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Abstract

High spatial resolution dedicated head and neck Positron emission tomography

system based on cadmium zinc telluride detectors

by

Yuli Wang

Current head and neck cancer diagnosis and treatment planning suffers from poor spatial
resolution of whole-body positron emission tomography (PET) scans. A dedicated two-
panel positron emission tomography system is developed to improve head and neck
cancer management. The two-panel design was selected considering human factors
to assist with patient comfort by removing detectors closer to eyesight of the patient
and assist with optimal workflow in the PET environment. The proposed system will
be the first head and neck scanner to exhibit features as small as 1 mm with high
photon sensitivity, enabled by the use of high energy and spatial resolution properties
of cadmium zinc telluride (CZT) crystals. The panels will be used right after standard
PET, using the same bed and FDG dose. A novel event recovery scheme based on the
3D position sensitive cross-strip crystals is developed to recover multiple interaction
photon events, reject random events, and significantly increase the photon sensitivity of
the system. A penalized maximum-likelihood method with an image-based resolution
model incorporated into a regularization term was considered to improve limited angle
artifacts in reconstructed images of two panels using the whole-body image as prior.
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Chapter 1

Introduction

Positron emission tomography (PET) is an in-vivo medical imaging modality
that enables the early cancer (HNC) diagnosis and identify. Head and neck cancer is
a group of cancer that starts from the mucosal surfaces inside the head and neck (for
example, inside the mouth, the nose, and the throat). Although whole-body (WB) PET
has been widely used for the diagnosis and treatment of the HNC, the limited spatial
resolution and sensitivity of WB PET lead to a large number of false-negative PET
results in lymph nodes and make it unable to detect tumor involvement in lymph nodes
smaller than 4-5 mm [42, 39].

This thesis will present the performance evaluation of a dedicated head and
neck PET system based on cadmium zinc telluride (CZT), which is performed by Monte
Carlo simulation in GATE (Geant4 Application for Tomographic Emission).

Chapter 2 presented the PET basic, different photon detection methods and

different readout method in PET. The detailed design of two-panel head and neck PET



system is shown in Chapter 3 and chapter 4 reports the simulation results. Conclusion

is in the chapter 5.



Chapter 2

Head and neck dedicated positron

emission tomography

2.1 Positron emission tomography basic

Positron emission tomography (PET) is an noninvasive medical imaging modal-
ity that could achieve the in-vivo imaging mode. Before the PET scan, specific biological
compound, such as fluorodeoxyglucose (FDG), should be injected into scanned organ-
ism [18]. PET could achieve the physiological process identification by observing the
distribution of the biological compound.

An example of typical PET image acquisition procedure is depicted in the
Figure 2.1. The injection of the biological compound (FDG used as the example in
the Figure 2.1) is the first step of the whole procedure. Glucose is one of the energy

sources for organisms, the distribution and concentration of glucose could indicate the
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Figure 2.1: One example of human head and neck scan procedure (adapted from [18]).

metabolism activity rate of the organism. Since the FDG is a biological analog glucose,
the distribution of the FDG also has the similar distribution pattern of glucose.

For the next step, the injected FDG will accumulated around the tumor due
to the high metabolism rate of the cancer cell. Positrons would be emitted when the
nucleus of ®F atoms decay. The emitted Positron penetrates the tissue, loses energy
and eventually annihilate into one pair of 511 keV photons with anti-parallel travel
direction. The third step is to achieve the annihilation photons detection using PET

scanner and obtain the tomographic image.

2.2 Different photon detection methods in PET

Basically, there are two main photon detection methods in PET 1) indirect
detection method using scintillator detectors and 2) direct detection method using semi-

conductor detectors.



Property LYSO | LSO | BGO | LaBrg
Refractive index 1.81 1.82 | 2.15 1.9
Density 7.1 74| 713 5.29
Peak emission (nm) 420 420 | 480 360
Light output (ph/MeV) | 32000 | 31000 | 8500 | 65000
Decay time (ns) 41 | 40-47 | 300 15
Hygroscopic no no no yes

Table 2.1: Properties summary of LYSO, LSO, BGO and LaBrs (adapted from [18]).

For the scintillator, a large number of visible photons are induced in the scintil-
lator due to the interaction with the high energy photons. Additional electronic readout
devices (e.g. photo-detectors) are used to couple to the scintillator to convert the visible
photons to the detectable electrical signal.

In PET applications, scintillators include Lutetium-yttrium oxyorthosilicate
(LYSO), lutetium oxyorthosilicate (LSO), bismuth germanate (BGO) and lanthanum (I1I)
bromide (LaBrs) are the commonly used materials. Properties of these four scintillators
are summarized in Table 2.1.

The commonly used photo-detectors in PET applications for visible light con-
version are photomultiplier tube (PMT), avalanche photodiodes (APD) and silicon pho-
tomultiplier (SiPM). The properties of each photo-detector are summarized in Table 2.2.
For all these three photo-detectors, the final output electric signal is orders of magnitude
greater than the initial input electric signal (induced by the initial generated carriers).

For the direct detection method utilizing semiconductor, a large number of
electrons could be induced in the semiconductor due to the interaction with high energy

photon. No additional electrical readout devices would be needed. Commonly used



Property PMT APD | SiPM
Gain 10° | 50-1000 |  10°
Rise time (ns) 1 5 1
Bias (V) >1000 | 300-1000 | 30-80
Temperature sensitivity (%/oC) <1 3 1-8
Magnetic field sensitivity yes no no

Table 2.2: Properties comparizon among three photo-detectors in PET: PMT, APD
and SiPM (adapted from [18].)

semiconductors for radiation detection include cadmium telluride (CdTe) and cadmium

zinc telluride (Cd0:9Zn0:1Te, henceforth simply CZT).

2.3 Different readout method in PET

For systems with small field of view, such as dedicated organ imaging and
small animal imaging, spatial resolution and photon coincidence sensitivity are two of
the most important properties [7, 43]. Spatial resolution determines the capability of
resolving neighboring lesions and sensitivity determines the signal-to-noise ratio of the
reconstructed image. To achieve high sensitivity, long crystals are utilized, and compact
geometry is preferred so that a large solid angle of field of view (FOV) can be covered.
However, systems with long crystals and compact geometry suffer from parallax error,
which degrades the spatial resolution [30, 10]. In cylindrical scanners, for example,
the radial spatial resolution component degrades gradually with the increase of the
radial offset from the scanner center, and axial resolution is also degraded in the 3D
acquisition. Fortunately, parallax error can be mitigated by using detectors with depth-

of-interaction (DOI) capability [31, 1]. Figure 2.2 illustrates various readout crystal



methods. Different DOI detector configurations including, but not limited to, dual-
ended readout, single-ended readout, side readout, and monolithic scintillator detector

have been investigated for PET applications, as follows:

e Dual-ended readout uses two detectors that are coupled to both ends of crystals
and DOI is estimated as the ratio of signal amplitudes of the two detectors [22].
In such a configuration, DOI is continuous, uniform and the resolution full-width
at half-maximum (FWHM) can be smaller than 2 mm in 20-mm lutetium-yttrium
oxyorthosilicate (LYSO) [15]. However, dual-ended readout doubles the number

of detectors and readout channels, which increases the cost.

e Single-ended readout needs auxiliary techniques. For example, pulse shape dis-
crimination is used to extract DOI from different layers of the crystal bar, which
have different timing properties [6]. Another example is sharing light between
neighboring crystals so that DOI is encoded by considering the extent of light
dispersion [14]. DOI can also be decoded by using a light guide as the reflector
on the other end of the crystal array [24]. The DOI resolution of single-ended

readout is about 2 to 5 mm for 20-mm LSYO.

e Side readout reads signals from crystal lateral surfaces instead of end surfaces.
In such a configuration, the DOI resolution equals to the scintillator crystal size,
which is 5 to 7 mm [40, 44]. Higher DOI resolution can be achieved by reducing
the crystal length, but more scintillator layers will be needed to maintain high

sensitivity. Since the lateral surface area is larger than the ended surface area,
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Figure 2.2: Illustration of single-ended, dual-ended, and side readout.

the cost of side readout is higher than dual-ended and single-ended readout. The

detectors within crystal layers also lower the packing fraction.

A monolithic scintillator detector encodes DOI by calibration. Though it re-
duces the inter-crystal dead space and DOI resolution smaller than 2 mm can be achieved
in 10-mm LYSO [27], the spatial resolution at the edges of the crystal is degraded, and
the calibration of monolithic-scintillator-based detectors requires complicated proce-

dures.

2.4 Head and Neck PET

PET and positron emission tomography/computed tomography (PET/CT)
are commonly used for head and neck cancer (HNC) diagnosing, staging, treatment
planning, assessing response to therapy [23, 11, 28]. Compared with CT, magnetic
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resonance imaging (MRI), sonographic and histopathological findings, PET shows the
highest sensitivity and specificity for detecting lymph node metastases of HNC [4].
However, the limited spatial resolution of whole-body PET (4 to 6 mm) leads to a large
number of false-negative PET results in lymph nodes (e.g. 80% [42]) and makes it unable
to detect tumor involvement in lymph nodes smaller than 4-5 mm [42, 39]. Dedicated
head and neck (HN) acquisition protocol with longer scan time in HN bed position
was introduced to improve the detection ability in HNC [39, 25]. It has advantages
in detecting lymph nodes smaller than 15 mm compared to the standard protocol.
However, no significant difference was reported between whole body (WB) and HN
protocols in the evaluation of the primary tumor [25] and lymph nodes smaller than 4-5
mm are still not detectable [39]. A number of dedicated brain PET scanners are under
development in various research labs [38, 20, 41, 13, 7]. However, their geometry and

sensitivity is not optimized for HNC.



Chapter 3

Materials and Methods

3.1 System Geometry

Workflow of the hospital and ergonomic and cognitive needs of the patients
are very important in design of a new clinical instrument for diagnosing HNC. Figure
3.1 illustrates three system geometries for dedicated head and neck system. Although
a four-panel or ring design would allow for higher sensitivity, the proposed system was
prototyped based on a two-panel design to demonstrate the clinical benefits of the high
spatial resolution detectors in HNC PET imaging. Based on the human head size [17],
the panel was set as 150x200 mm?, and the distance between two panels was 200 mm.
In addition, the required increase in inner diameter of a four-panel or ring design would
limit the sensitivity gain (< 1.5x assuming 35 cm inner diameter) and increase the cost
significantly (> 2x due to increased inner diameter). The two-panel design minimizes

the amount of system in the line of sight of the patient to prevent claustrophobia and has
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Figure 3.1: Three systems with two-panel, four-panel and full-ring geometries.

the flexibility for imaging organs and body parts that require more spatial resolution.
The system panels are adjusted before the patient walks in the room and the system is
controlled from a remote connection to reduce dose to the technologist. There will be
no additional dose to the patient. The total system weight should be less than 400 lbs
and should be able to be pushed/pulled with 30 lbs force (on the cart). The dimensions
of the cart should be restricted to 80x50 cm?. Figure 3.2 illustrates such a portable

system.

3.2 Detecting material

Two different detector technology based on CZT [37, 34, 35, 36] and scintillator
LYSO [26] were investigated for the dedicated system. For the LYSO system, the LYSO
pixel size was 1x1 mm? and the crystal thickness was 20 mm. The LYSO detector

module was previously developed in our lab (shown in Figure 3.3) based on 4x4 units
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Figure 3.2: Illustration of a transportable two-panel dedicated head and neck cancer
PET scanner integrated into the standard whole body PET/CT imaging workflow. The
gantry is implemented to interface with the patient bed to image the patient right after
the whole body PET scanning.

LR LY ' » ’ B

Oem1 2 Ocm 1 2

Figure 3.3: Left: The LYSO block contains 4x4 LYSO units. Right: The Hamamatsu
A13361 3050AE-08 SiPM array contains 8x8 SiPM channels.
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Figure 3.4: A 40x40x5 mm? CZT crystal assembled to flexible circuits. Each CZT
crystal has 39 anode strips (100 pm width and 1 mm pitch), 38 steering electrode strips
(400 pm width), and 8 cathode strips (4900 pm width and 5 mm pitch).

of 6x6 LYSO crystals from Epic Crystal, China. To extract the DOI information, two
Hamamatsu S13361-3050AE-08 SiPM arrays were coupled to both ends of the LYSO
with BC-630 optical grease (Saint-Gobain Crystals, USA). The fill factor was 86.5%.
The energy resolution, time resolution, and DOI resolution were measured to be 15%,
600 ps, and 2.3 mm, respectively [19]. Monte Carlo simulation was performed in GATE
(Geant4 Application for Tomographic Emission) to simulate the system performance.
The time window and energy window for selecting coincidence events were 1.2 ns and
[400, 620] keV, respectively.

For the CZT system, the crystal size was 40x40x5 mm?®. The CZT cross-strip
detector (shown in Figure 3.4) was previously developed in our lab for a small animal
PET system and the energy resolution, time resolution, and intrinsic spatial resolution

3

were set to 2%, 8 ns, and 1x5x1 mm®, respectively [3]. The time window was 15 ns

and energy window was [490, 530] keV.

13



3.3 System sensitivity

The photon coincidence sensitivity was defined as the coincidence rate divided
by the source activity. Generally only photons without scattering were used to constitute
coincidences (P-P coincidence). To further improve sensitivity, multiple interaction
photon events (MIPEs) have been recovered with different methods [3, 12, 33, 45].
In the proposed system, Compton kinematics [2, 46] was used to recover coincidences
between annihilation photons that had a photoelectric event (P photon) and photons
that had a Compton event before the photoelectric event (CP photon). For the rest of
this chapter, these coincidences called P-CP coincidences. In Compton kinematics, the
scattering angle can be computed by energy,

1 1

0p = arccos(1 — moc2(E—S — E))’ (3.1)

where Ej; is the incident photon energy, Eg is the scattered photon energy, and
moc? is the rest mass of an electron. For PET applications, E; = moc® = 511 keV.
The scattering angle can also be computed using the interaction position in-

formation,

) (3.2)

Op = arccos(

where V; and V are the directions of incident and scattered photons. Figure
3.5 shows the principle to identify the Compton event in a P-CP coincidence [2]. To

compare the sensitivity and MIPE recoverability of the two system and check the per-
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Figure 3.5: Using Compton kinematics to identify the Compton event in a P-CP coin-
cidence. The sequence with a smaller 0 - 0p is picked up.

formance of Compton kinematics under high single rate, 10 point sources with different

activities (7, 14, ..., 70 MBq) placed at the FOV center were simulated separately.

3.4 Image reconstruction

An 11-cm diameter and 12.6 cm long cylindrical phantom with uniform water
attenuation was simulated. The background activity was 5700 Bq/cm? in the simulation.
Hot spheres were put inside the phantom at the center slice, including a set of nine
3 mm diameter spheres, nine 4 mm diameter spheres, five 6 mm diameter spheres,
and five 8mm diameter spheres as shown in Figure 3.6. The center-to-center distance
between two neighboring spheres was twice the diameter of the spheres. The sphere to
background ratio was 8:1. The simulation time was 10 min with 30 million coincidence
events acquired. Images were reconstructed with a list-mode 3D maximum likelihood
expectation maximization (MLEM) algorithm [29] through the gpurecon program [9].

Voxel size was 0.8x0.8x0.8 mm?. Data corrections for scatter coincidence and random

15
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Figure 3.6: Schematic of the dual-panel dedicated system with simulated phantom.

coincidence were not applied. No regularization or post-reconstruction filter was used.
The image quality is quantified by contrast recovery coefficient (CRC) and Contrast-to-

noise-ratio (CNR):

G 1
CRC - iﬁtgi_l’ (33)
Gpkg
Chot — C
CNR = —hot — Zbhg (3.4)
Obkg

where Cp,t and Cypy are the average voxel value in a hot sphere and background
region of interest (ROI), respectively, ajot and ayrg are the ground-truth concentration
activity, and ap4 is the standard deviation of the voxel values in the background ROL.

Previously several approaches to reducing limited-angle artifacts without de-

16



tector rotation have been studied for breast-dedicated PET systems, such as time-of-
flight (TOF) image reconstruction and image-based modeling of point-spread-function
(PSF) deformation [32, 16, 21]. In the proposed system, limited angle artifact can be
addressed using a penalized maximum-likelihood (PML) reconstruction method sim-
ilar to prior image constrained compressed sensing (PICCS) [8]. The prior image is
pre-reconstructed from a whole-body PET scan. PML is then performed with a regu-
larization term that penalizes the dissimilarity between the image to be reconstructed
(the target image) and the prior image. An image-based resolution model is incor-
porating into the regularization term considering the limited spatial resolution of the

whole-body scanner.
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Chapter 4

Simulation results

4.1 Spatial resolution and sensitivity with LYSO and CZT

The in-panel and orthogonal-panel spatial resolution of CZT and LYSO sys-
tems based on only P-P coincidences and both P-P and P-CP coincidences are shown in
Table 1. The results indicated that CZT had a better spatial resolution than LYSO, and
incorporating P-CP coincidences for image reconstruction would slightly deteriorate the
spatial resolution.

The sensitivity and P-CP coincidences recovery accuracy of the CZT and LYSO

Spatial resolution P-P coincidence | P-P and P-CP coincidence
CZT in-panel 0.56 mm 0.58 mm
CZT orthogonal panel 0.71 mm 0.74 mm
LYSO in-panel 0.62 mm 0.7 mm
LYSO orthogonal panel 1.31 mm 1.4 mm

Table 4.1: Point source spatial resolution of the CZT and LYSO system.

18
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Figure 4.1: The sensitivity (left) and P-CP coincidences recovery accuracy (right) of
the CZT and LYSO systems under different source activities.

systems under different source activities is shown in Figure 4.1. At 7 MBq, the sensi-
tivity of the CZT and LYSO systems are 0.60% and 0.69%, and it increased to 2.43%
and 2.55% respectively after recovering MIPEs. The results showed that with a 40 mm
crystal thickness, the CZT system could achieve similar sensitivity as the LYSO sys-
tem. After recovering MIPEs, the sensitivity of both systems improved approximately
3 times, which indicated the importance of MIPE recovery. Due to the poor time res-
olution, the P-CP sensitivity of the CZT system decreased 25.5% with the increase of
activity from 7 MBq to 70 MBq. The results also showed that given a source activity,
the recovery accuracy of the CZT system was about 20% higher than LYSO, and the

recovery accuracy was not affected by the source activity.

4.2 Performance evaluation in image reconstruction

The transverse slices and sagittal slices from reconstructed images for the cylin-

drical phantom with hot spheres (as shown in Figure 3.6) are shown in Figure 4.2 and

19



Figure 4.2: Transverse slices (Z=0) from reconstructed images for the cylindrical phan-
tom with hot spheres. The images are transverse slices from target images reconstructed
from the dual-panel high-spatial-resolution PET scan of the phantom. The left images
are from the ML reconstruction without any regularization. The right image is a trans-
verse slice from the whole-body PET scan of the phantom using GE discovery MI model.
Fach image has 220 x 220 pixels, with the size of each pixel being 0.5 mm x 0.5 mm.

Figure 4.3, respectively. The images at 20th and 40th iterations are both shown in the
figures. Small hot spheres (3 mm and 4 mm in diameter) are better resolved in the
dedicated system compared to whole-body system. The geometry of the whole-body
scanner used in simulation was referred from the Discovery MI 4-ring PET scanner (GE
Healthcare). The background and hot spheres are both elongated, as shown in Figure

4.2. With PML image reconstruction, the limited angel artifacts can be mitigated.

20
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Figure 4.3: Sagittal slices (X=10 mm) through 3-mm and 8-mm diameter hot spheres
from reconstructed images for the cylindrical phantom with hot spheres. The left images
are sagittal slices from target images reconstructed from the dual-panel high-spatial-
resolution PET scan of the phantom. The images are from the ML reconstruction
without any regularization. The right image is a sagittal slice from the prior image
reconstructed from the whole-body PET scan of the phantom. Each image has 220 (Y)
X 260 (Z) pixels, with the size of each pixel being 0.5 mm x 0.5 mm.
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Chapter 5

Conclusion

We studied the design considerations for a dedicated HNC PET scanner. For
detecting material, CZT shows comparable sensitivity and superior spatial resolution
when compared with LYSO, which indicates the potential of applying CZT to HNC
imaging. For system geometry, even though the full geometry (full-ring) designs achieve
better sensitivity, it comes with a doubled cost, due to the doubled numbers of detectors.
Further, panel-based designs have the flexibility to adjust the panel distance for other
organs. Finally, it is important to consider the patients’ comfort in such a compact
geometry design, and two-panel geometry can achieve better spatial resolution than a
whole-body PET system. A dedicated high spatial resolution system can detect tumor
involvement in small lymph nodes (< 10 mm) and alleviate the challenges associated
with identifying tumor boundaries in current whole-body PET scanner. Recovering the
first interaction in MIPEs using Compton Kinematics relies on both recorded energy and

position to determine the sequence of interactions and create the line of response. Using

22



CZT crystals with high-energy resolution and high spatial resolution in three dimensions,
multiple interaction photon events can recover with high accuracy. This technique will

have substantial impact on sensitivity and contrast recovery of the system.
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