Stylet * Stylet & Cannula
S, Mises Fig. 9. Artefact visualization and measurements on MRI scan of the cannula
SNEG, (fraction = -1.0) . .
(Avg: 75%) (top), stylet (bottom left) and stylet and cannula together (bottom right) in
+6.677e+02 . . .
+6.120+02 perpendicular orientation towards BO.
+5.564e+02
+5.007e+02
g
133306103 Ho-MS quantification. These characteristics contribute to a good foun-
12.236e+02 dation for further instrument optimization and demonstrate the poten-
E%éégg;gi tial for precise instrument tracking during brain tumour treatment.

The use of steerable needles in microbrachytherapy creates a po-
—_— ] tential strengthening of this treatment option. In the brain, this func-
tionality allows for sensitive structure avoidance and multiple target
locations can be reached without reinsertion. As opposed to non-
holonomic bevel-tip needle steering, proposed in earlier studies [22,25,
28], the developed minimally invasive precurved instrument allows for
controlled needle trajectories.

The results of the MRI test show that the bioceramic material caused
smaller distortions compared to nitinol which is consistent with the
magnetic susceptibility values and findings of Matsuura et al. [50]. A
more perpendicular orientation of the nitinol stylet towards the

Fig. 8. FEA visualization of EC 3, having a clearance of 0.29 mm. The curved
course of the stylet inside the cannula and the corresponding Von Mises stress
are shown.

is demanded as the tissue penetration depth of radioactive °°Ho used
during an interventional procedure is small and entire tumour coverage
is required. Next to this, MRI allows for visualization of the adminis-
tration device, feedback on needle trajectory, tumour location, and

Table 2
Mean absolute errors and standard deviations of positioning accuracy test in XZ-plane and YZ-plane combined for different experimental conditions.

Orientation angle of stylet (°)

N =168 0° 90° 315° Total
1 | Mean absolute error | + ¢ 1.16 £ 0.56 0.43 £ 0.36 0.58 £+ 0.50 0.72 £ 0.57
Stylet depth (mm) 2 | Mean absolute error | + ¢ 0.70 £ 0.45 0.72 £ 0.39 0.75 £ 0.43 0.72 £ 0.41
Number of rotations 3 | Mean absolute error | + ¢ 0.93 £ 0.54 0.83 £ 0.48 0.94 + 0.67 0.90 + 0.56
4 | Mean absolute error | + ¢ 1.44 £ 0.67 0.92 + 0.59 1.14 +£0.93 1.17 £ 0.75
Total 1.06 £+ 0.61 0.73 + 0.49 0.85 £+ 0.67 0.88 + 0.61

18



M. de Vries et al.

800

1 = ALO,
A1 [0 - 30 mm]
700 i/ 9 n
& B ALO, + SE NiTi
600 /& [0 - 30 mm]
g 50 ;/ =A< SE NiTi
< [30 - 60 mm]
& 400 =
£ T
"9 L
2 300
e ¥
200 A/
100 a | = L I ﬁ
I_T——_— \!—T !-—-—L
0
0 15 30 45 60 75 90

Needle angle towards BO (°)

Fig. 10. Material-induced artefact quantification in 3T MRI. Needle angle (°)
towards the magnetic field, BO, is shown on the X-axis, the amount of distortion
in (%) on the Y-axis.

magnetic field resulted in the largest artefacts due to the maximal sus-
ceptibility effect and the radio-frequency (RF) eddy current [51]. Dis-
tortions were reduced with a total factor of 3.8 by placing the stylet
parallel to BO. When planning the optimal path to the tumour during a
clinical procedure, the orientation of the stylet towards the magnetic
field should be considered. Further reduction of distortions can be
achieved by using a weaker magnetic field [52] or by using a strong
diamagnetic coating or filling of the needle [53]. Suitable diamagnetic
materials can compensate for the paramagnetic properties of the nitinol
stylet. We assume that there will be no differences in artefact size for the
same orientation between the straight and curved stylet, as they are both
in austenite phase. However, this effect should be investigated in more
detail. The distortions of the bioceramic cannula are small because of a
slight susceptibility difference with water and therefore the gelatin
phantom (97% water) [36]. Besides, no RF-induced eddy currents are
present due to the nonconductive behavior [51]. Though, the presence
of oxygen (Yoxygen = 0.36 X 107%) [36] in the cannula or the crystal
structure and grain size of the alumina oxide may have influenced the
distortions [35]. Both the hypointense and hyperintense signals of the
bioceramic cannula remained constant regardless of the orientation to-
wards BO. In comparison, the signal void of plastic catheters, with a
magnetic susceptibility in the order of -107°, is small and does not
depend on its orientation in the magnetic field [54,55]. Adapting the
windowing parameters eventually shows only the hypointense (dark)
signal with a diameter corresponding to the outer diameter of the can-
nula. However, adjusting the relevant parameters could counteract the
detection of intracranial structures and lesions. Noteworthy is that the
measuring method and the effect of the 3-mm slice thickness may have
influenced outcomes and focus was not on quick MRI acquisition. In
future experiments, the slice thickness should be reduced and acquisi-
tion time should be minimized for eventual clinical procedures.

The ability to locally deliver a substance entails puncturing preci-
sion, stylet reach and controllability. Because the Ho-MS suspension
leaves the stylet at the distal end, positioning the stylet tip is critical. On
some MRI scans disturbances at the tip were found. The occurrence of
this blooming-ball shaped void could have been the result of the abrupt
variation of the magnetic field intensity at the tip of the needle. This may
induce difficulties in precisely localizing the distal tip of the stylet in
future experiments. Miiller-Bierl et al. reported that a strong diamag-
netic coating or filling of the instrument could reduce tip artefacts [53].
Although, earlier research shows that the distal tip is generally located at
the centre of the void [56].

Positioning accuracy of the delivery device was assessed by stylet tip
location during insertions in homogeneous porcine gelatin, resulting in
an accuracy of < 1 mm. It was reported that the absolute error had a
tendency to become larger after every rotation, causing a larger stylet
depth, which is confirmed by van de Berg et al. [57]. In our research the
developed stylet travels over a shorter distance, being less prone to
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Dose distribution

Microsphere depots

Number of injections

Fig. 11. Microsphere depots and dose distribution in brain tumour phantom
visualized by a multi-gradient echo MRI scan (left) and in Q-suite (19.6%
Holmium-165 by mass, fictional specific activity 12 MBq/mg) (right). Both
images are merged with the T2W-TSE scan for visualization of the instrument
and anatomical tumour reference. The administration device has been inserted
into the tumour phantom at different locations following the protocol described
in Section 2.2.3. After nine injections the total mean dose is 66 Gy, of which
40% of the tumour volume received a dose of at least 60 Gy.

distortions. In addition, absolute error was influenced by the set orien-
tation of the stylet. A decisive factor concerning variance in both depth
and lateral error is a lack of functionality in fixation of the stylet.
Variability between manually controlled insertions possibly increases
with the absence of fixation. In comparison with currently used biopsy
needles, the developed instrument has comparable average placement
errors [58]. Noteworthy is that light refraction, surface smoothness of
the gelatin blocks and possible differences in phantom stiffness may
have influenced measurements.

In the feasibility experiment with Ho-MS a mean dose of 66 Gy was
found in the tumour, were 40% of the tumour received a dose of at least
60 Gy. Literature affirms that external beam radiation requires a dose of
60 Gy for an increased survival of patients with malignant glioblastomas
without increasing central nervous system toxicity [59]. Since the risk of
central nervous system toxicity is actually lower compared to the dose
simulations in this study, because of the low tissue penetration depth of
the beta radiation of 1°®Ho, the actually administered radioactivity and
the absorbed dose during microbrachytherapy could be increased
compared to our simulations. Therefore, studies have to be performed to
assess mean dose in relation to therapy effect. .

The curvature at the distal end of the stylet allows for a maximum
reach of 30 mm, and thus achieving the limit for performing SRS (30 mm
in diameter). Dose delivery demonstrated that Ho-MS penetration in the
tumour phantom allowed for treatment of tumours with a diameter < 50
mm. Earlier studies showed that tumours up to 52 cm? were treated by
SRS, making the administration device adequate for larger malignancies
as well [31]. However, all tumours have different shapes, sizes, prop-
erties and transitions between tumour and brain tissue. This induces
untreated parts when Ho-MS injection will be performed with this in-
strument. A suitable stylet with adjusted tip dimensions, considering
tumour size and shape, is critical in every procedure to cover the whole
tumour volume. Additionally, optimization of the cannula should be
taken into account, considering precise mechanical properties, settings
for finite element analysis including a dependent variable for friction,
the permitted Factor of Safety and the influence of external loads. For
follow-up studies we recommend to incorporate fixation of the stylet at
the proximal handle, enlarge clearance between cannula and stylet for
both smoother movement of the stylet and reduction of Von Mises stress.
RF heating of the stylet during MRI should be assessed and in-vivo ex-
periments with animals should be performed for the evaluation of in-
strument accuracy and dose coverage in a more realistic environment.
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5. Conclusion

The instrument for MRI-guided intratumoural administration of
radioactive holmium microspheres for treatment of brain malignancies
was developed and validated in this work. The prototype is able to
precisely reach multiple places in a phantom while having one single
access channel and allows for dose delivery of 1%*Ho-Ms in a suitable
tumour in brain phantom. Visualization of the superelastic nitinol stylet
and alumina oxide cannula was possible in 3T MRI. The developed
prototype showed that precise stylet placement and dose delivery is
possible with Ho-MS. It was demonstrated that the developed adminis-
tration device is potentially able to perform MRI-guided micro-
brachytherapy in the brain.
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