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Abstract— Combining single photon emission computed
tomography (SPECT) with magnetic resonance imaging (MRI)
requires the insertion of highly conductive SPECT collimators
inside the MRI scanner, resulting in an induced eddy current
disturbing the combined system. We reduced the eddy currents
due to the insert of a novel tungsten collimator inside transverse
and longitudinal gradient coils. The collimator was produced
with metal additive manufacturing, that is part of a microSPECT
insert for a preclinical SPECT/MRI scanner. We characterized
the induced magnetic field due to the gradient field and adapted
the collimators to reduce the induced eddy currents. We modeled
the x-, y-, and z-gradient coil and the different collimator designs
and simulated them with FEKO, a three-dimensional method of
moments / finite element methods (MoM/FEM) full-wave
simulation tool. We used a time analysis approach to generate the
pulsed magnetic field gradient. Simulation results show that the
maximum induced field can be reduced by 50.82 % in the final
design bringing the maximum induced magnetic field to less than
2 % of the applied gradient for all the gradient coils. The
numerical model was validated with measurements and was
proposed as a tool for studying the effect of a SPECT collimator
within the MRI gradient coils.

Index Terms— MRI; SPECT; Eddy currents; Collimator;
Tungsten; Final design.

I. INTRODUCTION

VER the last decade, multimodal imaging techniques

have become more and more important. Functional

imaging techniques like Positron Emission Tomography
(PET) and Single Positron Emission Computed Tomography
(SPECT) are combined with anatomical imaging techniques
like Computed Tomography (CT) and Magnetic Resonance
Imaging (MRI).
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Integrated PET/MR hybrid imaging combines anatomical
images with an excellent soft tissue contrast provided by MR
with high sensitivity and quantitative molecular images
provided by PET. In 2010, the first commercially available
whole-body systems for PET/MR hybrid imaging entered the
market, based on two separate MR and PET imagers in one [1]
followed by a fully integrated whole-body PET/MR hybrid
imaging system [2] that enables simultaneous PET/MR data
acquisition. Since then, the number of worldwide installations
of PET/MR systems has steadily increased [3]. Different
groups investigated MR compatibility of the combined
PET/MRI systems. Examples of interference phenomena have
been reported by several research groups: Wehrl et al. [4]
observed image degradation of the MRI due to the presence of
a PET detector. Schlyer et al. observed degradation of the PET
performance due to the RF pulses and switching gradients of
the MRI [5]. Wehner et al. recently presented an MR-
compatibility study performed with the world's first preclinical
PET/MR insert based on fully digital silicon photo multipliers
and they observed an SNR degradation that can be improved
by power supply unit shielding [6]. They also found that the
PET system works stable even under unrealistic demanding
stress tests.

Preclinical SPECT/MRI combines the high-resolution
molecular information from SPECT with the excellent soft
tissue contrast of MRI, together with localized chemical and
physical information such as metabolite concentrations and
water diffusion characteristics from MRI. In 2008, Goetz et
al. [7] presented the first sequential small animal SPECT/MRI
for low field (0.1 T) MRI. Later, Hamamura et al. [8] showed
the feasibility of simultaneous SPECT/MRI in a 4T MRI
based on a rotating cadmium zinc telluride (CZT) nuclear
radiation detector with a parallel hole collimator. Their work
uses simplified models and should be considered as a
feasibility study. Recently, Cai et al. [9] presented a stationary
MR compatible small animal imaging SPECT system based
on twenty second-generation energy-resolved photon-counting
(ERPC) CdTe detectors. Each detector is associated with four
pinholes on average. Another ongoing work for SPECT/MRI
is the INSERT (Integrated SPECT/MRI for enhanced
Stratification in Radio-chemo Therapy) project [10]. Their
final goal is to develop both a clinical brain SPECT insert and
a preclinical SPECT insert that can be used inside
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commercially available MRI systems such as a 3T MRI with a
59-cm-bore. Finally, Mediso [11] was first-to-market with a
sequential preclinical SPECT/MRI system with a 1-Tesla
permanent magnet, 450-mT/m gradient strength, up to 200 x
250 mm reconstructed field of view (FOV) and a 275-um
spatial resolution for SPECT. However, no commercial system
for simultaneous SPECT/MRI has been developed up to now.

While this integration of SPECT/MRI offers numerous
advantages and new opportunities, it also presents many
technological challenges. One of them is the presence of eddy
currents in the collimator due to the pulsed magnetic field
gradients [12, 13]. The undesired magnetic field produced by
these eddy currents opposes and distorts the linear gradient
fields in the region of interest (ROI), which results in image
artifacts [14-16]. Although many approaches have been
proposed to minimize the occurrence of eddy currents (active
and passive shielding coils [17-19], current pulse pre-
emphasis [14, 16, 20]), significant distortions will often
remain. This is particularly the case in the presence of highly
conductive objects where eddy currents are characterized by
long time constants [15]. In the study of the preclinical
PET/MRI insert [21], Weissler et al. reported that during long
EPI sequences, induced eddy currents resulted in ghosting
effects in the MR images: 48 of the 184 EPI images showed
ghosting. Additionally, the eddy currents resulted in heating of
the PET electronics and consequently in a slight adjustment of
its count rates (influencing sensitivity and quantification). A
study of the induced eddy currents in collimators for
SPECT/MRI [22] showed that the induced magnetic field
represents up to 4.7 % of the applied gradient field (for a
gradient strength of 500 mT/m and a rise-time of 0.25 ms),
which might cause visible distortions in the MRI.

In this paper we investigate how to adapt the collimator
design in order to maximally reduce the induced magnetic
field due to eddy currents. With the current technology,
collimators can be produced by additive manufacturing [23],
which gives new degrees of freedom to the design and the
material. The novelty of this paper is:

i The application of a numerical model to study the
specific problem of induced eddy currents due to the
combination of SPECT (collimators) with MRI scanner
for a preclinical SPECT/MRI system.

ii. Optimization of the SPECT collimator to reduce eddy
currents by introducing smart design modifications.

Il. METHODS

A. Simulation platform

The gradient coils [24] and collimators were modeled with
FEKO [25], a three-dimensional electromagnetic simulation
platform. FEKO uses the method of moments, which provides
full-wave solutions of Maxwell’s integral equations in the
frequency domain. We also used FEKO provided time
analysis functionality, allowing electromagnetic problems to
be analyzed in the time domain. The relevant computations
were performed in the frequency domain, and fast Fourier

transform algorithms were used to transform the data to the
time domain. First, we extracted frequency components of the
gradient pulse by applying fast Fourier transform; we then
performed a broadband simulation covering the frequency
range of the gradient shape. The output was then post
processed to extract the time response of the system, based on
the gradient pulse. The setup was simulated with a broadband
simulation from 0 to 10 kHz to cover the frequency range of a
sinusoidal pulse with a ramp-down time of 0.25 ms.

We performed simulations with x-, y-, and z-gradient coils
for preclinical systems (Fig. 1). The coils was fed with
167.24 A and 162.33 A for transverse and longitudinal
gradient coils, respectively. The gradient strength was 500
mT/m, and the maximum gradient deviation in a sphere of
30 mm was 2.06 % and 0.86 % for transverse and
longitudinal gradient coils, respectively.

The validation of the simulation model with measurements
was reported in the paper of Samoudi et al. [22]. To validate
simulations with the configuration of measurements, they
considered a z-gradient coil, a representation of the phantom, a
radio-frequency (RF) coil and a cuboid representing the lead
block (Pb). The results of the simulations were compared to
measurements using a 7T MRI scanner (Bruker Pharmascan).
The z-gradient coil and the simulation tool used in [22] are
identical to those used in our study. The maximum variation
between measurement and simulation was less than 1% of the
applied gradient field (G = 500 mT/m).

Figure 1: Wire patterns for (a) X-gradient coil. (b) Y-gradient coil and(c) Z-
gradient coil. (d) Full ring of the collimators centered inside the z-gradient
coil. Red and blue colors are used to indicate wires in which there is a
different sense of current flow.
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Figure 2: The original collimator. a) 3D CAD desigh of one collimator
(1: flange, 2: slope, 3: region of pinholes). b) Printed full-ring multilofthole
collimator.
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Figure 3: Adapted collimator designs. A): Smaller flanges. B): Horizontal stilts. C): Material reduction in the core. D): Vertical slits in the middle.
E): Combined vertical slits and material reduction. F): Z-shaped vertical slit.

B. Original collimator

Figure 2a shows the proposed collimator that has been
developed for a new microSPECT system (Fig. 2b). The
system consists of 7 identical collimators and digital silicon
photomultipliers assembled in a ring. The system is stationary
and therefore less sensitive to geometric calibration issues,
better suited for dynamic and gated imaging and easier to
integrate with MRI [26, 27].

Tungsten is a promising material for the production of MR-
compatible collimators. It has a high number of electrons
(Z=74) and a high density (19.25 g/cm3). However, pure
tungsten is difficult to process. It is both hard and brittle.
Therefore, many pinhole collimators are made from tungsten
alloys (with nickel, iron and/or copper). They are easier to
process but have a higher susceptibility and are thus less MR-
compatible.  Additive manufacturing overcomes these
problems by selective laser melting of pure tungsten powder.
This technique can produce complex parts, given some
restrictions like a minimum feature size of 500 um, a precision
of 50 pm and a maximum build volume of 245 mm x 245 mm
x 190 mm and larger parts will be possible in the future. Down
facing surfaces are also difficult to construct or need a
supporting structure (Layerwise, Belgium).

Selective laser melting also allows varying the density of the
material. The supplier of the collimator is able to produce
densities from 80 to 99%. This is interesting because lower
density tungsten has a lower conductivity, resulting in less
eddy currents. On the other hand, a lower density also results
in a lower attenuation coefficient. We chose for a density of
90% and according to the Beer-Lambert law, 2 mm of this
material is sufficient to attenuate photons with energy of
140 keV which stops 99.85 % of all incoming gamma rays.
Due to the additive manufacturing process, the collimator has
a different resistivity along the transversal (292 nQ2.m) and the
longitudinal (108 nQ.m) direction. Because eddy currents
increase with the material conductivity, we performed our
simulations with a collimator using the lowest resistivity
(108 nQ.m) to cover the strongest eddy currents.

C. System optimization

In order to reduce eddy currents in the collimator ring, we
modified the collimator design. We did this step-by-step and
investigated the effect of every modification separately. The
magnetic field due to eddy currents (B;) was calculated by
subtracting the z-component of the magnetic induction of the
gradient coils without collimator (B,) from the z-component
of the magnetic induction of the gradient coils with the
collimators (BS°)). The choice of the z componenent is
motivated by the fact that it represents the main component for
the gradient field.

Figure 3 shows the different designs we simulated to reduce
the induced magnetic filed due to eddy currents:

1) Smaller flanges

First, we removed all excess material. The flanges (region 1
in Fig. 2) at the edges of the collimator have as only function
to mount the collimator and not to attenuate photons.
Therefore, the first adaptation to the design was a reduction of
the excessive material in the flanges where high current
densities are expected. Proper mounting of the collimator is
still possible (Fig. 3A).

2) Horizontal slits

It is expected that the current density is highest near the
surface of the collimator due to the skin effect. This can be
reduced with slits in the surface [28, 29]. The distance
between the slits is 2 mm, this is necessary not to disturb the
function of the collimator [23] (Fig. 3B).

3) Material reduction in the core

In the center of the collimator there is a solid core of
tungsten. The photons are attenuated before they reach the
core so this excessive material may be omitted (Fig. 3C). We
expect this to further reduce eddy currents but the collimator
will be more complex to print and a supporting structure will
be needed.

4) Vertical slit in the middle

The supporting structure can be avoided by using two

vertical slits in the middle of the collimator (Fig. 3D) to
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reduce eddy currents instead of removing all the core material.
5) Z-shaped vertical slit

In order to maximally reduce the eddy current, the two
previous solutions (sections C.3 and C.4) can be combined
(Fig. 3E). However, when the reduction of material in the core
is combined with the vertical slits, some photons might not be
attenuated and pass though the vertical slits and the thin wall
of the lofthole. This penetration can be avoided by using a
Z-shaped slit (Fig. 3F and Fig. 4) instead of the vertical slit of
Fig. 3D.

£y 73

Figure 4: Z-shaped vertical slit.

1. RESULTS

A. Current density on the surface of the collimator

Figure 5 shows current density on the surface of the
collimator for different adapted designs shown in Fig. 3, and a
comparison between the original and the optimized design
(Fig. 50 and 5F) shows a general decrease in current density.

Figure 5: Current density on the surface of a single collimator (RMS value in
dB normalized to 50 MA/m?). O: Original collimator as shown in Fig. 2a.
R: Reference and scaling for all the sub-figures. A-F: Adapted collimator
designs as shown in Fig. 3.

B. System optimization results

Table | shows the reduction in the maximum value of the
induced magnetic field due to eddy currents inside a FOV of 3
cm, for each adaptation separately for the full ring of 7
collimators. Results show that reduction for collimators inside
x- and y-gradient coil is almost the same (y-gradient coil was
designed by simple rotation of the x-gradient coil around the z
axis). We refer to both of the coils as transverse coils. Smaller
flanges reduce the current density by 18 % and 16 % for
longitudinal and transverse coils (x- and y-gradient coils),
respectively. The horizontal slits reduce the eddy currents by

5% and 4 % for longitudinal and transverse coils, respectively.
Using less material in the core or applying vertical slits results
in the same reduction of current density. However, the vertical
slits are cheaper because a hollow collimator requires
supporting structures during production. Both can be
combined if z-shaped slits are used to prevent attenuation
problems. The reduction is then 26 % and 22 % for
longitudinal and transverse coils, respectively. Finally, when
all previous adaptations are combined (Fig. 3F), the reduction
in eddy currents is about 50.8 % and 43.2 % for longitudinal
and transverse coils, respectively.

TABLE |
RESULTS FOR THE DIFFERENT ADAPTATIONS IN THE GRADIENT COILS QFIG. 3!

Adaptation Description Reduction (%) Reduction (%)
for for
longitudinal coil transverse coils

A Smaller flanges 18.36 15.93

B Horizontal slits (2 mm) 5.12 4.29

C Less material in the 18.98 17.03
core

D Vertical slits 18.75 17.21

E Vertical slits and less 25.23 21.81
material in the core

F Vertical z-shaped slits 26.46 22.36

and less material in the
core

C. Temporal variation of the induced field for the original
and the optimized ring of collimators

Figure 6 shows the magnetic induction due to eddy currents
(B;) as a percentage of the applied gradient field for
longitudinal and transverse gradient coils (x- and y-gradient
coils) for the original (Fig. 2a) and the optimized (Fig. 3F)
ring of collimators, averaged in a FOV of 3cm. For the
original collimator, the maximum value of the induced
magnetic field is 4.21 % and 1.06 % of the applied gradient
field (gradient strength = 500 mT/m) for longitudinal and
transverse gradient coils, respectively. For the optimized ring
of collimators, we have 1.91 % and 0.46 % of the applied
gradient field for longitudinal and transverse gradient coils,
respectively. The transverse coils induce thus less eddy
currents than the longitudinal. The maximum value of the
induced magnetic field was reduced to less than 2 % of the
applied gradient field for both transverse and longitudinal
coils.

—Original ring of collimators inside lengitudinal cail

+++- Optimized ring of collimators inside longitudinal coil

~— Original ring of collimators inside transverse coil
-+ Optimized fing of collimators inside transverse coil

B, as a % of the applied gradient field

0% 05 1 1?5 2 2i5 3
Time in ms

Figure 6: B; (induced B-field due to eddy currents) as a percentage of the

applied gradient field of 500 mT/m for both the longitudinal and the

transverse gradient coils (x- and y-gradient coils) averaged in a FOV of 3 cm.



TNS-00058-2015.R2

IV. DISCUSSION

Fig. 50 shows that high values of current density are located
in the flanges of the collimators which motivates the first
adaptation of our design (smaller flanges).

Table | shows that a high reduction in the maximum induced
magnetic field can be obtained. The most important reductions
are near the region of the flanges (smaller flanges design) and
the center of the collimators (less material in the core and
vertical slits designs). A global reduction of 50.8 % and
43.2 % for longitudinal and transverse coils, respectively, is
finally obtained with these design changes, and thus by using
the optimized design we can bring the percentage of the
induced magnetic field to less than 2% of the applied gradient
field. This guideline value of 2% is experimentally derived
during measurements for the SIMRET project.

The z-shape configuration with reduced material in the core
seems to be the most favorable since it gives the highest
reduction value. The collimator used in the manuscript was
optimized for the microSPECT system (in terms of pinholes)
and thus, we opted to modify this multi-pinhole collimator
instead of making a new one and optimize it for the
microSPECT system. A general rule is to omit all unnecessary
material (which also makes the production cheaper when
using additive manufacturing) while paying attention not to
disturb the basic function of the collimator.

Figure 6 shows that the transverse coils induce less eddy
currents than the longitudinal coil. This is due to the wire
distribution for the two types of the coils and the collimators’
position inside the coils.

Translating gradient field distortions to image artefacts is not
straight-forward and depends on the sequence used. In fact the
distortions will cause artefacts but its shape depends on the
trajectory used in the sequence. We note that, the most
relevant configuration parameters of the gradient coils for this
study are the gradient strength and the rise time of the pulses.
Eddy currents increase when the gradient strength increases
and decrease when the slope of the gradient pulse becomes
steeper.

In the present study, we assume that both the gradient coils
and the collimator are passive structures and simulated them
with an electromagnetic simulation toolbox based on linear
Maxwell equations. We also assume linearity of the system in
the method of extraction of the induced magnetic field due to
eddy currents. We also focused strictly on the eddy current
induced in the tungsten collimators. The proposed work does
not consider the effect of coupling of the gradient and/or RF
coils, nor the eddy currents on the cryostat magnet, which
leads to some remnant errors. However, these could be
accounted for through extensions of the methodology
presented here, with an extension of the numerical model.

The impact of eddy currents in the SPECT image is not
covered in the present study, which focusses on distortions in
the MR-gradient field in the presence of a SPECT collimators.
However, these could be accounted for future works. The
approach used in this paper can be extended to simulate any
gradient coil and any collimator design for the purpose of the
integration of SPECT/MRI.

V. CONCLUSION

In this paper, we investigated and reduced the induced
magnetic field due to eddy currents in a full ring of collimators
that has been developed for a SPECT/MRI system. A
numerical model of the x-, y-, and z-gradient coils with
different designs of the collimators was studied to investigate
eddy currents in the tungsten collimators due to the gradient
fields for SPECT/MRI system. Simulations were performed
using a 3D electromagnetic simulator with a time analysis
tool. We made small modifications to the collimator’s design
and surface and reduced the maximum induced magnetic field
by 51 % which results in an improved MR-compatibility. The
numerical model and simulation tool were validated in [22].
We conclude that printed tungsten collimators are suited to be
used for combined SPECT/MRI systems. The final design
presented in this paper can be produced using the promising
technique of metal additive manufacturing.
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