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Abstract

A positron emission tomography (PET) system or ‘insert’” has been constructed for placement and
operation in the bore of a small animal magnetic resonance imaging (MRI) scanner to allow
simultaneous MR and PET imaging. The insert contains electronics, components with a variety of
magnetic properties, and large continuous sheets of metal— all characteristics of an object that
should, by conventional wisdom, never be placed in the bore of an MR scanner, especially near the
imaging volume. There are a variety of ways the two systems might be expected to interact that could
negatively impact the performance of either or both. In this article, the interaction mechanisms,
particularly the impacts of the PET insert and shielding on MR imaging, are defined and explored.
Additionally, some of the difficulties in quantifying errors introduced into the MR images as a result
of the presence of the PET components are demonstrated. Several different approaches are used to
characterize image artifacts and determine optimal placement of the shielding. Data are also presented
that suggest ways the shielding could be modified to reduce errors and enable placement closer to
the isocenter of the magnet.

1. Introduction and Background

1.1. Motivation

Recently, the benefits of multimodality imaging have received a great deal of attention (Zaidi
etal., 2007; Gaa et al., 2004; Jacobs and Cherry, 2001; Townsend, 2008). In particular, dual
imaging modalities that offer anatomical and functional information have become immensely
useful in both research and clinical applications. This article focuses on development work for
the particular combination of positron emission tomography (PET) and magnetic resonance
imaging (MRI). If combined so as to generate co-registered images, PET—with an appropriate
tracer agent—can be used to identify and study a particular molecular target or pathway, while
MRI can be used to identify exactly where this process is taking place and to characterize the
participating or surrounding tissue. Combining these modalities for simultaneous or co-aligned
imaging offers significantly more information than either modality alone or even than
combined but not simultaneous or co-aligned MRI and PET studies.

Another modality commonly used in combination with PET is computed tomography (CT).
MRI offers a number of advantages over CT that make it a good candidate for combination
with PET. First, although CT can provide better spatial resolution, MRI has much better soft
tissue contrast (a result of the range of tissue properties that can be used as endogenous contrast
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mechanisms, including the relaxation times, diffusion, perfusion, flow velocity, temperature,
elasticity, oxygenation level, susceptibility, magnetization transfer, temperature, and more),
which enables significantly improved differentiation and determination of tissue composition
(Tidwell and Jones, 1999) even for tissues of similar density. MRI also eliminates the additional
ionizing radiation from CT. Moreover, MR can improve the resolution of the PET images
because the strong magnetic field limits the positron range prior to annihilation (Christensen
et al., 1995). Certainly MRI has drawbacks, including longer imaging times; larger physical
gantry size; gradient coil noise; metal implant safety concerns; high manufacturing and
maintenance costs, and increased difficulty implementing attenuation correction of the PET
data (which can be accomplished using MR images (Zaidi et al., 2007)) compared to PET/CT.
However, the potential advantages of MRI for this application were encouraging enough to
inspire the construction of prototype PET/MRI systems (Judenhofer et al., 2008; Catana et
al., 2008; Shao et al., 1997).

1.2. Mechanisms of Interaction

There are many challenges in constructing a combined PET/MRI scanner. Interference between
the PET and MRI subsystems can negatively impact the performance of both modalities. In
this section we outline the primary interaction mechanisms: first summarizing how the MR
scanner’s high-magnetic-field environment impacts the design and operation of the PET system
and then discussing in a bit more detail how the presence of the PET system can impact the
performance of the MRI. The mechanisms discussed are not newly discovered principles, but
in light of recent research on PET detectors in the MR scanner bore, we feel it is important to
revisit them all briefly in this context as a consolidated reference and resource for this and
future work. For descriptions of MR compatibility issues for other devices and other contexts
see, for example (Chinzei et al., 1999; Chinzei and Miller, 2001; Tse et al., 2009).

First, the MR scanner’s magnetic field affects the choice or use of the PET light collection
device. Typically, PET scanners are built using photomultiplier tubes (PMTSs), which are
sensitive to magnetic fields and are generally unable to operate properly in the presence of a
strong magnetic field such as is present in or near the bore of an MR magnet. It is possible to
use long fiber optic cables to couple the PET scintillator crystals to the PMTs at a remote
location where the magnetic field is weaker (Slates et al., 1999; Shao et al., 1997). However,
the long fiber optic cables degrade the performance of the PET system. Two more recent PET
designs (Catana et al., 2008; Judenhofer et al., 2008) use an alternate light collection device
(a semiconductor detector) called an avalanche photodiode (APD) that is capable of operating
in a magnetic field (Lewellen, 2008). This enables placement of entire detectors in the bore of
the MR scanner and therefore necessitates a careful examination of all potential interactions
between the MRI and PET systems.

Alternatively, the MRI system can be redesigned around a more traditional PET system with
PMTs, for example with a split coil (Lucas et al., 2006) or a field-cycled MRI system (Gilbert
et al., 2006). Though the relevant data has not yet been published regarding the performance
of these combined systems, the expensive costs of redesigning the MRI system and the
relatively low main magnetic field that each uses could be problematic for these designs.

Another mechanism of interaction is radiofrequency (RF) crosstalk between the PET and MRI
electronics. Consequently, in acombined PET/MR system, shielding is introduced to minimize
RF interaction. The RF signals detected in MRI are small in amplitude and achieving reasonable
signal-to-noise ratio (SNR) requires careful attention to the RF environment the scanner is in.
Bringing any electronics into the scan room, especially into the bore, can significantly interfere
with MR signal detection. The PET electronics are also fairly sensitive and one could imagine
that the sometimes-powerful RF transmission in MRI might have a detrimental impact on the
PET acquisition.
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Ironically, however, the introduction of shielding intended to reduce RF interactions discussed
above has the potential to introduce alternate negative interactive effects. For example, the RF
coils in the MR scanner are designed to couple to the biological sample in a particular way. If
there is other metal nearby the intended coupling to the sample can be altered.

Perhaps the most significant concerns with the physical presence of the shielding, however,
are related to the uniformity of the magnetic fields used by the MR scanner. The shielding
metal (as well as some of the other structures and electronics of the PET insert) has the potential
to interact with the main magnetic field (Bg) or the gradients in ways that degrade the uniformity
of Bg and the overall performance of the MRI scanner. First, the shielding is certain to have
magnetic susceptibility different from the surrounding air. The interfaces between volumes of
differing susceptibility cause local magnetic field variations that disturb the uniformity of
By. In addition, the switching of the gradient field coils causes time-varying magnetic fields
that can induce eddy currents on the shielding via Faraday induction. These eddy currents in
turn cause local magnetic fields that decrease the By uniformity. Lastly, if the gradient coils
couple to the shielding and generate eddy currents, then the ability to turn the gradient fields
on and off in a controlled way is compromised, impacting the spatial encoding and speed of
the MRI.

In short, placing the electronics and metal associated with the PET insert into the bore of an
MR scanner seems at first like a challenging proposition because of all the potential negative
impacts, particularly on the MR imaging. To summarize, expected mechanisms of potential
interaction between the PET and MR systems include: 1) eddy current artifacts, 2) degradation
of gradient coil performance, 3) RF noise or signal loss, and 4) susceptibility artifacts or other
non-uniformities in the main magnetic field. Each of these interactions is addressed and
explored in this article to varying degrees.

Our primary focus in this work is studying the effect of the PET/MR shielding on MR imaging
because the shielding is the closest structure to the MR imaging volume and is expected to be
amain cause of all four of the above listed interactions. We use a number of different simplified
models of the PET/MR shielding (as well as the full prototype insert itself) in order to study
the mechanisms of interaction with the MR system. Note that since much of our discussion
and data involve these simplified shield models (cylindrical copper structures), our results may
be relevant to other objects and devices to be placed in an MR scanner.

2. Design and Testing Considerations

2.1. Shielding materials

The shielding for the PET insert and the shielding models tested were all made of copper. The
required thickness of the shielding material is determined primarily by the frequency range of
the RF noise to be excluded. The amplitude of an electromagnetic (EM) wave incident on a
conductive medium decays exponentially with depth into the conductor. The skin depth or e-
folding length describing this decay (Ulaby, 2001; Shen and Kong, 1995) depends on the
frequency of the wave and on the resistivity and permeability of the material. Our primary
concern is noise close to the 300 MHz operating frequency of the MR scanner used in this
work. Our calculations indicate that radiation at 300 MHz is attenuated 99% by a copper
thickness of 18.9 um (note that this number is only given as a reference point, and that 99%
attenuation may not provide adequate shielding for all sources). Lower frequencies require
thicker shielding for the same level of attenuation. For comparison, shielding of 10 MHz EM
waves requires approximately 0.1 mm of copper, though it is not clear that frequencies this
low need to be shielded for our system. Note also that most clinical scanners today operate at
64 or 128 MHz (1.5 or 3 T, respectively), and may require thicker shields.

Phys Med Biol. Author manuscript; available in PMC 2011 January 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peng et al.

Page 4

Temperature also affects the skin depth of a conductor. The PET electronics are cooled by
circulated nitrogen gas, so we also simulated anticipated variation in required shielding
thickness with temperature (Giancoli, 1995). However, our simulations indicated that effective
shielding depth does not vary significantly over the temperature range of interest when the
frequency is above 1 MHz. Temperature effects are more significant for frequencies in the
kilohertz range. Our simulations indicated, for example, the skin depth of copper for 10 kHz
RF waves changed by 1.06x10~* m for each 10 degrees C variation in temperature compared
to 6.10x10~'m per 10 degrees C for 300 MHz RF.

2.2. Baseline system variation

It is nearly impossible to prevent small drifts or variations in system performance over time.
However these changes—or rather the effects of these changes on our measurements—can be
characterized and quantified for consideration in the interpretation of the results of our
experiments. RF noise, field strength, sample properties, and other MR system characteristics
can vary with temperature and time. Additionally, tuning and shimming the MR system causes
changes in data collection. This is a serious concern for our study because we have to move
objects in the bore, requiring us to retune and reshim (just as one does prior to imaging different
anatomical regions in a subject) and leading to this additional inherent source of variation. Note
that even without moving the object or shield, the computer macros for tuning and shimming
may determine slightly different settings each time they are run simply as a result of multiple
local solutions to the minimization problem involved or slightly different initial settings and
conditions.

2.3. Shielding placement

In order to determine how the presence of the shielding or PET insert affects MRI acquisition,
artifacts or errors must be quantified. One straightforward technique for quantifying the amount
of MRI error resulting from the presence of the shielding is to compare an image with the
shielding in place to a reference image taken without the shielding. Unfortunately, because the
images in this study are acquired at different times and the shielding has to be moved between
acquisitions, this technique is susceptible to two undesired errors: temporal variation in system
performance and motion of the sample between scans (the RF coil is inside the radius of the
insert, making it a challenge to move the shielding without moving the sample being imaged).

Our goal was to determine how far away the PET electronics system and shielding should be
located from the magnet isocenter to minimize interference between the two systems and
optimize performance. From the perspective of the MRI system, it is always better to place
any electronics or metal objects as far as possible away from the isocenter. However, from the
perspective of the PET system, an increased distance from isocenter (where the scintillator
crystals are) means an increased path length for and reduced efficiency of the transfer of
scintillation light via the optical fibers to the APDs and consequently reduced SNR for each
detected PET event. Therefore, careful investigation of the placement of the shielding is
warranted to build a system that performs well during simultaneous MRI and PET imaging.

2.4. Chemical shift imaging—an alternate way to characterize image errors

As was mentioned above, there are a number of challenges and problems associated with the
method of quantifying image errors by comparison with a reference image acquired at a
separate time. In order to be more confident about the presence or absence of eddy current
induced error or other artifacts, we developed a new technique to analyze the effects of the
shielding using chemical shift imaging (CSI) (for a review see Rumpel and Pope, 1993 and
references therein). This technique also requires a separately acquired reference data set,
however, these reference data can be acquired immediately before or after the data set it will
be compared to. Also, nothing needs to be physically moved between acquisition of the test
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and reference data sets and consequently the same acquisition and shim settings are used for
both.

CSl is often used to study chemical components of the tissue of interest by providing spectra
of the signal. CSI can also be used, however, to examine the shifting of a single peak resulting
from variations in the local magnetic field. With a slight modification, CSI can also be used to
study eddy current fields in a controlled way. We inserted a strong gradient pre-pulse prior to
CSI data acquisition to purposely induce eddy currents on the shielding or PET insert for

quantification and study. Although the gradient switching in the standard CSI pulse sequence
can induce eddy currents, these effects have been observed to have minimal impact on images
and are removed from our CSI analysis by subtraction of a reference dataset with no pre-pulse.

2.5. Shielding designs

The shielding for this PET insert consists of two nested cylindrical surfaces connected at each
end by a ring extending from the smaller radius cylinder to the larger radius cylinder—making
an annular ‘can,” see Fig. 1. There are two of these shielding structures, one on either end of
the insert, lying on either side of the MRI isocenter. The continuous metal surfaces are capable
of supporting undesired eddy currents, most obviously azimuthal eddy currents from the
switching of the axial gradient but also more complicated current patterns induced by switching
of the transverse gradients. The rollover point for the axial gradient on our system (the point
where maximal magnetic field amplitude from the gradient occurs) is located at approximately
7.5 cm axial distance from the isocenter. Our prototype has the shielding located with the inner
end of the annular shielding just beyond the rollover point (7.7 cm). However the rollover point
is specified on-axis and the shielding is at a fixed radial distance away from the axis where the
gradient field is likely to fall off faster with distance from isocenter. Also, at this axial location,
field strength from the transverse gradients is likely to be small.

If eddy currents prove to be problematic, alternate shielding designs could be used to reduce
the current magnitude. For example, breaks can be cut in the shielding that interrupt the
undesired current paths (Alecci and Jezzard, 2002; Hayes and Eash, 1987). To foil azimuthal
eddy currents, breaks or slits running along the axial length of the cylinder can be used. Breaks
in the shielding can compromise the shielding, but if the only goal is to shield RF noise, then
narrow slits will not have much impact (e.g. 1 mm slit compared to 1 m free-space wavelength
RF at 300 MHz). Also, two-layer shielding designs could be used with breaks offset from one
another (i.e., breaks in one layer being overlapped by solid strips on the other).

3. Methods

3.1. Imaging and image analysis

All MR imaging experiments were performed with a 7 T (300 MHz) Bruker Biospec Magnet
with Magnex MKIII gradients (180/220 mm OD/ID). The system console is a Linux based PC
running Paravision version 3.0.2. The RF coil is a Bruker 35 mm ID birdcage coil. Before any
images were taken, the MRI system was shimmed and tuned with the sample in place in the
RF coil. A sequence called Onepulse was used for this purpose with 8192 points and 10 kHz
spectral width. Automatic first order and second order shimming macros were used.

Images were acquired with basic gradient echo (GE) sequences (128x128 matrix size, 42x42
mm field of view, 1mm slice thickness, Tg =500 ms, Tg =4.1 ms, 8 slices). Receiver gain and
digitizer gain settings were the same for all GE acquisitions within each set of experiments.
Normalized difference images (with respect to a reference image) were generated by simply
performing a pixel-by-pixel subtraction of the image from its reference and then normalizing
the result by the reference maximum pixel value. Signal to noise ratio for MRI was calculated
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by selecting signal and noise-only regions for magnitude images and accounting for the Rician
distribution of noise (Constantinides et al., 1997).

Image errors and distortions were evaluated using image subtraction (subtracting the image
from a corresponding reference image). In cases where a single numerical quantification of
image error is desired the normalized root mean square error (NRMSE) was used, defined as

in Vi

2
_ |1 - Xi— )i i
NRMSE_JNZ(—max(y) ) where a= Zx,z
i (1)

and where x; is the intensity of the it pixel of the image in question (taken at different shielding
positions or at different times), y; is the intensity of the it pixel of the reference image, and
a is a scaling factor (Wolfsberger et al., 2002). The sum is over all N pixels. The fractional
difference (or percentage difference if multiplied by 100) relative to the image maximum was
produced by dividing by the reference image maximum.

3.2. Baseline measurements

In order to measure baseline error, 13 images of a non-uniform water phantom were taken
without moving the phantom or RF coil and with no additional foreign material in the bore.
Between images, the autoshim and autotune macros were repeated, but nothing else was
changed. NMRSE, Eq. 1, was calculated for each image using the following image as a
reference.

3.3. Shielding placement experiments

The copper shielding model used for placement experiments consisted of one (for the
asymmetric setup) or two symmetrically placed (for the symmetric setup) cylinders 65 mm in
diameter, 115 mm in axial length, and 50.8 um (0.002”) thick. MR images of a uniform and a
non-uniform water phantom were acquired separately for various positions of the shielding
model made to slide along the outside of a polycarbonate (Lexan) tube, see Fig. 1, while the
RF coil and sample were supported inside the tube. In each experiment, reference images were
taken with the shielding outside the MRI bore. Image errors with shielding placed at different
locations were quantified by calculating NRMSE, Eq. 1, relative to the reference image taken
immediately after each shielding placement. Note that the system was reshimmed and retuned
for each new shielding position.

3.4. Chemical shift imaging

In the CSI experiments, a strong gradient pre-pulse was inserted before the regular CSI pulse
sequence, see Fig. 2. By changing the delay time (Ty) between the gradient pre-pulse and the
start of the standard CSI sequence, we were able to quantify the magnitude of and time-based
behavior of the eddy current fields. The gradient pre-pulse was created using the slice select
gradient, had an amplitude of 80% of the maximum gradient strength (95 mT/m), and had a
duration of 0.01s. Experiments were performed using ten values of Ty: ranging from 0.1 ms
to5s.

Four different experimental set ups were examined using this CSI analysis: no shielding, 50.8
pm (0.002”) shielding located at d = 5 cm, 76.2 um (0.003”) shielding at isocenter (d = 0 cm),
and the fully constructed PET insert. In each case a uniform phantom filled with ethylene glycol
was used. Ethylene glycol has two spectral peaks, a lower magnitude OH peak, and a much

higher magnitude CH, peak. The CH, peak was used in all data analysis because it is insensitive
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to temperature fluctuations. The chemical shift of the CH, peak was used to assign pixel values.
Note that when the PET insert was used, it was physically present but not powered on. For
more on simultaneous operation see (Catana et al., 2006).

Standard CSI data were acquired before and after each experiment with the gradient pre-pulse.
A representation of the eddy current effects was generated by subtracting the reference field
map without the gradient pre-pulse from the immediately preceding data with the gradient pre-
pulse. Temporal variation was monitored by comparing the interleaved reference data. Note
that the morphological image was acquired with a FLASH pulse sequence. The slice thickness
was 1 mm and the field of view was 42x42 mm for the morphological image and all CSI
acquisitions. However, the morphological image has a matrix size of 128x128, and CSI has
matrix size is 32x32x2048. To further analyze the data, histogram analysis was used. A mask
was used to reject the noise-only background pixels from histogram and subtraction analysis.

3.5. Different copper shielding designs

Five different copper shielding models were used to explore the effects of shielding thickness
and breaks in the shielding on image error. All five symmetric Cu shields were 65 mm in
diameter and 115 mm in axial length. Shielding models A, B, and C were solid copper cylinders
made of a single layer with thickness 76.2 um, 50.8 um, and 25.4 um (0.003”, 0.002”, and
0.001”), respectively. Model D is made of a single layer of 50.8 um (0.002") copper, but it is
cut into 1 cm axial strips with 1 cm gaps between (except at the seam where the pattern wraps
around the cylinder). Model E consists of two layers of 25.4 um (0.001”) copper separated by
alayer of standard 20 pound printer paper. The inner layer is solid copper with no breaks, while
the outer layer is cut into 1 cm strips spaced by 1 cm.

A symmetric setup was used to perform the shielding placement experiments (Fig. 1) using
the polycarbonate support tube to hold the RF coil (inside) and shielding (around the outside).
For each shielding model, phantom images were acquired with the axial shielding location, d,
ranging from 0 cm to 12 cm in 2 cm increments, and a reference image with the shielding
moved out of the bore. GE data was collected (imaging parameters given in Section 3.1) and
analyzed by the subtraction method. For each subtraction image, the normalized root mean
square error (NRMSE) was calculated (Eq. 1) and plotted.

3.6. PET insert prototype

The prototype PET insert used in this work is based on the use of APDs that are slightly removed
from the MRI magnet center and are coupled to lutetium oxyorthosilicate (LSO) scintillator
elements with short optical fiber bundles. A detailed description of the PET insert and initial
results obtained with the system are published (Catana et al., 2008; Catana et al., 2006). The
PET insert is supported by an inner carbon fiber tube. The PET electronics modules are placed
at an axial distance of 77 mm from MRI isocenter. The insert shielding (discussed in Section
2.5) is essentially an “annular can” structure surrounding the PET electronics. The inner and
outer cylindrical surfaces were each constructed from double-sided flexible copper-clad board
(RT/duroid 5870, Rogers Corporation, Connecticut) with a 35 um thick layer of copper on
each side of the substrate and an overall thickness of 0.787 mm (0.031”). The diameters of the
inner and outer cylinders are 65 mm and 118 mm, respectively. The axial length of the shielding
assembly is 151 mm. During image acquisition, the PET insert electronics are cooled to
approximately 4 °C with nitrogen gas in order to reduce the noise and stabilize the system.
This PET insert is positioned inside of the gradient coil of the MRI while the RF coil is placed
inside of the PET insert. Though this PET insert prototype is built and fully functional, there
are still many questions regarding the design that warrant further investigation.
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4. Results

4.1. Baseline system variation

Fig. 3a shows the baseline NMRSE as a function of repetition index. Fig. 3b shows the
computed normalized SNR (with respect to the SNR of the reference images) and the measured
normalized spectral linewidth of the proton NMR signal (with respect to the spectral linewidth
of the reference images) for each repetition. The NRMSE variation is clearly not just Gaussian
distributed variation about some mean value, however, computing the standard deviation
results in 0.005 for GE data. This number is used to generate approximate error bars in
subsequent plots to indicate uncertainty.

4.2. Placement of the shielding

The NRMSE measurement with the asymmetric setup and a polycarbonate tube is shown in
Fig. 4 (dashed line). The shielding was moved from d = —1 cm (one centimeter past the
isocenter) tod =12 cm in 1 cm increments. A similar plot of NRMSE versus shielding location
for the symmetric setup is also shown in Fig. 4 (solid line). Note that reference images taken
with the shielding removed from the bore were taken immediately after each shielding location.
Error bars are estimates based on baseline NRMSE measurement (see section 4.1). Sample GE
images are shown in Fig. 5 for the symmetric shielding example with d =2 cm and d = 8 cm.
Normalized error (difference) images with respect to the reference images are also shown.

4.3. Chemical shift imaging analysis

Chemical shift imaging (CSI) results for the gradient pre-pulse experiment are shown in Fig.
6 for short and long pre-pulse delay times. Fig. 6a is for no shielding. Fig. 6b is a case with
50.8 um (0.002”) thick shielding placed symmetrically at d = 5 cm. This is similar to the
geometry for the shielding in the PET insert. Fig. 6c¢ is for the case with 76.2 um (0.003”)
shielding placed symmetrically at d =0 cm (close placement and thick shielding should produce
larger eddy current related errors). Note that frequency shifts are more prevalent in Fig. 6d,
which displays results with the full PET insert prototype in the bore, including electronics and
other support and shielding structures that are not part of our simplified shielding model.
Histograms of the pixel values (corresponding to chemical shift values in ppm) for these same
experiments are shown for more quantitative comparison in Figs. 7 a—d.

4.4, Shielding designs

The NMRSE versus shielding location is plotted in Fig. 8 for five different variations on our
simple model for the shielding. For all plots, error bars are estimates based on baseline NRMSE
measurement (see section 4.1). Sample GE images for d = 0 cm, where eddy current effects
are expected to be largest, are displayed for each of these five shielding models in the top row
of Fig. 9 along with the respective normalized error (difference) images.

5. Discussion and Conclusions

All of our experiments confirmed that errors are introduced in MR images when our shielding
models were placed near the isocenter of the magnet. However, there were circumstances in
which the resulting errors were negligible. First of all, once the shielding or other metal is in
place, the system must be carefully reshimmed. For our studies, Bruker’s Onepulse sequence
was run with reduced spectral bandwidth and increased acquisition size to adjust first and
second order shims manually or with Bruker’s macros. There are, however, many available
techniques for achieving good By homogeneity including Fastmap (Gruetter, 1993) and others
(Weiger et al., 2006; Koch et al., 2006; Zhao et al., 2005; Hu et al., 1995). Note that all data
and images presented were acquired using a standard GE sequence. Duplication of all
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experiments using spin-echo (SE) imaging indicated the SE results did not differ substantially
enough to warrant inclusion.

Measurements of NMRSE demonstrated that artifacts were indeed introduced by the shielding
model and that they became more significant when the shielding was moved closer to the
isocenter. Conversely, when the shielding was moved away from the isocenter, the image error
was reduced and began to flatten out notably beyond 5-6 cm for our non-uniform phantom.
For our uniform phantom, NMRSE was generally smaller and flattened out beyond 2-3 cm.
The MRI SNR fluctuated but generally seemed to be independent of shielding location. These
numbers validated design parameters for our current prototype with the shielding structure
starting at d = 7.7 cm. Thinner shielding material also reduced NRMSE, as did axial cuts in
the shielding to interrupt the circumferential eddy current path. Our preliminary exploration
of alternate shielding designs indicated locating the PET electronics and shielding closer to the
MRI isocenter may be possible with the use of eddy current reducing shielding designs,
however further investigation is required. Alternate shielding designs may also be useful at
lower field strengths for which the shielding may have to be thicker (see Section 2.1). Note
also that the data for shielding model D in particular (with axial gaps preventing azimuthal
eddy currents) suggested that eddy currents, not susceptibility artifacts, were likely to be the
primary cause of NMRSE measured in these experiments.

It is important to highlight that difference images are deceptively difficult to acquire and
interpret for cases where sample position, shims, or other system parameters can change in
time. These temporal variations lead to innocuous NMRSE features that can be misinterpreted
as errors from some other source or parameter under study (particularly if varied in time).
Repeated shimming and scanning resulted in global NMRSE fluctuations on the order of 1-
2% of the image max (over 150% in NMRSE value) for a static uniform phantom—Iocal
variations were larger, as were global variations for a non-uniform phantom. Despite these
uncertainties, the trends noted above were clear and consistent.

Note that the difference images in Fig. 5 and Fig. 9 are dominated by reasonably small edge
errors with, for some cases, small and slowly varying deviations in more uniform regions. The
edge errors could be a result of differing shim settings between each measurement and the
reference or other field effects such as eddy currents. As an aside, we note that these edge errors
are the primary reason the NRMSE is larger for the non-uniform phantom. Given the nature
of these edge errors, which may not even occur with the full insert in place and with a single
set of shim values (recall that error relative to a reference image is a bit of a contrived result
—for actual PET/MR imaging a single shim set will be used and motion of sample and RF coil
absent in most circumstances), we believe they are not cause for significant concern. If one
were planning very precise geometric mapping or measurements, however, we recommend
further investigation.

A new technique was developed for studying eddy currents using CSI. This technique
confirmed that eddy currents can be induced on our shielding models and that the strength of
these eddy currents increased with thicker shielding and with reduced separation of the
shielding from isocenter. For short pre-pulse delay times, large shifts of the CH, peak were
observed (see Fig. 6-Fig. 7)—indicating a large change in local By. However, for longer delay
times, the shift values were smaller and had an average closer to zero (eddy currents and fields
generated by the pre-pulse decay with delay time). The residual effects from the short delay
times with no shielding present were an indication of small eddy currents generated on the
cryostat of the MR scanner or other metal structures. For Fig. 6d and Fig. 7d, corresponding
to the full PET insert in the scanner bore, we observed larger chemical shift values. These
results can be directly attributed to increased eddy currents, because the effects of any static
field non-uniformities were removed by subtraction of the reference CSI data. Note that the
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frequency shift values are larger with the insert in place, despite the fact that the shielding is
placed at d = 7.7 cm, because of the presence of the PET electronics and additional shielding
structures, including the outer cylinder and annular end rings to the shielding.

The severity of eddy currents using the pre-pulse CSI method are an indication of the relative
propensity for the axial gradient (the primary anticipated source of eddy currents because of
the shielding geometry and placement) to induce eddy currents for a given arrangement but
does not indicate the magnitude of eddy currents induced for any given (standard) imaging
experiment. The same CSI method can be used with transverse gradient pre-pulses; this would
be particularly important for shielding that extended closer to the axial center of the magnet,
where transverse gradient strength is larger. The CSI data confirm that the full PET insert is
susceptible to azimuthal eddy currents, but the magnitude of the field or frequency shift is
generally less than 0.05 ppm, and we have observed that MR images with the insert in place
do not exhibit noticeable artifacts when the system is shimmed and tuned appropriately. Note
that induced eddy currents may be different for other imaging sequences or MR systems.

We did not observe any indications that inductive coupling with the shielding or PET insert
was causing significant degradation in gradient coil performance for the basic pulse sequences
we ran. The fact that eddy currents were observed indicates some coupling is present, however,
so this issue should be explored in more depth and corrected for more demanding pulse
sequences or other designs and geometries (Duyn et al., 1998).

During related work operating MR and PET systems simultaneously, we have seen no
indications that RF noise or RF interference between the two systems is a significant problem
for our PET insert design (Catana et al., 2006), though we have observed one potential problem
related to RF coupling. While exploring the asymmetric shielding model with one of our two
Bruker birdcage RF coils, we experienced a few occasions on which a tight-fitting shielding
model (radius only slightly larger than RF coil housing) had significant negative impacts on
MR imaging. When the inner axial edge of the shielding model was at approximately the same
axial position as the endring of the birdcage coil (approximately d = 3 cm), the coupling
between the two structures was enough to detune the RF coil as much as 500 kHz, beyond the
programmable range of our system hardware. However, this only occurred for the asymmetric
shielding arrangement with small radius shielding and only occurred intermittently (Peng et
al., 2006).

For other MR systems or field strengths, results might be different. An insert for 3 T MRI, for
example, may require thicker shielding, increasing the likelihood of eddy currents and the
possible interest in alternate shielding designs. Also, different gradient geometry and strength
could impact the propensity for eddy currents or the gradient waveform fidelity. The techniques
detailed in this article provide useful tools for characterizing and quantifying these effects.

In addition to testing design parameters for our PET insert, this work has demonstrated some
of the challenges involved in quantifying image errors resulting from foreign objects in the
bore of an MR scanner. Comparing two images can be problematic because of changes in
system performance, especially due to required re-shimming and re-tuning. If this approach is
to be used, variation in system performance should be carefully explored prior to interpretation
of results.

We also showed that CSI techniques in general are useful for quantifying the impact of metallic
objects on MRI. Most importantly, we demonstrated the use of a novel combination of a 2D
CSl experiment with a gradient pre-pulse and variable delay time to explore the extent to which
eddy currents can be induced on a foreign object. Standard CSl, on the other hand, can be used
to map the field uniformity (i.e. with no pre-pulse or limiting shift behavior for long delay
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times) with and without the foreign object present, indicating static By non-uniformities
resulting from susceptibility interfaces or other sources.
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Figure 1.

Diagram of the shielding geometry (not to scale). The long clear cylinder represented the plastic
support tube used for shielding placement experiements. The dark shaded cylinders represent
the copper shielding used for out symmetric shielding model placed at a variable axial distance
'd' from the magnet isocenter. (The asymmetric shielding experiments used only, i.e., the right
shielding cylinder.) The RF coil is shown inside the plastic tube surrounding the imaging
volume at the center. The lightly shaded regions indicates the volume in which the PET
electronics and outer shielding is located for the full PET insert. Note that this whole structure
is placed inside the MR scanner.
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Figure 2.

A simple pulse sequence diagram illustrates the modified CSI12D experiment with a gradient
pre-pulse inserted in the slice select direction. T, the time from the pre-pulse to the start of

the standard CSI12D sequence was varied.
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Figure 3.

Baseline error measurement: repeated images were taken of a non-uniform water phantom
(reshimming each time) without any shield or tubes present and were analyzed for baseline
variation. Plots are shown of (a) NMRSE, (b) normalized SNR (solid line), and normalized
linewidth (dashed line) versus repetition index.

Phys Med Biol. Author manuscript; available in PMC 2011 January 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peng et al.

Normalized Difference

0.12

0.1

0.08

0.06

0.04

0.02

d (cm)

Figure 4.

Shielding placement experiment: NMRSE versus shielding location (d) is plotted for the
symmetric (solid line) and asymmetric (dashed line) shielding models. Error bars are added to
give an approximate indication of baseline variation.
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Figure 5.

GE images are displayed for shielding locations d = 2 cm (top) and d = 8 cm (bottom) using
the shielding model. Normalized error (or difference) images with respect to the reference
images are shown to the right of each GE image with color bars of error values normalized to
reference image maxima.
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Figure 6.

CSl data give visual representations of induced eddy current fields. These images show maps
of the pixel-by-pixel shift in resonance frequency (for CHy) resulting from the gradient pre-
pulse (shift from frequency with no pre-pulse). Two different pre-pulse delay times are shown
(top row 0.0001 s, bottom row 0.5 s) for four different cases: (a) no shielding present, (b) 50.8
pum (0.002”) symmetric shielding model placed 5 cm from iso-center, (c) 76.2 um (0.003")
symmetric shielding model placed at iso-center, and (d) the actual PET insert. The color bar
at the right indicates the magnitude of the frequency shift in ppm.
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Figure 7.
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Histograms are plotted of the frequency shifts shown in Fig. 6. Results are shown for (a) no
shielding, (b) 50.8 um (0.002”) shielding model at d =5 c¢cm, (c) 76.2 um (0.003”) shielding
model at d = 0 cm, and (d) the full PET insert. Top (bottom) row corresponds to T4 = 0.0001

s (0.559).
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Figure 8.

Plots comparing NMRSE for alterations in the shielding model are shown. NMRSE data versus
field location are plotted for five different shields. Shield A (solid line with circles), B (dashed
line), and C (dotted line) are continuous copper cylinders of a single layer with a thickness of
76.2 pm, 50.8 um, and 25.4 pm (0.003”, 0.002”, and 0.001”) respectively. Shield D (solid line
with triangles) is 50.8 um (0.002”) thick with axial gaps. Shield E (dash-dotted line) has two
25.4 um (0.001™) layers such that the outer one has axial gaps and the inner one is solid.
Diagrams of shields D and E are shown unwrapped in (b).
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Shield A Shield B Shield C Shield D Shield E

Figure 9.

GE images (top row) are shown for five different shielding models. All images were acquired
with d = 0 cm. Corresponding normalized error (difference) images, with respect to reference
images, are shown in the bottom row. Shields A, B, and C are continuous copper cylinders of
a single layer with thickness of 76.2 um, 50.8 um, and 25.4 um (0.003", 0.002”, and 0.001")
respectively. Shield D is 50.8 um (0.002”) thick with axial gaps. Shield E has two 25.4 um
(0.001”) thick layers—the outer one with axial gaps.
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