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1.  Introduction

The most common type of cancer affecting women is breast cancer; it constitutes 25% of all new female cancer 
cases worldwide and causes 15% of all cancer-related deaths in women (Ferlay et al 2015, Torre et al 2015). Breast 
cancer detection is being improved by advances in imaging technology. While x-ray mammography is still the 
most widely used modality, other breast-imaging modalities in current use include ultrasound, molecular breast 
imaging (MBI) with planar gamma cameras, magnetic resonance imaging, positron emission tomography and 
digital breast tomosynthesis based on x-rays. An overview can be found in Hruska and O’Connor (2013) and 
Fowler (2014).

Recently, our group proposed a design for a novel molecular breast tomosynthesis (MBT) scanner dedicated 
to imaging distributions of single-gamma emitting tracers in the breast (Beekman 2014, van Roosmalen et al 
2016). In the design, the patient lies prone on a bed with an opening for the breast, which is mildly compressed. 
Two scanning gamma cameras equipped with focusing multi-pinhole collimators acquire projections of the 
breast in a sequence of camera positions. The focusing collimator geometry combined with the possibility to 
confine the scan area enables to increase the signal from a suspected region of interest. A simulation study (van 
Roosmalen et al 2016) indicated that multi-pinhole MBT offers three-dimensional localization of increased 
tracer uptake and may have the potential to increase tumour-to-background contrast-to-noise ratio (CNR) 
compared to planar MBI. As the pinhole geometry has a range of viewing angles of less than 180° resulting in 
incomplete sampling, the term molecular tomosynthesis is used instead of SPECT. We introduced MBT in the 
earlier paper, but the system has not yet been optimized.

The first MBT design was based on conventional gamma detectors with a continuous NaI(Tl) scintillator 
read out by an array of photo-multiplier tubes (PMTs). Due to their cost effectiveness, these are still the most 
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Abstract
Imaging of 99mTc-labelled tracers is gaining popularity for detecting breast tumours. Recently, we 
proposed a novel design for molecular breast tomosynthesis (MBT) based on two sliding focusing 
multi-pinhole collimators that scan a modestly compressed breast. Simulation studies indicate that 
MBT has the potential to improve the tumour-to-background contrast-to-noise ratio significantly 
over state-of-the-art planar molecular breast imaging. The aim of the present paper is to optimize 
the collimator-detector geometry of MBT. Using analytical models, we first optimized sensitivity 
at different fixed system resolutions (ranging from 5 to 12 mm) by tuning the pinhole diameters 
and the distance between breast and detector for a whole series of automatically generated multi-
pinhole designs. We evaluated both MBT with a conventional continuous crystal detector with 
3.2 mm intrinsic resolution and with a pixelated detector with 1.6 mm pixels. Subsequently, full 
system simulations of a breast phantom containing several lesions were performed for the optimized 
geometry at each system resolution for both types of detector. From these simulations, we found that 
tumour-to-background contrast-to-noise ratio was highest for systems in the 7 mm–10 mm system 
resolution range over which it hardly varied. No significant differences between the two detector 
types were found.
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widely used detector types in SPECT and planar scintigraphy. However, there are more options (Peterson and 
Furenlid 2011) as several new scintillation detectors are being investigated, e.g. those based on pixelated crystals, 
new light sensors and better detection algorithms. Moreover, semiconductor detectors like CZT ones, which can 
provide both high spatial and energy resolution, have become commercially available. As high-resolution detec-
tors are typically much more expensive than conventional NaI(Tl) detectors, it is important to make a detector 
choice based on a thorough understanding of its ultimate impact on images.

As imaging characteristics depend on many properties, such as sensitivity, system resolution, size of the field-
of-view (FOV) and angular sampling over the FOV, it is not straightforward to design optimized multi-pinhole 
geometries. One of the complications is the way each of these properties depends on the many tuneable param
eters. To fully consider their interdependence, optimization should be done on a complete system comprised of 
collimators and detectors, which can be done by performing time-consuming full system simulations. However, 
this is not feasible for simulating a whole range of designs covering the entire parameter space. Therefore, we here 
take the approach of initially using analytical models to optimize sensitivity of MBT at a fixed system resolution. 
This optimization is repeated for a range of system resolutions (from 5 to 12 mm). After this analytical optim
ization, we evaluate optimized configurations with different system resolutions by complete system simulations 
of breast phantom images.

2.  Methods

In this section, we describe the basic MBT design, the geometry optimization process and how we evaluate 
simulated images.

2.1.  Molecular breast tomosynthesis
In the recently proposed MBT scanner (Beekman 2014, van Roosmalen et al 2016), the patient lies prone on a 
specially designed bed with the scanner underneath, as detailed in figure 1. In our initial design, two tungsten 
plates containing 63 pinholes each serve as collimators. They project the tracer distribution in the breast on 
conventional gamma detectors equipped with continuous 250  ×  150  ×  9.5 NaI(Tl) crystals (3.2 mm intrinsic 
resolution) placed 40 mm from the breast (parameter L in figure 2(a)). The pinholes in each of these collimator 
plates focus to a line at 40 mm distance from the collimator face (Fx  =  40 mm in figure 2(a)) and thus view a part 
of the breast. Such a focused design gives the MBT scanner the unique ability to focus on a user-defined volume 
of interest (VOI), which is beneficial because it can increase the count yield from the VOI (Beekman et al 2005, 
van der Have et al 2009). The VOI can be selected by the user on a graphical interface, which uses images taken by 
optical cameras that view the breast through the compression plates (Branderhorst et al 2011, Beekman 2012). 
To image any volume, the FOV should be translated over the breast such that the desired scan volume is viewed 
over a range of angles (Vastenhouw and Beekman 2007, Vaissier et al 2012). In MBT this is done by synchronized 
step-and-shoot movement of the collimators and detectors. For image reconstruction, all available information 
is taken into account, as the projection data from all positions is used simultaneously (Vastenhouw and Beekman 
2007).

2.2.  System design
In this paper, we investigate the optimal collimator-detector set-up for MBT. In all designs, we assume that a 
lightly compressed breast is imaged with two focusing multi-pinhole collimators that each project onto a gamma 
detector. The collimator-detector geometry and the type of gamma detector are varied as explained below, and 
illustrated in figures 2(a) and (b).

2.2.1.  Considerations for collimator design
All parameters that together uniquely define a multi-pinhole collimator are listed in table 1. In principle, an 
infinite number of pinhole collimators can be considered when optimizing the designs, but we restrict ourselves 

by the following design principles.

	 (a)	 To account for the 4 mm thick compression plates and 2 mm between collimator surface and pinhole 
centre, a total distance is assumed between pinhole centre and breast of 6 mm.

	 (b)	 To prevent multiplexing–related artefacts (Vunckx et al 2008, Mok et al 2009) we eliminate overlapping 
of projections by using a shielding plate in between the collimator and detector (Beekman et al 2005, 
van Roosmalen et al 2016), see figures 2(a) and (b). Figure 3 shows how the opening angle γ and 
axis direction of the prismatoidic holes in the plate are linked to each of the pinholes. Each pinhole 
illuminates the entire rectangular hole in the shielding tube. The flood source projection in figure 4 
shows that this results in tiled projections.

Phys. Med. Biol. 63 (2018) 015018 (12pp)
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Figure 1.  Schematic illustration of the geometry of the MBT scanner including compression plates, collimators and gamma 
detectors. The green arrows indicate the directions into which the collimators and detectors can move. (a) Side view showing the 
breast of a woman lying prone on the scanner table. The breast is placed in the opening in the bed and slightly compressed. (b) Top 
view of the breast between the transparent compression plates (artist impression).

Figure 2.  General design for MBT. The dark blue box represents the gamma detector, red shows the FOV, light grey the transparent 
compression plates and dark grey the collimator and shielding plate. The different parameters are indicated in the figure. Two views 
are shown: (a) a coronal plane cross section and (b) a sagittal plane cross section.

Table 1.  List of parameters for all geometries.

Parameter Description Value Varied/fixed

L Detector–breast distance Free

Dx, Dz Lateral dimensions of the detector 250, 150 mm Fixed

Ri Intrinsic spatial resolution of detector 1.6, 3.2 mm Consider two detectors

Rt Targeted system resolution 5, 6, 7, 8, 9, 10, 11, 12 mm We optimize sensitivity at several values

D Pinhole diameter Calculated to reach the targeted system 

resolution

Α Pinhole opening angle Calculated to keep number of pinholes 

constant

sPH Distance between breast and pinhole centre 6 mm Fixed at minimal feasible value

Phys. Med. Biol. 63 (2018) 015018 (12pp)
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	 (c)	 We control the amount of focusing by fixing the distance from the collimator face to the line to which all 
pinhole axes point (see figures 2(b) and 4) by setting the focal length Fx  =  40 mm (see figure 2(a)). This 
way all tested designs have a similarly sized FOV. We found that much stronger amounts of focusing were 
prohibited because in that case the outer pinholes were angulated so much that they started to overlap. 
On the other hand, if the focal length is too large, the benefits of focusing (described in section 2.1) are 
lost.

	 (d)	The sizes of the pinhole projections on the detector depend on the choice of pinhole opening angle α 
(as pinhole opening angle and dimensions of holes in the shielding tube are directly linked, see point b). 
Generally, increasing α will allow for fewer non-overlapping pinholes to be used but will also lead to a 
larger volume sensitivity per pinhole. Initial simulations showed that these effects cancel out meaning 
that the choice of opening angle does not have a large influence on the resolution–sensitivity trade-
off. Thus, we decided to fix α for all pinholes in a configuration, such that the central upper pinhole’s 
projection (defined below) on the detector always has the same dimensions (25  ×  25 mm).

Figure 3.  Schematic representation of cross section through a pinhole and the shielding plate. Indicated are the pinhole opening 
angle α and the opening angle for the hole in the shielding plate γ. Axis of pinhole and shielding plate hole are aligned.

Figure 4.  Schematic overview of the automatic pinhole placement. Flood source projection on the detector is shown as well as 
coronal and sagittal cross-section through collimator and detector. (a) The first pinhole is placed. (b) A subsequent pinhole is placed 
next to it the first pinhole such that projection is adjacent and non-overlapping (c) After filling one row, a pinhole is placed in the 
centre of the next row. (d) This process continues until the whole detector is filled with pinhole projections.

Phys. Med. Biol. 63 (2018) 015018 (12pp)
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Considering the design considerations described above, the pinhole diameter and the distance L between 
breast and detector are left as parameters to optimize the resolution–sensitivity trade-off.

An important design aspect for a multi-pinhole collimator is the placement of the pinholes. The requirement 
to fill the detector with non-overlapping projections means that all pinholes must be re-positioned when, for 
example, L is varied. As we need to evaluate many configurations, we created an algorithm for automatic pinhole 
placement. The procedure used, as illustrated in figure 4, reads:

	 (a)	 place a pinhole at the top centre of the collimator (i.e. closest to the breast and in the middle 
horizontally) such that its projection touches the edge of the detector (figure 4(a)); 

	 (b)	 place the next pinhole to one side horizontally (using a line search) in such a position that the pinhole 
projections are separated by 3 mm (figure 4(b)); 

	 (c)	 repeat step (b) on both sides until the border of the detector is reached, then, start from the next row 
below (figure 4(c)); 

	 (d)	 repeat step (b) and (c) until the whole detector is filled (figure 4(d)).

2.2.2.  Considerations for detector choice
Detectors with continuous NaI(Tl) crystals read out by PMTs, as used in the initial MBT design, have the 
advantage of being cost effective and having a high detection efficiency (~90% for 140 keV photons). We 
assumed an intrinsic resolution of these detectors of 3.2 mm. In this paper, we will additionally evaluate the 
usefulness of high resolution pixelated detectors with 1.6 mm pixel size and a detection efficiency of ~70% for 
140 keV photons. This corresponds to, for example, CZT detectors as applied in planar MBI (Hruska et al 2012) 
or pixelated NaI(Tl) crystals with PMTs. In the latter case the reflective material between the pixels reduces the 
efficiency (Rozler et al 2012). The two detector types will henceforth be referred to as continuous and pixelated 
detectors.

For breast imaging, it is important and challenging to also image breast tissue close to the chest wall. As in our 
earlier paper, we assume a dead edge of 5 mm for all detectors, which is achievable even with NaI(Tl) detectors 
read out by PMTs by using Maximum–likelihood processing (Milster et al 1990, Moore et al 2007, Barrett et al 
2009). For all reported results, the appropriate detector efficiency for each detector type is taken into account, i.e. 
both in the analytical resolution–sensitivity calculations as in the full system simulations.

2.3.  Analysis of different collimators and detectors based on sensitivity–resolution trade-off and 
simulation
In the analytical optimization study, the sensitivity is maximized at a fixed system resolution because, generally, 
when other characteristics are kept equal, more detected counts lead to an improved signal-to-noise ratio. We do 
this for a range of different target system resolutions from 5 to 12 mm. For each system resolution, the design with 
the highest sensitivity is selected for full system simulations.

We report sensitivity averaged over the breast–shaped region described in section 2.5.1. In our design in 
which the detector and collimator are translated over a sequence of positions, sensitivity depends on the sequence 
chosen, which is provided in section 2.4. A sensitivity-weighted averaged resolution is determined over the same 
region, and the pinhole diameter is iteratively adjusted until the desired target system resolution is reached.

2.3.1.  Resolution and sensitivity formulas
We quickly estimate resolution and sensitivity by using the following formula (Metzler et  al 2001) for the 
sensitivity g of a single knife-edge pinhole

g =
d2sin3θ

16h2
+

sin5θtan2 α
2

8h2µ2

(
1 − cot2θ

tan2 α
2

)(
1 − cot2θ

tan2 α
2

+ µd csc θ cot
α

2

)
.� (1)

Here θ is the angle between the plane perpendicular to the pinhole axis and the line from the pinhole centre to the 
source, µ the linear attenuation coefficient of the collimator (3.38 mm−1 for 140 keV photons in tungsten) and h 
the perpendicular height of the source above the pinhole, other parameters were defined in table 1.

For system resolution, defined as the full–width at half–maximum (FWHM) of the point spread function, we 
use

R =

√
d2

e

(
1 +

1

M

)2

+

(
Ri

M

)2

,� (2)

where M is the magnification factor of the pinhole (i.e. the ratio between distance from source to pinhole and 
pinhole to detector), de the effective pinhole diameter and Ri the intrinsic detector resolution. Accorsi and Metzler 
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(2004) derived effective diameters de‖ and de⊥ for the directions parallel and perpendicular to line of incidence 
on the detector, which are given by

de‖ ≈ d + ln 2
µ

(
tan2 α

2 − cot2θ
)
cot α

2 sin θ,

de⊥ ≈
√(

d + ln 2
µ tan α

2 sin θ
)2

−
(

ln 2
µ

)2
cos2θ.

� (3)

To arrive at one value for resolution we use the average of the two resolutions obtained by substituting the 
effective diameters in (2), as the effective resolution.

As mentioned above, we fix the size of the projection of the centre pinhole in the first row on the detector, by 
adjusting the opening angle to

α = 2 arctan

(
25 mm/2

L − 6 mm

)
.� (4)

For the continuous detector, a value of 3.2 mm is used for Ri, while a value of 1.6 mm is used for the pixelated 
detector. Note that in our analytical formulas we do not distinguish between continuous or pixelated crystals. 
As explained below, our full system simulations take into account detector pixilation for the higher resolution 
detector.

2.4.  Sampling and scan positions
As mentioned above, the selected volume is imaged by moving the collimators in a sequence of steps. Movement 
takes place in the plane defined by the compression plates, i.e. either left–right (figure 1(b), or up–down (figure 
1(a)). In this paper, we use a sequence that covers the whole breast.

Ideally, one optimizes the scan sequence for a specific collimator. However, as we compare many designs and 
need to be sure we compare them equally, we use a single sequence with many closely spaced positions. This way 
we always get a uniform sensitivity regardless of the designs specific FOV pattern. For a single specific collimator, 
one can design a scan sequence with a realistic number of positions, as we did in van Roosmalen et al (2016).

The sequence we use consists of the collimators and detectors moving in the anterior direction in 2 mm steps 
for a total distance of 20 mm and from left to right in 8 mm steps from position  −76 mm to 76 mm, where 0 mm 
denotes a collimator centred on the breast.

2.5.  Validation by simulations of breast phantom scans
To validate the results from our analytical analysis and further analyse the most promising designs, we performed 
simulations for a few selected configurations. In these simulations, we accurately simulated gamma photon 
transport through our collimator, using a ray-tracing simulator (Wang et al 2017), which was used to both 
generate simulated projections and a system matrix for image reconstruction. This simulator uses the collimator 
modelled as a voxelized volume with a voxel size of 0.0625 mm as its input. The depth-of-interaction in the 
scintillator crystal is modelled by also ray-tracing the gamma photon through the scintillator, similarly as was 
described in Goorden et al (2016). Consequently, the detector efficiency is automatically taken into account. 
For the continuous detector, we assumed 1.072 mm pixels in a 234  ×  140 pixel grid and the intrinsic detector 
resolution was incorporated by modelling detector response with a 3.2 mm FWHM Gaussian. For the simulated 
pixelated detector systems, the detector was modelled using 1.6 mm pixels in a 156  ×  94 pixel grid and no 
additional filter was applied.

To calculate phantom projections, we represented the phantoms on a regular grid with a source voxel size of 
0.5 mm. The ray-tracer uses a threshold for ignoring small contributions which we set to 1% (Wang et al 2017). 
Moreover, the attenuation in the phantom was modelled using a uniform attenuation coefficient of 0.0151 mm−1 
valid for 140 keV photons in water. We then generated phantom projections for each of the positions in the scan 
sequence accounting for the scanning time in each position and added Poisson distributed noise to each projec-
tion. Earlier phantom studies for a similar geometry showed that scatter from the torso is not a significant prob-
lem for 99mTc-based tracers (Wang et al 1996, Hruska and O’Connor 2006), which was confirmed in a simulation 
study for our MBT geometry (Wang et al 2017). Therefore, the use of a ray–tracer that models attenuation but 
ignores scatter is justified for this geometry.

For the tomographic reconstruction of the projection data, we used maximum–likelihood expectation 
maximization (MLEM). The system matrix used in MLEM was determined at a 1.0 mm source voxel grid and a 
threshold of 2%. The discrepancy in grid size between phantom and reconstruction, and between cut-off thresh-
olds is to mimic a continuous activity distribution. Moreover, at this stage we decided not to apply an attenuation 
correction, as no method for accurately determining of the entire contour of the breast is yet established.

For the systems selected for full system simulations, the automatically generated designs were slightly tuned 
if needed to prevent pinholes at the edge to only have a small fraction of their projection on the detector, by 

Phys. Med. Biol. 63 (2018) 015018 (12pp)
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adjusting the opening angle of all pinholes up to 5%. We checked that these small tunings resulted in changes in 
the analytically calculated resolution and sensitivities that were within 2.5% of the unadjusted values.

2.5.1.  Breast phantom
In this paper, we use the same phantom as in our earlier work (van Roosmalen et al 2016). The breast is modelled 
as half an elliptically shaped disk (Dong et al 2011), with a 110 mm chest-to-nipple distance, a width of 150 mm, 
and a thickness of 55 mm. The phantom is placed such that the top of the activity is at the same place as the 
start of the useful field of view of the detector. To assess how differently sized lesions are imaged, we placed four 
sets with three lesions each in the phantom (6.0, 5.0, 4.5, 4.0 mm diameter), see figure 5(a). 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 
arrangement. We assumed a background activity concentration of 3.7 kBq ml−1, consistent with an injection of 
925 MBq 99mTc–Sestamibi (Hruska et al 2012, Mann et al 2012). We assume a concentration of 37 kBq ml−1 in 
the lesions to give a tumour–background uptake ratio of 10:1 (Maublant et al 1996, Lee et al 2004, Hruska and 
O’Connor 2008, Sullivan et al 2012). We set the scan time as 10 min.

2.5.2.  Analysis of images
Besides visually inspecting different images, we compared different breast phantom images by calculating the 
tumour-to-background CNR of the lesions given by

CNR =
S̄ − B̄

σB
.� (5)

Here S̄ is the average signal taken in a spherical region placed on top of the lesion, B̄ 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 indicated in figure 5(b). All simulations are repeated for 20 different noise realizations, and 
the average of the CNR values is reported.

3.  Results

3.1.  Analytical optimization
Results of the analytical optimization are shown in figure 6 in which sensitivity is shown as function of detector–
breast distance for different fixed system resolutions (achieved by tuning the pinhole diameter). Note that 
every point in this graph represents the sensitivity of a different multi-pinhole geometry that was automatically 
generated by our script. Sensitivities for fixed system resolutions of 5–12 mm are shown for each detector. From 
the plots, one can infer that, depending on the chosen system resolution, there is an optimal detector–breast 
distance at which sensitivity is maximal. The exact position of the optimum is determined by the relative 
contribution of two opposing effects. On one hand, placing the detector further away allows for larger pinhole 
magnification factors meaning that larger pinhole diameters can achieve the same fixed system resolution, thus 
increasing the sensitivity. On the other hand, placing the detectors closer to the breast increases the solid angle 
at which detection can take place which also enhances sensitivity. The sensitivity drops rapidly at short detector-
breast distances, as for these short distances the projections from the activity distribution on the detectors are not 
magnified anymore but minified and as a result the pinhole diameter is quickly shrinking to maintain resolution.

As expected, the curves in figure 6 indicate that the maximum sensitivity that can be obtained decreases as 
targeted system resolution improves. This dependence is shown in figure 7 for the two different detectors. The 
characteristics of the systems that obtain the maximum sensitivity at each system resolution are reported in 
tables 2 and 3. Although the higher resolution pixelated detector leads to collimators with higher sensitivities, 
this is offset by its lower detection efficiency. Overall, a small improvement in sensitivity is reached with pixelated 

Figure 5.  Slices through the breast phantom (a) left: slice parallel to sagittal plane through the 6.0 mm lesions, right: transverse 
slice at depth of two lesions. Lesion sizes indicated. (b) Transverse slices with red circles indicating the regions of interest used to 
determine the tumour signal while the green area denotes the background region.

Phys. Med. Biol. 63 (2018) 015018 (12pp)
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detectors if the targeted system resolution is 5 or 6 mm, while the continuous detector provides slightly higher 
sensitivity for the 9–12 mm target system resolutions.

3.2.  Simulation results
Full system simulations were performed for each of the optimal configurations (maximum in figure 6, and 
geometries summarized in tables 2 and 3). We checked that sensitivities extracted from system matrices that 
were generated in these simulations were close to those predicted by the analytical expressions (<4% difference), 
which partly validates our analytical analysis.

The appearance of breast phantom images resulting from these simulations depends on the number of itera-
tions used and the FWHM of the Gaussian filter applied. The optimal combination of these parameters can 
strongly depend on system resolution and sensitivity. For a fair comparison, we determined an optimal combi-

Figure 6.  Volumetric sensitivity (averaged over the breast) as function of distance between detector and breast for (a) continuous 
detector, (b) pixelated detector. The lines indicate different fixed system resolutions R (5, 6, 7, 8, 9, 10, 11 and 12 mm).

Figure 7.  Plot of maximum reachable sensitivity as function of system resolution for both detector types. For each resolution, the 
detector–breast distance that gives the highest sensitivity at that fixed resolution is used (maximum in figure 6).

Table 2.  Details of simulated systems with 3.2 mm intrinsic resolution continuous detector. Parameters of geometries that maximize 
sensitivity (and are thus simulated) are provided for each system resolution. The iteration number and filter size to reach the maximal CNR 
for the 6.0 mm lesion in reconstructed images are provided.

System resolution (mm) 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0

Detector–breast distance (mm) 47.5 40 40 35 35 32.5 32.5 30

Pinhole diameter (mm) 1.98 2.21 2.75 3.01 3.49 3.72 4.13 4.27

Pinhole opening angle (degree) 29 35 35 39 39 42 42 45

Volumetric sensitivity over whole breast (%) 0.022 0.035 0.054 0.077 0.102 0.131 0.168 0.206

Sensitivity in focus (%) 0.087 0.129 0.191 0.259 0.346 0.424 0.520 0.601

Optimal iteration 11 14 16 17 17 19 20 21

Optimal filter FWHM (mm) 5 4 4 3 2 1 1 0

Optimal CNR 8.5 9.8 10.5 10.6 10.3 10.6 9.9 9.1
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nation of iteration number and filter level in the following way: Gaussian filters with FWHM ranging from 0 to 
8 mm (in 1 mm steps) were applied to all images and the iteration number and filter combination that led to the 
highest CNR in the 6.0 mm lesions (on average over the noise realizations) was determined, requiring at least 
five iterations to ensure a minimum level of convergence. This optimal number of iterations and filter and the 
achieved optimal CNR for 6.0 mm lesions are also provided in tables 2 and 3.

Figure 8 shows images at three filter levels with the most optimal filter level marked with a red boundary. Each 
image is shown with the optimal number of iterations for that filter level. From these images, it is difficult to distil 
any clear differences in performance for the different systems. In the higher resolution systems, the spheres are 
slightly less elongated between the two collimator plates, but the background also contains more noise, especially 
close to the collimator. The images shown for each system are for the noise realisation with CNR closest to the 
median for that system. Profiles through the 6.0 mm lesions are shown in figure 9 for a fixed 3 mm filter and the 
50th percentile noise realization, i.e. the image shown in figure 8. As can be expected, when the targeted system 
resolution is worse, contrast recovery is lower. Figure 10 shows the optimum CNR for each simulated system. We 
infer from figure 10 that for the 6 mm lesion, the highest CNR is achieved by the 7 mm–10 mm system resolution 
systems. Moreover, we see for none of the lesion sizes any clear difference between the continuous and pixelated 
detector systems. Note that 5.0 mm lesions have CNR values close to the detection limit (CNR of 4–5 as given by 

Table 3.  Details of simulated systems with 1.6 mm pixelated detector. Parameters of geometries that maximize sensitivity (and are thus 
simulated) are provided for each system resolution. The iteration number and filter size to reach the maximal CNR for the 6.0 mm lesion in 
reconstructed images are provided.

System resolution (mm) 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0

Detector–breast distance (mm) 30 27.5 27.5 27.5 25 25 25 25

Pinhole diameter (mm) 1.67 1.92 2.32 2.71 2.84 3.21 3.56 3.91

Pinhole opening angle (degree) 45 49 49 49 53 53 53 53

Volumetric sensitivity over whole breast (%) 0.027 0.041 0.057 0.076 0.098 0.123 0.153 0.184

Sensitivity in focus (%) 0.083 0.119 0.171 0.227 0.273 0.341 0.184 0.487

Optimal iteration 12 14 15 16 17 17 19 19

Optimal filter FWHM (mm) 4 4 4 3 3 2 2 2

Optimal CNR 9.2 9.4 10.4 10.4 10.5 10.0 9.8 9.2

Figure 8.  Simulated images of a breast shaped phantom containing lesions of 4.0, 4.5, 5.0 and 6.0 mm. Alternating images show 
sagittal slices through the lesions, and transverse slices at the depth of two lesions. Each row represents a different target system 
resolution, while different columns show different filter levels (1.0, 3.0 and 5.0 mm FWHM Gaussian filter) and different detector 
types (continuous or pixelated). The number of iterations for each image is as listed in tables 2 and 3. The red boxes in each row 
indicate the filter levels that result in the highest CNR for the 6.0 mm lesions for that system. Blue lines indicate location of profiles 
shown in figure 10.
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the Rose criterion (Currie 1968, Rose 1973, Cherry et al 2012)), while the smallest lesions score clearly below the 
limit for all systems.

4.  Discussion

In this paper, we optimized focusing multi-pinhole configurations to find the geometry that achieves the highest 
spatial resolution–sensitivity trade-off.

Ideally, one would like to choose the system that is best suited for the imaging task at hand, which in this case 
is tumour detection. To determine detectability a numerical observer like the channelized Hotelling observer 
that mimics human observers is often used. However, a proper evaluation requires a huge number of noise reali-
zations per system, making such a comparison computationally very expensive. A preliminary test indicated 
several hundreds of noise realizations per system would be required for MBT. We estimate that, when using 40 
processor cores, this would take at least several years of simulations, which is prohibitively long for the scope of 
the current research project.

The tumour-to-background contrast-to-noise ratio that we used is also linked to detectability via the Rose 
criterion (Currie 1968, Rose 1973, Cherry et al 2012) and a relevant indicator of the possibility of using quanti
fication to find heightened uptake regions. Moreover, CNR does not require many noise realizations and can 

Figure 9.  Profiles through the 6.0 mm lesions, with position as indicated in figure 8, for a 3.0 mm FWHM Gaussian filter. Different 
lines indicate different targeted system resolutions. (a) Profiles obtained with a 3.2 mm intrinsic resolution continuous NaI(Tl) 
detector, (b) for a 1.6 mm pixelated CZT detector.

Figure 10.  Plot of best CNR for each system resolution for (a) the 6.0 and 5.0 mm lesions and (b) the 4.5 and 4.0 mm lesions. 
Maximum taken over iterations 5–32 and filters from 0 to 10 mm FWHM, as indicated in tables 2 and 3. The different lines represent 
the different lesion sizes and detector types (continuous detector (CD) and pixelated detector (PD)) and the error bars are the 
standard deviation in CNR for the 20 noise realisations.
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quickly be calculated for many systems, iterations and filter levels. Therefore, we compare the CNR for optimized 
geometries with different fixed system resolutions.

In this paper, we only maximised sensitivity for a whole breast imaging sequence. In our earlier work, we 
showed that focusing on a lesion can significantly improve the CNR. Ideally one would like to focus on each 
lesion in the optimization study. However, this would require four times more simulations than for the whole 
breast optimization. The computational time required for all the simulations for this paper was already very high 
(i.e. almost 2 months on several multi-CPU systems totalling 80 cores), so more simulations are deemed infeasi-
ble for now. We do report the sensitivity that can be achieved in focusing mode in tables 2 and 3. These sensitivi-
ties are as reached by the optimal system for whole breast imaging.

The design used in our earlier work (van Roosmalen et al 2016), was not optimized. The initial design was 
based on a system resolution of 5.8 mm and had a sensitivity of 0.033%, which is very similar to the 6.0 mm sys-
tem resolution system from this paper. We here see that by trading a bit of resolution for sensitivity a higher CNR 
can be reached.

Overall, the different systems for the system resolutions of 7–10 mm show minor differences in performance 
in terms of CNR. One notes that for 7 mm system resolution optimal CNR is obtained with a filter of 4 mm 
FWHM, and for 10 mm system resolution a filter of 1 mm or 2 mm is preferable for the continuous and pixelated 
detectors, respectively. So, it seems that one can choose between higher resolution systems with more post-filter-
ing or lower resolution system with a smaller post filter, within this range. The two detector types give very similar 
results, but as continuous detectors are much cost effective, the continuous NaI(Tl) based detector seems to be 
the best choice.

We think that in future work it may be worth to compare other focusing collimators such as fan beam or slit-
slat collimators (Daekwang and Metzler 2012) with the focusing pinhole geometries considered in this work.

5.  Conclusion

We found that the optimal pinhole collimator for molecular breast tomosynthesis for the detection of 6.0 mm 
lesions uses a system resolution in the 7–10 mm range. Use of either a 3.2 mm intrinsic resolution continuous 
detector or a 1.6 mm pixelated detector barely influenced the results.
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