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Abstract

Despite the great promise of integrated PET/MRI to add molecular information to anatomical and
functional MR, its potential impact in medicine is diminished by a very high cost, limiting its
dissemination. An “RF-penetrable” PET ring that can be inserted into any existing MR system has
been developed to address this issue. Employing optical signal transmission along with battery
power enables the PET ring insert to electrically float with respect to the MR system. Then, inter-
modular gaps of the PET ring allow the RF transmit field from the standard built- in body coil to
penetrate into the PET FOV with some attenuation that can be compensated for. MR performance,
including RF noise, magnetic susceptibility, RF penetrability through and B4 uniformity within the
PET insert, and MR image quality, were analyzed with and without the PET ring present. The
simulated and experimentally measured RF field attenuation factors with the PET ring present
were —2.7 and 3.2 dB, respectively. The magnetic susceptibility effect (0.063 ppm) and noise
emitted from the PET ring in the MR receive channel were insignificant. By homogeneity of a
spherical agar phantom within the PET ring FOV dropped by 8.4% and MR image SNR was
reduced by 3.5 and 4.3 dB with the PET present for GRE and FSE, respectively. This study
demonstrates, for the first time, an RF-penetrable PET insert comprising a full ring of operating
detectors that achieves simultaneous PET/MR using the standard built-in body coil as the RF
transmitter.
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POSITRON emission tomography (PET) is a powerful molecular imaging modality that
tracks the 3D biodistribution of radioactive biomarkers, allowing in vivo visualization and
quantification of biological processes on the molecular level with picomolar sensitivity. A
general drawback of PET is its lack of anatomic information, which poses a challenge for
signal localization. The combination of high resolution morphology and functional
information from MRI and molecular information from PET shows promise to be a powerful
diagnostic tool and research platform [1]. Significant efforts have been made to achieve
simultaneous PET/MR operation, which minimizes imaging time compared to performing
separate PET and MR studies, improves modality co-registration, and provides concurrent,
complementary functional, molecular and high resolution anatomical information with
excellent soft tissue contrast for multi-parameter characterization of disease anatomy,
physiology, biochemistry, and biology [2], [3], [4], [5]-

There are different approaches to achieve simultaneous PET/MR acquisition. One method is
to permanently integrate PET and MRI, which has many advantages including fixed
alignment of two fields-of-view (FOV) [6], [7], [8], [9]. However, the clinical dissemination
of such an integrated PET/MRI approach has been limited due to its high cost ($5 to $6 M,
not counting required room renovations), restricting its availability. To solve this issue,
research groups have developed PET rings that can be inserted and removed from existing
MR systems [10], [11], [12], [13], [14], [15]. This PET insert approach could increase the
prevalence of this dual-modality technique, since any existing MR center could in principle
achieve simultaneous PET/MR.

The conventional PET insert designs for simultaneous brain PET/MR studies do not allow
RF transmission from the standard MR body coil. Therefore, both the transmit (TX) as well
as receive (RX) coils are required to be positioned inside the PET ring, either using a
combined TX/RX birdcage [11], [12], [13], [14], [15], or separate TX (birdcage) and RX
(array) coils [16]. To power the PET detectors inside the MR bore in these conventional
approaches, carefully designed power supply system is necessary to avoid switching noise
and/or magnetic susceptibility artifacts [11], [13], [14], [15]. However, long electrical cables,
including the signal cables that relay PET information from the MR room to the PET data
acquisition system and the power cables that supply DC voltage from the power supply to
the PET system, may act as RF field antennas as well as pick up external electromagnetic
noise from the surrounding environment. To mitigate these effects in conventional PET
insert designs, RF chokes and filters are added to the electrical cables [15, 17].

An appealing alternative approach for simultaneous PET/MR imaging is an “RF-penetrable”
PET insert, which can use the standard MR body coil for RF transmission. In this approach,
the RF TX field penetrates into the PET FOV through small gaps between the detector
modules of the PET insert and a uniform By field is established inside the PET FOV. This
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idea is facilitated by the use of optical signal transmission along with electrically floating
battery power [18], [19], which enables the PET ring to electrically float with respect to the
MR system. In previous work [20], only two PET detectors out of a total of 16 detectors
required for the full-ring PET insert were inserted in the ring and preliminary PET detector
performance along with some initial studies of RF penetrability were performed. In another
study [21], the full-ring PET insert was inserted into an MR bore and reconstructed PET and
MR images were analyzed. Building on the preliminary work, this paper is the first report of
full MR performance studies with all 16 operating PET detector modules. As the system was
scaled up to a full-ring PET insert for this work compared to only two prototype detectors
from the previous work [20], the 14 additional scintillation detectors, electronic components,
cables, fibers and batteries are potential strong sources of additional interference. Therefore,
a more detailed analysis of MR performance (including the float/ground configuration, RF
noise emission, By map, RF- penetrability (B1), and SNR analysis) without and with the
full-ring PET insert present within the MR was warranted, and thus performed, and
presented here for the first time.

Methods

A. Electrically Floating RF-Penetrable PET System

The full-ring prototype RF-penetrable PET insert is human head size, comprising 16 PET
scintillation detector modules arranged in a 32 cm inner diameter ring with 1 mm inter-
modular gaps and a 2.8 cm sensitive axial FOV. Each PET detector module (Fig. 1(a))
consists of a 2 x 4 tiling configuration of sub-units of arrays of 4 x 4 lutetium-yttrium
orthosilicate (LYSO) scintillation crystals (3.2 mm x 3.2 mm x 20 mm) one-to-one coupled
to silicon photomultiplier (SiPM) photodetector arrays (SensL, Ireland; 2008 version). The
signals of the 128 SiPM pixels in each PET detector module are multiplexed to 16 output
channels using a compressed sensing multiplexing circuit (Fig. 1(b)) [22], [23]. To
electrically decouple (“float”) the PET system from the MR system, the resulting electrical
signals from the SiPM are converted into near infrared (NIR) optical signals using non-
magnetic vertical cavity surface-emitting lasers (VCSELS) (Fig. 1(c)) and the system is
powered by two sets of batteries that supply two distinct voltage levels: (1) Three high-
voltage lead-acid-gel batteries (SLA1075, 12V, 7.5 Ah, Power Patrol) in series were fed to
16 linear voltage regulators (LT3013b, Linear Technology) to supply bias voltage of ~30V to
each detector module via short shielded power cables, and (2) 16 low-voltage Lithium
polymer batteries (DTXC1865, 7.4V, 5700 mAh, Duratrax) were each connected to a
detector module, which contains a 5V voltage regulator (UA78M05, Texas Instruments)
supplying the amplifier and VCSELS, via non-shielded battery cables [19], [20]. Short
shielded power cables for high-voltage batteries were used to mitigate potential
electromagnetic noise pick-up, as well as avoid the risk of electrical discharge on patients
(Figs. 2 and 3) [24]. The scintillation crystals, photodetectors, electronic components and
optical signal transmission components for each PET detector module are mounted on an
FR-4 base printed circuit board and encapsulated in a 17.5 um thick copper Faraday cage for
shielding from the strong RF field emitted by the MRI system (Fig. 1(a)). The Faraday cage
is a trapezoidal box with dimensions of 6.2 cm (short dimension) x 7.9 cm (long dimension)
x 4.1 cm (height) x 21.4 cm (length). The thickness of the FR-4 bases were 0.8 mm (31 mil)
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thick, except for the top plate which was 1.6 mm (62 mil) for structural rigidity. In addition,
the top plate of the Faraday cage had small holes to dissipate heat out from the PET
electronics. The NIR signals containing the scintillation information are then transmitted via
20 m optical fibers out of the cage through rectangular waveguides (cross-section: 1.25mm x
1.25 mm, depth: 8 cm) to conserve the shielding effectiveness (Fig. 1(a)). When the cross-
sectional dimensions of the aperture (1.25 mm x 1.25 mm) are small relative to a half-
wavelength of the RF frequency (~1.15 m at 127.8 MHz) and the depth of the waveguide is
at least 5x longer than the aperture width, the energy propagating through the aperture
significantly attenuates as an evanescent mode, thus, conserving the shielding effectiveness
of the Faraday cage [25]. These fibers coming out from the waveguide are then transmitted
out from inside the MRI bore to the data acquisition system residing in the adjacent control
room. The environmental air conditioning system of the MRI was found to be adequate for
thermal stability of the PET detectors during the simultaneous PET/MR studies, and no
additional thermal stabilization was employed in this prototype insert.

In addition to facilitating the PET insert to electrically float with respect to the MR system,
other advantages of employing electrically floating batteries with short shielded power
cables for high-voltage DC power along with optical signal transmission for the PET system
are: (1) reducing the risk of RF pickup through long shielded cables from within or outside
of the magnet bore, (2) mitigating potential RF noise emission and (3) alleviating patient
safety concerns (Fig. 2).

B. MRI Configuration

For inserting into a 3-Tesla MRI (MR750, GE Healthcare, 60-cm diameter bore), the PET
insert prototype was placed onto the patient bed (Fig. 3). The isocenter of the PET sensitive
FOV (scintillation crystal region) was axially and trans-axially aligned to the MR bore
isocenter; therefore, since the PET crystals reside near to one end of the Faraday cages (see
Fig. 1), the Faraday cages’ axial center was axially shifted with respect to the MR system
isocenter inside the MR bore. Fig. 3 shows the PET insert placed on the patient bed
backwards to simplify setup for the studies reported here; however, for patient studies, this
configuration will be flipped to facilitate patient access. In this study, the standard MR body
coil was used as the TX/RX coil, which requires RF fields to penetrate both into and out of
the PET ring, allowing a very sensitive study of the “RF-penetrability”. In the MR
experiments, a 17.5 cm diameter spherical MR agar phantom was used for imaging
assessments. MR image acquisition parameters are listed in Table I.

C. Effect of PET Powering Configurations

To analyze the effect of PET powering configurations (Fig. 2) on MR performance, the
detector ring was powered with (1) non-magnetic batteries electrically floating with respect
to the MR system placed nearby using short (~1 m) or long (~7 m) shielded power cables for
high-voltage supply, and (2) a floating or grounded switching power supply (GW INSTEK
PST3202) placed far away in the adjacent control room and transmitting power through long
shielded power cables with the electrical ground connected to the MR system ground. For
the power supply with long power cable configuration, no baluns (common-mode chokes)
and/or filters were applied to the power cables. 2D Fast spin echo (FSE) and 2D gradient
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echo (GRE) images (Table I) of the agar phantom were acquired with auto pre-scan
calibration and images were analyzed by measuring the signal-to-noise ratio (SNR) of the
reconstructed images. The SNR was calculated using the below equation [26].

mean(R ol phanlom) 1

Sld(ROIBackground)

SNR = 0.655 x

The mean signal in the center 75% ROI of the agar phantom and the standard deviation in a
5 cm? circular ROI of the background were analyzed over the center 8 axial slices of 31 total
slices. The standard correction factor for Rician noise of 0.655 was used since magnitude
images were used to assess the noise in the images [26].

D. Susceptibility Artifacts From the PET

Utilizing low- or non-magnetic PET components inside the MR bore to maintain the main
magnetic field (Bg) homogeneity is imperative. The magnetic susceptibility of the PET insert
system was analyzed by acquiring ABy maps (phase measurement method [27]), which
acquires two GRE sequence scans with different echo times (TEL/TE2/TR: 6.5/7.5/500 ms,
Flip angle: 45°, Matrix: 64 x 64, Readout bandwidth: 1024 Hz/px), with and without the
operating PET insert inside the MR system using the agar phantom. For quantitative analysis
of the Bg field map, the center 75% of the signal from the center 8 slices out of 20 total
slices was selected as the region- of-interest for analysis and no shimming was applied.

E. Noise Emission From PET Electronics

PET electronics may emit noise that is detected by the RX coil. RF noise spectra were
acquired with the PET insert powered (batteries connected) and off (batteries disconnected),
with the MRI only receiving the background signals emitted from the PET insert within a
bandwidth of £62.5 kHz (typical receiver bandwidth for 2D GRE sequence, see Table I)
centered around the Larmor frequency (127.8 MHz) without applying any RF pulse
sequences. Only the RF pulse was turned off and the gradient field was turned on for
examining any possible artifacts due to the gradient field (e.g. spike noise from metal
contacts caused by Faraday cage vibration). The mean and standard deviation of the noise
spectra were calculated. LY SO scintillation crystal natural background activity (~113
kevents/s) was used as the radioactive source for this study.

F. RF TX and RX Field Attenuation Through PET Ring

1) Electromagnetic Simulation: 3D electromagnetic simulations using XFdtd
(REMCOM, USA), a finite-difference time-domain Maxwell’s equation solver, were
performed to numerically predict RF transmission through the inter-modular gaps of the
PET ring. The RF field was generated from a simulated birdcage coil (60 cm diameter, 1 m
length), representing the MR body coil, which surrounded a ring of 16 hollow 6 cm (short
dimension) x 8 cm (long dimension) x 4 cm (height) x 20 cm (length) trapezoid copper
boxes (32 cm inner diameter) with 1 mm inter-modular gaps, representing the PET ring. The
simulated ring of Faraday cages was axially shifted by 7.5 cm to align the PET sensitive
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FOV (scintillation crystal region) to the MR isocenter. The TX field attenuation was
calculated by the following equation,

RF field amplitude ., PET
RF field amplitude PET

RF power attenuation = 20 log,
without

where RF field amplitudes were averaged over the center 75% ROI of the PET FOV. The
transmitted RF power maps of the simulated birdcage coil were acquired for each case with
and without the Faraday cage ring present.

2) MR Experiment: In the auto pre-scan calibration of the MR studies, the RF transmit
gain (TG) is usually adjusted to achieve the desired flip angle averaged over the sensitive
region of the TX/RX coil(s). Therefore, the extra TG required with the PET present,
compared to the “no PET” case, provides a measure of the TX field attenuation factor of the
PET ring. For an alternate experimental measure of the TX field attenuation, the flip angle
distribution was calculated through the double-angle B; mapping method [28], which
measures the signal ratios between two scans with a flip angle a and 2a.. By fixing the TG
(not using auto pre-scan), the attenuation from the RF transmission was extracted after
normalizing the RX attenuation. The B4 field magnitude and homogeneity were calculated
over the 8 center axial slices by the recommendations of the American Association of
Physicists in Medicine [29],

max min

S . +S

max min

Homogeneity(%) = (1 - x 100 3

where Spax/min are the maximum/minimum values of the signal amplitude within the center
75% ROI of the agar phantom. The mean and standard deviation of center 8 slices were
calculated and compared. By maps and By 1D horizontal profiles were plotted.

To experimentally measure the RX field attenuation by the PET insert when the body coil is
used as the RF TX/RX coil, the TG was varied by the auto pre-scan calibration to bring the
flip angle to its nominal value. Then, the RX field attenuation of the RF signal from the
phantom through the PET ring received by the standard body coil was calculated from the
reduction in SNR of the MR images (for GRE, FSE and echo planar imaging (EPI)
sequences—see Table I) over the center 8 axial slices of 20 total slices. In addition,
quantitative SNR maps (using equation (1)) of GRE and FSE sequences were acquired; SNR
calculation of EPI images was not analyzable due to significant ghosting artifacts (to be
discussed).

To summarize the methods for measuring RF attenuation: comparing MR image SNR
without and with the PET insert (with auto pre-scan turned on) enables an assessment of
PET ring attenuation of the RF receive signal, whereas comparing B, maps (with auto pre-
scan turned off) or TGs (with auto pre-scan turned on) without and with the PET insert
allows a measure of PET ring attenuation of the RF transmit signal. For all results for the
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“without PET” configuration in this work, the PET insert was not present inside the MR
system.

Results

A. Effect of PET Powering Configurations

When the PET ring was powered using the electrically floating batteries with short power
cables, the SNR of the reconstructed agar phantom was decreased by —44.3 + 5.0% (GRE)
and —40.0 + 4.6% (FSE) as compared to the “no PET” case, but no significant MR image
artifact was observed (Fig. 4). However, using the electrically floating batteries with long
power cables decreased the SNR by an additional —46.3 + 6.7% (GRE) and -32.9 £ 6.7%
(FSE) with respect to that with short cables (Fig. 4). When the PET ring was powered using
the grounded switching power supply with long power cables placed in the control room, in
addition to a further SNR decrease of —28.9 + 9.0% (GRE) and —34.2 £ 7.4% (FSE) with
respect to electrically floating batteries with long power cables, a significant noise streak
was observed in MR images due to the RF noise pickup in the cable (Fig. 4). Furthermore,
the performance between the floating power supply and the grounded power supply did not
show any significant difference.

B. Susceptibility Artifacts From the PET Insert

The By field inhomogeneities observed between the cases without and with the PET insert
present for the same pixel in each map were found to be smaller than 0.19 uT, which
corresponds to 0.063 ppm in a 3T environment (Fig. 5). This indicates that the PET
components placed inside the MRI bore have low magnetic susceptibility and any electrical
current flowing in the PET electronics does not significantly distort the B field in the useful
imaging FOV.

C. Noise Emission From PET Electronics

The mean and standard deviation of the RF noise spectrum averaged over 14 timestamps
with the PET ring powered on and off were 662.3 = 355.0 a.u. and 687.9 + 368.5 a.u.,
respectively (Fig. 6). Thus, no significant difference in RF noise spectra was observed,
indicating that the 17.5 um thickness copper Faraday cage sufficiently shields any emitted
PET electronics noise within £62.5 kHz (typical receiver bandwidth for 2D GRE sequence,
see Table 1) of the Larmor frequency.

D. RF TX and RX Field Attenuation Through PET Ring

1) TX Field Attenuation: For the electromagnetic simulations, the RF field magnitude
inside the PET ring was attenuated by ~2.7 dB (26.9%) compared to the case without the
PET ring present (Fig. 7). The level of RF penetrability through the PET ring experimentally
measured from the B field mapping experiment is shown in Fig. 8 and Table Il (top). The
TG increase observed when the auto pre-scan was utilized to set TG is shown in Table 1l
(bottom). Compared to the “no PET” case, the mean B field amplitude was reduced by -3.2
+ 0.7 dB (30.6 = 7.8%) and the homogeneity was degraded by —8.4 + 6.8% when the
operating PET insert was present. This —3.2 + 0.7 dB (30.6 £ 7.8%) TX attenuation factor
was not significantly different (within error) of that derived from the TG increase seen with
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auto pre-scan mode (3.0 dB (29.2%)), as well as the —2.7 dB (26.9%) estimated from the
electromagnetic simulations (Table I1). In addition to the TX attenuation seen in Fig. 8, the
B4 map with an operating PET showed a checker-board pattern artifact, which will be
further discussed in the next section.

2) RXField Attenuation : Fig. 9 and Table 111 present the RF RX attenuation level
using the standard MR body coil as both RF transmitter and receiver. EPI images were not
analyzed for attenuation due to the significant ghosting artifacts observed with the PET ring
present (Fig. 9). The image SNR reductions (RX field attenuation) compared to the “no
PET” case with GRE and FSE sequences were —3.5 + 0.9 dB and —-4.3 + 0.7 dB,
respectively, and the image homogeneity drops were —6.6 + 9.3% and —13.1 + 11.5%,
respectively. The FSE image had a larger homogeneity drop and SNR degradation compared
to the no-PET case than for the GRE image.

V. Discussion

We have demonstrated a proof-of-concept of an electrically floating RF-penetrable PET ring
prototype that may be inserted into any existing MR system to achieve simultaneous
PET/MR studies using the standard MR body coil as the TX coil. This work builds on
preliminary studies for 2 of 16 detectors present in the PET ring [20] and, for the first time,
reports on a more thorough study of RF-penetrability (float/ground configuration and B,
map) and MR performance (RF noise spectrum, By map, SNR image analyses) with the full
set of 16 PET detectors, electronics and full data acquisition system operating
simultaneously with the MR system. The PET performance of the full ring of 16 detectors
[30], and the preliminary simultaneous PET/MR imaging results of the full ring of 16 PET
detectors [21], have been studied earlier.

A. Standard MR Body Coil as an RF Transmitter and Multichannel Coil as an RF Receiver

Although using the standard MR body coil as an RX coil is not desired in brain imaging, in
this study the body coil was used as a TX/RX coil to enable a very sensitive study of the
“RF-penetrability” concept as the RF transmit and receive fields must penetrate both into
(Figs. 7 and 8, Table II) and out of (Fig. 9 and Table 111) the PET ring. For better MR image
SNR, an RX coil should be placed inside the PET ring, close to the body; however, unlike
conventional PET insert designs, the RF-penetrable design does not require a TX coil (in
addition to an RX coil; e.g. TX/RX birdcage coil) inside the PET ring, simplifying the
insertion of the PET ring into an existing MR system in order to achieve simultaneous
PET/MR. Other potential benefits of using the standard MR body coil as the transmitter
compared to a re-engineered smaller diameter TX coil inside the PET insert [10], [11], [12],
[13], [14], [15] are (1) better TX field homogeneity, and (2) less material inside the PET ring
for lower 511 keV photon attenuation.

Another advantage of using the standard MR body coil as an RF transmitter is that a high
performance RX-only multichannel array coil can be used inside the PET ring. In MR-only
brain studies, most high performance brain imaging is performed using the standard MR
body coil for RF TX and a multi-channel RX coil (e.g. phased-array loops) for RF RX [31].
The conventional PET insert design for simultaneous PET/MR systems employs a TX/RX
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birdcage coil inside the PET ring [10], [11], [12], [13], [14], [15], since their PET designs
are not RF penetrable. However, the RF-penetrable PET ring allows RF transmission from
the standard MR body coil, thus, a multi-channel RX coil can be placed inside the PET ring
to achieve higher SNR MR images, faster acquisition speed and parallel imaging abilities
compared to birdcage coils [32], [33]. This RX coil inside the PET insert will slightly
attenuate the detected PET annihilation photon flux; however, with careful PET-compatible
design using low-density materials in the PET FOV, the impact on PET performance should
be negligible [16], [34], [35]. This custom multi-channel RX coil is the subject of another
study [36, 16].

B. Potential to Scale Up to Larger PET System Geometries

Although we have demonstrated the RF-penetrable concept with a 32 cm diameter and 3 cm
axial FOV (scintillation crystal region) ring, the idea can be scaled to larger detector
volumes (e.g. 32 cm diameter/16 cm axial FOV for the brain or a 60 cm diameter/25 cm
axial FOV for whole-body). When scaled to a longer axial FOV, the detector configuration
and front-end electronics will have to be re-designed for higher compactness and more
readout channels in a restricted space. From an MR perspective, the magnetic susceptibility,
PET electronics shielding and RF-penetrability are primary concerns for scaling up the PET
insert design to larger volumes. As non-magnetic PET detector materials (scintillation
crystals and photodetectors) are now widely available, there are less concern about magnetic
susceptibility. Further consideration is needed regarding shielding the PET electronics noise,
as introducing digital electronics, additional integrated circuits, or FPGAs inside the MR
bore could potentially generate MR- disturbing frequencies. Appropriate shielding and
careful layout of the electronics should limit emission of unwanted noise from the PET ring.
If the Faraday cage must be lengthened due to the increased number of components inside a
detector module, then its radial dimension (cage height) should be reduced and/or the gap
between the adjacent detector module cages should be slightly widened beyond the 1 mm
employed in this work to maintain sufficient RF-penetrability. Widening the gap between the
Faraday cages does not necessarily require the gap between the scintillation crystals to
widen as well. Therefore, the RF-penetrability can be increased while maintaining the PET
system photon sensitivity (Fig. 10).

C. Powering Mechanisms

In Fig. 4, we observed that floating batteries with short power cables are preferable to
achieve low noise MR images. Powering with batteries requires low power consumption
PET detectors and readout electronics and a daily recharge. However, the battery powering
configuration is easier to implement compared to the standard power supply configuration.
In the case of high power consumption system, regulated power supplies could be a better
option. When using a power supply, the results in Fig. 4 showed that the “switching” power
supplies, regardless of the powering configuration (electrically floating or grounded), using
long shielded power cables and no RF traps could generate noise from high frequency
switches and RF induction on the cables. There are methods to avoid this switching noise or
RF induced noise. Several stages of baluns and filters can be added to the long power cables
to mitigate common-mode RF power on the cable and switching noise from the power
supply [37], [38]. A linear power supply, which does not employ switching currents, with
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the addition of multiple filtering stages and traps can mitigate these problems [39], [40].
However, these methods are beyond the scope of this study since, due to low power
requirements, electrically floating batteries were found to be sufficient.

D. Faraday Cage and Shielding Effectiveness

The main function of the Faraday cage is to safely shield the PET electronics from the
intense electromagnetic fields of MR without producing artifacts and vice versa. If the
shielding for the PET electronic noise were not sufficient, discrete frequencies or a broader
baseline noise would be observed in the RX spectrum. However, in Fig. 6, both spectra were
broadband white noise with insignificantly different baseline noise level and no discrete
frequencies were observed within the measured receiver bandwidth (£62.5 kHz) around the
Larmor frequency. Other important features that facilitated this negligible RF pick-up was
that the PET detectors directly convert their analog output electrical signal into an optical
signal within a short electrical path inside each shielded module, and no digital signal
processing is performed inside the MR bore.

E. RF-Penetrability

Although the RF TX field penetrates through the PET ring, the RF field attenuates. This RF
penetrability was analyzed in simulation and experimentally and an insignificant
discrepancy between the corresponding TX field attenuation factors was observed (2.7 dB
(26.9%) (Fig. 7) and —3.2 + 0.7 dB (30.6 = 7.8) (Fig. 8, Table II), respectively). The higher
average TX field attenuation in the experiment may be a result from not including the extra
components placed nearby the PET ring in the simulation; these extra features, such as
power cables and low voltage batteries (Fig. 3), were excluded from the simulation due to
the complexity of accurately simulating them. The relatively large error (0.7 dB) of TX field
attenuation may result from the non-uniform axial B4 field magnitude. The axial B field
map slice closer to the outer edge of the PET ring has higher B4 field and the slice inside the
PET ring has lower B4 field, which increases the deviation of the Bq field magnitude over
multiples slices.

Currently, TX field attenuates by —3.2 dB (Fig. 8 and Table 11 (Top)) in the experiment, but
this attenuation is compensated by the auto pre-scan feature, which increases the TG by 3.0
dB (Table Il (Bottom)) [41]. This increase in TG leads to an acceptable increase in specific
absorption rate (SAR) in body regions outside the PET insert [42]. Even though RF field
attenuation can be compensated for by increasing TG, within an acceptable range of SAR
increase, further improvements in RF penetrability of the PET insert are desirable to avoid
raising TG too high during MR operation, in addition to avoiding SAR increases. SAR
reported by the scanner is typically calculated by the subject weight/body location and the
RF power deposition estimated from TG. However, the TG in our case is increased to
compensate for the losses induced by the PET ring, resulting in an inaccurate SAR
measurement. Therefore, only theoretical SAR studies and no experimental data was
investigated in this work.

Reduction in RF attenuation by the insert is possible with minor revisions to the PET ring
design. The ring of PET Faraday cages functionally resembles a series of capacitors, since
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the side plates of two adjacent modules effectively form a capacitor. When the inter-modular
gap between adjacent Faraday cages increases (ideally without changing the inter-module
scintillation crystal spacing) or its height or length (radial or axial dimension) decrease, the
capacitive impedance increases, resulting in less power dissipation, hence less RF power
attenuation. This will reduce the required TG increase, reducing the SAR in the regions that
are unshielded by the PET ring (e.g. torso). With the current prototype, even with the +3.0
dB TG used in this study, the SAR in the head region inside the PET insert is approximately
the same as without the PET insert and the SAR in the body region outside the PET insert is
under the upper limit allowed (whole-body: 4 W/kg/15 minute exposure averaged) [42].
However, if lower SAR is desired, besides the modifications stated above, an alternate
approach could be lowering the bandwidth of the RF pulse, which would result in an
increased pulse duration and longer scanning time [43].

F. MR Images and B; Field Map Characteristics

In Table 111, the FSE image had a larger homogeneity drop and SNR degradation compared
to the no-PET case than for the GRE image. During the FSE sequence, which has multiple
RF pulses, any RF field inhomogeneity or attenuation from the PET insert causes errors to
aggregate during an acquisition, whereas the GRE sequence only has an initial RF excitation
for acquisition. This worse degradation in FSE images could be improved by avoiding the
minor errors caused by the RF field inhomogeneity and/or attenuation. Higher RF
penetrability and a custom RX coil inside the PET ring will potentially eliminate the FSE
error source that we have observed with the standard MR body coil as RX.

EPI images showed worse image quality in several aspects compared to GRE and FSE, and
these artifacts made the EPI images non-analyzable for this work as well as unacceptable for
clinical use. In addition to the SNR drop due to the RX sensitivity loss, EPI images showed
susceptibility-induced air bubbles and suffered from ghosting artifact (Fig. 9). The EPI
sequence incorporates extreme gradient slew rates and duty cycles and suffers from
susceptibility variations. Due to these reasons, the susceptibility variation between the air
bubbles and the agar materials in the phantom appear more significantly in the images
regardless of the PET being present inside the MR bore. When the PET insert is present, the
gradient fields of the EPI sequence induce eddy currents, and the secondary magnetic fields
contribute to the ghosting artifacts.

In addition to the ghosting artifact in the EPI images, the B field maps with an operating
PET also suffered from checker-board pattern artifacts (Fig. 8(a)). The B, mapping sequence
was acquired with a standard double-angle method, which utilizes relatively high
performance gradients for a single shot acquisition [28]. The extensive gradient slew rate
induces eddy currents on conductive Faraday cages, which could lead to cage vibration. This
vibration results in periodic contact between adjacent cages and leads to large-amplitude
noise pulses (“spike noise™), which appear at random parts of k- space during the readout.
This defective data point in the k- space shows up as diagonal lines throughout the
reconstructed image [44].

As EPI images are crucial for neuroimaging applications, we have investigated ways to
mitigate these artifacts. There has been extensive study on correcting for the susceptibility-
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related field variation artifacts [45]. These methods can be used to resolve the air bubble
artifact in the EPI images. Furthermore, there have been approaches to mitigate the gradient
field-induced eddy currents by reducing the thickness of the copper Faraday cage, disrupting
the current loops with patterns, and trying different materials while preserving the shielding
effectiveness [46, 47].

V. Conclusion

We have shown for the first time from experiments and simulations that the RF TX field
from an external MR body coil in an MR system can penetrate a complete ring of
electrically floating and operating PET detectors through inter-modular gaps. The condition
of electrically floating (with respect to the MR system) was enabled by using electro-optical
signal transmission technology and the use of electrically floating batteries for power. The
RF TX field attenuation (~35%) through the PET ring can be compensated for by increasing
the TG by the same amount, resulting in an acceptable TX power increase. Although the MR
body coil was used as the RF transmitter and receiver in this work to enable a sensitive study
of RF penetration both into and out of the PET insert, for better MR performance we plan to
integrate a high performance RX- only coil inside the PET ring [36].

The results show great promise for the RF-penetrable PET insert to enable an existing MR
system to achieve simultaneous PET/MRI without modifying the MRI system, much like
high-end RF coils that can be inserted and removed. This is a much less expensive approach
to achieve simultaneous PET/MR compared to the purchase and installation of a new
integrated PET/MR system (where the PET and MR systems are inseparable), potentially
making it easier to more widely adopt and disseminate PET/MR.
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Fig. 1.

(A?) PET detector Faraday cage (bottom segment 6.2 cm, top segment 7.9 cm, height 4.1 cm,
length 21.4 cm) with optical fibers exiting the end through a waveguide. (B) Electro-optical
PET detector module comprising 128 LY SO scintillation crystal elements each coupled one-
toone to SiPM pixels (the crystals span a 3 cm x 6 cm area); “compressed sensing”
multiplexing circuit that multiplexes the 128 SiPM signals to 16 readout channels; (C)
Optical transmitter boards each containing two nonmagnetic VCSELSs.
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Fig. 2.

Conceptual comparison between (TOP) the conventional and (BOTTOM) electrically

floating RF-penetrable PET system configurations for simultaneous PET/MR. The

electrically floating feature of the latter design, enabled by optical signal transmission and
electrically floating batteries, along with short power cables minimizes electromagnetic

pick-up noise and promotes a patient-safe environment. In the latter configuration, the RF
field from the standard body coil penetrates through small gaps between the PET detector

modules to create a uniform B field inside the sensitive field-of-view.
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RF-penetrable PET ring prototype was inserted into a 3-T MRI. The 16 PET detector
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modules were populated with detectors/electronics, electro- optical signal transmission

components, and powered by electrically floating non-magnetic batteries.
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SNR comparison of the MR image with PET powered with electrically floating batteries
using short (~1 m) and long (~7 m) cables, and a floating/grounded power supply plugged
into mains power using ~7 m length cable. Center slices are shown. The air bubble shown in
different positions of the phantom is due to repositioning of the phantom between different

scan configurations.
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Fig. 5.
By field maps without and with operating PET present. Center slices are shown.
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Fig. 6.
RF noise spectra with the PET ring (A) not operating (unpowered) and (B) operating. Red
lines indicate +1 standard deviation from mean.
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Fig. 7.
3D electromagnetic simulations of B field distribution magnitudes (A) without and (B) with

PET. The RF field lines enter through the 1 mm gaps between PET detector modules but do
not penetrate the Faraday cages surrounding each module. Center slices are shown.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal.

Without PET With PET

Fig. 8.

100
80
60
40
20

Flip angle (=)

150

100

50

Page 23

(a) B field map and (b) a 1D B horizontal profile without and with the PET ring, showing

RF TX field attenuation. Center slices are shown.
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Fig. 9.
RX field attenuation was measured through (A) MR images and (B) SNR maps of GRE and

FSE sequences. SNR maps of the EPI sequence were not calculated due to the ghosting
artifact. Center slices are shown.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leeetal.

(a) (b)
Scintillation ! [MR bore] Scintillation ! Patient brain
crystal L

= L

@ (16 cm)

=

8
@ —
E wvi
= electronics  ——I|socenter
E Body coil Body coil
£ (TX/RX) (TX only)
=
g
=2
- |2
a .2

g

=

<

RX-only RF coil

o|3
=% .,_“m 1o [ _Scintilaton cystal 16 cm)
o|3
E & 214cm ~25¢m
I=i Wider gap between Faraday cages
w
- > \
el \

Fig. 10.

Page 25

Comparison between (a) the RF-penetrability setup and (b) the new prototype currently

under construction.
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TABLE |
MR PuLse SEQUENCE PARAMETERS
Sequence 2D GRE 2D FSE 2D EPI
TR (ms) 3000 500 2000
TE (ms) 71 5 30
Voxel(mm?®) 0.86x0.86 x4.00 0.86 x 0.86 x 4.00  3.44 x 3.44 x 4.00
Matrix 256 x 256 256 x 256 64 x 64
Readoutbandwidth(Hz/Px) 244.141 122.109 78125
Flip angle 90 90 90
Numberof slices 31 31 31
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TABLE Il

B1 FIELD MaP AND TG ResuLTs Using Boby CoiL as TX/RX CoiL

. With
Without operating Difference
PET PET
: -3.2+0.7 dB
B, Magnitude — go9164 61718  (-30.6+7.8%)
! (flip angle a) attenuation
field
*
map Homogeneity (~8.416.8%)
(%) 86.7+2.9  79.5%5.2 attenuation
MR Transmit Gain ~ +13.4 +16.4 ]
image - (GRE) dB dB -3 dB attenuation

*
B1 field map: Auto pre-scan off when operating with PET

Aok

MR image: Auto pre-scan on when operating with PET
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TABLE Il

MR Imace ResuLts Using Bopy CoiL as TX/RX CoiL

: With
WF',tE.?Ut operating Difference

PET
GRE 84.3+4.2 78.846.6 -6.6+£9.3%

Homogeneity (%)
FSE  80.1+6.5 69.6+6.4 -13.1+11.5%
MR -3.5+0.9 dBy
Image* GRE 57.5+3.1 38733 (-32.8+8.0%)
attenuation
SNR

-4.3+0.7 dB
FSE 372423 226112  (-39.1+7.4%)
attenuation

*
MR image: Auto pre-scan on when operating with PET
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