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Abstract
Planar molecular breast imaging (MBI) is rapidly gaining in popularity 
in diagnostic oncology. To add 3D capabilities, we introduce a novel 
molecular breast tomosynthesis (MBT) scanner concept based on multi-
pinhole collimation. In our design, the patient lies prone with the pendant 
breast lightly compressed between transparent plates. Integrated webcams 
view the breast through these plates and allow the operator to designate the 
scan volume (e.g. a whole breast or a suspected region). The breast is then 
scanned by translating focusing multi-pinhole plates and NaI(Tl) gamma 
detectors together in a sequence that optimizes count yield from the volume-
of-interest. With simulations, we compared MBT with existing planar 
MBI. In a breast phantom containing different lesions, MBT improved 
tumour-to-background contrast-to-noise ratio (CNR) over planar MBI by 
12% and 111% for 4.0 and 6.0 mm lesions respectively in case of whole 
breast scanning. For the same lesions, much larger CNR improvements of 
92% and 241% over planar MBI were found in a scan that focused on a 
breast region containing several lesions. MBT resolved 3.0 mm rods in a 
Derenzo resolution phantom in the transverse plane compared to 2.5 mm 
rods distinguished by planar MBI. While planar MBI cannot provide 
depth information, MBT offered 4.0 mm depth resolution. Our simulations 
indicate that besides offering 3D localization of increased tracer uptake, 
multi-pinhole MBT can significantly increase tumour-to-background CNR 
compared to planar MBI. These properties could be promising for better 
estimating the position, extend and shape of lesions and distinguishing 
between single and multiple lesions.
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1. Introduction

Mammography is currently the most frequently used imaging modality in breast cancer 
screening, as it allows for performing fast, high-resolution, and relatively low-dose imaging 
of the breast. Nevertheless, mammography has its limitations; it is widely recognized that for 
women with radiographically dense breasts, the sensitivity and specificity of mammography 
are significantly reduced (Kolb et al 2002, Carney et al 2003, Pisano et al 2008). Therefore, 
other modalities such as ultrasound imaging, x-ray tomosynthesis, Magnetic Resonance 
Imaging, Positron Emission Tomography, molecular breast imaging (MBI) and single photon 
emission computed tomography (SPECT) are actively being investigated to complement or 
replace mammography for some groups of patients (Harris 2010, Lee et al 2010). For a com-
prehensive review of the different breast imaging modalities we refer to Hruska and O’Connor 
(2013) and Fowler (2014).

Different imaging modalities can provide complementary types of information. Functional 
nuclear imaging techniques, which visualize uptake of radiolabelled molecules have the ability 
to visualize the physiology of breast tissue opposed to just its anatomic appearance. Therefore, 
these techniques cannot solely detect tumours, but they may also reveal specific characteristics of 
the cancer and indicate possible response to therapy, or be used for therapy follow-up (Mankoff 
et al 2007). Benefits of functional techniques are widely recognized as shown by the recent 
development of dedicated breast PET systems (Miyake et al 2014) and several dedicated planar 
breast imaging systems for single photon emitting tracers. These planar systems are known 
under a wide range of names such as Breast Specific Gamma Imaging, MBI and, mammo- 
scintigraphy (Brem et al 2008, O’Connor et al 2008, Hruska et al 2012b, Dickerscheid et al 
2013, Sun et al 2013). We will here collectively refer to them as planar MBI. Planar MBI was 
initially developed as an alternative imaging modality for specific patient groups, like women 
with dense breasts (O’Connor et al 2007). Recently, there has been a very active development in 
planar MBI instrumentation, resulting in strong sensitivity improvements. This enabled the use 
of a lower dose, which may open up the possibility for using MBI in breast cancer screening.

Planar (2D) breast imaging has the disadvantage that it does not provide information on the 
depth of a suspect lesion and that malignant features may be obscured by overlapping breast 
tissue. As an extension to 2D mammography, x-ray tomosynthesis (which adds 3D infor-
mation to mammography) is currently growing in popularity (Sechopoulos 2013) as several 
screening studies demonstrated improved lesion detection and reduced recall rates of x-ray 
tomosynthesis over mammography (Skaane et al 2013, Lång et al 2016). Given these results, 
it may be worthwhile to explore similar extensions for planar MBI. Besides providing 3D 
tumour localization, 3D information may allow discriminating between a large tumour and 
several small ones close together and enable better estimation of its size and shape. Several 
groups have already attempted 3D imaging of single photon emitting tracers in breasts using 
dedicated SPECT or molecular tomosynthesis systems (Madhav et al 2006, Williams et al 
2010, Perez et al 2011, Gopan et al 2014, Gong and Williams 2015). However, compared 
to recent planar systems, the sensitivity-resolution trade-offs of these scanners are still sub-
optimal, mainly due to the relatively large distance between breast and detector.
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One way to achieve 3D MBI with high resolution and sensitivity could be by utilizing 
and adapting techniques from the field of preclinical SPECT which has seen much innova-
tion and progress in the past decade (Peterson and Furenlid 2011, Peterson and Shokouhi 
2012). Modern small animal SPECT commonly uses pinhole collimators to project the tracer 
distributions onto the gamma detectors. To obtain high-count yields from a specific volume-
of-interest (VOI), such as an organ or tumour, one can use focusing multi-pinhole geometries 
(Beekman and van der Have 2007, van der Have et al 2009). In this class of scanners, the user 
can designate a specific scan volume, e.g. by using a graphical user interface based on opti-
cal cameras that view the subject. The subject is then stepped in a specific sequence through 
the scanner in order to optimize the count yield from the VOI. Such focusing multi-pinhole 
collimators may also be well suited for high resolution and high sensitivity imaging of breast 
tumours (Branderhorst et al 2011, 2014), while maintaining excellent capabilities for imaging 
the entire breast.

In this work, we explore the use of a focusing multi-pinhole geometry for 3D breast imag-
ing. The design is based on two multi-pinhole plates acting as collimators that are placed in 
close proximity to a lightly compressed breast. With this geometry, data is acquired over a 
limited range of angles similar to x-ray tomosynthesis. The breast is viewed through trans-
parent compression plates by webcams, which allow the user to select the VOI to be scanned 
on a graphical interface. The aim of this paper is to present and evaluate this novel dedicated 
molecular breast tomosynthesis (MBT) scanner design. With simulations, we (i) compare 
MBT’s performance with recently developed planar MBI, (ii) evaluate the ability to collect 
depth information for tumour detection, and (iii) investigate if and how much MBT scans are 
improved by focusing on a VOI instead of imaging the whole breast.

2. Methods

In this section, we describe the novel MBT design as well as the planar MBI camera that it is 
compared with. Additionally, details of the digital phantoms used and simulations performed 
are provided.

2.1. MBT scanner design

In the MBT scanner proposed in this paper, the patient lies prone on a specially designed 
bed (figure 1(a)) that has an opening for the breast. To also allow imaging of breast tissue 
close to the chest wall, the pendant breast should hang as deep as possible in the adjust-
able slit formed by two L-shaped round-edged transparent Perspex plates underneath the bed 
(see figure 2) (Beekman 2011, 2014). These plates lightly compress the pendant breast. We 
assume similar levels of compression as reported for planar MBI (Hruska et al 2008)), which 
is much less than the compression used in mammography. This improves patient comfort, 
which is required as in radiotracer-based breast imaging patients typically will have to endure 
a 10–20 min scan. Some level of compression is preferred as it prevents motion during a scan 
and it reduces the thickness of the breast, which is beneficial for sensitivity, as the collimators 
can be placed closer to the breast’s tissue.

The whole imaging set-up underneath the bed can be rotated (see figure 1(b)) between 
scans. Thus, it allows for compressing the breast under similar view angles and breast defor-
mation as used in x-ray mammography and planar MBI, i.e. the CC view and the MLO view. 
By summing the acquired 3D images along the appropriate direction, comparable 2D images 
can be generated. Consecutive image acquisitions for different orientations of course require 
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re-compressing the breast in another position, as one also has to do for planar MBI or mam-
mography. A prototype patient bed was evaluated with a group of 10 women, and, no prob-
lems with placing of the shoulders and arms were found, as their position was the same for 
MLO compression as for CC compression.

Although this paper focuses on breast imaging capabilities of MBT, an additional feature of 
this flexible setup is that it might also allow scanning of the armpit by having the patients lie 
on their side and move their arm downwards, see figures 1(c) and (d). However, the capabili-
ties for the latter application would have to be investigated during a separate study.

Optical cameras view the compressed breast through the transparent compression plates 
(see figure 2(a)). With a graphical user interface, the user can then designate the volume to be 
scanned, which can e.g. be the whole breast, a suspected region, or a known tumour. Targeted 
imaging based on scan planning with optical cameras is already in use in preclinical SPECT 
and it has been shown that focusing on a VOI leads to increased count yields from the VOI 
(Branderhorst et al 2011). This can result in improved contrast-to-noise trade-offs or offer the 
possibility of reduced acquisition time or lower tracer dose.

After volume selection, two collimator-detector combinations, which are positioned below 
the patient bed, move into the scanning position (figure 2(b)). During scanning, these 

Figure 1. Patient table and compression for the proposed MBT scanner. (a) A woman 
lying prone on the scanner table with one breast in the opening in the bed. (b) Schematic 
representation of the compression in the scanner. As shown, the breast can be imaged 
in different views analogous to the craniocaudal (CC) and mediolateral oblique (MLO) 
views in mammography. (c) The patient is laying on her side and fully extending her 
arm downward between the compression plates which allows for scanning the right 
armpit. (d) Schematic representation of imaging the armpit.

J van Roosmalen et alPhys. Med. Biol. 61 (2016) 5508
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gamma detectors and collimators translate and in this way acquire gamma-ray projec-
tions of the compressed breast in different positions. Collimator and gamma detector 
designs are described below as well as the sequence of positions used.

2.1.1. MBT multi-pinhole collimator. Collimation of the gamma photons emitted by the tracer 
is achieved by using two 10 mm thick tungsten collimator plates each containing 63 pinholes 
that all ‘see’ part of the breast and project onto one of the two gamma detectors which are 
placed 3.6 cm from the compression plates (12 mm thickness) (see figures 2(c) and (d)). The 
pinhole axes in each collimator plate are directed towards a focus line 40 mm from the col-
limator face; see figure 2(d) in which pinhole axes are drawn for one of the collimator plates. 
The knife-edge pinholes have a diameter of 2.7 mm and an opening angle of 42 degrees. 
Overlapping projections on the gamma camera can cause image artefacts, e.g. Vunckx et al 
(2008) and Mok et al (2009). Therefore, projections from different pinholes are prevented 
from overlapping by a tungsten shielding plate, which is placed in between the collimator 
and detector, similar to the shielding tube introduced in Beekman et al (2005). This shielding 
plate contains rectangular holes and has a thickness of 12 mm. The pinholes and the corresp-
onding holes in the shielding plate are positioned such that the projections on the detector 
from different pinholes are adjacent with a 3 mm separation between them (see figure A1 
in the supplementary information) (stacks.iop.org/PMB/61/5508/mmedia). The distance 
between the pinholes in the sagittal view (figure 3) is 23.9 mm, while in the coronal view the 

Figure 2. The compression process and scanner geometry: (a) transparent plates 
compress the breast (artist impression) and a VOI is selected using optical cameras. 
(b) After scan volume selection, the collimator plates and gamma detectors move into 
scanning position (arrows). (c) Collimator and gamma detector in scanning position, 
with inset showing collimator detail. (d) Perpendicular cross-section through collimator-
gamma detector set-up showing the pinhole geometry. Dashed lines indicate the pinhole 
axes, which converge on a line 40 mm from the collimator. Arrows indicate rotation of 
whole scanner-head to enable different views.
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distance varies from 13.3 to 38 mm. The combined thickness of collimator and shielding plate 
provides sufficient stopping power for imaging tracers based on 99mTc and 123I (e.g. for 99mTc 
a fraction of 6 · 10−33 is transmitted).

Tomographic imaging requires sufficient angular sampling of the data to be able to guaran-
tee good reconstructions. In breast imaging, it is very hard to simultaneously obtain complete 
sampling and place the collimator close to the breast, the latter being highly desirable for 
obtaining high sensitivities with pinhole collimators and high resolutions with pinhole and 
parallel hole collimators. In our system, the arrangement of the pinholes in two collimator 
plates means that the pinholes do not cover a full 180-degree range, as is required for data 
completeness (Orlov 1975, Tuy 1983). Consequently, we expect the resolution parallel to our 
detectors to be higher than the resolution in the perpendicular direction. This resembles the 
way x-ray tomosynthesis adds 3D information to mammography, without achieving the full 
3D capability of x-ray computed tomography. Therefore, we use the term MBT to describe 
our scanner, instead of breast SPECT.

2.1.2. MBT detector. In this simulation study, we evaluated the use of a conventional PMT-
based scintillation detector employing a continuous NaI(Tl) crystal. In contrast, cadmium zinc 
telluride (CZT) detectors are often selected for planar MBI because they can provide better 
spatial and energy resolutions than continuous NaI(Tl) coupled to an array of PMTs. However, 
compared to planar MBI, system resolution in a pinhole-geometry such as used in MBT is not 
limited by the intrinsic detector resolution because pinholes can generate magnified projec-
tions of the activity distribution on the detector. Thus, image resolutions far better than the 
detector resolution can be obtained; e.g. small-animal systems can obtain 0.25 mm image res-
olution using conventional detectors with only 3.2 mm intrinsic detector resolution (Ivashchenko 
et al 2014). Standard available CZT detectors offer lower detection efficiency than NaI(Tl) 
and initial calculations of system resolution and sensitivity of different MBT designs with 
CZT or NaI(Tl) detectors have shown that for the MBT design proposed here the higher 
spatial resolution of CZT detector does not outweigh the loss in efficiency (van Roosmalen 
et al 2015). The higher energy resolution of CZT compared to NaI(Tl) can be advantageous  

Figure 3. Maps of the sensitivity in the FOV of the system. Top row represents 
sensitivity in a cross section  along the coronal plane, bottom row along the sagittal 
plane. Maps represent (a) a single stationary collimator position, (b) the focusing mode 
(FM) and (c) the whole breast mode (WBM). Solid orange contour lines indicate the 
size of an average breast, blue dashed rectangle is the area for which sensitivity in the 
FM is reported in section 3.

J van Roosmalen et alPhys. Med. Biol. 61 (2016) 5508
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for scatter rejection although some studies indicate that scatter might not be a significant issue 
for this type of geometry as we discuss in more detail in section 2.5.1. As a conventional PMT-
based NaI(Tl) gamma detector is also available at much lower costs than CZT detectors, we 
prefer this type of detector for our design.

For our detectors, we assumed an active area of 25  ×  15 cm2 and a scintillator thickness of 
9.5 mm for each detector, which is read out by an array of 2-inch PMTs. For breast imaging, 
it is important and challenging to image also breast tissue close to the chest wall. This sets 
strong requirements on the allowed dead area near the detector’s edge. Barrett et al (2009) 
have used Maximum Likelihood processing of the PMT signals (Milster et al 1990, Moore 
et al 2007, Barrett et al 2009), instead of standard Anger logic. They showed that it is possible 
to reduce dead edge effects for NaI(Tl) detector. Based on their results, we assume a total dead 
edge of 5 mm, which includes shielding/housing of the crystal. An intrinsic detector resolu-
tion of 3.2 mm was assumed which can be attained with Anger logic already. The detector 
efficiency was assumed to be 90%, corresponding to the stopping power of 9.5 mm NaI(Tl) 
for 140 keV gamma photons (99mTc).

2.2. Movement and scanning modes

The focused collimator design presented here provides users of the MBT scanner with the 
unique ability of having the freedom to perform different scans by focusing on a volume of 
choice. Focusing on a VOI is beneficial because this way the count yield from the VOI can be 
increased (Branderhorst et al 2011). The slices shown in figure 3(a) illustrate which part of 
the breast is ‘seen’ by the pinholes when detectors and collimators are in a single stationary 
position. To image a user-selected volume, the field-of-view (FOV) has to be translated over 
the breast such that the whole scan volume is viewed over a range of angles (Vastenhouw 
and Beekman 2007, Vaissier et al 2012). This FOV translation is done by synchronized step-
and-shoot movement of the collimators and detectors. The sagittal slice in figure 3(a) shows 
that the FOV contains areas with low sensitivity in between the pinholes. Therefore, the col-
limators and detectors always have to move in the anterior direction to cover these gaps. 
The amount of movement depends on breast size but is independent of the size of the VOI. 
Additionally, collimators and detectors move to the left and to the right (from the patient’s 
reference frame), parallel to the breast. The sequence of steps in horizontal direction depends 
on the selected VOI. The goal is to design a scan sequence that optimizes count yield from the 
VOI while simultaneously obtaining a reasonably uniform sensitivity in the whole VOI. The 
specific scan sequences used in this paper are provided below in section 2.5.2 that describes 
the phantom experiments.

The movement of collimators and detectors does not only increase the size of the FOV, 
but also increases the number of angles that sample a point in the FOV. We take all avail-
able information into account, as the projection data from all positions is used simul-
taneously for reconstruction, instead of stitching local reconstructions (Vastenhouw and 
Beekman 2007).

To compare how different types of scans perform, we will test two different scan modes 
in this paper. First, the WBM is e.g. for the situation in which the presence of lesions or their 
location is not known and the whole breast has to be scanned to search for them. Secondly, a 
FM scan sequence in which one focuses on a smaller region of the breast containing tumours 
is evaluated. Such a scan may be performed when it is expected that a tumour is present at a 
certain location and one wants to obtain as detailed as possible its characteristics, e.g. exact 
shape, activity uptake, etc.

J van Roosmalen et alPhys. Med. Biol. 61 (2016) 5508
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2.3. Planar MBI system

We compare performance of our dedicated MBT scanner with planar MBI. A geometry based 
on the planar MBI scanner developed by Hruska et al (2012a, 2012b) is simulated in this 
paper. We selected this system as our benchmark, as it has had considerable development and 
optimisation, thereby making it a good reference for what is currently possible with planar 
MBI. Furthermore, this system can be used with a similar compression of the breast as our 
design, allowing for a relatively straightforward comparison.

The simulated planar MBI system employs a pixelated CZT detector of 20  ×  16 cm2 with 
1.6 mm pixels. The tungsten parallel hole collimator is registered to this detector, meaning that 
each hole of the collimator corresponds to exactly one detector pixel. The square holes have a 
length of 9.4 mm, a side-length of 1.225 mm and the septal thickness is 0.375 mm.

2.4. Phantom scans

We evaluated the systems’ performance on two different phantoms. First, a resolution phan-
tom is used to assess the smallest details that can be resolved. Second, we show simulated 
images of an anthropomorphic breast shaped phantom containing several lesions to evaluate 
characteristics for tumour imaging.

2.4.1. Resolution phantom. To determine resolution of MBT, a Derenzo resolution phantom 
was simulated. The phantom had 6 sectors with rods of 2.0, 2.5, 3.0, 3.5, 4.0, and 4.5 mm 
diameter (see figure 5(a)). The distance between rods was twice the rod diameter, and the 
length was 40 mm. The rods contained an activity concentration of 37 kBq ml−1. We did not 
assume any activity in the background, but did incorporate attenuation in a breast shaped 
region (see below for the breast phantom). A linear attenuation coefficient of 0.0151 mm−1 
was assumed which is valid for 140 keV photons in water.

We performed two different simulations, both of 10 min scans but with different phan-
tom orientations. In the first simulated scan, the phantom was placed such that the rods are 
perpend icular to the transverse plane. The second scan had the rods in a direction perpend-
icular to the coronal plane. These positions were chosen to determine resolution both in the 
plane parallel to the detectors as in the plane perpendicular to them (i.e. how accurate is 
the depth information). We sampled the phantom on a 0.375 mm voxel grid to simulate pro-
jections. For MBT we reconstructed the phantom on a 0.75 mm grid using 20 iterations of 
MLEM as explained below. Note that for planar MBI the projections are used directly and no 
reconstruction is required. The images are shown unfiltered.

2.4.2. Breast phantom. As our set-up uses moderate compression of the breast, the breast 
can be modelled quite well as half an elliptically shaped disk (Dong et al 2011). Approximat-
ing an averagely sized breast, a 110 mm chest-to-nipple distance, a width of 150 mm, and a 
thickness of 55 mm were set in accordance with results from other breast scans with similar 
compression (Scopinaro et al 1999, Rhodes et al 2005, O’Connor et al 2007, 2008, Hruska 
et al 2008, Weinmann et al 2009), and slightly thicker then often found in mammography 
literature, in which much more compression is used (Sullivan et al 1991, Helvie et al 1994).

To assess how differently sized lesions are imaged, we placed four sets with three lesions 
each in the phantom. Each set has different lesion sizes (4.0, 4.5, 5.0 and 6.0 mm), see figure 4, 
which shows 2 slices through the phantom. Within each set, the central lesion was placed 
at a depth of 22 mm, with the other two lesions at a depth of 33 mm, making a triangular 
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arrangement. This is done to test the ability of MBT to differentiate between lesions at differ-
ent depths. The phantom was sampled on a 0.75 mm voxel grid (and reconstructed on 1.5 mm 
grid for MBT as explained below).

We assumed a background activity concentration of 3.7 kBq ml−1, consistent with an injec-
tion of 925 MBq 99mTc-Sestamibi as experimentally determined by Mann et al (2012) and 
consistent with count levels from Hruska et al (2012a). We assume a concentration of 37 kBq ml−1 
in the lesions to give an tumour-background uptake ratio of 10:1, as found in common prac-
tise (Maublant et al 1996, Lee et al 2004, Hruska and O’Connor 2008b, Sullivan et al 2012). 
Again, we simulated 10 min acquisition time.

2.5. Simulations and image reconstruction

In this subsection, we describe the simulation methods used, for both MBT and planar MBI, 
as well as the way of analysing the results.

2.5.1. MBT. To simulate images that can be obtained by MBT, we developed a ray tracing 
simulator that calculates the probability that a gamma photon emitted from a certain volume 
element (voxel) in the breast is detected in a certain detector pixel. This simulator uses the col-
limator modelled as a voxelized volume (with a voxel size of 0.0625 mm) as its input, where 
each voxel contains either air or tungsten. The ray tracer calculates the collimator attenuation 
by determining the amount of collimator material encountered by a gamma photon for each 
voxel-pixel combination. A threshold was used to ignore small contributions (gamma photons 
that had a chance of less than the threshold to pass through the collimator were ignored). The 
depth-of-interaction in the scintillator crystal is modelled by also raytracing the gamma pho-
ton through the scintillator, similarly as was described in (Goorden et al 2016). Consequently, 
the detector efficiency of 90% is automatically taken into account. The intrinsic detector reso-
lution was incorporated by modelling detector response with a 3.2 mm FWHM Gaussian. We 
assumed detector pixels of 1.072 mm in a 234  ×  140-pixel grid.

To calculate phantom projections, we represented the phantoms on a regular voxel grid 
(voxel size was mentioned for each phantom in section 2.4). With the raytracer set to a thresh-
old of 1%, we generated simulated projections from the phantoms for each of the positions 
in the scan sequence. Hereby, we accounted for the activity concentration in the phantom and 
the scanning time in each position. Moreover, the attenuation in the phantom was model-
led using a uniform attenuation coefficient of 0.0151 mm−1 valid for 140 keV photons in 
water. Poisson distributed noise was added to each projection to take into account counting 
statistics. As mentioned in section  2.1.2, earlier phantom studies for a similar geom-
etry showed that scatter from the torso is not a significant problem (Wang et al 1996,  

Figure 4. Slices through the breast phantom with regions used in analysis indicated.  
(a) Region used in FM for imaging largest spheres. (b) Red circles are regions  
for contrast and CNR calculation, green boxes are background regions for the same.  
(c) Lines indicate location of profiles shown in figure 8.
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Hruska and O’Connor 2006). This is because gamma photons coming from the torso can 
only end up on the detector if they scatter over a large angle. As large-angle scattering is 
associated with a relatively large energy loss, the scattered photons can be identified relatively 
easy with energy selection. To validate if this was indeed the case for our proposed geom-
etry, we performed simulations with the well-known Monte Carlo package GATE (Jan et al 
2004, 2011) using the realistic MCAT phantom (Segars and Tsui 2009, Segars et al 2010) 
and activity concentrations found in literature (Wackers et al 1989, Wang et al 1996, Hruska 
and O’Connor 2008a, Perez et al 2010). These simulations (Wang et al 2016) predict that the 
scatter fraction from the heart and torso in the photopeak (assuming 10% energy resolution 
and a photopeak window width of 20%) is less than 1.5%, in agreement with the experimental 
results from (Wang et al 1996, Hruska and O’Connor 2006). Therefore, the use of a raytracer 
that models attenuation but ignores scatter is justified for this geometry.

For the tomographic reconstruction of the projection data, we used the maximum likeli-
hood expectation maximization (MLEM) algorithm. The system matrix used in MLEM was 
calculated with the same ray tracer as used for the projections but with a threshold of 2% (of 
the not-attenuated probability of detection) and at a two times courser voxel size than that used 
to calculate projections. The discrepancy in voxel size and cut off thresholds between phantom 
projections and system matrix is to mimic a continuous activity distribution without having 
an actual threshold on gamma photon transport. We did not use a subset-based acceleration 
scheme because we found that the lack of complete angular sampling resulted in artefacts even 
for a small number of subsets. Moreover, we did not use attenuation correction, as the method 
for obtaining highly accurate information of the breast contour is not yet established. With 
these settings, a single MLEM iteration takes about 5 min using 6 threads on a AMD Opteron 
6344 at 2.6 GHz.

2.5.2. Scan sequences for MBT. As explained in section 2.2, the choice of scan sequence can 
significantly impact reconstructed images. The sequences used for this study were optimized 
to yield a uniform sensitivity over the scan area. This was done by translating the sensitivity 
map from figure 3(a) according to each scan position in the sequence and then calculating an 
average sensitivity over all scan positions. This results in an estimated sensitivity map for the 
scan sequence as a whole. In general, increasing the number of steps and thereby reducing 
the distance between the steps improves the uniformity. Several scan sequences with different 
amounts of positions were tested. We chose a sequence with the requirement that the 1st per-
centile of voxels had a sensitivity of at least 10% of the mean sensitivity. From all sequences 
that fulfilled this requirement, we chose the one that used the lowest amount of positions. 
The sensitivity of the 1st percentile was used as metric instead of e.g. the standard deviation 
as even small areas with very low sensitivity can cause image artefacts without showing in 
the standard deviation of the sensitivity if the rest is smooth enough. Moreover, our soft-
ware currently requires the step-size to be an integer multiple of the voxel size used during 
reconstruction.

We evaluate the use of two different sequences, a WBM and a FM. For both modes, we 
use the same number of steps in the anterior direction. Given the averagely sized breast 
assumed in this paper (see section 2.4.2), the movement in the anterior direction is done in 
10 overlapping steps. The positions for each of these steps are 0.0, 1.5, 4.5, 6.0, 9.0, 10.5, 
13.5, 15.0, 18.0 and 19.5 mm, where 0.0 denotes the initial position, which is as close as 
possible to the chest.

For the left-right movement in WBM, we use a slightly different set of positions for each 
alternating row (i.e. steps in the anterior direction). This helps to get a uniform coverage of the 
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breast, while keeping the number of positions low, which reduces the overhead time associ-
ated with each movement. The positions are

                             
   

                                 
 

⎧

⎨
⎪⎪

⎩
⎪
⎪

− − − − − − − − −

− − − − − − − −

75, 66, 57, 48, 39, 30, 21, 12, 3, 6, 15, 24, 33, 42, 51, 60,  and

69 mm, for even rows
69, 60, 51, 42, 33, 24, 15, 6, 3, 12, 21, 30, 39, 48, 57, 66, and

75 mm, for odd rows,

with 0 denoting the position with the collimator centred over the breast. In FM, the horizontal 
movement of collimator and detector is given with respect to the centre of the VOI. For the 
VOI setting used in our simulations (see figure 4(a) and section 2.4.2), the positions are given 
by                − − − −9.0, 6.0, 3.0, 1.5, 1.5, 3.0, 6.0, and 9.0  mm.

Data from the resolution phantom was acquired with the WBM, while for the breast phan-
tom both modes were tested.

2.5.3. Planar MBI. We simulated the planar MBI system using the same ray tracing software 
as used for the MBT scanner. The voxelized collimator model (with 0.025 mm voxels) used in 
this software was carefully aligned with the detector to match the holes to the detector pixels. 
We did not assume detector blurring, as the simulated system uses a pixelated detector design. 
The planar scanner directly produces an image instead of projections that serve as input to a 
reconstruction algorithm. Therefore, we only calculate a single forward projection and add 
Poisson noise to it. We assumed two detectors, one on each side of the breast. We then show 
the geometrical mean of the two images from the opposite detectors, as this has been shown 
to give the best results (Judy et al 2010).

2.6. Analysis of images

Besides visually inspecting different images, we compared different breast phantom images 
by calculating the contrast C of the lesion with respect to the background

=
−

C
S B

B
. (1)

We also determined the contrast-to-noise ratio CNR given by

σ
=

−S B
CNR .

B
 (2)

In these equations S  is the average voxel value taken in a circular region with the same diam-
eter as the lesion placed on top of the lesion, B  is the average signal in a background region, 
and σB is the standard deviation in the background region and serves as measure of the noise. 
The regions used are shown in figure 4(b).

To get a measure of how contrast varies over different noise realizations, we simulated 20 
noise realizations. For reconstructed images such as obtained with MBT, contrast and noise 
both depend on the number of iterations used and the post-filtering applied while planar MBI 
images are only affected by the level of post-filtering. We choose to use a constant number of 
20 iterations for MBT, and investigate the contrast-to-noise trade-off by applying a progres-
sive series of Gaussian filters (with FWHM from 0 to 10 mm in steps of 1 mm) both for planar 
MBI and MBT. For each noise realisation, the contrast and noise were determined, and the 
average of the contrast over the noise realisations was plotted in a contrast versus noise graph.
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Figure 5. Images of capillary Derenzo resolution phantom. (a) Capillary Derenzo 
resolution phantom with 40 mm length rods having diameters of 2.0, 2.5, 3.0, 3.5, 4.0 
and 4.5 mm. (b) Simulation results for said phantom, where top row is for the MBT 
system and bottom row is image for planar MBI. First column shows the sum of the 
reconstructed slices (for MBT and planar MBI), second column shows a slice (only for 
MBT) through the reconstruction. (c) Similar images as in (b) are shown but not for the 
phantom placed in the coronal plane. Note that planar MBI cannot provide an image in 
this plane, due to lack of depth information. Slice thickness was 5 mm.

Figure 6. Simulated images of breast shaped phantom containing lesions of 4.0, 4.5, 
5.0 and 6.0 mm. (a) Phantom images from left to right: slice parallel to sagittal plane 
through the lesions, transverse slice at depth of two lesions, transverse slice at depth 
of third lesion, sum of transverse slices for comparison with planar MBI; all slices 
are 1.5 mm thick. (b) MBT images in the same representation as in (a), and shown 
using 4.0 mm FWHM Gaussian filter to match noise in 2D projection to planar MBI.  
(c) Unfiltered planar MBI image, representing a geometrical mean of two detector 
images placed at either side of the breast.
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As stated in section 3.3, MBT images shown were post-filtered with a 4.0 mm FWHM 
Gaussian filter. This filter was chosen as it resulted in the same noise level as the planar MBI 
images that we displayed.

3. Results

3.1. Sensitivity maps and scan sequences

In figure 3(a), we provide a map representing the sensitivity of MBT in sagittal and transverse 
slices through the breast for one stationary collimator-detector position. The sensitivity map 
clearly reveals a pattern representing the FOVs of individual pinholes. By moving the collima-
tors and detectors, this pattern is averaged out. Moreover, regions of decreased sensitivity in 
the FOV of one collimator are sampled by the opposite collimator, although with a relatively 
low sensitivity. In figures 3(b) and (c), we show the resulting average sensitivity for the FM 
and the WBM scan sequences tested in this paper. In the WBM, the complete breast is imaged 
with an almost uniform sensitivity of 0.05%. The FM has 4.1 times higher average sensitivity 
compared to the WBM in the VOI indicated by the blue dashed box in figure 3(b).

3.2. Resolution phantom

Simulated images of the Derenzo resolution phantom are shown in figure 5. A 2D projection 
is shown both for MBT (by summing reconstructed slices) and for planar MBI while a slice 
through the phantom is provided for MBT. For the first scan, the phantom was placed in the 
transverse plane (i.e. parallel to the collimator plates). With the phantom oriented this way, 
MBT could resolve 3.0 mm rods (see figure  5(b)) while the planar breast imaging system 
resolved the 2.5 mm and larger rods (see figure 5(b)).

The phantom was then placed in the coronal plane, for a second scan simulation. From the 
images, it is clear that MBT can still distinguish the 4.0 mm rods (see figure 5(c)), although 
we see attenuation artefacts in the centre of the figure. Given the geometry of the collimator 
(i.e. the limited angular sampling), it was expected to find a poorer depth resolution than the 
3.0 mm resolution obtained in the transverse plane. Note that planar MBI systems cannot 
provide imaging in the depth direction, so one would only be able to get a side view of the 
phantom.

3.3. Breast shaped phantom

For the breast phantom, simulated images for 10 min scans are provided in figure 6. In figure 6(a), 
a sagittal slice through the phantom, 2 transverse slices (at the depth of the lesions), and the 
transverse sum are shown (representing a 2D projection of the breast). Corresponding slices 
and transverse 2D projection obtained with MBT can be found in figure 6(b). For MBT, we 
used the WBM sequence for obtaining data. Due to its planar nature, MBI can only provide a 
2D projection, which is shown in figure 6(c).

In the 2D projections of the breast obtained with MBT and planar MBI, tumours at differ-
ent depths appear to have equally strong tracer uptake, which immediately shows the limita-
tion of planar imaging; the difference in depth of the tumours cannot be inferred from a planar 
scan. All MBT images in figure 6 were filtered with a 3D Gaussian filter with a FWHM of 
4.0 mm, resulting in the same noise level as planar MBI for the 2D projections (as explained 
below). As MBT provides a full 3D reconstruction of the tracer’s biodistribution, it allows 
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extracting more information than just a 2D projection. This advantage is clearly illustrated by 
the slices taken at various depths in the breast phantom and shown in figure 6(b). The slices 
show that not all three lesions are at the same depth.

A unique property of MBT is the ability to select a patient-dependent scan volume. To 
analyse the advantage of focusing on a region with known tumours, we also imaged the same 
phantom with the scan sequence in which we focused on a set of tumours (the FM, VOI 
is shown in figure 4(a)). Such a focused scan was repeated for each set of tumours in the 
phantom. In figure 7, we compare images obtained in the FM to those acquired in the WBM. 
Figure  7(a) shows a sagittal slice through the centre of the breast while transverse slices 
through the tumours are provided in figures 7(b) and (c)).

Profiles through the centre of the 6.0 mm lesions acquired from different images are com-
pared in figure 8 (locations of the profiles are indicated in figure 4(c)). Figure 8(a) compares 
profiles obtained from 2D projections from MBT (both modes) and planar MBI. From these 
we see that planar MBI has the highest contrast, but that in the background region the FM 
results in a smoother profile, i.e. is less noisy than planar MBI and MBT WBM.

Figure 8(b) shows profiles acquired from the MBT slices in figure 7. These profiles show 
that the availability of different slices does not only allow to obtain depth information but also 
allows to obtain much better tumour-to-background contrast; in profiles of figure 8(b) tumour 
signals rise much more above the background than in figure 8(a). From the comparison of 
profiles from WMB and FM in figure 8(b), one can infer that the FM gives a slightly lower 
contrast as the WBM, but with a much smoother background, which may ease identification 
of anomalies.

A more quantitative contrast-to-noise analysis was done for all tumour sizes. In figure 9, 
the contrast of tumours over the background obtained from different images is plotted against 
the background noise for each lesion size. Different points in the graph represent a series of 
progressively more Gaussian filtering. This way, the contrast-noise trade-off can be tuned, and 
the different contrasts can be compared at equal noise levels. We provide contrast and noise 
obtained from planar MBI images (figure 6(c)), summed 2D projection images (figure 6(b)) 

Figure 7. Comparison of WBM and FM of MBT for same digital breast phantom as in 
figure 6(a). Slices through reconstructed images are shown in (a) sagittal plane and in 
(b) and (c) transverse plane at 2 different depths.
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and from slices acquired with MBT (figures 6 and 7). This allows analysing if 3D imaging 
not only offers better tumour localization, but also improves contrast-noise characteristics for 
tumour scanning.

We see in figure 9, that the line representing the 2D projection for MBT is somewhat below 
that of planar MBI, i.e. the contrast is lower at an equal noise level as is also clear from the 
images in figure 6. This changes when tumour-to-background contrast is determined from slices; 
in that case MBT in WBM has a slightly higher contrast (at equal noise) than planar MBI, while 
in FM the contrast improvement is much larger (typically a factor 2 over planar MBI).

Figure 8. Profiles (1.5 mm wide) through centre of the 6.0 mm lesions obtained from 
different images. (a) Profiles through transverse 2D projections (figures 6(b), (c) and 7) 
of planar MBI, MBT WBM and MBT FM. (b) Profiles through transverse slices at 2 
different depths comparing MBT in WBM and in FM, from figures 7(b) and (c).

Figure 9. A plot of (a) contrast versus noise for 6.0 mm lesion, points represent different 
FWHM (range 0.0 to 10 mm, steps 1 mm) of the Gaussian filter. The same contrast-noise 
plot as in (a) but for (b) 5.0 mm lesion, (c) 4.5 mm lesion, (d) 4.0 mm lesion. The green 
circles indicate the filter level used in the comparisons in table 1, and plotted images.
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To get an impression of the results that could be obtained for a lower dose, the contrast-
noise analysis shown in figure 9 and table 1 were repeated using only 1/4th of the dose used 
in the paper. Figure  A2 and table  A1 in the supplementary information (stacks.iop.org/
PMB/61/5508/mmedia), which display analogous results to figure 9 and table 1, show that 
while the CNR is reduced for lower doses both for MBI and MBT the relative performance of 
MBI and MBT remains similar.

As mentioned above, for the MBT images shown in figures 6 and 7, a 4.0 mm FWHM 
Gaussian was used as the noise in the 2D projections is then close to the noise in unfiltered 
planar MBI images. Contrast-noise for these filter settings is indicated with the circles in 
figure 9 and the contrast and CNR are provided in table 1. From the values in this table, it can 
be seen that if a transverse sum (2D projection) is generated from MBT images in WBM, MBT 
achieves a 12–40% lower contrast as planar MBI at equal noise level. However, using slices 
through reconstructed MBT images can significantly enhance the tumour-to-background con-
trast, e.g. on average (over all lesions) MBT in WBM has 268% better contrast than the planar 
MBI image, see table 1. This corresponds with the large contrast improvements shown in the 
profiles of figure 8. Note that the same amount of activity and equal scan time was used for 
both planar MBI and for MBT.

While the level of filtering used for the images in figures 6 and 7, and for the results in 
table 1, was chosen such that the noise level is equal in 2D projections, slices from the MBT 
reconstructions have different levels of noise than the 2D projections. Therefore, we also pro-
vide CNR in table 1. Overall, the slices from MBT provide a significantly higher CNR than 
planar MBI. In terms of CNR, MBT in WBM performs ~72% better than planar MBI for the 
larger 5.0 and 6.0 mm lesions, and has no improvement for the smallest 4.0 mm lesions. Here, 
the use of MBT in FM has a very clear advantage as it can significantly improve CNR, with 
an increase ranging from 92% for the smallest lesion to 241% for the largest lesion compared 
to planar MBI.

4. Discussion

In simulations, we compared MBT to planar MBI. For breast tumour imaging, we found that 
MBT in WBM has up to 111% higher CNR, while a FM achieved up to 241% higher CNR 
than planar MBI. This large improvement of the contrast-to-noise ratio achieved by focusing 
on a region containing tumours can be explained by the extra sensitivity it provides in the VOI 
(see figure 3(b)) which leads to a reduction in the noise while maintaining the contrast. Besides 
improving tumour CNR over planar MBI, MBT provides information about the depth of a lesion, 
information that by definition is not available in planar images. Moreover, it may help to better 
estimate shape and size of the lesion, which is important for determining its possible malig-
nancy. Further evaluation of different imaging scenarios could be of interest for future research.

For this study, we showed MBT images for which the number of MLEM iterations and the 
Gaussian post filter were tuned such that in the WBM 2D projections (obtained by summing 
slices from the reconstructed image) have a similar noise level as the planar MBI images. This 
allows for a comparison between contrast for MBT and planar MBI at the same noise level. 
Further research will be needed to determine a practical stopping criterion and filter settings 
for a real patient scanner.

Planar MBI has seen many improvements over the past few years. For the comparison 
with MBT in this paper, we simulated one of the most recent and best performing system 
geometries. Although we believe that first results are very promising, this study is only a 
first introduction of MBT based on multiple pinholes. Even in this stage, MBT already 
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outperforms planar MBI in terms of CNR and depth information. We believe that MBT can 
certainly be improved with further research to optimize the design-parameters, such as the 
collimator-to-detector distance, pinhole-opening angles, amount of focusing etc. This could 
include optimizing the pinhole layout for scanning the chest wall area. Moreover, we work 
on ways to eliminate the dead edges of the detector, e.g. using side detectors (Salvador et al 
2012). In addition, others have proposed ways to reduce dead edges, e.g. by using maximum 
likelihood processing, smaller PMTs, or PSPMTs etc (Milster et al 1985, 1990, Moore et al 
2007, Barrett et al 2009).

Furthermore, future research could include investigating alternative collimators (e.g. fan 
beam collimators), or different detectors, such as CZT detectors which are already success-
fully applied in planar MBI. Although a preliminary comparison showed limited benefit when 
using current CZT detectors, these types of detectors are under active development and may 
deserve further consideration in the near future.

Besides improving MBT’s geometry, it might be valuable to investigate if the use of a prior 
in image reconstruction is beneficial, i.e. to use Maximum-A-Posteriori reconstruction instead 
of MLEM. This could improve uniformity in the background. However, the selection of an 
appropriate prior requires extensive research.

An important issue to be considered in MBI is the dose administered to the patient. After 
the first introduction of MBI, extensive optimization studies have been conducted to allow 
for significant dose reduction. To give an indication of how MBT performs when dose is 
lowered, in the supplementary data we show how contrast and CNR are affected when only a 
quarter of the dose assumed in this paper is used. This indicates that MBT is not more severely 
affected by lowering the dose than MBI. In future work, we plan to study in more detail how 
performance of MBT is affected by dose and we will conduct optimization studies to optimize 
MBT’s performance for lower dose, e.g. by tuning the resolution-sensitivity trade-off by the 
choice of pinhole diameter.

In this paper, we ignored the time needed for mechanical movement between positions. 
The mechanical design allows making the very short movements (6 mm) between positions 
faster than 0.1 s, resulting in a total dead time below 15 s. For a 10 min scan time, we think 
that the 2.5% extra time needed is negligible. In addition, the dead time could be completely 
removed when acquisition would be performed in list mode.

Although the comparison of tumour imaging using CNR as a figure of merit favours MBT 
over planar MBI, this does not necessarily mean that MBT offers superior lesion detectability. 
Determining detectability is a complicated process influenced by many factors, such as the 
object and background statistics. The CNR is a measure for how strongly the reconstructed 
signal rises above the background and its fluctuations. This implies that a higher CNR makes 
it easier to detect whether the signal is present or not. In future research, we plan to investigate 
which figures of merit predict how well a system is able to detect tumours. Naturally, one 
could also consider a comparison based on determining and comparing receiver operating 
characteristic curves for planar MBI and MBT.

5. Conclusion

In this paper, we have presented a first MBT design based on multiple pinholes and evalu-
ated its performance in a simulation study. From the simulated images, we conclude that our 
system attains a higher contrast-to-noise ratio for tumours than a planar imaging system. This 
might lead to better lesion detection and identification. Furthermore, the ability to recover 
depth information can be of great additional value.
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In addition, MBT can focus on a suspected lesion or region. The FM was shown to reduce 
background noise compared to whole breast imaging, while maintaining the contrast. This 
may improve lesion detection, but could also reduce the scan time while producing similar 
images as with whole breast imaging. We conclude that MBT might be a promising approach 
that can fill a niche in the breast-imaging field.
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