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A B S T R A C T

Purpose: This study investigates a novel gamma tomosynthesis (GT) method based on a variable tilt-angle,
parallel-hole collimator (VAPHC) which, mounting to a conventional gamma, is able to perform high-resolution
three-dimensional imaging.
Methods: The VAPHC has the remarkable feature to be modular, consisting of independent collimation elements
able to tilt according to variable angles [−45° to +45°]. Spatial resolutions were measured in reconstructed GT
images using a point source at different source-to-collimator distances, while sensitivity was evaluated over the
range of slant angles using a disk-source. Image contrast (IC) and contrast-to-noise-ratio (CNR) of sub-cen-
timeters tumors were evaluated using a breast phantom containing a background activity and spheres filled with
99mTc to simulate lesions at two depths. Breast phantom GT images were compared with planar and circular-
orbit SPECT acquisitions of equal scan-time.
Results: Planar spatial resolutions range from 9 to 14mm over a depth range of 6–10 cm; spatial resolution in
depth dimension becomes two times greater than those in the other dimensions. The measured sensitivity de-
creases from 9 cps/μCi to 6 cps/μCi varying the slant angle from 5° to 45°. The measured IC and CNR of GT
reconstructed images demonstrated that it was possible to improve the spatial resolution/sensitivity trade-off.
Conclusions: The proposed GT based VAPHC demonstrated the potential for superior spatial resolution and
contrast compared to planar and SPECT acquisitions. A conventional gamma camera equipped with the VAPHC
could be located at the minimum distance from the patient, thus improving detection, localisation and char-
acterisation of sub-centimetre lesions.

1. Introduction

The single-photon emission computed tomography (SPECT) tech-
nique is based on photon detection emitted by a radiotracer injected
into the patient’s body. In a traditional SPECT system, the acquisition is
performed by collecting projection images one at time by stepwise ro-
tating the gamma camera around the patient. Over the last few years,
major improvements in SPECT systems have mainly been due to pro-
gress in terms of industrial processes regarding analogical electronic,
crystal growing or photomultipliers tubes (PMTs) manufacturing [1–6].
Despite these improvements, SPECT systems are still characterised by
poorer spatial resolution caused by object-to-detector distance, given by
the detector orbiting motion, which also impairs efficiency and image

quality. The still limited spatial resolution of conventional SPECT sys-
tems, which are large, bulky and designed for general-purpose imaging,
is not ideal for small lesion imaging [7]. It is well known that the
simplest way to improve spatial resolution capabilities is to reduce the
patient-to-collimator distance. Recent advances in SPECT in-
strumentation and collimation systems have made marked improve-
ments in this area, thus giving evident advantages in small lesion de-
tection capabilities needed for early stage diseases.

In the last years, several image acquisition methods have been
proposed. Some of these methods are based on fixed angle collimation
systems: the acquisition is employed by acquiring a number of projec-
tions of the object while the detector moves in a circular orbit; sectional
images are produced by a summation of filtered projections.
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Ectomography represents a fixed angle collimators tomographic tech-
nique based on tomosynthesis [8]. Differently from SPECT, the direc-
tion of the projection is not in the plane of the section, but forms an
angle with it, resulting in two-dimensional projections. The projections
represent a widespread region, making it possible to image several
sections. Another proposed rotational system is the Rotating Multi-
Segment Slant-Hole (RMSSH) single photon emission computed tomo-
graphy that finds its application in scintimammography [9]. The
RMSSH system combines a conventional SPECT system with a RMSSH
collimator. It is suitable for detecting small and low-contrast breast
lesions since it boasts much higher detection efficiency than conven-
tional SPECT with a parallel-hole collimator and can image the breast at
a closer distance [9]. A fixed-angle collimator design may not permit
optimisation of both collimator positioning (allowing the detector to be
placed as close as possible to an object) and view angle, thus a variable
angle collimation system could represent the only strategy to resolve
these issues.

The idea of using variable angle collimators comes from 1983 when
Moore et al [10] designed a Variable Angle Slant Hole (VASH) colli-
mator. To improve the relationship of the collimator to the object, while
maintaining the desired view, they built a prototype that permits the
angle of slant to be easily adjusted by the operator. The collimator was
composed of a series of tungsten plates that can be “sheared”, as with
stacked decks of cards, to adjust the angle of view. However, this design
suffered some limitations due to faulty registration of the plates at high
angles of shear, where registration becomes more critical because of
potential septal penetration and irregularity of hole shape. Following
the same idea regarding the collimator movement Gopan et al. [11], by
means of theoretical analysis and Monte Carlo simulation studies,
evaluated the imaging performance of the VASH collimator, including
the spatial resolution/sensitivity trade-off, compared with parallel-hole
SPECT. The Monte Carlo studies were used to validate the theoretical
analysis and to evaluate the imaging performance of the VASH colli-
mator with a simulated breast phantom. A more recent study evaluated
the VASH collimator performances through experimental measure-
ments [12].

In the present study, the authors propose a variable tilt-angle, par-
allel-hole collimator (VAPHC) prototype which allows to implement an
innovative detection system in nuclear medicine, which we will refer to
as gamma tomosynthesis (GT). The VAPHC is able to tilt its holes
through a completely new rotation system. Rather than rotate the
camera around the patient, the detection device is located in a fixed
position, at a minimum distance from the patient, improving spatial
resolution capabilities especially in the detection of small lesions. The
proposed device is able to acquire planar projection images at different
angles, which are then arranged together through the Shift And Add
(SAA) method in order to obtain the three-dimensional reconstruction
of the studied object. Our previous work analyzed the effectiveness of
the collimator prototype through Monte Carlo simulations and experi-
mental measurements [13] with point sources and small field of view
(FOV) gamma camera. The goal of the present study was to evaluate
sensitivity, spatial resolution and imaging potentials of the VAPHC with
a clinical gamma camera.

2. Materials and methods

2.1. The variable tilt-angle parallel-hole collimator

Differently from other collimators proposed in literature, the
VAPHC has the remarkable feature to be modular, consisting of in-
dependent collimation elements joined together in the rotation move-
ment [14]. It is constructed by a stack of collimation blocks, each
containing an identical array of holes (Fig. 1). Each block is 25mm high
with 1.5mm hexagonal holes, whilst the septal thickness is 0.2mm. The
holes are arranged in a close-packed hexagonal array to maximize the
exposed area of detector surface. The total collimation area of

60× 100mm2 is enclosed in a 158×168×46mm3 case which can be
directly placed on the gamma camera crystal that provides the resting
base for the collimator. Therefore, empty spaces of 5mm and 16mm
remain between the collimation blocks and the lower and upper sides of
the collimator case respectively. The collimation elements are tilted
towards the longest dimension of the aluminum frame. In one of the
side faces (i.e., the 158×46mm2) there are two guide slots for the
bearings of rotation (Fig. 1(a)). Two semi-circular slots on the shortest
sides of the case allow for collimator rotation, while two horizontal
slots present in one of the two shortest sides serve to slide the ball
bearings provided for the rotation. In Fig. 1(b) the components of a
single collimation element are shown: a lead collimation element, two
bronze plates (0.2 mm thick) and a lead plate (0.5 mm thick). Each
collimation module is a bronze plate/lead plate/collimation element/
bronze plate sandwich (Fig. 1(c)). The bronze plates serve to reduce the
friction between the collimation elements during rotation, while the
lead plate provides a shield between one element and the adjacent one;
the lead plate is placed between a bronze plate and the collimation
element (Fig. 1(d)). The lead plate has been introduced as the single
collimation bar has discontinuous sides caused by the cut. On one hand,
the lead plate prevents the presence of non-collimated areas that can be
caused by the union of two collimation bar with not-smooth sides. On
the other hand, the presence of these passive elements between the
collimation modules could induce blockage of gammas causing count
loss in the projection images. The entire collimation system is composed
of five collimation modules (Fig. 1(e)).

The parallel-hole configuration is created by vertically aligning the
collimation elements. During the rotation, each collimation element is
in contact with the adjacent one, filling the space between the colli-
mator case and the collimator’s bottom, which is empty in the parallel-
hole collimator configuration. The two push blocks with sliding piston
and the ball bearings assembled on the short sides of each collimation
element allow mechanical translation during rotation. The slant con-
figuration is created by tilting the collimation elements through the
above-mentioned mechanism (Fig. 2(a)). The pivot axes of the colli-
mator modules move to keep the modules flush with one another,
varying the collimator slant angle continuously from −45° to +45°.
The tilting movement occurs in one dimension only, creating a variable
slant-hole configuration within the x-y plane. The collimations system
can be moved through a screw that allows either manual or automatic
rotation by its connection to a stepper motor.

2.2. Acquisition and reconstruction method

The proposed device is able to acquire planar projection images at
different angles that can then be arranged together in order to obtain
the three-dimensional reconstruction of the studied object. This ac-
quisition mode works similarly to what happens in digital X-ray to-
mosynthesis [16,17]. The reconstruction method is generally quite
simple, consisting of the shifting and adding of the constituent projec-
tion images to bring structures of a given plane into registration, or
focus [18]. Traditional SAA method is a fundamental analytic re-
construction algorithm to line up each image based on its shifting
amount to generate reconstruction slices at specified depths [19]. This
allows to emphasise structures in the in-focus plane and blurring out
structures in other planes. This method, validated in a previous pub-
lication [13], will be applied in this work in order to perform the vo-
lumetric reconstruction of a studied object.

If z represents the source-to-detector distance, for n projection
images, the amount of shift sk(z) necessary to bring objects in plane into
focus for each collimation angle θk is

= ± θs (z) z·tank k (1)

which is negative for negative θk and positive for positive θk, while k is
the index that varies along the number of projections n. Moreover, with
a small collimation system as the one proposed, a further shift S of the
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collimator along x direction has to be provided to guarantee the ima-
ging of the entire object for all slant angles (Fig. 2(b)). In this case, the
Eq. (1) becomes:

= − +

= + +

θ θ
θ θ

s (z) (z·tan S)for negative
s (z) (z·tan S)for positive

k k k

k k k (2)

A tomosynthesis image Tz(x′,y′) focalised in the plane at height z is
the sum of all n shifted projection images convoluted by the Dirac delta
function δ[x′ − sk(z)]

∑= ∗ −T x y I x y δ s( , ) ( , ) [x ' (z)]z k k k
' ' ' '

(3)

where Ik(x′,y′) are the acquired projection images and sk(z) is given by
Eq. (2).

By using the impulse function’s sifting property, all projection
images are shifted by the proper amount. Therefore, with prior
knowledge of the angle at which the projection is taken, and depending
on the height of the reconstruction plane, each pixel is shifted by an
appropriate amount.

2.3. Simulation

Before defining a set-up suitable for clinical application, some si-
mulations were performed in order to test the contrast behavior as a
function of the source’s dimension and of the tumor to background ratio
(TBR). The Monte Carlo simulations, based on GEANT4 toolkit, re-
produced the variable slant hole collimator as a stack of lead elements
(density 11.3 g/cm3). The collimator has hexagonal-shaped holes with
hole length of 25mm, hole width of 1.5 mm and septal thickness of
0.2 mm. A continuous collimator (without bronze and lead plates) with
a collimator sensitivity of 528 cpm/μCi was simulated. The simulated
scintillation crystal was a 15×10 cm2 NaI(Tl) scintillation crystal
(density 3.67 g/cm3), 6 mm thick, with a 0.2mm thick Teflon tape for
crystal wrapping in order to optimize light collection. A scintillation
light yield equal to 38,000 photons/MeV was assumed for NaI(Tl). In
addition, a light guide was coupled to the crystal, while a photo-de-
tection surface was modeled as a polished SiO2 3mm thick glass
window. The optical properties of the materials involved in the simu-
lations (refraction index of 1.47, absorption lengths of 420 cm) were
gathered from literature. To take into account photocathode quantum
efficiency and Photo Multiplier Tube (PMT) anode pad, the number of
light photons was reduced by an appropriate factor (24.5%). As 99mTc is

Fig. 1. Variable tilt-angle, parallel-hole collimation system. The collimator is produced by Kay Systems Italia S.P.A [15].
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the most common radioisotope used in SPECT applications, 140 keV
photon energy was used in the simulation. The electromagnetic pro-
cesses were simulated, including low energy Rayleigh interactions and
standard photoelectric and Compton interactions, in the object, colli-
mator and scintillator. The phantom was realized as a cylindrical con-
tainer, whose dimensions are compatible with those of a typical human
organ, i.e. for example the breast. The cylinder was defined with a ra-
dius of 7.5 cm and height of 10 cm as suggest by Phelps [20]. The
phantom contains two spherical hot spots, representing cancer lesions,

with different diameters (5 mm and 10mm respectively). To reproduce
different TBR, the simulated activities for background and tumors were:
100 nCi/cc for the cylinder, 1 μCi/cc for the 10mm sphere (TBR, 10:1),
while several TBR (10:1, 15:1, 20:1, 30:1) were realized for the 5mm
sphere. The activity levels in the phantom, which well approximates a
breast phantom, were representative of clinical Sestamibi breast ima-
ging with an injected dose of 25mCi, which results in breast activity
concentrations from 38 nCi/ml to 176 nCi/ml [21]. Background and
tumor images were separately simulated so that the final images were

Fig. 2. Schematic views of the collimator’s tilting mechanism. The schemes are not scaled.

Fig. 3. Side view of the experimental set-up employed with breast phantom. The schemes are not scaled.
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performed matching the simulations, i.e. background and tumor
images. The different phantom uptakes were realized changing tumor
image acquisition time, proportionally to the requested TBR. Both tu-
mors were centered in the phantom in the z-dimension (perpendicular
to the detector face) at a depth from the bottom phantom surface of

3.75 cm. Thus, the simulated tumors were located at a distance of
72mm from the detector. As described in the previous paragraph, a
shift of 30mm of the collimator-detector system was simulated. The
tilting mechanism was simulated with a stepping angle of 3°, i.e. from
−45° to +45°; for each projection, 1 min scan time was used to re-
present clinical acquisitions. The resulted projection images had a
matrix size of 150×100 pixels. An ensemble of 31 projection datasets
was generated and then reconstructed using the SAA method.

Contrast to Noise Ratio (CNR) and Image contrast (IC) were eval-
uated as function of simulated TBR. The CNR is defined as:

=
−

− −

CNR
x x

σ
S bkg

bkg (4)

Fig. 4. Reconstructed coronal images of the cylindrical phantom, i.e. in the x-y plane, at different uptakes for the 5mm. Source. Images were reconstructed using the
SAA method. The slice thickness of the reconstruction was set to 1mm.

Table 1
Image quality metrics for the simulated sources. Reported standard deviation
(SD) were calculated by means of error propagation.

TBR 5mm 10mm

IC(%) ± SD CNR ± SD CNR ± SD

10:1 32.4 ± 0.3 4.3 ± 0.7 7.3 ± 1.2
15:1 40.2 ± 0.6 5.6 ± 0.8
20:1 42.5 ± 0.3 6.1 ± 0.9
30:1 53.7 ± 0.3 10.2 ± 1.6

Fig. 5. Sensitivity curve as function of slant angle.

Fig. 6. Spatial resolutions (FWHM) of the reconstructed source as function of
the source-to-detector distance. Three spatial resolution bands are indicated:
the top one refers to depth resolution (along z) (a), the middle and the bottom
ones to x (b) and y (c) resolutions respectively. Error bars take into account the
pixel size of the reconstructed image.
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The contrast is the difference between the average grey scale of a
region of interest (ROI) in the disk (

−
xS) and that in an ROI in the

background (
−
xbkg), and the noise can be calculated from the background

ROI as well.
The IC due to a small structure of interest is the change in intensity

caused by that structure is defined as

=
−

− −

−IC
x x

x
S bkg

bkg (5)

where
−
xS is the average signal intensity in the ROI containing tumor,

−
xbkg is the average background intensity (in the vicinity of the structure
of interest), thus −

− −
x xS bkg is the change in intensity caused by the lesion

or region of interest. In this definition, the IC value theoretically ranges
between 0% and 100%.

The lesion’s ROI was defined as a circular ROI having a diameter
equal to the actual lesion diameter, whilst to get the average back-
ground counts an adjacent ROI was used.

2.4. Experimental equipment and setup

In order to test the VAPHC, the gamma camera GE Millennium (GE
Medical Systems-Americas: Milwaukee, WI, USA) was used. Any colli-
mator mounted on the gamma camera was disassembled and removed.
The decoy collimator (3-mm thick Plexiglas) supplied by the manu-
facturer was placed on the gamma camera to both provide a resting
base for the collimation system and to ensure the electrical connection
with the acquisition system. In this configuration, an air gap of ap-
proximately 12mm remains between the decoy collimator and the
scintillation crystal, thus the distance between the collimator top and
the crystal top is approximately 61mm. Both the collimator case and
the detector area not covered by the collimator were completely
shielded: the inside of the collimator case was shielded with lead slices
and an adequate lead shield was placed around the detector to prevent
the penetration of direct radiation from the source. Inadequate
shielding might cause unwanted detected counts as the detector area
not covered by the collimator would also be active. The VAPHC was
placed at the centre of the 36 cm×51 cm gamma camera head, thus all
image acquisitions were performed within the gamma camera central

Fig. 7. Reconstructed images of 57Co sources 2 cm apart displayed in the x-z plane (a) and profile plots of image intensities through the sources centers (b). Slice
planes are through the lesion centers at approximately 6 cm and 8 cm distance from the crystal.

Fig. 8. Reconstructed images, in the x-y plane, of the breast phantom with a
radioactivity background for different TBR ((a) 5:1, (b) 10:1, (c) 20:1, (d) 30:1).
Each image shows the plane at a distance of 79mm from the detector where
tumor T2 is focused.

Table 2
Image quality metrics for tumors T1 and T2 and different TBR values in the
focused x-y plane for GT and planar images. Reported standard deviation (SD)
were calculated by means of error propagation.

TBR T1 T2

IC(%) ± SD CNR ± SD IC(%) ± SD CNR ± SD

GT 5:1 21.8 ± 0.2 3.9 ± 0.3 24.1 ± 0.1 5.6 ± 0.4
10:1 24.2 ± 0.1 5.8 ± 0.4 28.1 ± 0.1 7.2 ± 0.5
20:1 28.3 ± 0.1 6.9 ± 0.5 34.7 ± 0.2 8.1 ± 0.8
30:1 34.9 ± 0.1 7.1 ± 0.6 42.5 ± 0.2 9.8 ± 1.2

Planar 10:1 17.2 ± 0.1 3.7 ± 0.3 18.3 ± 0.1 4.0 ± 0.3
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FOV.

2.4.1. Sensitivity and spatial resolution
A preliminary characterisation in terms of sensitivity was performed

using a 99mTc disk source containing approximately 2mCi of 99mTc
solution. Acquisitions were performed by tilting the collimation system
in step of 5°, with an acquisition time of 30 s per slant angle, an energy
window width of 20% centred at 140 keV and a matrix size of
512×512. The experimental points for the sensitivity curve were ob-
tained dividing the source counts registered in each projection image at
different angles by the source activity.

System spatial resolutions in planar (x-y plane) and depth direction
(along z) were measured using a 46 μCi 57Co (122 keV, 85% BR,
emission) point source (1.5 mm diameter). All acquisitions were per-
formed by tilting the collimation system in step of 5° and the acquisition
time was set at 5min for each planar projection image. The total
number of counts registered by the system was not fixed as they depend
on the slant angle, but an average of approximately 300 k counts was
achieved for each projection image. Using an energy window width of
20%, centred at 122 keV and a matrix size of 512×512, a count rate
between 300 and 500 counts per second was generated. The source was
placed at 0 cm, 1 cm, 2 cm and 3 cm from the collimator to study the
resolution capabilities of the system in detecting lesions placed at dif-
ferent depths inside the organ to be examined. For the source-to-colli-
mator distances of 1 and 2 cm, a relative shift of 2 cm between the
source and the collimator has to be provided, while when the source-to-
collimator distance becomes 3 cm the provided shift has to be 3 cm. In
this way, the source has never remained outside the collimator FOV at
all slant angles. In our case, for convenience, the source was moved
respect to the collimation system and not viceversa.

To better evaluate the resolution in the depth direction (along z
axis), two 57Co point sources were imaged gradually reducing the dis-
tance between them until the two sources cannot be separated in the
reconstructed image. Acquisition details include an energy window
width of 20% centred at 122 keV, a matrix size of 512× 512, a 5° ro-
tation step, an acquisition time of 5min for each planar projection
image and a relative shift of 2 cm between the sources and the colli-
mator.

2.4.2. Breast phantom
As the proposed system was designed to detect lesion smaller than

1 cm in superficial organs (i.e., with application in breast or cardiac
imaging), a breast phantom was realised. The breast phantom is
homemade plastic cylinder [22] (6.2 cm in diameter and 15 cm in
height) filled with tecnetiated water up to 4 cm in height to simulate the
breast compression thickness. The phantom contains one commercially
available fillable point marker source simulating a tumour lesion. The
marker source is a small clear plastic cylindrical receptacles, 2.54 cm in
diameter× 1.27 cm thick, with a spherical centred channel to contain
the radionuclide. Only the internal cavity of 4mm diameter can be
filled by 0.2 ml of the radionuclide, thus reproducing a lesion size
smaller than 1 cm. In order to simulate the activity in the breast ex-
pected in clinical scans, the outer cylinder was filled with 99mTc solu-
tion to obtain a TBR ranging from 5:1 to 30:1. For realizing the 10:1
TBR, the radioactivity concentrations were approximately 1 μCi/ml
(37 kBq/ml) and 100 nCi/ml (3.7 kBq/ml) for lesions and background
respectively, while for the other configurations the tumor’s activities
were scaled accordingly. The source was suspended inside the cylinder
at two different distances from the collimator (15mm and 35mm), as
shown in Fig. 3. From here, we will refer to T1 to denote the tumor

Fig. 9. Breast phantom (10:1 TBR) reconstructed images, in the x-y plane, where tumors are focused: GT images (SAA reconstruction) (a), planar images (b) and
circular orbit SPECT (OSEM reconstruction) (c).
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located at a greater distance from the collimator and to T2 to indicate
the other one.

In order to ensure a FOV large enough to cover the whole phantom
at all slant angles, a dynamic shift was implemented: the phantom was
shifted by 4 cm in the ranges [−45°, −25°] ∨ [+25°, +45°] and by
2 cm in the ranges [−20°, −5°] ∨ [+5°, +20°]. These phantom shifts
were provided for all slant angles other than zero. 19 projection data
with an acquisition time of 30 s per slant angle were acquired by tilting
the collimation system in step of 5° over 90° (i.e., in the range [−45°,
+45°]). Acquisition parameters included a 128× 128 projection ma-
trix (4.52mm pixel size) and 20% wide energy window. In the present
study, the acquired count density with the breast phantom was ap-
proximately 90 counts/cm2 for each planar projection image, resulting
in approximately 1700 counts/cm2 for 10min acquisition.

Contrast to Noise Ratio (CNR) and Image contrast (IC) were eval-
uated for both sources and different TBR. Circular ROIs were selected
within the lesions by setting ROIs diameter equal to the diameter at the

FWHM of the lesion signal, as determined from a signal profile through
the lesion center. This corresponded to ROI diameter of approximately
12mm. Background ROIs had the same diameter, and their center were
placed approximately 16mm from the center of the lesion.

GT imaging results of the breast phantom with TBR 10:1 were
compared to planar images of equal scan-time. Reconstructed GT
images were also compared to SPECT images of a source placed at the
center of the cylinder (TBR 10:1). Data were acquired using both heads
of the SPECT system and the associated parallel beam LEHR collimator
(hole length=35mm, hexagonal hole size= 1.5mm, septal thick-
ness= 0.2mm) with the cylinder axis perpendicular to the patient
table. Images were acquired using a 128×128 projection matrix, 32
angular views over 360° with an acquisition time of 20 s/view and a
Radius of Rotation (ROR) of 19 cm. Total acquisition time was ap-
proximately 10min; reconstruction was performed using the OSEM
iterative reconstruction (8 iterations, 8 subsets).

3. Results

3.1. Monte Carlo simulation results

The reconstructed images of the simulated phantom are reported in
the following. Fig. 4 shows the images of the reconstructed phantom
(150× 100mm2) in the x-y plane for the 5mm source at different TBR;
the 10mm source TBR is 10:1. Table 1 summarizes the results of the
simulation study for both tumors and different TBR values. As expected,
the images with higher TBR are superior in terms of both IC and CNR.

3.2. Sensitivity and spatial resolution

The sensitivity curve is shown in Fig. 5. The measured sensitivity
decreased from approximately 9 cps/μCi to 6 cps/μCi varying the slant

Fig. 10. Schematic representation of the VAPHC’s field-of-view.

Table 3
Evaluation of radiation leakage between the collimation
elements for different slant angles.

Slant angle Radiation leakage (%)

0° 0
5° 0
10° 17
15° 0
20° 1
25° 1
30° 22
35° 6
42° 7
45° 16

M. Longo, et al. Physica Medica 67 (2019) 155–165

162



angle from 5° to 45°. The experimental error associated are calculated
by means of error propagation considering a standard deviation on the
number of counts given by the Poisson statistics. Unlike the design that
uses the Moore approach, the collimator hole geometry is fixed here;
the theoretical sensitivity should be constant with slant angles for this
collimator design. However, the experimental sensitivity decreases for
angles higher than 25°; this phenomenon is compatible with the count
loss between the collimation modules.

Spatial resolutions are obtained as FWHMs of the 3D reconstructed
source profiles by using a Gaussian function within ImageJ (NIH,
Bethesda, MD, USA) curve fitting application. FWHM values are re-
ported in Fig. 6 along x, y, z directions for different source-to-detector
distance. Given the small source size compared to the measured FWHM
values, the source dimension was not deconvolved from the measured
FWHMs.

To better evaluate the imaging performance of the system in depth
direction (z axis), Fig. 7 shows the reconstructed images of 57Co sources
2 cm apart displayed in the x-z plane and the profile plots of image
intensities through the sources centers. These latter profiles demon-
strate that two point sources 2 cm apart can be separated in the re-
constructed image.

3.3. Breast phantom results

To quantitatively analyse the results of reconstructed breast
phantom images, tumors IC and CNR for different TBR are reported in
the following. For the sake of simplicity, the coronal reconstructed
images in T2 focused plane will be presented (Fig. 8), whilst the results
for tumor T1 will be reported in terms of imaging parameters only.

Table 2 summarises the IC and CNR resulted from GT and planar
imaging (TBR 10:1) for the experimental breast phantom tumors and
different TBR values. The results confirm the advantage of GT in this
regard for both tumors. GT CNR values for T2 are over visibility limit
for all studied TBR (Rose criterion) [22]. Increasing the uptakes, CNR
values become apart and, as expected, these values are higher for tumor
T2 which is closer to collimator than tumor T1.

Fig. 9 illustrates the GT breast phantom images (10:1 TBR) in the
focused x-y plane for tumors T1 and T2, the planar images and that
obtained with circular-orbit acquisition SPECT (the lesion was not de-
tectable). The cold circle visible in the SPECT images is the plastic
casing of the point marker source. The differences in visibility of the
point source plastic casing are due to the partial volume effects (PVEs).
The magnitude of these effects depends mainly on the size of the object
of interest in relation to the spatial resolution of the system, thus af-
fecting the results of VAPHC GT and planar imaging compared to
SPECT. The spatial resolution of SPECT system, which is limited by the

ROR, leads to a blurring of the reconstructed image. As a consequence,
activity from a source distribution will be spread out over a volume in
the reconstructed image; this results in a variation of apparent activity
concentration. Obviously, the impact of the PVE is more prominent
when small objects are of interest. Therefore, in SPECT imaging, PVEs
hinders the visibility of the 4-mm source that has a diameter less than
two-three times the FWHM of the imaging system. This does not happen
in GT and planar images with VAPHC where the higher spatial re-
solution due to the reduced object-to-detector distance limits the PVEs
increasing the small lesion visibility. Moreover, the difference between
VAPHC GT and SPECT images is even more marked due to the different
uniformity/reconstruction methods. The SPECT system has better
image uniformity compared to VAPCH system as well as the OSEM
reconstruction method is more refined than SAA algorithm used in GT.
These latter elements contribute to have differences in visibility of the
radioactive and non-radioactive distribution.

4. Discussion

The GT reconstruction results of simple objects demonstrated that
the system is able to correctly reconstruct the shape of a phantom and
to properly identify the depth position of two objects, i.e., the tumor
lesions, separately. The present study demonstrated that GT makes
possible to obtain a high imaging improvement compared to SPECT,
where the spatial resolution/sensitivity trade-off is always limited by
the ring size. The high spatial resolution achievable with the VAPHC
prototype demonstrates the system feasibility in the detection and lo-
calisation of sub-centimetre lesions. The proposed device represents a
possible solution for an imaging system aimed at small organs, for ex-
ample breast, head and thyroid or for detecting superficial lesions. The
system works in patient proximity to detect lesions placed at a distance
that varies from 0 to 8 cm from the surface of the examined object. The
VAPHC has the attractive feature of being composed by single colli-
mation modules. Differently from other proposed systems where plates
are sheared one above the others, this design allows to implement slant
angles higher than 30°.

The spatial resolution/sensitivity trade-off with the proposed ap-
proach can be compared with the design that uses the Moore metho-
dology. The VAPHC sensitivity remains constant with the slant angles,
as the hole geometry does not vary when the slant configuration is
created. Differently, the design that uses the Moore approach produces
a decrease in sensitivity with a cos3(θ) factor, because the effective
collimator hole diameter decreases and hole length increases. This be-
havior improves the collimator spatial resolution (by cos(θ) factor) in
the slant dimension at the expense of sensitivity. Using VAPHC, spatial
resolution in the slant dimension becomes worse (by 1/cos(θ) factor) as

Fig. 11. Planar projection images of 57Co point source at 0° (a) and 30° (b) where the radiation leakage is visible.
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the effective object dimension results magnified along the slant direc-
tion due to how gamma rays are backprojected along non zero angles.
The spatial resolution in the non-slant dimension is constant with both
approaches but the VAPHC, incorporating larger slant angles, allows to
improve reconstructed spatial resolution in the depth dimension. The
slant mechanism based on the Moore approach limits the collimator
slant angle within a range of± 25°; incorporating larger slant angles is
very difficult as the hole diameter should be adjusted to match the
registration of the plates. However, imaging a FOV over a higher range
of slant angles, as happens with VAPHC, expands the slant dimension
over which the detector must be positioned. This can be achieved either
by translating the detector laterally with slant angle or by using a larger
detector in the lateral dimension.

The reconstruction volume in the VAPHC working range [−45°;
+45°] can be defined from simple geometric considerations. The ef-
fective FOV over all slant angles is reduced in the slant dimension and
depends on the collimation length in the slant dimension. As re-
presented in Fig. 10(a), being the collimation length of 6 cm in the slant
dimension, for a shift of the collimation system of 2 cm and 45° slant
angle, the triangular FOV has 5 cm base and 2.5 cm height. Repeating
the same considerations, for a 2 cm shift and 30° slant angle, the tri-
angular FOV has 7.2 cm base and 6.2 cm height (Fig. 10(b)). For ima-
ging larger object sizes, the collimation length in the slant direction has
to be increased. This can be achieved increasing the number of colli-
mation elements or providing a relative shift between the collimation
system and the object. With the actual collimation length in the slant
dimension, that is limited to 6 cm, a relative shift between the colli-
mation system and the object has to be implemented. For example,
increasing the shift to 4.5 cm for the slant angle of 45° (Fig. 10(c)), the
triangular FOV increases the base to 10 cm and the height to 5 cm.

These considerations allow to demonstrate the concept of the so-
called adaptivity, which is the ability to adapt the acquisition de-
pending on clinical needs: varying the slant angles and translation
parameters allows to modify the FOV of the acquisition. Moreover,
depending on the position and size of the object of interest, the ac-
quisition system will adapt it by acting on different acquisition para-
meters, such as number of projections angles or acquisition time.
Differently from the conventional SPECT, the acquisition can be per-
formed by increasing the number of views focusing onto a particular
object with the aim to help the diagnosis.

Despite of these advantages, some system criticalities have to be
considered. On one hand, the collimator segmentation, even if neces-
sary, induces leakage of gammas between collimation modules causing
unwanted detected counts. Table 3 reports an evaluation of the per-
centage of leakage between the collimation modules for different slant
angles. Fig. 11 shows the comparison between planar projection images
of 57Co point source at 0° where radiation leakage is not present and at
30° where radiation leakage between adjacent collimation elements
causes unwanted detected counts. On the other hand, some planar
projection images could be affected by a count loss phenomenon cor-
responding to the area where the shielding action of the lead plates
between the collimation elements should attenuate the radiation
source. This latter effect could be limited by reducing the lead thickness
between each collimation element or using material different from lead,
i.e. gold or tungsten. The non-perfect shielding of the inner collimator
case sides could cause counting losses at the edges of the collimator.
This disadvantage could be solved introducing a mobile shielding
system inside the collimator case that follows the collimation elements
in their tilting movement, i.e. with two lead wings anchored to the
collimator, or increasing the collimation area with more collimation
modules. Moreover, spatial resolution results of VAPHC are worsened
by the presence of empty spaces between the collimation blocks and the
lower and upper sides of the collimator case. Despite the empty space
between the collimation blocks and the lower side of the collimator case
is required for allowing the modules to tilt and cannot be reduced, the
space above the collimation elements can be reduced optimizing the

mechanics that allows the rotation movement. At the same time, using a
dedicated gamma camera allows to reduce the space occupied by the
decoy collimator of the clinical gamma camera and the empty space
between the decoy and the top of the scintillation crystal.

Feasibility studies on the collimator showed that it is better to
realise a collimator with a single slant direction. Since the resolution in
the coronal plane is worse in the slant direction, a method for im-
proving lesions detection capability could be mounting the collimator
on a rotating support to perform a double acquisition, i.e., with x or y as
slant direction respectively. Moreover, to solve the problem of the worst
spatial resolution in depth direction, it could be possible to implement
an acquisition system with two heads supplied by the slant collimator,
in configuration 0–180° or 0–90°. In particular, in the latter config-
uration the depth direction for the 0° head would correspond to a
coronal direction for the 90° head, thereby further improving spatial
resolution results.

5. Conclusions

A novel collimation system based on variable tilt-angle parallel-hole
collimation modules has been tested to perform tomographic imaging
in nuclear medicine. The measures carried out and the employment
conditions offer a broad view of the potential of this new apparatus: it
demonstrated the potential for superior spatial resolution, IC and CNR
compared to planar and SPECT acquisitions. This could result in a
substantial improvement of diagnostic ability in particular for lesions
placed in the vicinity of the patient’s skin. Without using a detector
orbiting motion, the patient-to-detector distance can be minimised as
the device can be placed in contact with the organ to be examined. This
feature results in high spatial resolution and allows to image critical
regions. The VAPHC for GT could be mounted on a conventional
gamma camera dedicated to small organ imaging relatively in-
expensively and could be made available either as an accessory at the
time of scanner installation or as an optional add-on at a later date. This
system could represent a possible improvement in collimator design
and in image acquisition modality and could help clinicians in detecting
lesions at the bedside, where portable and simpler systems, as those
presented, may be adequate. All these characteristics could make the
device particularly useful in case of patients who are often unable or
unwilling to cooperate. Despite these advantages, in vivo applications
require further studies to be employed on both collimation design, ac-
quisition and reconstruction method. Our experience indicates that the
presented collimation system could represent in the near future an
important advance in developing devices dedicated to imaging of small
lesions, without the need to rotate the system around the patient’s body
but adapting the acquisition to clinical needs.
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