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Abstract—In this article, we report design and preliminary
performance evaluation of a CdTe detector module for use in
an MR-compatible preclinical single-photon emission computed
tomography system. The detector module consists of four CdTe
detectors. Each of them has a CdTe crystal with a dimension of
1.125 cm × 2.25 cm × 2 mm (thickness). The crystal anode side
is divided into 32 × 64 square pixels with a width of 350 µm and
attached to a custom-designed energy-resolved photon-counting
(ERPC) application-specific integrated circuitry. The ERPC CdTe
detector module has a median energy resolution of 7.0 keV across
8192 (4 × 32 × 64) pixels and 95% of the pixels have energy
resolution better than 9 keV inside a Siemens clinical 3-T MR
scanner; it has a median detection efficiency of 0.47 and 95%
of the pixels have detection efficiency between 0.44 and 0.49;
the detector spatial resolution enables one to observe the point
response function (PRF) distortion caused by a 3T magnetic field.
An analytical method has been developed to model this distortion
and the corresponding modeled PRF has a root of mean-square
error within 5%, compared to the experimental PRF.

Index Terms—ASIC, CdTe, CZT, photon counting, SPECT,
SPECT/MRI.

I. INTRODUCTION

THE COMBINATION of single-photon emission com-
puted tomography (SPECT) or positron emission tomog-

raphy (PET) with magnetic resonance imaging (MRI) shows
powerful capability in both preclinical research and clinical
applications, since it harnesses the complementary nature of
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different modalities on an integrated imaging platform. Many
studies have elaborated the value and clinical use of combined
PET/MRI [1]–[13], but to date the development of SPECT and
MRI has stayed in preclinical stage, and only one simultane-
ous clinical prototype has been reported [14]. There are several
technical obstacles faced by researchers to truly integrate
SPECT instrumentation with MR scanners without degrading
the original optimum performance of either.

First, SPECT performance would severely degrade because
SPECT detector functioning could be affected by the strong
magnetic field, rapidly switching gradient fields, and the RF
field of an MR scanner. On the other hand, these MR fields
are prone to distortion due to the electronic, metallic or
ferromagnetic components of the detectors and collimators,
which results in degraded MR images [6], [15]–[17]. Another
main challenge of merging these two modalities is space
constraints [18]. Due to the very limited space inside MR
scanners, a compact SPECT system with low magnification
design is required because the conventional pinhole SPECT
system with large magnification is too bulky. To maintain high
SPECT spatial resolution in this compact design, an ultrahigh
resolution detector (sub-mm or even sub-500 μm) is required.
Finally, any moving part inside a strong magnetic field is likely
to create artifacts in MR images. Thus, a stationary SPECT
scanner is preferred to the conventional rotating design. It
imposes additional constraints to the volume of the detector
design [18].

In addition to developing an MRI compatible collima-
tors [17], [19]–[21], another key to overcome these challenges
is to develop detectors with high resolution, compact geometry,
and MRI compatibility. One approach is based on a scintillator
detector coupled with SiPM [22]–[25]. The ultrahigh resolu-
tion is achieved by cutting the crystal into a sub-mm pixel. The
INSERT project, which several groups in EU are working on,
aims to develop preclinical and clinical SPECT/MRI systems
for chemotherapy, and is on this path [14], [21], [25]–[29]. The
project developed a sub-mm resolution detector using CsI (TI)
with SiPM readout [25]. The detector achieves an energy res-
olution of 12%–14% full width at half maximum (FWHM) at
140 keV and a high spatial resolution of 1-mm FWHM [25].
The study also shows that this detector has minimum impact
over MR image quality and achieves a good MRI compati-
bility [21]. The preclinical scanner based on this detector has
achieved a resolution of 0.9 mm across 15.6-mm FOV and a
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Fig. 1. ERPC detector module for SPECT/MRI applications. (Left) 3-D drawing and (right) actual module. (1) ACTEL FPGA; (2) PCB; (3) wire bounding
connecting PCB and ASICs; (4) four CdTe crystals, each with volume of 1.125 cm × 2.25 cm × 2 mm; (5) SnBI solder connecting the CdTe anode to
corresponding pixel circuitry in the ASIC; (6) four ASICs, each with 32 × 64 channels; and (7) cooper heat sink.

sensitivity of 0.11% with a multiple-pinhole collimator (nine
holes of 0.8 mm × 0.8 mm) [28]. The clinical scanner achieves
a spatial resolution of 8 mm and a sensitivity of 0.036% using
multiple slit-slat collimator [29].

An alternative approach is using semiconductor (CdTe/CZT)
detectors. Comparing to the scintillator detector, the
CdTe/CZT detector can achieve better spatial resolution and
energy resolution [30]. However, the detector response could
be distorted in strong static magnetic field inside an MR
scanner [31], [32]. Wagenaar et al. reported a CZT detec-
tor for SPECT/MRI applications. The detector has a spatial
resolution of about 1.5 mm and an energy resolution of
5% at 122 keV [33]. The feasibility of using this detec-
tor for SPECT/MRI application has first been demonstrated
by Hamamura et al. [31]. The same detector is used by
Tsui et al.’s group to develop the whole-body small-animal
SPECT/MRI insert, which has a spatial resolution of 3 to
5 mm [34]. Later Tsui et al.’s group further optimized the
system design and build a another SPECT/MRI insert using the
same detector [35]. The system achieves a resolution of around
1.1 mm using 32 pinholes with a diameter of 0.5 mm [35].

We have developed an energy-resolved photon-counting
(ERPC) CdTe detector. This ERPC detector offers an intrin-
sic spatial resolution of 350 μm and an energy resolution of
3–4 keV at 122 keV [36]. Based on this work, we developed an
ERPC detector dedicated for SPECT/MRI applications. In this
article, we reported the design and the intrinsic performance of
this detector module. We also evaluated the impact of the MRI
fields (high static magnetic field, rapidly switching gradient
fields and RF field) over the detector performance in terms of
spatial, energy response, detection efficiency, and uniformity.
We also developed an analytical modeling method to minimize
the impact of the distortion induced by MRI.

II. METHOD AND MATERIALS

A. Basic Detector and Electronics Design

Fig. 1 shows the detector module that we have developed
specifically for use in SPECT/MRI applications and Fig. 2(b)
shows the detector system outline. The detector module offers
a total detection area of 2.25 cm × 4.5 cm. It consists of 4
CdTe sensors provided by Acrorad [37], each with a size of

TABLE I
SPECIFICATIONS OF ERPC ASIC FOR SPECT/MRI APPLICATIONS

1.125 cm × 2.25 cm × 2 mm. The anode side of the CdTe
detector is divided into 32 × 64 pixels of 350-μm pitch. The
CdTe detector uses gold (ohmic) contacts, and the dimension
of each pixel is 300 μm × 300 μm in size, leaving a gap of
50 μm in width between adjacent pixels. The CdTe crystal is
biased at −350 V.

The anode pixels are stud bonded to a custom-designed
application-specific integrated circuitry (ASIC). Details about
this ASIC’s specification can be found in Table I. This ASIC is
fabricated using 0.35-μm technology and has 32 × 64 chan-
nels, which matches the 32 × 64 anode pixel pattern with
350-μm pitch. For each channel of the ASIC, the pixel cir-
cuitry [Fig. 2(a)] have a bonding pad with a diameter of 25 μm
and a preamplifier with a feedback capacitor of 16 fF. The
corresponding gain is 10 μV per electron. For a 140-keV
photon (Tc-99m), there will be 3.2×104 electrons and the
corresponding voltage of the signal is 0.33 V.

The output of preamplifier is filtered by a shaping amplifier
with a time constant of 1 μs. The time constant is determined
by considering two factors. One factor is the signal pulse
width. The shaping time should be much larger than pulse
width to avoid ballistic deficit [38]. When the 2 mm CdTe
with a 350-μm anode size is biased at −350 V, the signal
pulse width would be in the range of 0.02–0.2 μs, depending
on where it happens. The other factor is the detector count-
ing capability. The shaping time should be small enough to
meet the detector counting capability. The previous version
ASIC [36] has maximum counting rate of 0.8 Mcps/pixel. So
in the previous version of ASIC we used 1-μs time constant.
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Fig. 2. MRI compatible ERPC detector system layout. (a) Pixel circuitry. (b) System architecture. (c) Pixel readout sequence.

To reduce design risk, we kept the same time constant in the
current version.

The peak of the signal from the shaping amplifier will be
held by the peak-hold unit in the pixel circuitry until it is
readout by the ADC on the digital readout printed circuitry
board (PCB) [Fig. 2(a) and (b), wire-bonded to the CdTe/ASIC
hybrids]. The peak-hold unit will be reset after the signal
readout and ready for the next events.

Unlike the previous ASIC [36], this one uses a clocked
readout, rather than pixel-by-pixel ADC readout. It reduces
design complexity and power consumption. The ERPC ASIC
sends out the signal peak from the individual pixels one by
one [Fig. 2(c)]. The trains of signals are digitized by an
8-bit ADC with 25-MHz sampling rate on the readout PCB
[Figs. 1 and 2(b)]. The digitized signals are temporarily stored
in a 32-MB flash memory [RAM in Fig. 2(b)] before sending
to a remote PC through USB2 interface. A field programmable
gate array (FPGA) located on the PCB synchronizes the read-
out operations. This readout scheme reduces pixel maximum
readout rate from 0.8 Mcps per pixel [36] to 50 cps per pixel.
In general, this readout rate is sufficient for an ultrahigh reso-
lution preclinical SPECT system. Such system typically uses
large magnification design. The event rates would be lower
than 1 cps per pixel, which is much lower than that of clinical
applications [39].

For SPECT/MRI applications, we minimized the usage of
magnetic component and changed the layout of the board of
the previous version [36]. We moved the wire-bonding pads
to the edge of the PCB. This design choice would allow the
detector to be assembled into a closely packed detector ring
for use in a stationary SPECT system geometry. To make the
detector compatible with MR scanners, we used ultrapure cop-
per for the heat sink and 3-D printed polyethylene support
structure. The support structure has hollow channels allowing
compressed air to go through for cooling purpose (Fig. 1).

By design, the detector module can act as an independent
unit that directly communicates with a data acquisition PC
[Fig. 2(b)]. The PC is customized with 10–20 USB2 ports
to interface with multiple detector modules and to potentially
allow for a scalable detection system with 10–20 detector mod-
ules that could be readily tailored for preclinical SPECT/MRI
applications.

B. Evaluating CdTe Detectors Outside and Inside 3 Tesla
Clinical MR Scanner

1) Energy Resolution: Energy resolution was first measured
outside an MRI scanner. 50 μCi Co-57 was used to irradiate
the calibrated detector from a distance of around 7.8 cm. From
the energy spectrum obtained on each pixel, the data points
around 122-keV peak were fitted to an asymmetric Gaussian
distribution. FWHM of the distribution was defined as energy
resolution.

Energy resolution was also measured inside a Siemens Trio-
I 3T scanner using exactly the same source and experimental
settings as described above. To investigate the impact of
the strong magnetic static field, the first detector data were
collected when the MR scanner was not actively acquiring
images. Another experiment was carried with MR scan-
ner actively acquiring data using a gradient echo sequence
(GRE) [40]. This allows us to evaluate the detector response
under rapidly switching gradient field and RF field.

2) Detection Efficiency: To evaluate the detection effi-
ciency, the 50 μCi Co-57 was used to irradiate the calibrated
detector. The geometry relation between source and detector
are precalibrated, i.e., the geometry information was known.
The detector efficiency for pixel m (βm) was calculated by

βm = Nm/Nm (1)

Nm = N
∫

Sm

d� (2)
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Fig. 3. Illustration of magnetic field distorting the electron transportation and PRF. Left is the transverse view of detector pixels. Pixel 1 and pixel 2 belong
to Sensor 1, pixel 3 belongs to Sensor 2, and the gap exists between pixel 2 and pixel 3. The coordinate system is also defined in this figure, where x-axis
is along the electric field and pointing toward the detector cathode, z-axis is along the scanner axis and with the same direction as B0 field. The magnetic
field B = [0, 0, Bz] is along the z-axis, and the electric field E = [Ex, 0, 0] is along x-axis. With presence of the magnetic field, the electrons generated
by the gamma-ray interaction will drift along direction, which has fixed angle θ related to the electric field, which is described in (6). Right illustrates the
charge transportation impact over the PRF. The red and black shaded parts represent two PRF profiles inside and outside MRI, respectively, when gamma
rays interact with the sensor in specific incident angle.

where Nm is the expected incident counts of detector pixel m.
It equals to product of emitted counts, N, and solid angle cor-
responding to pixel m. Nm is measured counts above 90 keV.
Please note that a preclinical SPECT typically uses a wider
energy window compared to clinical one, because scattering
is not a severe issue in preclinical applications. To study MRI
impact over the detection efficiency, the same experiment data
sets as the energy performance were used. We compared the
detection efficiency inside and outside MRI.

3) Point Response Function Measurement: To evaluate
the spatial performance of the CdTe detector, we measured
the point source projections point response function (PRF)
through four 300 μm pinholes using the 50 μCi Co-57 point
source. The geometry relation between the source, the pin-
holes and the detector was precalibrated, i.e., the geometry
information was known. The detector was 7.8 cm away from
the source. The four pinholes were placed 3.6 cm away
from the source and distributed on a ring. Incident angles
between gamma rays and the detector through each pinhole
were −2.2◦, 8.5◦, 16.4◦, and 25.5◦, respectively. The detector
was carefully aligned so that z-axis in the detector coordi-
nate system (defined in Fig. 3) was along the direction of the
main magnetic field. We collected 15 min of data both outside
and inside the MR scanner. During the inside MRI experi-
ment, the scanner was actively taking image using a GRE
sequence.

C. Modeling Detector Response Function Inside and
Outside Strong Magnetic Field

For the MRC-SPECT-I system to achieve an ultrahigh imag-
ing resolution, it is important to derive an accurate PRF for
CdTe detectors when operated inside a strong magnetic field.
In this section, we will discuss the steps that we used to derive
the detector response function.

For a point source at distance rs, the total photons (Hm)
detected by detector pixel m can be calculated by a widely
used analytical model [41]–[43] given by

Hm = N
∫

rd∈Vm

{
μd

4π |rd − rs|2

× exp
[−μdld(rd, rs) − μdlp(rd, rs)

]}
dV

(3)

where Hm equals to the product of emitted counts, N, and
detection probability of pixel m. The detector probability is
integrated over the sensing volume belonging to detector pixel
m, i.e., rd ∈ Vm. μd and μp are linear attenuation coefficients
of CdTe and pinhole (made of 90% platinum and 10% irid-
ium) at 122 keV, respectively. ld and lp are the gamma ray
penetration length in CZT/CdTe and a pinhole, respectively.

Without presence of a magnetic field, charge carriers are
assumed to drift along the electric field and the electric field
can be assumed to be perpendicular to a detector pixel anode.
Each pixel only collects events right above the pixel anode. For
example, as illustrated in Fig. 3, pixel 1 only collects events
from the corresponding sensing volume ([rd ∈ Vm in (3)])
marked in blue in Fig. 3.

In presence of a magnetic field, the charge carrier trans-
portation is distorted by both electric field (E = [Ex, Ey, Ez]T )
and magnetic field (B = [Bx, By, Bz]T ). The charge carrier drift
velocity (V = [vx, vy, vz]T ) is given by [44]

V = −μ

1 + μ2
HB2

ME (4)

where M1 is a matrix capturing magnetic field impact,
where μH is the Hall mobility. For CdTe, it is approximately
equal to charge carrier mobility μ. The CdTe detectors were
well aligned inside the MR scanner so that the detector plane
was parallel to the direction of the main magnetic field, B0.
Assuming x-direction is perpendicular to the detector sur-
face and pointing toward the axis of the MR scanner, and

1

⎡
⎢⎣

1 + μ2
HB2

x μ2
HBxBy − μHBz μ2

HBxBz + μH · By
μ2

HBxBy + μHBz 1 + μ2
H · B2

y μ2
HByBz − μHBx

μ2
HBxBz − μH · By μ2

HByBz + μHBx 1 + μ2
HB2

z

⎤
⎥⎦
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Fig. 4. Detector energy resolution at 122 keV. Co-57 point source (50 μCi)
was placed 7.8 cm away and illuminated the detector for 20 min. The arrows
point to the defect region. The spectra of the pixels (marked by the dash
rectangle) are shown in Fig. 5. The right edges of the four sensors are marked
by the white lines.

z-direction is parallel to the axis of the MR scanner (illus-
trated in Fig. 3), then E = Ex and B = Bz. Therefore, (4) is
simplified to ⎡

⎣vx
vy
vz

⎤
⎦ = K ·

⎡
⎣ Ex

−μHBzEx
0

⎤
⎦. (5)

Based on (5), the charge carriers always move in a direction
with fixed angle θ as shown in Fig. 3 from the electric field
E = Ex. θ can be calculated as

θ = arctan

(
vy

vx

)
= arctan(−μHBz). (6)

θ is equal to 18.2◦ for a 3T magnetic field. Therefore, the
events collected by a pixel anode are no longer right above the
corresponding sensing volume. It will distort PRF as shown in
Fig. 3. To model the PRF inside an MRI scanner, the integra-
tion volume, rd ∈ Vm in (4), has to be modified accordingly.
As illustrated in Fig. 3, for pixel 1, instead of the blue marked
region, the integration volume is the red marked region, which
is titled by θ .

III. RESULTS

Fig. 4 shows the energy performance of the detector mod-
ule. For the detector module being evaluated in this study, we
found less than five dead or hot pixels across 8192 pixels.
The energy resolution in terms of FHWM at 122-keV peak
has a median value of 7.0 keV and 95% of the pixels have an
energy resolution better than 9 keV. 0.6% of them can degrade
to worse than 12 keV. This degradation is mostly caused by
the charge loss in defect regions (the regions pointed by black
arrows in Fig. 4) or in the sensor edges [45]–[47]. The charge
loss could be reduced by using a better quality CdTe sensor
and improving edge fabrication and polishing technology.

Fig. 5 shows a comparison of the energy spectra between
inside (blue and red) and outside (green) a Siemens Trio 3T
MR scanner. While the presence of a strong magnetic field
would with no doubt affect the charge collection process, it had
a minor impact on the spectral response, except for those pixels
at the right edge of each sensor (i.e., columns 32, 64, 96, and
128). As shown in Fig. 5, 3 × 6 spectra among 8192 spectra
were selected. The detector spectra of outside and inside MRI

were visually quite similar and the difference of counts above
90 keV was around 5% for pixels not at the right edge of each
sensor. However, the spectra of the right edge pixels in each
sensor were distorted by the magnetic fields and the detected
counts were reduced by 69%. As illustrated in Fig. 3, it was
because the charges generated by events at the right edge of
Sensor 1 drifted toward the left, but the charge loss due to this
drift can not be compensated as charges in Sensor 2 were not
able to move to Sensor 1 because of the physical gap between
two sensors.

Though the gradient field is much smaller than the main
field, it rapidly changes, which could induce eddy current on
the metal components of detector electronics, thus affects the
detector functionality. But we did not observe a significant
effect from the gradient field nor RF pulses by comparing
spectra inside MRI with (red curves in Fig. 5) and without
(blue curves in Fig. 5) an active GRE imaging sequence.

Fig. 6(a) shows the detection efficiency and unifor-
mity across 8192 pixels. The detection efficiency has a
median value of 0.47 and 95% of the pixels’ detection
efficiency is between 0.44 and 0.49. The detection effi-
ciency is far less than 1, because of limited stopping power
of 2 mm CdTe and charge sharing effect of small pixel
design [48]–[53].

Fig. 6(b) shows the relative detection efficiency difference
between inside the MR scanner with the gradient sequence
and outside the MRI scanner. The strong magnetic field has
minor impact in most of the pixels (with mean difference
around 5.1%), except for those at the right edge of each
sensor (i.e., columns 32, 64, 96, and 128). The detection effi-
ciency of these pixels was reduced by 69% because of the
same reason we discussed in the results of Fig. 5. Comparing
results inside MRI with [Fig. 6(b)] and without [Fig. 6(c)] an
active GRE imaging sequence, we did not observe a signifi-
cant effect from the rapidly switching gradient fields and RF
pulses.

Fig. 7 shows the projections of the point source through four
pinholes with different incident angles. The high spatial reso-
lution of the detector allows us to fully sample the PRF and
to observe the MRI distortion effect. As shown in Fig. 7, the
weighting center of PRF shifts around 0.92 pixel (322 μm)
because of charge carrier drifting caused by the magnetic
field.

Fig. 8 shows modeled PRF and experimental PRF. The mod-
eled PRF matches well with the experimental one, for both
inside MRI and outside MRI cases. The difference between
the modeled and experimental PRFs was measured by root
of mean-square error, which was derived from comparing the
normalized counts obtained from the experiment (ci) and from
the model (c′

i) within an energy window around the 122 keV
peak as follows:

χ = 1

I

√√√√ I∑
i

(
ci − c′

i

)2 (7)

where I is the number of total pixel detected counts > 1%
of the PRF peak. χ for outside and inside MRI are both
around 5%.
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Fig. 5. Spectra of the pixels marked by the dash rectangle in Fig. 4. The data were acquired using Co-57 source around 50 μCi in 20 min. The green lines
is taken outside the MR scanner, the red lines inside the MR scanner with gradient sequence, and the blue lines inside MRI without the active sequence. The
red and black arrows in the left upper corner subplot show the 122 keV and 136 keV peaks, respectively. The numbers in each subfigure shows the relative
counts change above 90 keV (energy bin positions are derived using the calibration outside MRI) compared with outside MRI results.

Fig. 6. (a) Detection efficiency outside MRI scanner, which is calculated
by (1). (b) Relative detection efficiency difference between inside the MR
scanner without any sequence and outside the MRI scanner. (c) Similar com-
parison, but the data taken inside the MR scanner has the gradient sequence.
The arrows in (b) and (c) point to the pixels of four sensors’ right edges.

IV. SUMMARY AND DISCUSSION

In this article, we presented an MR-compatible CdTe detec-
tor module for use in the developed MRC-SPECT-I system.
The detector module consists of four CdTe detectors, each

with a 1.1 cm × 2.2 cm × 2 mm volume and coupled with a
custom-designed ASIC with 350 μm × 350 μm pixels. The
detector has less than 5 bad or hot pixels over 8192 pixels.
The detector exhibited a spatial resolution capable to sample
PRFs from 300-μm pinholes and to observe the impact of 3T
MRI over the PRF (Fig. 7).

The 8192 detector pixels have a median energy resolution
of 7.0 keV (Fig. 4) and 95% of the pixels have energy reso-
lution better than 9 keV. The performance degrades compared
to the ones obtained from the previous non-MRI compati-
ble ERPC detector [36], which recorded an energy resolution
of 3.0–6.0 keV. We suspect that the temperature control and
higher leakage current may contribute to the degradation of the
energy performance. The performance is also not as good as
other state-of-the-art detectors as shown in Table II. However,
it is worth noting that most of the detectors shown in Table II
are not specifically designed for SPECT/MRI applications.
Such applications place additional constraints on electronics
and cooling. To achieve a compact and MR-compatible design,
the detector is using direct air cooling and does not have visi-
ble light shielding. Air cooling, instead of actively close loop
cooling, presents the challenge for achieving highly efficient
temperature control (during the operation, the temperature of
sensor can vary from 25 ◦C to 40 ◦C). Higher temperature and
direct exposure to visible photons will increase leakage cur-
rent, induces higher electron noise, and ultimately degrades
the energy performance. This can be improved with better
shielding or incorporating leakage compensation circuitry in
the ASIC level.

By using 350-μm pixel size, the detector has a spatial res-
olution that can sample PRFs from 300-μm pinholes and
observe the impact of 3T MRI over the PRF (Fig. 7). For
a pixelated semiconductor detector, the spatial resolution is
determined by pixel size and charge sharing. It is equal to pixel
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TABLE II
SPECIFICATIONS OF CZT/CDTE DETECTORS

size convolved with charge cloud blurring kernel, which has
a radius of around 50 μm. This property is well studied [57],
[58]. As shown in Fig. 8, PRF is modeled by (3) and the detec-
tor resolution in this model is assumed to be the same as the
pixel size. It matches the experimental data reasonably well. It
indicates the detector resolution is very close to pixel size, as
expected.

In this article, instead of evaluating well known CdTe
detector spatial properties, we focuses on evaluating how
MRI field affects the detector spatial response and how to
model this effect accurately, as we show in Figs. 7 and 8.
The PRFs become wider and the centroids shift around
0.92 pixel inside a 3T MRI scanner. To model this effect,
we have adapted a widely used analytical PRF modeling
approach based on (3). The integration volume of (3) is
titled at an angle θ (Fig. 3), which is the same as the
charge carrier drifting angle. Compared to the previous Monte
Carlo approach reported in [32], this method can achieve
a reasonable accuracy (Fig. 8) with much less computing
cost.

The spatial resolving power is significantly improved
compared to other MRI compatible CZT/CdTe detectors,
such as GMI-CZT [33], and scintillator detectors [59]
shown in Table II. However, the small pixel charge sharing
effect [45]–[47] and limited stopping power of 2 mm CdTe
degrade the detection efficiency. As we shown in Fig. 6,
the detection efficiency of all pixels has a median value of
0.47 and 95% of the pixels have detection efficiency between
0.44 and 0.49, which is significantly less than 1. This impact
can be mitigated by using thicker CdTe/CZT (for exam-
ple, 5 mm CdTe/CZT is typically used) and applying charge
sharing correction in ASIC, like Timepixe3 [55] does, or at
postprocessing [60], [61].

We also have demonstrated that the detector is capable of
operating inside a 3T magnetic field without significant degra-
dation in energy performance (Fig. 5), detection efficiency, or
uniformity (Fig. 6) in most of the regions. However, for the
pixels at the right edge of each sensor, they were distorted
because of the high magnetic field impact over charge trans-
portation. Nevertheless, this effect could be modeled in the
similar way as we did for PRF modeling or could be corrected
by normalizing raw data using a uniformity map measured
inside the MRI scanner. These results were generated using
GRE sequence. Based our experience, they should be still valid

using other typical MR sequences, such as MPRAGE and Spin
echo.

The SPECT system based on this detector module has a
bore size of 15.6 cm and is going to be integrated into a
clinical 3T system. The performance evaluation of this detector
was carried in a 3T MR scanner. To allow the system to be
integrated into a high field preclinical scanner, which has a
typical bore size of <10 cm, we have to make the detector and
system design even more compact, as the one we proposed in
MRC-SPECT-II [43]. In addition, all the electrics components
of the detector should also be reevaluated, as some components
could fail under higher B0, B1, and gradient fields inside a
preclinical MR scanner. But we believe the correction model
derived in this article should still be valid for 7T or higher
magnetic field.

The current detector is specifically designed for preclinical
SPECT/MRI applications. A few challenges need to be solved
for use in clinical imaging applications. First, current ASIC is
two-side-buttable and wired-bonded to the PCB board. It only
allows to assemble two detector modules in the axial direc-
tion, i.e., it can only cover maximum sensing length of around
4.6 cm in the axial direction. To scale system in the transverse
direction, we have to tilt the detectors. To develop clinical
SPECT system using this detector, we have to redesign the
detector packaging using interposer or redesign the ASIC with
through-silicon via (TSV) packaging. Second, current maxi-
mum readout count rate is 50 cps/pixel which is sufficient
for preclinical imaging but it needs significant improvement
as the readout rate requirement for human imaging is much
higher. Third, the current detector pixel size is 350 μm to
achieve sub-500-μm resolution. This greatly increases the cir-
cuitry complexity. For a clinical system, we can suggest to
increase the pixel size to reduce the number of channels,
at the expenses of a reduced spatial resolution, which could
still be state of the art. Finally, the price of CdTe/CZT is
higher than that of scintillator. Nevertheless, GE has brought
Discovery NM530c and NM/CT 870 CZT to the market.
Both Siemens and Philips have developed CdTe/CZT-based
CT systems. Spectrum Dynamics Medical develops all its
systems based on CZT. These commercial successes indicate
that, even if the cost of CdTe/CZT detectors is much higher,
SPECT systems based on CdTe/CZT technology present a dra-
matically improved performance and, therefore, are attractive
in the medical imaging system market.
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Fig. 7. PRF inside (the first row) and outside (the second row) the 3T MR scanner. In comparison to the PRFs outside MRI, weighted center of the PRFs
inside MRI shifts around 0.92 pixel, i.e., 0.33 mm to the left.

Fig. 8. Comparison of the measured PRF and modeled PRF (both are nor-
malized); the root of mean-square error ([defined in (7)]) of modeled PRFs is
around 5% compared to the measured ones, and the weighted center difference
is less than 0.10 pixel, i.e., 0.035 mm.

V. CONCLUSION

In this article, we presented a highly pixelated CZT detector
dedicated for SPECT/MRI imaging applications. The detector
has a 350-μm pixel size and achieves a median energy reso-
lution of 7.0 keV over 8192 pixels. The detector performance
does not significantly degrade when it is operated inside a
3T MRI scanner. We also proposed analytical model that can
accurately model the spatial response inside a 3T MRI clinical
scanner.
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