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Abstract

A new magnetic resonance imaging (MRI)-conipatib!e positron emission tomography (PET) detector design is being devel-
oped that uses electro-optical coupling to bring the amplitude and arrival time information of high-speed PET detector scin-
tillation pulses out of an MRI system. The electro-optical coupling technology consists of a magnetically insensitive photode-
tector output signal connected to a nonmagnetic vertical cavity surface emitting laser (VCSEL) diode that is coupled to a niul-
timodc optical fiber. This scheme essentially acts as an optical wire with no influence on the MRI system. To test the feasi-
bility of this approach, .1 lutctium-yttrium oxyorthosilicate crystal coupled to a single pixel of a solid-state photomultiplicr
array was placed in coincidence with a lutetium oxyorthosilicate crystal coupled to a fast photomultiplier tube with both the
new nonmagnetic VCSEL coupling and the standard coaxial cable signal transmission scheme. No significant change was
observed in 511 keV photopeak energy resolution and coincidence time resolution. This electro-optical coupling technology
enables an MRI-compatible PET block detector to have a reduced electromagnetic footprint compared with the signal trans-
mission schemes deployed in the current MRI/PET designs.

THERE HAS BEEN RECENT INTEREST in the
development of combined small animal and clinical
positron emission tomography (PFT)/magnetic reso-
nance imaging (MRI) systems'"' to enable new direc-
tions in the multimodality imaging of function., physi-
ology, and anatomy beyond combined small animal
and clinical positron emission tomography (PET)/com-
puted tomography (CT).''-'' A whole-body clinical
PET/MRT system shcnild have a large ring diameter
(> 6Ü cm) and a large axial field of view (FOV) (> 20
cm) PET insert without measurably interfering with or
producing artifacts during the MRI image acquisition.
Such a large transaxial and axial FOV ring PFT system
will require the relaying of thousands of high-speed
electronic channels from within the magnet to an exter-
nal data acquisitiiïn system. In addition, the PET detec-
tor system and electronic interconnections must not
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measur.ibly influence the gradient and radiofrequency
(RF) elements of the MRI system and vice versa. To
address these challenging issues, we developed a new
electro-optical readout scheme for a PET scintillation
detector modtile that relays the signals using optical
telecommunications grade lasers and fibers (Figure I)
rather than shielded coaxial or high-density ribbon
cables while preserving the high detector signal to noise
ratio (SNR) and signal integrity of the PF.T sigiiiils.

Work on combining PET and MRI into a simulta-
neotis imaging system has produced an array of tech-
nologies addressing different potential problems of
interference between the two imaging modalities
(Figure 2). Simultaneous PET/MRÍ systems, as
opposed to serial PET-MRI systems,^ combine the PFT
detector elements directly in the sensitive imaging
region of the MRI so that acquisitions are both spatial-
ly and temporally coincident.

Potential Interference from PET Components
Inserted into an MRI System

Static Magnetic Fields

The main component of an MRI system is a supercon-
ducting cylindrical magnetic with a very large static
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Figure I. Electro-optically coupled positron emission tomognipiiy
(PET) detectors relay the high-speed analog ptilses out of the mag-
netic resonance (MRI) systeni using vertical cavity lasers, near
850 ntn infrared laser light, and multimodc optical fibers instead of
shielded coax connt'Ctors to reduce interference effects on the MRI
image acquisition. The only electronic cabling used in the entire
proposed VIRI-compatible l ' tT ring is that required for DC power
connections. FoV = field of view; RF = radiofrequency.

magnetic field Bĵ  usually greater than 1 T (5,000
ganss, where 0.3 gauss is the strength of the earth's
magnetic field). Protons (bound hydrogen atoms) res-
onate at 42.576 MHz/T with an applied alternating
RH circularly polarized electromagnetic field [or RF

field) in the presence of the large static magnetic field.
Magnetic susceptibility Xo '* '̂' '""-'"̂  susceptibility) is a
dimensionless physical property of a material that
quantifies the increase or decrease in a magnetic field
as it passes through that material. If a material were to
have a high magnetic susceptibility, it would cause an
increase or decrease in the resonant frequency as a
function of distance from the material, causing either
significant image artifacts or signal voids. A PET
detector must have low magnetic susceptibility so that
it does not distort the homogeneous static field.
Semiconductor detectors such as silicon avalanche
photodiodes (APDs), solid-state photomultiplier tubes
(SSPMs},^ and cadmium zinc telluride (CZT)^"" can
operate in high static magnetic fields of MRI. Any
metals used for electrical connectioti within or to the
PET insert must be made from metals with low mag-
netic susceptibility such as copper or aluminum.'-

Gradient Fields

An .VIRI system has very powerful gradient electro-
magnets (up to 40 mT/m or 400 g/m) that can produce
fields that are aligned along the x (left to right), y (up
and down), and z (front to back) axes of the main
cylindrical static magnetic. An MRI system will
change the three gradients hundreds to thousands of
times per second to spatially localize the resonant pro-
ton spins to create an image. Each time tbe gradient
field changes, it will induce an eddy current in any
conductor that the field passes through. By l.enz's law,
the eddy current will create an opposing magnetic field
that will attenuate the gradient field for a short period
of time, causing distortion in the positioning.
Therefore, the conductors in tbe PET scanner must be
relatively transparent to the gradient fields without
significant generation of eddy currents. The conduc-
tors can be arranged in ways that the eddy currents
cancel, or the conductors can be made very thin to
increase their resistance.

RF Transmitter

To excite the resonant protons, the MRI system has a
very powerful RF transmitter (several kilowatts of
power) that drives a pair of coils to create an RF field
B| at the resonant frequency of the protons in the stat-
ic magnetic field. MRI systems require that the magni-
tude of the RF field produced by the transmitter is uni-
form over the FOV being imaged. Poor RF field uni-
formity can lead to shading (dark areas) or significant



76 Oleott et at

Magnet

Gradient Coils

Magnet

Gradient Coils

U CWr^^

c . .... .. Long Optical Fibers
Scintillation n ^ ^
Crystals ^

Short Óptica
Fibers

Scintillation
Crystals

APD Devices
w/ RF shield

RF Coils RF Coils

B

Magnet

Gradient Coils
Preamp

APD
Scintillation

Crystals

•

I i 1

I•I I
. Coaxia

Cables
RF
Shield

RF Coils

Magnet

Gradient Coils

VCSELj
SSPM'

Scintillation
Crystals

mm Optical Fiber
DC Power

RF Coils

Figure 2. A survey of four magnetic resonance imaging (MRI)-comparible positron emission tomography (PET) detector systems hased oti
the following signal transmission schemes from within the sensitive imaging region of the MRI system, Eiach schematic drawing is a sagittal
cross section through the MRI system. A, Scintillation crystals coupled through long optical fibers to photomuitiplier tuhes located external
to the MRI system.''''''' ß. Scintillation crystals coiipied through short optical fiher bundles to avalanche photodiodes (APDs) located with-
in ihe MRI system but just oucside the sensitive MRI axial field of view.-'--^ C, Scintillation crystals coupled directly to APDs that are read
out through preamplifiers and coaxial cables inside the MRI system, which transmit the signals to an external dara acquisition system.-''-**
/), Scintillation crystals coupled directly to solid-state photoniultiplieti (SSPMs), which are, in turn, electro-optically coupled using vertical
cavity surface emitting lasers (VCSELs) and multimode optical communication fibers. The laser light signals are routed tens of meters away
to a photodiode receiver follmved by a standard data acquisition system, RF = radiofrequency.

imaging artifacts for some imaging sequences. Because
an electric field cannot pass through the closed shell of
a conductor (a Faraday cage),, and as most PET detec-
tor rings inside an MRI system effectively act like a
continuous ring of conductors., the RF transmitter
must be placed inside the PFT ring.

RF Receiver

After the protons have heen excited by an RF field,
they will precess around the static B,, uiagiietic field
and emit an alternating circularly polarized electric

field (or RF echo). The magnitude of the RF echo is
very weak and induces a very small signal in a tuned
resonant RF coil. PHT detectors convert scintillation
light signals into amplified electronic signals that are
driven down wires. The electronic signals can produce
electric fields that can couple into the RF receiver and
cause very significant imaging artifacts. In older
whole-body clinical MRI. hrain imaging MRI, and
small animal MRI systems, the transmit coil and
receive coil are the same electrical conductors. In
newer high-field clinical 3 T MRI systems," the trans-
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mit and receive chains have been spiit into two sepa-
rate sets of coils. Usually, a large "birdcage" transmit
coil runs down the entire bore length of the MRI, out-
side the patient, and an array of smaller receive coils
(64 or more) are placed in an optimized geometric
relationship to enable parallel imaging techniques,
with acronym names such as SENSE or SMASH, to
improve either imaging time or image the SNRJ'
Integration i)f PET detector components into a whole-
body clinical 3 T system with split transmit and receive
chains has not yet been achieved and is still an open
research area.

Potential Interference from an MRI System on
PET Detector Components

Static Magnetic Fields

Moving charged carriers (electrons or holes) in the
PET detectors experience a strong Lorentz force from
the static magnetic field B,,. A photomuitipiier tube
(PMT) is a photodetector device that uses photosensi-
tive materials, electron beams, and focusing elements
to convert light into electrons and amplify that elec-
tronic signal. The electron beams are severely distort-
ed by the magnetic field and cause the device to fail to
function. In semiconductor detectors, such as APD,
SSPM, or CZT, the eiectron paths are over much
shorter distances and the deflection of the charged car-
riers is not significant enough to prevent operation.

Gradient Fields

The switching gradient fields can induce alternating
currents in the signal wires of the PET system in the
hundreds of hertz to several kiiohertz range.
Fortunately., the electronic signal can be high pass fil-
tered to eliminate the low-frequency interference from
the gradient signals. The switching gradient coils will
cause joule heating of the conductors of the PET sys-
tem from the induced eddy currents. Heat, especially
heat as a function of time, can cause detrimental tem-
perature fluctuations in a PET system. The tempera-
ture fluctuations may require active damping through
the use of a cooling system.

RF Transmitter

Tbe RF transmitter produces short bursts of RF energy
(=0.1-2 ms) up to several hundred times per second.
The frequency of the RF energy is in the range of 50 to

400 Mhz, which is well within the bandwidth of pream-
plifiers and electronic signal conditioning stages in PET
electronics. The most common technique to eliminate
RF energy from "leaking" into the PFT pathway is to
place a thin conductor between the RF coil and the PET
detector. The conductor will reflect the electrical field
back and shield the electronics of the PET system but
could cause artifacts in the MRI data. Alternativeiy, a
fuliy differentiai electronic signal pathway for the PET
detection electronics can be used to effectively subtract
the common mode-induced RF signal. Any RF signal
that "leaks" into the PET electronics pathway can
quickly saturate the front end, creating a dead time. The
PET system sensitivity would be reduced if care is not
taken to prevent RF leakage.

Small Animal PET/MRI System Designs

The first PET/MRI detector technology developed was
for small animal systems. The different strategies
employed are reviewed in this section.

Optical Fibers Relayed to a PMT

The first technique used optical fibers (see Figure lA)'"*-'̂
to relay small animal PET scintillation signals from
within a small animal MRI system's isocenter to an
external positron-sensitive PMT and data acquisition.
The PET system consisted of a single ring with a diam-
eter of 54 mm and an axial extent of 2 mm that com-
prised 72 2 mm x 2 mm x 5 mm lutetium oxyorthosil-
icate (ESO) crystals coupled into 2 mm diameter, 4 m
long double-clad optical fibers. The optical fibers were
optically glued one to one to the sides of individual
I,SO scintillation crystals, forming a single-slice PET
crystal ring. The LSO scintillation crystals and the
optical fibers did not have any conductive materials
and thus had no impact on the MRI system."^ This
purely passive optical coupling technique has the best
characteristics for interference-free MRI. However,
there were a few difficult challenges with this design.
First, only a small fraction of scintillation light was
collected by any given fiber because it was coupled to
the side of each scintillation crystal rod in a T-
con figura tion.'** Next, for the fraction of light that did
happen to enter the fibers, optical fibers caused signif-
icant light signal attenuation and temporal, spectral,
and amplitude dispersion for light peaked in the blue
wavelengths (390-420 nm), resulting in significantly
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degraded titning, energy, and spatial resolution per-
formance. The poor PET performance and lack of
scalability to larger axial FOV configurations led to
tbe development of better strategies to couple PET
detector scintillation light out of an MRI system.

Optical Fibers Relayed Out of a Split-Coil MRI
System to a PMT

An MRI system can be constructed out of two inde-
pendent superconducting rings resembling a double
dougbnut.'^'^ In such a system built for small animal
PET/MRI imaging, PET scintillation pulses were
relayed tbrough 120 cm long fibers through the gap
between the two magnets to external PMT detectors
followed by a data acquisition system. The system
geometry is based on the micro-PET Focus 120 system
(Siemens Molecular Imaging Preclinical Solutions,
Knoxville, TN),'** with a 14.7 cm diameter and a
7.6 cm axial extent that consists of 96 scintillation
detectors arranged in 4 rings. Each PET block detector
is a 12 X 12 array of 1.5 mm x 1.5 mm x 10 mm LSO
crystals. Similar to the previously described design,'^-'^
the fiber-coupled scintillation crystal ring inside the
MRI system is completely passive and nonelectrical.
However, there are multiple challenges with this
design. First, given that long optical fibers are still
required to couple the scintillation light to the pho-
todetectors, light signal attenuation and spectral,
amplitude, and temporal dispersion are also an issue in
this design. Second, split-coil MRI is significantly
more expensive and has lower field strength than a
standard MRI system.

Bent Optical Fiber Bundles and Position-Sensitive
Avalanche Photodiodes

The development of high-gain, large-area, position-
sensitive avalanche photodiodes (PSAPDs)-" enabled a
PET detector to operate in strong static magnetic fields
for small animal PET/MRI.-' One such design used
10 cm long bent optical fiber bundles to bring the light
from the scintillation crystals to PSAPD detectors
placed just outside tbe sensitive region of the imaging
bore of the Bruker 7 T MR Biospec animal MRI sys-
tem (Bruker BioSpin Corporation, Billerica, MA) (see
Figure 2B). '̂"^^ The system geometry was a 35 mm
ring diameter with a 12 mm axial extent consisting of
16 LSO arrays each with 64 crystals (8 x 8}, each crys-
tal measuring 1.43 mm x 1.43 mm x 6 mm, arranged
with a pitch of 1.51 mm. The optical fiber bundles

were attached one to one to the end of each scintilla-
tion crystal rod and were formed with a 90' bend to
bring the signals just out of the most sensitive region
of the MRI bore, where the PSAPDs and readout elec-
tronics reside. As a result, there was only minor distor-
tion of the crystal position lookup after this fiber-
coupled design was inserted into the MRI system.-'
Furthermore, given that the most sensitive region of
the MRI FOV was free of any magnetic or electrical
components (similar to the previous optical fiber
designs), no influence from the PET system to the MRI
system was observed. The drawback of this configura-
tion as it stands is again the loss and dispersion of the
scintillation light signal associated with fiber coupling
and, in its current configuration, the lack of scalabili-
ty to a large-diameter, large axial FOV PET system.

LSO-APD Block Detectors and Integrated
Preamplifiers with RF Shielding

The drawbacks of transmitting scintillation light into
optical fibers before the photodetector stage can be
avoided by directly coupling the crystals to MRl-
compatible photodetectors such as APDs. The API)
can operate directly in the imaging field of the MRI
system if care is taken to isolate PET detectors from
the RF transmitter and gradient coils of the MRI sys-
tem-'"^"" using an RF shield (see Figure 2C). The basic
block detector module comprises a 12 x 12 array of
1.5 mm X 1.5 mm x 4.5 mm LSO crystals placed on a
3x3 array of Flamamatsu detectors (Bridgewater, NJ)
with integrated preamplifier electronics and placed in
the imaging region of a 7 T Bruker BioSpec 70/30 USR
MR! system.-' After multiplexing to reduce the num-
ber of signal channels from nine to four, the four sij;-
nals are buffered and driven out on coaxial connec-
tors. Ten of these modules were assembled into a ring
with a 60 mm imaging diameter and a 19 mm axial
FOV. There was no mutual interference between the
PET and MRI systems- when operated simultaneous-
ly. Future challenges with this MRl-compatible PKT
technology for small animal PET/MRI designs arc to
increase the photon sensitivity by using longer crystals
without suffering significant depth of interaction blur-
ring, better packing fraction of the detector ring,
increasing the ring diameter to accommodate rats as
well as mice, and increasing the axial FOV for better
plmton sensitivity and fewer bed positions without
introducing a significant electrical footprint that
would interfere with the MRI system.
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Clinical PET/MRI System Designs

LSO-APD Block Detectors and Integrated
Preamplifier with RF Shielding

The only clinical PFT/MRI prototype built to date is
for brain imaging.' The PET detector technology is
essentially the same as that used in the small animal
PET/MRI version described above, except the size is
scaled up to a human head size. The PET insert has a
diameter of iS.5 cm and an axial FOV of 19 cm. In
this system, the scintillation crystals are also coupled
directly to APD arrays.-^ The APD scintillation block
detectors-^ with integrated preamplifiers are placed on
an insert gantry with both power and high-speed coax-
ial electrical connections running along the axis of the
MRI system. Each LSO-APD-preamplifier block detec-
tor has four output analog signals that are relayed via
shielded coaxial cables from the imaging bore to a
data acquisition system located several meters away.
The high-power RF transmitter of the MRI system
(Siemens 3T Magnetome Trio) generates signals that
can easily saturate the front-end electronics of the pre-
amplifier. This can introduce a significant dead time
during the RF transmission, which reduces the sensi-
tivity of the PET system. To counter this, a carefully
designed RF shield is placed between the RF transmit-
ter and the PET detector. Excellent results in both PFT
and MRI performance have been achieved with this
design. The main drawback of this design is the large
number of electrical ct)nductors in the MRI system.
Eddy currents are induced in the RF shield by the fast
gradient coils, which could lead to reduced gradient
slewing performance and gradient field nonuniformity,
increased power requirements, and induced heating of
the PFT system. These issues pose scalability chal-
lenges of such a design to a whole-body size.
Achieving whole-body PET/MRI with a large axial
FOV PET system will require thousands of shielded
coaxial or ribbon cables for signal transmission out of
the MRI bore, perhaps an order of magnitude or more
cables than required for a brain-only system.

Attractive New Technologies for MRl-
Compatible PET

Solid-State Photomultipliers

Another silicon-based phot ode tec tor, the
is very attractive for combined PET/MRI designs. The

name solid-state photomultiplier is not the most
appropriate term for this technology because it is
essentially a small pixel containing thousands micro-
cells of APD devices, each operating in Geiger mode
on a very fine (eg, 20-30 \xm) pitch. The few thousand
ceils can be integrated to form square pixels that can
range in size (eg, from 1 to 3 mm).-̂ "* Single light pho-
tons from a scintillation light pulse will be ahsorbed in
and create electron-hole pairs in single microcells of
the SSPM pixel. Given that every cell is operated near
breakdown, every cell hit by a light photon will Geiger
discharge. Because the cells are connected in parallel,
one SSPM pixel can generate a charge that is propor-
tional to the number of incoming light photons from a
scintillation crystal. As each cell fires in response to
absorbing a photon, it discharges Ie3 to Ie6 electrons,
giving the device a gain comparable to a PMT—hence
its name. Recently, two-dimensional arrays of SSPM
pixels have become available (Figure 3).'" Unlike a
PMT, each pixel in an SSPM array has a very large
capacitance (approximately 30 picoFarads for a 3 x
3 mm device'"^). Thus, if charge multiplexing is desired
to reduce the number of readout channels to be less
than the number of array pixels, special care is required
to preserve timing performance. The high gain of the
device means that it does not require a preamplifier for
readout and can directly drive shielded coaxial cables
that transmit signals to a low field portion of the mag-
net. The device is fabricated on a silicon wafer using
standard planar processing methods, is nonmagnetic.

-\\ffr

Figure 3. Three different desijins of 4 x 4 arrays of solid-snite pho-
tonuilcipÜer (SSI'M) devices with 3 mm pitth SSPM from SensL

(Cork, Ireland}: (left) nonmagnetic SSPM devices are mounted on a
glass slide with 32 differeiirlal outputs; {middle) three-sided hutt.-ible

SSPM array wirh singii'-cnded output; [right) noiimajiiiecic Ceramic
Ball Grid Array (RGA) packagf with difftTfntial outputs.
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and can operate in a strong, static magnetic field. If
used with coaxial cabling, RE shielding will be neces-
sary to prevent RE coupling into the readout path.
Eortunately, the device has much lower output imped-
ance at its terminals than an APD of comparable size,
making it much less susceptible to RE interference.

Electro-Optical Coupling and Optical Signal
Transmission

Eroni the above review, two themes emerge for MRI-
compatible PET detectors: (1) for best PET scintilla-
tion signal detection (detector SNR), it is desirable to
directly couple the scintillation crystals to photodetec-
tors rather than use any intermediate fiber optics, and
(2) for scalability to a large axial hOV clinical whole-
body system without affecting MRI performance, it is
highly desirable to find a way to eliminate both the RF
shielding and long coaxial signal transmission for a
PET scintillation detector. Optical fiber transmission
of scintillation light out of the sensitive region of the
MRI system (see Eigure 2, A and B) minimized effects
on the MRI system, but this solution has significant
problems with temporal and spectral dispersion and
attenuation of the scintillation light signal. However,
fiber coupling is desirable for signal transmission out
of the MRI system if we can shift the light frtjm the
blue region to the near-infrared region without
degrading detector SNR, while at the same time con-
fining it to a single or multimode optical fiber. In this
scenario, the resulting signal could be relayed almost
attenuation free over long distances using telecommu-
nications grade optical fiber (see Eigure 2D). No pas-
sive optical conversion method currently exists. One
would first convert the signal using a photodetector
that is sensitive to blue light and then back into an
optical signal using a telecommunications laser emit-
ting in the near-infrared region. To achieve this, we
pr^)pose to directly connect a SSPM detector to a ver-
tical cavity surface emitting laser (VCSEL) diode (see
Figure 2D) and relay the signals over multimode
telecommunications grade optical fiber without
degrading the detector SNR of the original scintilla-
tion detector signal. This electro-optical coupling
method requires only DC electrical connections to the
PET detector ring to power the lasers and the SSPM
detectors. RE antiresonant passive isolation can be
integrated into the power connections. This allows the
PET ring to be high impedance with respect to the RF
coils to reduce loading on them within the MRI sys-

tem, while not degrading any of the performance
parameters of the PET electronics. RF antiresonant
isolation also can reduce any coupled RF signal into
the electronics of the PET detector.

Materials

The MRT-compatibie PET ring can be built from many
basic block detector modules electro-optically coupled
(see Figure 2D). Each MRI-compatible PET block
detector proposed is based on a lutetium-yttrium oxy-
orthosiHcate (l.YSO) crystal array connected to a 4 x 4
array of SSPM pixels. After optical and electronic mul-
tiplexing, there will be four analog output channels
per detector block tt) provide energy and timing infor-
mation and determine the x-y coordinate of an annihi-
lation photon interaction. The four analog output sig-
nals of the SSPM will be coupled electro-optically as
described above {ie, VCSEL, fiber, receiver diode, etc.).
The four SSPVl channels drive four VCSELs. Each
VCSEE will be coupled to a 62.5 \imfi25 |am multi-
mode fiber. To evaluate the feasibility of this electro-
optical coupling scheme, we evaluated the perform-
ance of one channel. To do this, we used a ^ mm x
3 mm X 20 mm LYSO crystal connected to a single
SSPM pixel of a recently developed 4 x 4 array manu-
factured by SensL (see Eigure 3A). Because of the dif-
ficulty of developing nonmagnetic operational amplifi-
er packaging and its extreme sensitivity to pickup from
the MRI RF and gradient pulses, the SSPM array was
connected via passive components only to a nonmag-
netic VCSEL." The other components of the block
detector are fabricated out of low magnetic suscepti-
bility metals such as copper, tin, or lead. The optical
components are made of glass or plastic and do not
have any significant electrical or magnetic properties.
Care was taken to choose passive components that aie
fabricated free of ferrous contamination.

Nonmagnetic VCSEL Configuration

All standard commercially available VCSELs (such as
the Finisar HFE4192-58\ [Einisar Corporation,
Sunn>'\'ale, CA|) use strongly magnetic metals in the
packaging of the transmitting optical subassembly
(TOSA). The TOSA package couples an actively aligned
VCSEL to fiber using plastic molded optics bonded to a
ferrt)us metal TOSA package. The large amount of fer-
rous metals in tbe TOSA package makes it dangerous
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(violating safety rules) to use these lasers in the imaging
bore of the MRI and can be a significant source of arti-
facts in the MRI data. We developed new nonmagnetic
packaging of the VCSEL (Figure 4) using an off-the-
shelf sensor 850 nm VCSF.L (Finisar HVSOSO.vXXX)
placed in a small, hermetically sealed nonmagnetic
"0805 package" with a glass window that we mounted
onto a personal computer hoard and coupled to optics
developed in our lahoratory (see Figure 4). The VCSEL.
has an 18 [Lm full width at half maximum (FWHM)
heam divergence that must be focused on to the 62.5 |am
core ofthe fiber with an alignment precision of less than
5 |im. To accomplish this, a custom-designed cylindrical
graded index of refraction (GRIN) lens (1.8 mm diam-
eter by 7.62 mm in length) focuses a large fraction of
the emitted light into the fiber. The GRIN lens is pas-
sively aligned to a pigtailed glass ferrule (1.8 mm diam-
eter) fiber with a cylindrical sleeve. A fiber alignment
stage was used to shift the focal spot of the GRIN lens
onto the VCSEL beam. Active alignment was performed
by powering the laser and measuring the optical power
at the receiver while adjusting the focus of the compo-
nents. In the final block detector design, mechanical
structures and cured ultraviolet epoxy will hold each of
the four GRIN lenses to the four VCSELs.

Passive Coupling Network

Active amplifying components such as operational
amplifiers and charge-sensitive preamplifiers are diffi-
cult to integrate in the bore of an MRI system because

the standard commercial packaging of active compo-
nents always contains ferrous metals. F'ven compo-
nents placed at a distance from the sensitive imaging
FOV that have a large magnetic susceptibility will dis-
tort the static field lines of the MRI,. causing a reso-
nant frequency shift. The shifted resonant frequency
will cause image distortion and voids. New SSPM
devices have very large gains and low bias voltage and
are not sensitive to magnetic fields. Thus, a simple
coupling capacitor can be used to directly couple the
current signal from the SSPM iuto the low-impedance
anode of the VCSEL (no operational amplifier or pre-
amplifier was used) (Figure 5). We tested to see if the
output SSPM current from a scintillation event was
sufficient to directly drive a VCSEL with an analog sig-
nal. Special nonmagnetic ceramic capacitors and resis-
tors were used to passively couple the signals between
the SSPM and the VCSEL. The VCSEL was biased just
above its threshold current at 2 mA of forward cur-
rent, producing approximately 400 |jW of optical
power At the photodiode receiver after 20 m of fiber.

Photodiode Receiver

The 62.5 |am/I25 |am multimode glass fiber (=20 m
long in this study) connected to a standard high-per-
formance gallium arsenide (GaAs) PIN photodiode
receiver with an integrated transimpedance amplifier
(Finisar HED3180-203). The output of the receiver
was driven into a differential to single-ended convert-

Multi-mode 62,5 um/125 urn Fiber
in a 900pm Furcation Tube

1,8 mm

Figure 4 . A nonmagnet ic vertical cavity surface emitt ing laser (VCSEI,) in an 805 package was coupled to a 61.S | jm/125 |.iin mul t imode

fiber graded index of refraction (GRIN) lens (1,8 mm diameter, 7.62 mtn length). The GRIN lens focuses the laser ( Ifi m F W H M beamdi\L-r-

pence) on to the 62.5 Mm core of the fiber. The GRIN tens is actively aligned to the VCSEI, using a precision alignment stage. The t ¡RIN lens

is passively aligned to a pigEailed glass ferrule (I,H mm diameter) fiber with a cylindrical sleeve, PCiî = printed circuit board; SMA -

SubMiniarure version A Connector,
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Figure 5. Solid-stare pliotomultiplier (SSP.Vl)-vertii;iil cavity surface emitting laser ( VCSEl.) bias and passive coupling network. Only simple

passive electrical c()mp()nents arc used tor power and to couple the SSPM to the VC'SFI. inside the magnetic resonance imaging bore. Two
power connections, -30 V and 5 V, respectively, are applied to the SSPM and tlie VCStL.

er and connected to a standard nuclear spectroscopy
readout system as depicted in Figure 6.

Methods

Coincidence Time and Energy Resolution
Measurements

The energy resolution and timing resolution perform-
ance of the conventional coaxial coupling method used
in the readout of the SSPM was compared versus the
proposed electro-optical coupled chain. A 10 |iCi -'Na
point source was placed between two detectors placed in
electronic coincidence. The first comprised a 4 mm x
4 mm X 4 mm LSO crystal coupled to a Hamamatsu
R9779-20 PMT; the second detector was a 3 mm x
3 mm X 20 mm LYSO crystal wrapped with a 3M
VM2000 reflector coupled to a single 3 mm x 3 mm
pixel of the 4 x 4 SensL 3035G16 SPMArray (see Figure
3A). To facilitate easy comparisons between the coaxial
and electro-optical readout chains, the SSPM output sig-
nals were coupled through a 50 ohm coaxial connector
to either an ORTFX 474 timing filter amplifier
(TFA){Easley, SC) or to a VCSEL coupling system
(VCSEL., fiber, photodiode receiver). In the final electro-
optical chain design, the VCSEL would be integrated
very close to the SSPM <iutput without using a coaxial
connector. For the conventional coaxial processing
chain, the output signal from the TFA went through

coaxial cable and w as split into two paths, one for a con-
stant fraction discriminator (CFD) and the other for a
shaping amplifier (see Figure 6). For the new electro-
optical coupling chain, the VCSEL light was transported
into and down a 20 m fiher into the photodiode receiv-
er. The receiver output signai was split into two and cou-
pled to the CFD and shaping amplifier in the same man-
ner as for the conventional chain. The subsequent pro-
cessing chain after the CFD and shaping amplifier lead-
ing to digitization (see Figure 6) was standard ¿md is not
repeated in detail here. The output amplitudes of the two
paths were matched to provide nearly identical pulse
height signals to the CFD and shaping readout path-
ways. In both cases, a Crcmat shaping amplifier (Ocmat
Inc., Watertown, MA) with 100 ns shaping time was
used to filter the energy channel before sampling.

Results

Energy Resolution

No significant degradation in energy resolution at
5 11 keV was observed between the conventional coax-
ial and new VCSFlL-fiber electro-optical coupling
chains (Figure 7A). The coincidence energy resolution
was 15.6 ± 0.4% FWHM at 511 keV for the coaxial
connection versus 15.5 ± 0.4% for the electro-optical
connection. The energy resolution is dominated hy
inherent effects of the light creation process in the
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Figure 6. Top, Schematic of a data acquisition chalti to compare energy and coincidence time performance of the statidard coaxial and new
electro-optical coupling sigtial processing chains. A single 3 mm x 3 mm x 20 mm luterium-yttrium oxyorthosillcate (LYSO) crystal was cou-
pled to one 3 mm x 3 mm pixel of a 4 x 4 solid-state photomultiplier (SSPM) array, and the output signal was either ( I ) connected to a fast
filter amplifier, transrîiittod rhroiigli a shielded 50 ohm coaxial cable, and read out using .i standard nuclear pulse data acquisition chain or
(2) converted to near-intrared lif̂ lit using a VL'ttical cavity surface emitting laser (VCSEL) and transmitted down a 20 m long multiiiiode fiber
to a receiver photodiode followed by the same standard data acquisition chain.

LYSO crystal and the SSPM detector noise. These
results indicate that introducing the VCSEL-fiber cou-
pling did not significantly increase the noise or
degrade the detector SNR.

Coincidence Time Resolution

Coincidence time resolution is much more sensitive
than energy resolution to noise added by the electro-
optical coupling components. Coincidence time reso-
lution is proportional to a(V)/dV/dt, where c(V) is the
standard deviation of the signal voltage and dV/dt is
the slope of that signal at the rising edge. Because
VCSEL has a rise time faster than 150 ps, the VCSEL
should not degrade dV/dt. However, the VCSEL could

possibly introduce broadband thermal noise, increas-
ing a(V). Nevertheless, no significant degradation in
coincidence time resolution at .'ill keV was observed
between the standard coaxial and electro-optical cou-
pling chains (Eigure 7B).

Discussion

We successfully developed a nonmagnetic electro-
optical coupling method to enhance the MRI compati-
bility of PET detectors while maintaining excellent
detector performance. We developed a nonmagnetic
optical assembly for the VCSEL and precisely aligned it
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figure 7. A, Energy resolutions of 15.6 + 0.4% for the conventional shielded coaxial versus 15.5 ± 0.4% for the new VCSEL fiber flecrro-
opcical auipling processing chains are nor significantly different, ß. Timing resolutions of 1.30 ± 0.02 ns for the conventional coaxial ver-
sus 1.32 ± 0.01 ns for the new VCSPX fiber electro-optical coupling chains are not significantly different. The coincidence time resolution
was measured after energy gating two times the EWHM energy resolution (30%) around the 511 keV pe;ik. LSO = lutetitim oxyorthosili-
cate; PMT= photomiiltiplier tube. No significant degradation in energy i A) or time (B) resolution between the conventional coaxial and pro-
posed electro-optica! fiber coupling signal processing chains. FWH.M - full width at halt maximum; SSPM - solid-state photoiniiltiplicr;
VCSEL = vertical cavity siirface emitting laser.
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for connection to a multimode telecommunications
fiber. The VCSEL is a low-power, inexpensive, and very
compact device that can couple electronic signals over
fiber." Although VCSELs were originally developed for
digital modulation in optical communications, we have
shown that analog modulation of the VCSEL with the
SSPM signals was successful. Owing to the high-gain
output current of the SSPM, direct coupling of an SSPM
device to the nonmagnetic VCSEL was achieved using
only passive components. We have shown that this new
electro-optical processing chain (VCSEL-GRIN
lens-fiber-receiver diode) does not introduce significant
noise or degrade the detector SNR. As a result, the
electro-optical coupling is simply acting as an optical
wire and has no measurable effect on coincidence time
or energy resolution performance for this single-channel
study. We are currently developing a four-channel read-
out PET block detector for a clinical PET/MRI system
using this new electro-optical coupling scheme. The cur-
rent design can be further optimized by integrating
arrays of VCSELs'- and replacing glass optical fibers
with plastic optical fibers^' to significantly reduce cost
and size over this prototype implementation. Glass or
plastic optical fibers can be three-dimensionally
bunched on a 125 |J.m center-to-center hexagonal pitch
without any crosstalk. Such an electro-optical coupling
scheme will make it easier to integrate many PET block
detectors in the imaging bore of an MRI system, with-
out affecting MRI performance, while also achieving
excellent PET system performance.

Acknowledgments

We would like to thank Dr. Jim Tatum of Finisar for
helpful discussion about VCSELs, Gary Glover for
help with the magnetic susceptibility tests of compo-
nents, and Padraig Hugbes at SensL for providing the
nonmagnetic packaged SSPM array for the magnetic
susceptibility tests.

Einancial disclosure of authors and
None repiirted.

reviewers:

Referetices

1. Cherry SR. Tlu- 2006 Muiry N. W:igncr Lecture: Oí
mice ;ind men (and positrons): advances in PET imaging
technology. J Nucl Med 2Ü06;47:1735-45.

2. Zaidi H, Mavvlavt-i O, Orton CG. Simultaneous
PET/MR will replace PET/CT as the molecular multi-
modality imaging platform of choice. Med Phys
2OÜ8;34:L525.

3. Schlemmer HP, Pichler B, Wicniiard K, ct al.
Simultaneous MR/PET for brain imaging: first patient
scans. J Nucl Med Meeting Ahst 2007;48:45P-a.

4. Townsend DW. Multimodality imaging of structure and
function. Phys MftI Biol 2008;.S3|41:R1-R39.

5. Liang H, Yang Y, Yang K, er al. A microPET/CT system
for in vivo small animal imaging. Phys Med Biol
2007;52:388l-94.

6. Zang-Hee C, Young-Don S, Kim HK, et al. A hybrid
PET-MRi: an integrated molecular-genetic imaging sys-
tem with HRRT-PET and 7.0-T MRL Int j Imaging
Systems Technol 2007;17:252-65.

7. Eoudray AMK.. Olcott PD.. Habte E Investigation of
position sensitive avalanche photodiodes for a new
high-resolution PET detector design. IEEE Trans Nucl
Sci 2006;51:80.5-10.

8. Stewart AG, Grecne-O'Sullivan E, Herbert DJ, et al.
Study of the properties of new SPM detectors. SIME
Cunf Series 2006;6119:84-93.

9. Despres P, Izagulrre EW, Siyuan L, et al. Evaluation of a
MR-comparihIe CZT detector. lEEF Nucl Sci Oinf Rec
2007;6:4324-6.

10. Wagenaar D, Nalciogki O, Muftulcr L, ct al. A multi-
ring small animal CZT system for simultaneous
SPECT/MRI imaging, j Nucl Med Meeting Absts
2007;48:89.

11. Levin CS. New imaging technologies to enhance the
molecular sensitivity of positron emission tomography.
I'roc IEEE 2008;96:439-67.

12. David RL, editor. CRC handbook of chemistry and
physics: a ready-reference hook of chernical arui physi-
cal data. Boca Raton: CRC Press; 2004.

13. Schick E Whole-body MRI at high field: technical lim-
its and clinical porcnrial. Eur Radiol 2005;I5:946-.S9.

14. Shao Y, Cherry SR, Larahani K. ct al. Development vt a
PET detector system compatible with MRI/NMR sys-
tems. IEEE Trans Nucl Sci I 997;44:n 67-71.

15. Mackewn JE, Strul D, Hallett WA, et al. Design and
developmenr of an MR-conipatihlc PET scanner for
imaging small animals. IEEE Trans Nucl Sci
2005;52:1376-80.

16. Slates RB, Earahani K, Shao Y, et al. A study of artefacts
iti simultaneous PET and MR Imaging using a prototype
MR compatible PET scanner. Phys Med Biol
1999-44:2015-27.

17. Shaw NR, Ansorge RE, Carpenter TA. ("onimissioning
and resting of split coil MRI sysrem for combined PET-
MR. Presented at rhc Inrernarlonal Sociery for Magnetic
Resonance in Medicine mecriiig; 2005 May 7-13;
Miami Beach, EL.

IS. Lucas A], Hawkes RC, Ansorge RE, et al. Developmenr
of a combined microPET-MR sysrcm. Technol C'ancer
Res Treat 2()06;5:337^ I.



86 Oleott et al

19. Laforest R, Longford D, Siegel S., et ;il. Performance
evaluation oí che niicroPET®—FOCUS-F12Ü. IBFE
Tratis Nucl Sci 2007;54:42-9.

1\). Shah KS,, Farrell R,. Grazioso R, et al. Position-sensitive
avalanche phorodiodes for gamma-ray imaging. IHEF
Trans Nucl Sci 2002;49:16S7-2.

21. Catana C, Wu Y, Judenhoter MS,, et al. Simultaneous
acquisition oí multishce PET and MR images: initial
results with a MR-compatible PET scanner. J Nucl Med
20Ü7;47:1968-76.

22. Catana C, Procissi D, Wu Y, et al. Simultaneous in vivo
positron emission tomography and magnetic resonance
imaging. I'NAS 2008; 105:3705.

23. Pichlcr BJ, judcnhofer MS,. Catana C, et al. Performance
test ot an LSO-APD detector in a 7-T MRI scanner for
simultaneous PET/MRI. J Nucl Med 2006;47:639-47.

24. judenhofer MS, Catana C, Swann BK. et al. PET/MR
images acquired with a compact MR-compatible PET
detector in a 7-T magnet. Radiology 2007;244:807-I4.

25. Pichler BJ, Judenhofer MS, Wehrl HF. PET/MRI hyhrid
imaging: devices and initial results. Eur Radiol
2008;18:1077.

26. Wehrl HF, Judenhofer MS, Wichr S, Pichler BJ. Pre-clin-
ical PET/MR: technological advances and new perspec-

tives in hiomedical research. Eur J Nucl Med Mol
Imaging 2009;36(l):S56-68.

27. Judenhofer MS, Wehrl HF, Newport DF, et al.
Simultaneous PKT-MRI: a new approach tor function-
al and morphological imaging. Nat Med 2008; 14:
459-65.

28. Grazioso R, Zhang N, Corbeil J, et al. APD-based PET
detector for simultaneous PET/MR imaging. Nucl Inst
Mcth Sec A 2006;569:3()l-5.

29. Renker D. Geiger-mode avalanche photodiodes,, history,
properties and problems. Nucl Inst Meth Sec A
20()6;567:48-56.

30. Hughes PJ, Herbert D, Stewart A, Jackson JC. Tiled sil-
icon photomultipliers for large-area low-light sensing
applications. Proc SPIE 2007;6471:647112.

31. Tatum JA. VCSELs in various sensor applications.
Presented at the Sensor Expo & Conference; Chicago,
IE, June 6-8, 2005.

2>1. Kawai S, editor. Handbook of optical interconnects.
Oxford, UK: Taylor I-rancis; 2005.

^^. Policy A, Gandhi RJ, Ralph SE. 40Gbps links using
plastic optical fiber. Presented at the Optical Fiber
Communication Conference [OFC}; Anaheim, CA,
March 25, 2007






