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Abstract

A PET insert with detector having smaller crystals and placed near a region of interest in a
conventional PET scanner can improve image resolution locally due to the Virtual-Pinhole PET
(VP-PET) effect. This improvement is from the higher spatial sampling of the imaging area near
the detector. We have built a prototype half-ring PET insert for head-and-neck cancer imaging
applications. In this paper, we extend the use of the insert to breast imaging and show that such a
system provides high resolution images of breast and axillary lymph nodes while maintaining the
full imaging field of view capability of a clinical PET scanner. We characterize the resolution and
contrast recovery for tumors across the imaging field of view. First, we model the system using
Monte Carlo methods to determine its theoretical limit of improvement. Simulations were
conducted with hot spherical tumors embedded in background activity at tumor-to-background
contrast ranging from 3:1 to 12:1. Tumors are arranged in a Derenzo-like pattern with their
diameters ranging from 2 to 12 mm. Experimental studies were performed using a chest phantom
with cylindrical breast attachment. Tumors of different sizes arranged in a Derenzo-like pattern
with tumor-to- background ratio of 6:1 are inserted into the breast phantom. Imaging capability of
mediastinum and axillary lymph nodes is explored. Both Monte Carlo simulations and experiment
show clear improvement in image resolution and contrast recovery with VP-PET half ring insert.
The degree of improvement in resolution and contrast recovery depends on location of the tumor.
The full field of view imaging capability is shown to be maintained. Minor artifacts are introduced
in certain regions.

1. Introduction

Breast cancer continues to be the second leading cause of mortality due to cancer in women
and it will affect 12.29% of women born today [1]. It has been shown that early detection
when tumor size is small increases the chances of survival to as high as 98% over a 5 year
period [2, 3]. Positron Emission Tomography (PET) is used in the staging, restaging and
evaluation of response to treatment of the disease. However, currently Fludeoxyglucose
(FDG)-PET is not useful for early stages of the disease.

Clinical PET provides quantitative measurement of radionuclide activity concentration in
body. Whole body imaging capability provided by clinical PET is useful in detecting distant
metastasis or an unexpected primary tumor. However, clinical PET scanners have limited
resolution and hence, the ability to identify tumors that are well differentiated (thus, having
low contrast) or having a small volume (such as ductal carcinoma in situ) are limited [4],
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[5]. Since tumor size correlates with probability of metastasis [6], an improvement in image
resolution potentially improves cancer management and patient care.

It is well known that PET resolution is limited by positron range, photon accollinearity and
detector intrinsic spatial resolution. Although spatial resolution could possibly be improved
by having smaller crystals, the higher cost of detectors for a whole body PET system is
prohibitive. Equally important is the fact that even if one uses these high cost higher
resolution detectors for a clinical whole body PET scanner, the improvement in resolution
will be still limited by photon accollinearity.

Traditional PET systems have detectors arranged in a ring to encompass the object. Various
methods to improve the resolution of such systems have been previously explored. For
example, the use of depth of interaction detectors can improve image resolution of scanners
with small diameter. Wobbling the PET system or the bed can also increase the spatial
sampling in PET systems.

The need for higher spatial resolution in breast cancer applications has led to the
development of Positron Emission Mammography (PEM) systems. PEM systems achieve
higher resolution by using smaller sized crystals, with detector placed around the region of
interest. A variety of PEM scanners have been designed with resolution ranging from 2 to 3
mm [7, 8,9, 10, 11, 12, 13, 14]. Although PEM systems generally have good resolution and
have high sensitivity, their field of view (FoV) is often limited to the breast tissues, and
cannot detect lesions and lymph nodes behind the chest wall.

We have proposed an innovative class of PET systems, namely Virtual Pinhole PET (VP-
PET), whereby a PET insert device is integrated into a conventional PET system to improve
its image resolution locally. This PET insert has smaller crystal size than the conventional
system and can be positioned closer to the area of interest.

We previously built a micro insert system [15, 16] illustrating the VP-PET concept. The
micro insert is a full ring insert device that can be integrated into a MicroPET scanner to
increase resolution for small animal imaging. We have shown an improvement in image
resolution from 1.7 mm FWHM without insert to 1.0 mm FWHM with the insert. Other
groups have explored technologies that employ similar magnifying geometry such as Si-Si
ring inside a BGO-BGO ring [17, 18], the Zoom-In system [19, 20], surgical PET imaging
probe [21], time-of-flight PET imaging probe [22] and a prostate imaging probe [23].

Recently, we have built a half ring insert [24] for clinical head and neck imaging. In this
study, we use this prototype device to test our hypothesis that VP-PET technology will allow
imaging of breast tissues and lymph nodes in axilla and mediastinum regions with high
resolution, while at the same time maintaining the whole body imaging capability of a
clinical PET scanner.

The organization of this paper is as follows. We will present a brief introduction of our
prototype VP-PET system and image reconstruction. Then we describe Monte Carlo
simulation and experimental approaches that are designed to test our hypothesis.
Reconstructed images followed by quantitative examination are presented in the results
section. Some of the limitations and future directions are outlined in the discussion section.

2. Materials and Methods
2.1. Prototype System Description

A prototype VP-PET insert with a semicircular geometry was built for clinical research.
This insert, called the VP-PET half ring insert, is shown in Figure 1. It consists of 2x2x5
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mm Lutetium Oxyorthosilicate(LSO) crystals, with 13x13 crystals in each module. Fourteen
modules are arranged in a half ring format having a radius of 124 mm. Two half ring are
arranged inside a custom made aluminum holder.

The VP-PET half ring insert is integrated into a Siemens Biograph 40 clinical scanner
(Figure 2), to allow coincidence event detection between the insert and scanner detectors, as
well as within individual systems themselves.

The Siemens Biograph 40 is equipped with 4x4x20 mm LSO crystals with 13x13 crystals in
each block. The clinical scanner has 4 detector rings, each with 48 modules arranged to have
a radius of 438 mm. One of the detector rings was disabled in order to use its electronics to
process the insert detectors.

The VP-PET half ring insert is centered axially and concentrically with the 3 ring scanner
rings for maximum symmetry to aid in the reconstruction process.

2.2. Image Reconstruction and Correction techniques

As described by Pal et al. [25], the addition of the insert into a standard PET scanner gives
rise to three different sets of coincidence measurements. The scanner-scanner (SS)
coincidences occur between two scanner detectors and are lower resolution. The insert-
scanner (IS) coincidences occur between insert and scanner detectors and are of higher
resolution. The highest resolution insert-insert (11) data is between insert detectors.

We have developed a fully 3D maximum likelihood reconstruction framework that jointly
estimates the radionuclide activity concentration using all 3 types of coincidences. The
geometric system matrix is computed through the sub-crystal approach [26], where crystal
detectors are divided into sub-crystals, and the tube of response is measured as the average
length of intersection of each line joining the sub-crystals with a candidate voxel, divided by
the square of the distance between the detectors.

Scatter correction is based on single scatter simulation, where the initial radionuclide
distribution is roughly estimated with 10 iterations without scatter. This initial image is
down sampled to estimate scatter distribution. The estimate is scaled by fitting the tail to the
measured coincidence count and added to the forward model. The application of single
scatter simulation to estimate and correct scatter in VP-PET half ring insert has been
previously validated [27].

Attenuation correction is based on a composite z-map, where the body attenuation is
calculated by scaling acquired CT images to equivalent 511 keV attenuation. The insert
attenuation map was based on a composite attenuation image formed by measuring
attenuation coefficients of a single detector module and aluminum using a %8Ge source, and
substituting these values into a CAD model.

Normalization is based on component based normalization [28], and statistically estimated
by acquiring coincidence data from a %8Ge phantom with known activity distribution. All the
imaging studies in this work were corrected and reconstructed using the above framework,
including scanner images when the VP-PET insert is not in the system. This ensures that the
differences observed are solely due to VP-PET insert hardware, instead of software or
algorithm.

Keesing et al. [29] provides more details on the reconstruction and correction framework for
VP-PET with comparison to standard Siemens PET/CT reconstruction. All the images
presented in this paper was reconstructed until the 50th iteration, by which the objective
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function has converged such that the change in the objective function is less than 107 of the
value at iteration 50. The Monte Carlo simulated data is shown with no regularization. Log-
cosh regularization using One-Step-Late algorithm was used for reconstructing experimental
data. The parameters chosen for the regularization are the same as in [29].

studies

To compare different imaging studies, we consider a typical 70 kg patient with water density
of 1 g/lcm3. With a typical injected dose of 10 mCi (370 MBq) of 18F-FDG uniformly
distributed in the patient, the background activity concentration within the body is 0.143
4(Cilcm3 (5291 Bg/cm3).

2.3.1. Monte Carlo Simulation—To test the suitability of using VP-PET technology for
breast cancer imaging, a model of a patient with tumors in the breast was simulated using
Monte Carlo simulation techniques and reconstructed. The Monte Carlo package was
developed in-house because commonly accepted Monte Carlo packages, such as GATE, do
not support the co-existence of multiple types of PET detectors in a system. Futhermore, our
Monte Carlo simulation only tracks gamma ray interaction in materials through
photoelectric and Compton interactions. Therefore it has a significant speed advantage.

Annihilation sites were randomly distributed based on a given activity distribution. Back-to-
back gamma photons were generated isotropically. Photon accollinearity was modeled by
pivoting one of the two gamma rays around the axis of the other. The accollinearity angle
was randomly sampled, distributed as a Gaussian with FWHM of 0.4 degrees. Positron
range was not simulated in this study to reduce simulation time.

The gamma ray photons are tracked though multiple photoelectric and Compton
interactions. The deposited energy of a gamma photon within a detector is saved, and a
detection event is flagged if the deposited energy is greater than a given threshold. For this
simulation, the lower energy threshold was set to 435 keV.

Initial simulation with random events showed that random events were well corrected using
the delayed window technique in reconstruction. Therefore, for the simulations presented,
random events were not tracked to save simulation time.

A phantom that consists of a chest and a breast was simulated to mimic a patient with breast
cancer. An illustration of the phantom is shown in Figure 3. The chest was modeled as a box
with dimensions 280x180x300 mm, and the breast as a hemisphere with radius 75 mm. A
Derenzo-like pattern of spherical tumors with varied diameter was embedded in the breast
region. The simulation was performed at tumor-to-background contrast ranging from 3:1 to
12:1 for 5 and 15 minute acquisition times. The tumors in the phantom have diameters of 2,
3,4, 6,8and 12 mm (See Figure 6).

2.3.2. Imaging Setup—To mimic a patient body, an experiment was assembled with a
Data Spectrum Elliptical Lung-Spine Body Phantom as the chest, with a custom acrylic
cylindrical phantom as the breast (See Figure 2). The space between the chest and breast
was filled with a Urethane elastomer, Skinex (BJB Enterprises Inc, CA). This compound
was found to have CT attenuation similar to water. The compound was molded to fill the
volume between the two phantoms.

Hollow fillable spherical glass tumors with diameters 3.3, 4.3, 6, 8, 9.6 and 11.4 mm
(Pattern “1”, Figure 4) were arranged inside the breast cylindrical phantom to mimic host
lesions. Another set of glass tumors was embedded within the chest phantom, to measure
contrast and resolution for tumors in the axilla/mediastinum region, which was outside the
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high resolution image FoV. The diameters of these tumors are 3.59, 5, 6.32, 8, 9.6, 10.09
and 11.4 mm (Pattern “2”, Figure 4). The wall thickness of these glass spheres are less than
0.5 mm. The phantoms were held using a custom-made aluminum frame, attached to the
patient bed.

The phantoms were first scanned with the insert for 150, 150, 300, and 600 seconds for a
total scan time of 20 minutes. Then, the VP-PET insert was removed, and the phantom was
re-scanned in the 3 ring scanner configuration, starting at 30 minutes from the first scan. A
CT scan is also performed just prior to PET acquisition in both cases for attenuation
correction.

To test the performance of our system, we designed two experiments with distant tumors in
two different positions within the chest phantom. In the first experiment, we placed
additional tumors on the axilla region of the body. Then, to investigate the possibility of
imaging tumors closer to the insert, near the region where artifacts are higher, we placed the
tumors in the mediastinum.

The volume of the chest phantom and breast attachment was estimated to be 6535 cm3 and
the breast was 1043 cm3 by weighing the empty phantoms before and after they had been
filled with water.

For both the experiments, we followed the same dilution plan, described as follows. We
targeted an input activity ratio of 6 to 1. To obtain this contrast ratio, we first diluted the
activity to 650 ml, to form the main activity volume. A 10 ml sample was taken, diluted to
20 ml to form the tumor volume, and put in glass spherical tumors. 87 ml of the main
activity volume was transferred to the breast attachment and 546 ml was filled in the chest
phantom. Both phantoms were filled with water, sealed and allowed to mix. The final
activity concentration of both breast and chest phantoms are 0.0833 times the activity
concentration in the main activity volume. The activity concentration in the tumors is 0.5
times the activity concentration in the original main activity volume. Thus, the final activity
ratio is 6 to 1 or the contrast ratio is 5, where

Atumor _Abackground

Contrast= 1)

Abackground

where Aymor is the mean activity in the tumor and Apackground IS the mean activity in the
background. In Monte Carlo simulation, the centers of the tumors are known. For
experimental data, we determine the center of the tumors from registered CT images. The
tumor Region-of-Interest (ROI) is defined as a spherical ball around the tumor center with
radius equal to 0.75 times the radius of the tumor. For a particular tumor diameter, the value
of voxels within the ROI’s of those tumors are averaged to obtain Aymor. The background
ROl is chosen from a region in the chest or breast depending on the position of the tumor.

In both the experiments, to validate the activity concentration, we took samples of breast,
chest and tumor volumes and measured the counts per minute in a well counter.

3.1. Monte Carlo Simulation

The background activity concentration that was simulated in Monte Carlo is 0.062486 1.Ci/
cm3 (2311 Bg/cm3). The equivalent activity is 0.064598 ;Ci/cm3 (2390 Bg/cm?3) in 18F-
FDG, considering the branching ratio. Therefore, the activity concentration in a typical
human study is 2.211 times that simulated in Monte Carlo. Based on this, 5 minutes of
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Monte Carlo simulation is equivalent to 2.26 minutes of a typical clinical FDG study and 15
minutes simulation is equivalent to 6.78 minutes of a typical clinical FDG study.

The decay map, shown in Figure 6 b) is a recording of positron annihilation during the
simulation. The figure is for the lowest acquisition scan time of 2.26 minutes of 18F-FDG.
The input tumor to background ratio in this experiment was 3:1. The decay map was
quantized to reconstruction voxel size of 1x1x2 mm. The smallest tumors are clearly
delineated. The figure demonstrates that resolution degradation is not due to voxelization of
the decay map, but because of the inherent resolution limitation of the PET scanner.

Figure 7 shows a full view of the reconstructed images from Monte Carlo simulation, for the
6.78 minute of 18F-FDG acquisition with 12:1 tumor to background ratio. The Monte Carlo
simulation shows that there is potential for improvement in the image resolution in the
central region, without losing the whole field of view imaging capability of a standard
clinical PET scanner.

Figure 8 shows a close-up view of the breast region. This axial plane passes through the
center of the reconstructed spherical tumors. Figure 8 (a) is equivalent to 2.26 minutes of a
typical human study scan using 18F-FDG. The reconstructed images without and with insert
are shown in the top and bottom row respectively. There is a clear improvement in
resolution when the VP-PET insert is present. With the 2.26 minute acquisition, the scanner
without insert can only distinguish tumors with 6 mm diameter when the tumor to
background ratio is 12:1. With the VP-PET insert, we are able to detect tumors of the same
size at lower tumor to background ratios of 6:1. Alternatively, the VP-PET insert can detect
4 mm diameter tumors if the tumor to background ratio is 12:1.

Figure 8 (b) is equivalent to 6.78 minutes of a typical human study with 18F-FDG.
Comparing the two separate acquisition times with the same tumor to background ratio of
9:1, 6 mm tumors are distinguishable only in the 6.78 minute scan time set without insert.
With the insert, they are easily identifiable at 2.26 minutes. This points to the possibility of
reduction of patient scan time or dose reduction when utilizing the VP-PET insert.

Contrast recovery curves are shown for 2.26 and 6.78 minute acquisition for different tumor
to background contrast ratios in Figure 9, where

C.
ContrastRecovery (%) —22" » 100%. @)
input

where Cinpyt is the input contrast and Coygpyt is the output contrast.

Although tumor sizes of 3 mm and 4 mm diameter are unresolvable for 6.78 minute
acquisition with contrast ratio 9:1 and below, the contrast recovery curve is unaffected. The
3:1 contrast ratio at 2.26 minutes is severely data limited, causing higher error rates. There is
no improvement with insert until the tumor diameter reaches 8 mm.

To better visualize improvement in resolution, line profiles are extracted through the tumor
centers as shown in Figure 6. The line profiles from the 6.78 minute acquisition and 12:1
tumor to background ratio are shown in Figure 10. For these values, the component based
normalization procedure during reconstruction is designed such that the background with
insert and without insert are scaled to the same background concentration of 1.0. That is,
post reconstruction scaling is not done for the Monte Carlo studies. For the largest 3 tumors,
of 6, 8 and 12 mm diameter, the profiles from the VP-PET system have higher peak-to-
valley ratio. Profile with insert for 12 mm diameter tumor show at top, while the profile is
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still spiked without the insert. Profiles in Figure 10 b) and f) establish that 3 mm tumors are
resolvable with the insert, but not without insert. The smallest 2 mm diameter tumor is not
resolvable with or without insert.

Figure 8 b) and 10 show that the resolution from Monte Carlo simulation without insert on

the standard clinical scanner is between 4 and 6 mm, whereas with the insert, the resolution
is improved to between 2 and 3 mm. Note that the resolution improvement is for the central
region of the system. Away from the center, the improvement has not been validated using

Monte Carlo.

3.2. Experimental Results

3.2.1. Experiment 1—Samples of 1 cm3 were taken from the chest phantom, breast
attachment, and tumor volume, and counted in a well counter for 1 minute each. From the
results, the tumor to chest background activity ratio is 5.89:1 and tumor to breast
background activity ratio is 6.7:1.

For this experiment, the original activity was 3.94 mCi (145.78 MBq) of %4Cu at the start of
the scan with the insert. The activity concentration in the background is approximately
0.5051 £Ci/cm?3 (18688.7 Bg/cm?3) of 54Cu. Correcting for the branching fraction, this is
equivalent to 0.0919 Ci/cm3 (3400 Bg/cm3) of 18F. This is approximately 0.6427 times the
activity concentration in a typical patient scan. Another view is that the 5 (or 15) minute
acquisition in the phantom imaging experiment is equivalent to 3.2 (or 9.64) minutes of the
typical clinical FDG scan.

Figure 11 show the reconstructed images in the tumor plane for a 12.85 minute acquisition,
reconstructed with 50 iterations. The insert improves image resolution for tumors in both the
breast and the axilla. However, the images with the insert show some streaking artifacts on
the right corner of the phantom. These artifacts are caused by heavy attenuation of Lines-of-
Response(LOR) between scanner detectors passing through multiple crystal volumes in the
insert. For all image voxels along those LORSs, there is no or very low data collected along
the direction of the LOR. Additionally, the LOR attenuation varies drastically if it passes
through gaps in the insert crystal array as opposed to passing through the crystal. As a result,
even a slight misalignment between the expected position of the insert and actual position
can cause artifacts.

Figure 5 illustrates the locations and the diameters of the tumors in the breast and chest
region. Figure 12 shows the close-up images of (a) the breast region and (b) the axilla region
for different acquisition times.

Figure 13 shows contrast recovery curves for tumors in breast and axilla for 3.2, 6.4, 9.64
and 12.85 minutes of acquisition. For breast tumors, the background is chosen to be a
uniform region in the breast, and for chest tumors, the background is chosen in the chest.
The contrast recovery plots were scaled after reconstruction such that the background is 1.0.

For breast tumors, the contrast recovery with the insert is consistently better than without the
insert, especially at longer scan times. The contrast recovery for 3.3 mm diameter tumors
with the insert is lower than contrast recovery without the insert. These tumors are not
resolvable regardless of whether the insert is used.

In the graphs, 6 mm and 11.4 mm diameter tumors have only minimal improvement with the
insert. The 6 mm diameter tumors are located near the center of scanner FoV where the
scanner image resolution is the highest. For the insert images, these tumors are located in the
top of the high resolution region in the FoV where the improvement is due to insert-scanner
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data only, and not due to insert-insert data. In contrast, the 4.3 mm tumors are located in a
region that will have I1, IS and SS data, leading to better contrast recovery. For the 11.4 mm
diameter tumors, contrast recovery is almost same for with and without insert as expected
since the scanner is adequate for resolving these larger tumors.

For tumors in axilla, there is almost no difference in contrast recovery between the two
cases, with or without the insert, especially at long scan times. These tumors are far from the
insert high resolution FoV and the performance is determined mostly by scanner-scanner
(SS) coincidence data.

Line profiles, as shown by red lines in Figure 5, are drawn through the phantom on the axial
plane containing all the tumors in Figure 14. The profiles are scaled post reconstruction such
that the background, as measured in breast and chest, is at 1.0.

In the breast, the larger diameter tumors (especially the 11.4 mm tumor) exhibit matched
line profiles regardless of use of the insert, just as in contract recovery (Figure 14 ¢ and f).
Using the insert provides a slight improvement in resolution for tumors of diameters 8 mm
and 9.6 mm. The improvement is markedly better for tumors of 4.3 and 6 mm diameter. For
the 6 mm diameter tumor, the line profiles are much better with insert although the contrast
recovery is almost the same. For these tumors, images obtained with insert has higher peak-
to-valley ratio than images obtained without the insert. The contrast recovery curve with
insert, computed using mean tumor ROI, is brought down due to the spiky nature of the
tumor reconstruction.

For the 3.3 mm diameter tumor, there is little difference with and without the insert, except
that the noise with the insert has higher frequency content than without the insert. This is
because of the higher spatial frequency sampling from 11 and IS lines passing through this
tumor.

For tumors in the axilla region, the profiles with and without insert are almost similar,
although tumor peaks are slightly better resolved than without insert. As already mentioned,
this is not surprising because the axilla performance is determined by SS coincidence data
which is largely independent of the insert.

3.2.2. Experiment 2—Experiment 1 showed artifacts along lines emanating from one
corner of the insert. To test the performance of the system when tumors are in that region,
we placed tumors in the chest region next to the insert, and repeated the experiment. This is
the expected position of mediastinal tumors and lymph nodes.

As in experiment 1, we took samples of 1 cm3 from the breast, chest and tumor volume and
measured it in a well counter. The measured ratio of tumor to chest background activity is
7.27:1 and tumor to breast background activity is 6.19:1.

The approximate total activity in breast, chest and tumors at the beginning of scan was 6.5
mCi (240.5 MBq) of %4Cu. The activity concentration in the background is approximately
0.833 Ci/cm?3 (30821 Bg/cm3)of 84Cu. Correcting for the branching fraction, this is
equivalent to 0.152 xCi/cm?3 (5624 Bg/cm3) of 18F, which is about 1.06 times the activity
concentration in a typical patient study of 0.143 £.Ci/cm?3 (5291 Bg/cm3) of 18F. Therefore, a
5 (or 15) minute acquisition of the experiment is equivalent to 5.3 (or 15.9) minutes of a
typical patient scan.

The full field of view reconstructed images are shown in Figure 15. For this experiment, we
were unable to position all the tumors in the same axial plane. Therefore, two slices 6 mm
apart are shown, one centered at tumors in the breast, and the other centered at tumors in the
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chest region. The half ring insert has one crystal gap at the axial center of the system
between two insert half rings, where the insert performance is slightly degraded due to
missing in-plane coincidence data. For this experiment, the axial slice with missing in-plane
coincidence data lies between the slice with breast tumors and chest tumors that are shown.

Figure 17 shows contrast recovery curves for breast and chest tumors. The contrast recovery
for breast tumors is slightly better with insert than without. However, this is not always true
in the chest region due to the location of the tumors.

The 8 mm diameter tumor in breast is above the high resolution imaging region, but is still
covered by IS data. IS LORs passing through this region originate from the left corner of the
insert and pass through a large portion of the chest phantom. This could explain the lower
contrast recovery. In experiment 1, the 6 mm breast tumors are in the same location and
show a similar dip in the contrast recovery.

Tumors of diameter 3.3 mm are not resolvable with or without insert. The 4.3 mm diameter
tumor is also above the higher resolution region provided by the insert, and further more,
close to the chest phantom.

For tumors in the mediastinal region, the tumors have better contrast recovery for sizes
between 5 mm and 8 mm. The tumor of diameter 6.32 mm has contrast recovery with the
insert almost equal to that without the insert. The largest two tumors of diameter 11.4 mm
and 9.6 mm have worse contrast recovery with the insert than without the insert. This could
be due to the position of one of the 9.6 mm and the 11.4 mm tumors, at the right most edge
of the phantom. The region here is sampled by the side surface of the crystal that is 5 mm
long and as such, image reconstruction is expected to be worse in this region.

In Figure 18, the line profiles are drawn through lines as depicted in Figure 5, for 21.2
minutes of acquisition. Although 3.3 mm tumors are not all resolvable with or without the
insert, those tumors along the horizontal direction, are individually distinguishable as seen in
line profile Breast (a). This could be attributed to the fact that we have better horizontal
resolution in this area due to IS lines of response.

Tumors of 4.3 mm diameter are also distinguishable in the profile plot through Breast a), but
not all distinguishable in d). The tumors of 6 mm diameter are clearly distinguishable with
the insert in profiles d) and e). The largest tumors of diameter 9.6 mm and 11.4 mm have
similar performance with and without the insert.

The line profiles through the mediastinal tumors placed close to the insert edge, in the chest,
show that it is possible to obtain good resolution recovery. For the 10.09 mm diameter tumor
placed away from the insert, the profile with the insert does not perform as well as without
the insert. However, a 5 mm diameter tumor is clearly distinguishable with the insert in
profile c), but not without the insert.

4. Discussion

In this paper, we have extended our existing half ring VP-PET insert for breast cancer
imaging applications. The VP-PET insert improves image resolution locally. This enables us
to detect smaller tumors and lymph nodes that was unresolvable without insert. The contrast
recovery is also improved for tumors close to the insert, which helps in better quantification.
Addition of the VP-PET insert is not at the price of whole body imaging capability. Along
with proving higher resolution local imaging capability, we have learned additional insights
in design of asymmetric PET systems in order to avoid artifacts. This work portends highly
flexible and customizable PET imaging.
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Whereas in the past, PET imaging was restricted to factory set design, the new paradigm
enables clinicians to customize the acquisition geometry to obtain optimal images based on
known data about the disease. Such systems would enable physicians to zoom in to the
specific regions by changing the geometry of the scanning system. The main problems that
need to be solved for having a flexible system are the automatic or manual positioning of the
detectors next to a patient, and precise telemetry to determine the location of the detectors.
Our group is investigating the first of such imaging systems, with an adjustable and modular
at panel insert system.

Building such systems requires redevelopment of detector systems and their associated read
out circuitry, along with better data processing electronics. SiPM based detectors offer small
packaging and modularity, eliminating the need for bulky PMT’s. Newer electronics
technologies such as the Siemens QuickSilver system [30], based on a ring topology for
system electronics offers a scalable architecture for such systems.

Having an insert with highly attenuating detectors in the field of view, requires more
advanced reconstruction techniques. Certain assumptions, often made in conventional
systems, no longer hold. This is the case especially when one line of response overlaps a
detector crystal. In our study, we have seen that multiple lines of response attenuated along a
certain direction, passing through multiple insert crystals, create artifacts along that
direction. Different techniques to correct the artifacts were explored, including using
component based normalization from multiple phantom positions, and removing those lines
of response completely. They were not successful in reducing the artifacts. Either smarter
design of insert systems such that the body being imaged is not affected by such lines or
specialized correction techniques in reconstruction such as filling in incomplete data through
interpolation in data space is necessary. Despite the presence of artifact in some region of
the FoV, the images may still be useful clinically as long as the physicians understand the
source of the artifact and limitations of the system.

Although a regularization based on the log-cosh function was chosen, it is not the optimal
choice. The parameters that were chosen were global across the image space. The
combination of high and low resolution regions in the reconstructed image suggest a
spatially variant regularization as a better alternative. Optimization of regularization
function is beyond the scope of this work and is left for future study.

Currently, the reconstruction code does not model photon accollinearity or positron range
effects. The modeling is important for a more accurate reconstruction code. Another option
is to de-blur the final reconstructed image with measured point spread function, as was
implemented in Siemens HD-PET technology. Potentially, these improvements would
enable even higher resolution.

Further down the chain, strides have to be made in image reconstruction algorithms, which
reconstruct PET data for arbitrary systems in a timely fashion. Currently, reconstruction
takes approximately 72 hours to complete. To be useful in the clinic, reconstruction time has
to cut down to the order of minutes instead of hours or days. The implementation in this
paper does not include an ordered subsets approach. Although the reconstruction algorithms
we have used are iterative in nature, the multiply-add nature of the forward and backward
projection enable simple parallelization. The current code is parallelized using OpenMP and
runs on x86 based systems. The goal of real time image reconstruction might involve taking
advantage of newer technological developments such as GPU computing or Intel’s Many
Integrated Core architecture.

The weights for the projections are stored in look up tables on the disk. Although
compressed for symmetry, the size of the look up table is still substantially large. Future
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research would involve investigation into on-the-fly computation of the system matrix,
compression of the system matrix or a combination of both as was done by Zhou and Qi
[31].

5. Conclusion

We have proven our hypothesis that placing a high resolution insert in the field of view of a
PET scanner can improve its image resolution within a selected FoV without compromising
its whole body imaging capability. Although Monte Carlo simulation predicts up to 3 mm
tumor detectability with the prototype half-ring insert, the experimental tumor detectability
with 6:1 input tumor to background ratio was limited to 4.3 mm. This discrepancy could be
the result of imperfect construction of the real system or incomplete physics model used in
the Monte Carlo simulation. Nevertheless, resolution improvement can be seen from both
types of studies using the insert system.

The addition of the VP-PET half ring insert into the scanner introduces minor artifacts in the
reconstructed images. The artifacts could be due to attenuation of coincidence gamma rays
along certain lines passing through heavily attenuating regions of the insert or due to slight
mismatch between the geometry used in reconstruction and the real system.

The capability of the system to maintain the imaging FoV to include breast tissues as well as
axillary and mediastinal lymph nodes has been shown. For tumors in the axilla, there is not
significant difference in system performance with or without the insert because the tumors
were located far away from the insert due to the system geometry. For mediastinal tumors,
depending on the location, an improvement in contrast recovery and resolution can be seen.
The closer the tumor is to the insert, better the resolution and contrast recovery.
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Figure 1.

VP-PET half ring insert with cover open. The LSO detector module is connected to the
Photomultiplier tube (PMT) and the PMT is connected to readout electronics. The back
panel has data connectors that allow connection to electronics in Siemens PET/CT.
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Figure 2.

(a) Front View of insert integrated into a Siemens Biograph 40 scanner; (b) Back View of
the PET/CT scanner with insert. The chest phantom with custom breast attachment used for
the experiments are mounted on the bed with an aluminum holder.

Phys Med Biol. Author manuscript; available in PMC 2014 September 21.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Mathews et al.

Page 16

Figure 3.

Illustration of the phantom used in Monte Carlo simulations with geometry of the VP-PET
half ring insert and Siemens Biograph 40 clinical scanner. The figure shows insert-insert
(1), insert-scanner (IS) and scanner-scanner (SS) coincidences.
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Figure4.
(a) Custom breast phantom with Derenzo-like pattern of spherical glass tumors (b) Data
Spectrum Elliptical Lung-Spine Body Phantom
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Figure5.

(@) and (b) Two spherical glass sphere patterns with diameter of the corresponding tumors in
mm. The photograph of Pattern “1” can be seen in Figure 4 Left). Dotted lines are drawn
through the tumors to show the cuts for line profiles in the results section. Illustration of
experimental setup for experiments 1 (c) and 2 (d), showing the arrangement of the Data
Spectrum Elliptical Lung-Spine Body Phantom with Breast attachment with Skinex spacer
in between is also shown. The glass sphere patterns, “1” and “2”, are arranged in different
locations and orientations in the breast attachment and chest phantom for both experiments.
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(a) Tumor Diameters

Figure6.

(b) Decay map

Page 19

(@) Mlustration of the tumor plane of the phantom used in Monte Carlo simulation, showing
dotted lines for line profile analysis and (b) decay map for 2.26 minute 18F-FDG acquisition,

3:1 tumor to background ratio showing radionuclide decay
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(a) Without Insert (b) With Insert

Figure7.

Full field of view of tumor plane slice of reconstructed phantom used in Monte Carlo
simulation with 12:1 tumor-to-background ratio for 6.78 minute of 18F-FDG acquisition at
50 iterations

Phys Med Biol. Author manuscript; available in PMC 2014 September 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Mathews et al. Page 21

(b) 6.78 minute, without insert(top) and with insert(bottom)

Figure8.

Closeup view of the Derenzo-like pattern in the phantom used in Monte Carlo simulation at
2.26 minute and 6.78 minute acquisition with 18F-FDG, and 3:1, 6:1, 9:1 and 12:1 tumor to
background ratio
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Tumor/Background ratio of e) 3:1 f) 6:1 g) 6:1 h) 12:1
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Figure 10.
Line profile through tumors in images reconstructed from Monte Carlo simulation for 6.78

minute acquisition with 18F-FDG through lines shown in Figure 6
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(a) Without Insert (b) With Insert

Figure11.
Experiment 1: Full field of view of tumor plane, for 12.85 minute acquisition with 18F-FDG,
reconstructed at 50 iterations
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9.64 min 12.85 min

3.2 min 6.4 min 9.64 min 12.85 min

(a) Tumors in breast region, without insert(top) and with insert(bottom)

6.4 min 9.64 min 12.85 min

32min

(b) Tumors in chest region, without insert(top) and with insert(bottom)

Figure12.

Zoomed image of breast and axilla tumors for experiment 1 at a) 3.2 minute b) 6.4 minute c)
9.64 minute d) 12.85 minute 18F-FDG. Top row is without insert and bottom row is with
insert
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Figure13.
Contrast recovery curves for Experiment 1 for tumors located in breast and chest at a) 3.2
minute b) 6.4 minute ¢) 9.64 minute d) 12.85 minute
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Figure 14.

Line profiles in Experiment 1 drawn through tumors located in breast and chest for 12.85

minute acquisition.
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(a) Without Insert (b) With Insert

(a) Without Insert (b) With Insert

Figure15.

Experiment 2: Full field of view of tumor plane, for 21.2 minute acquisition, reconstructed
at 50 iterations. The top row is a slice centered in Breast tumor plane. The bottom row is a
slice centered in Mediastinal tumor plane.
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10.6 min 15.9 min 21.2 min
(a) Tumors in breast region, without insert(top) and with insert(bottom)

5.3 min 10.6 min 15.9 min 21.2 min

5.3 min 10.6 min 15.9 min 21.2 min

(b) Tumors in chest region, without insert(top) and with insert(bottom)

Figure 16.

Zoomed image of breast and mediastinal tumors for experiment 2 at a) 5.3 minute b) 10.6
minute ¢) 15.9 minute d) 21.2 minute. Top row is without insert and bottom row is with
insert
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Figure17.

Contrast recovery curves for Experiment 2 for tumors located in breast and chest at a) 5.3
minute b) 10.6 minute c) 15.9 minute d) 21.2 minute
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Figure 18.

Line profiles in Experiment 2 drawn through tumors located in breast and chest for 21.2

minute acquisition.

Phys Med Biol. Author manuscript; available in PMC 2014 September 21.



