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ABSTRACT

Purpose: Mechanical calibration of camera plays an important role in nuclear imaging
to acquire a more qualified and quantized scintigram. The objective of this work was to
quantitatively evaluate planar resolution and sensitivity of a tilted Anger camera using a Monte
Carlo simulation.

Methods: For this purpose, spatial resolution and system sensitivity of a tilted-head, LEHR
collimated gamma-camera were evaluated using Monte Carlo simulation. To do so, tilt-angle
of camera’s head was considered to vary from -10 to 10 degrees from the baseline. The Monte
Carlo simulated data were validated by means of a comparison with experimental data. In
addition, the performance of the system was analyzed both in spatial and frequency domains.

Results: Spatial resolution, in terms of FWHM, for simulated and measured point-spread functions
(PSFs), at the rest-position has a value of 7.22 mm and 7.43 mm, respectively. The results also show

Keywords: that the spatial resolution monotonically increases as the absolute value of tilt angles increases,
Spatial Resolution. up to a degradation factor of 2.02 for a typical scintillation-camera. System sensitivity exhibits a
Image Quality; ’ constant behavior for all tilt-angles with a maximum statistical fluctuation of 2%.

Tilted-Head, Conclusion: While a head tilt has no effect on the sensitivity of the camera, it can result in a

Gamma-Camera,
Monte Carlo Simulation.

poor and spatially variable planar spatial resolution and contrast of the images provided by the
tilted-scanner.

overviewed GATE with four examples of its validation
against real data, including SPECT and PET systems,
in 2004 [4]. They evaluated spatial resolution, sensitiv-
ity, and some correction techniques. In 2009, Mikeli
and his co-workers also studied a gamma-camera using
GATE [5]. They worked on simulation of a collimator
with different hole diameters using a point-source study.
Peterson and Furenlid, in 2011, reviewed SPECT detec-
tors [6]. They discussed key performance properties of

1. Introduction

uclear medicine imaging plays an increas-
ingly pivotal role in biomedical research
[1]. SPECT will definitely maintain an
exclusive standing in clinical diagnosis,
assessment of response to treatment, and
delivery of targeted therapies [2].

Thus far, there are a number of studies evaluating per-
formance of scintillation-cameras using Monte Carlo
simulations [3-6]. Staelens et al. in 2003, modeled a
gamma-camera with Geant4 Application in Tomo-
graphic Emission (GATE) [3]. Assie and his colleagues

* Corresponding Author:
Alireza Kamali-Asl, PhD

SPECT cameras.

Alignment and geometrical calibration of the camera
(or head) are of great consideration to obtain a high
quality nuclear image [7]. In clinical routine, some
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mechanical malfunctions such as the instrumentation
fatigue, the earth summit, and perhaps any error in gear-
ing system of the camera can cause the loss of calibra-
tion. Subsequently, several effects tend to be appeared,
result in a tilt of the head from the baseline, yielding
a change in source-to-collimator distances (SCDs) for
different virtual points in the field-of-view (FOV) based
on their relative positions.

The collimator mainly determines spatial resolution
and sensitivity of the imaging systems [8]. However,
with conventional SPECT imaging, the SCD can highly
affect spatial resolution of the images, and is of great
importance. Increasing the SCD can lead to a loss in
spatial resolution and thereby degradation in the image
while has no effect on signal-to-noise ratio (SNR) of
the data [8]. In clinical nuclear medicine imaging, one
should make every effort to set the head(s) as close as
possible to the patient to improve spatial resolution of
the camera [9].

Both tomographic (3D) and planar resolution (2D)
of SPECT images may suffer from a tilted condition;
however, this work is focused on the 2D case. To the
best of the authors’ knowledge, there is no study inves-
tigating this effect on gamma-cameras. Therefore, the
principal aim of this study was to quantitatively analyze
the system resolution and sensitivity of a tilted-camera
in both spatial and frequency domains. In other words,
the goal was to address the following challenge "how
spatial resolution changes when if the head tilts from its
standard alignment?"

2. Materiels and Methods
2.1. The Scanner

In this study, a low-energy, high-resolution (LEHR)
parallel-hole collimated Symbia SPECT-CT system
(Siemens Medical Solutions, USA) was modeled
and also utilized [10]. This work is solely focused on
SPECT subsystem. Moreover, some specifications of
the subsystem are summarized in Table 1.

Table 1. Symbia SPECT subsystem specifications

Parameter Value

Intrinsic spatial resolution (mm) 3.9
Hole diameter (hexagonal-type)(mm) 1.11
Septal thickness (mm) 0.16
Hole length (mm) 24.05
Crystal thickness (mm) 9.525

2.2. Tilted-Camera Geometry

Rotation of the head around the baseline (i.e. the table
direction) is one the most frequent events as a result of
the camera’s out-of-calibration. Tilted-camera geometry
is illustrated in Figure 1. The three point-like sources, and
their locations (3= -20.4 cm, y= 0 c¢cm, and y=20.4 cm)
are also depicted. These point-source locations were de-
termined such that cover the entire axial FOV and also all
of them still remain in the FOV, for the maximum tilt. The
axial direction was assumed to lic on y-axis; #denotes the
tilt-angle about the camera’s baseline, and axial length of
the camera, L, was nearly 54 cm.

At the rest-position (i.e., tilt-angle = (), all sources
are located at a distance of 10 cm from the collimator's
face. Assuming that the head rotates 6 degrees about its
center, the left source sees a shorter SCD while the right
one senses a greater SCD. The middle sees also a lower
SCD for a tilt shown in Figure 1. Since the geometry is
symmetric, all mentioned events have been reversed for
negative tilt-angles. In clinical considerations, the tilt-
angle cannot exceed £10 degrees.

SNR of a scintigram is mostly determined by the system
sensitivity. Although a tilt of the head has a considerable
effect on spatial resolution, in theory such a tilt has no
effect on the sensitivity of the camera because the sensi-
tivity of parallel-hole collimators is always independent
of the SCD. This is true for all tilt-angles, provided that
flood source (used in the sensitivity calculations) com-
pletely remains in the FOV. It should be noted that posi-
tive tilt-angles refer to clockwise rotations.

L=54cm

Head

d=10 cm

Sources

Y-Axis

_
Figure 1. Geometry of a tilted-camera, along with three
point-source locations over the FOV for evaluating variation
of spatial resolution. Note that the head is rotated clockwise
(a positive tilt-angle).
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2.3. Simulation Study

There has been an enormous increase and interest in the use
of Monte Carlo techniques, in all aspects of nuclear imaging
including planar imaging [11]. Monte Carlo N-Particle ver-
sion 4C (MCNPA4C) was performed to assess camera’s per-
formance under various tilted-camera conditions. In order to
evaluate system resolution using MC simulation, intrinsic-
and energy-resolution of the Nal(Tl) crystal were also taken
into account for an accurate simulation.

MC simulations allowed us to investigate some tilted-
geometry conditions which are practically impossible
due to difficulties in implementing such conditions in
clinical practice, and the lack of options of the device
being investigated. In addition, to speed up the MC
simulations, a variance reduction technique, by ignoring
tracking of secondary electrons, was also implemented.

A »mTc-disk source (as a flood source) of 1 cm diam-
eter at a 10 cm distance from the collimator's face was
used for sensitivity calculation and was solely investi-
gated by MC simulation. A 20% energy-window cen-
tered at the photopeak was then applied to the all detect-
ed photons. For resolution and sensitivity evaluation, a
cutoff energy of 100 keV was set so that all photons
with lower energy than this threshold were terminated.
Having simulated the PSFs, the 2D scintigrams were
represented in a 128 x 256 image-matrix, and 2.1 mm
pixel-size, as for our experiments.

2.4. Experimental Study and Validation

The experiments were conducted with imaging pa-
rameters as in the MC simulation, using Symbia T2
SPECT-CT system (Siemens Medical Solutions, USA).
Three point-like sources were filled with 10 mCi Te-
99m as point sources, and were placed at three specific
different locations within the FOV, and the planar data
were acquired with a 300-second acquisition time. The
images were then provided in DICOM format (128 x
256 matrix-size, and pixel-size of 2.1 mm). Prior to

(@)

acquiring useful data, the system was calibrated in ge-
ometry, and position using a multiple-head registration
(MHR) phantom. The MHR phantom is a dedicated
Symbia SPECT-CT scanners phantom and consists of
a plane containing five point-like sources arranged on
the plane [12]. Also, the MC simulated results were
validated against the experiments for the rest-position.

2.5. Assessment Strategy

A degradation factor, ratio of FWHM of the broader PSF
to the narrower one in the same scintigram, was defined
as a key parameter in order to assess the tilt effect. In an
ideal case, such a factor is equal to unity. However, in a tilt-
ed-head condition, this quantity is greater than unity. This
quantity also shows how the spatial resolution is position-
dependent on the scintigram, i.e. a higher factor originates
from an image with more non-uniform spatial resolution.
By taking the Fourier transform of the PSFs, and deriving
radial modulation-transfer-functions (MTFs) [13], perfor-
mance of the tilted-scanner can be alternatively analyzed in
the Fourier domain. MTF is an important tool in the inter-
pretation of an imager because it simultaneously brings to-
gether spatial resolution and image contrast. In the frequen-
cy domain, one would expect that all MTFs coincide in the
case of rest-position, and diverge for the tilted-geometries.

In addition, the ratio of sensitivity of the tilted scan-
ner to the rest-position was used as a factor indicating
changes in the sensitivity of the imager for different tilt-
angles. In an ideal scanner, a ratio of unity over all tilt-
angles is expected.

3. Results

3.1. Spatial Resolution Analysis

Figures 2(a) and 2(b) show the MC simulated planar
image for three point sources as described in Section
2.2, along with their profiles through the arrow, respec-
tively, for the rest-position condition.

12
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Figure 2. (a) Simulated 2D PSFs for three point-sources; (b) Profiles of the PSFs through the arrow for the
rest-position condition, all profiles are normalized to unity.

November 2014, Volume 1, Number 4

267




| Alireza Kamali-Asl et al.1Image Quality in a Tilted Gamma-Camera November 2014, Volume 1, Number 4

Comparison of the MC data against the measured PSFs Two-dimensional MC simulated PSFs, and their pro-
are highlighted in Figure 3. The validation is only per- files through the arrow are shown in Figures 4(a) and
formed for the rest-position using three 10 mCi Tc-99m 4(b), respectively, for the maximum tilt case.
point-sources, and 300 seconds data-acquisition time.
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Figure 3. Comparison between MC simulated PSFs and measured PSFs provided by the Symbia T2 SPECT-
CT system, for the rest-position, all profiles are normalized to unity.
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Figure 4. (a) Simulated 2D PSFs for three point-sources; (b) Profiles of the PSFs through the arrow for the
maximum-tilt condition, all profiles are normalized to the central PSF.

Figure 5 gives the degradation factor over all tilt-an- tor increases and refers to spatial resolution degradation
gles. As absolute value of the tilt-angle increases, the fac- on the image.

Degradation Factor
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Figure 5. Degradation factor as function of tilt-angle, the degradation factor is defined as a ratio of FWHMs
of the broader PSF to the FWHM of narrower one in the same image.
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3.2. Spatial-Frequency Analysis

Radial MTFs for the rest and maximum-tilt conditions
are shown in Figures 6(a) and 6(b), respectively. The

Modulation Transfer Function (MTF). Tilt: 10°
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MTFs were calculated by taking the 2D Fourier trans-
form of the PSFs depicted in Figures 2 and 4.

Modulation Transfer Function (MTF). Tilt: 10°
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Figure 6. (a) MTFs of the scanner for the rest-position. (b) MTFs of the scanner for the maximum tilt, for three point-like sources.

3.3. System Sensitivity Analysis

System sensitivity was measured with a disk-source
of 1 cm diameter. Figure 7 shows relative simulated

system sensitivity across the tilt-angles. The sensitiv-
ity values are normalized to the value for the rest-
position.
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Figure 7. Sensitivity of the system as a function of tilt-angle, the values are normalized to sensitivity for the rest-position.

4. Discussion

In this study, we aimed to evaluate the performance
of a gamma-camera under a tilted-condition using an
MCNP Monte Carlo simulation by simulating PSFs of
three point-like sources at different axial locations, and
validating the results by means of comparison with the
experimental data.

According to Figure 3, there is a good agreement be-
tween the MC simulated and measured PSFs. However,
the measured PSFs are slightly noisier along with owing

longer tails (Figure 3). Image resolution is about 7.22
mm and 7.43 mm for simulated and measured PSFs, re-
spectively. As can be seen in Figure 4, the source closer
to the head, exhibits a narrower PSF along with a higher
amplitude. Moving the source toward the other side of the
head, results in a broader and lower-amplitude PSF. Fig-
ure 4, also manifests a spatially non-uniform resolution
across the FOV of the camera for a tilted condition. Spatial
resolution at left-side of the head reaches a value of 8.52
mm, and at the same time decreases to 4.22 mm at the op-
posite side of the head, for maximum tilt (tilt-angle of 10
degrees). Note that because of the symmetric condition, the
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results are only presented for positive tilt-angles (clock-
wise rotations) (Figures 4 and 6(b)). It can be concluded
from Figure 4 that such a head-tilt introduces translation of
the peak-positions of the PSFs from their original locations
on the projection image; this may also cause problems in
accurate localization of the signal during the tomographic
reconstructions as well.

Referring to Figure 5, the greater the tilt-angle, the higher
the FWHM variation in the edge of the FOV and thereby
the higher the non-uniformity of image resolution, demon-
strating a shift-variant scintillation camera. Monotonically
increasing the FWHM not only reveals degradation of im-
age resolution, but also introduces a position-dependent
spatial resolution, up to a degradation factor of 2.02 in the
image for the maximum tilt. As can be seen in Figure 5,
regardless of the direction of the head rotation, since the
geometry is symmetric, the same value of the factor would
be obtained for a corresponding negative tilt-angle. Spa-
tially varying image resolution is more crucial for a more
laterally-extended object (for example, whole-body scans)
and lower SCD data acquisition. In addition, as can be
understood from Figure 4, the contrast of the scintigrams
provided by this imaging modality tends to be position-de-
pendent across the image. In other words, a position (on the
image) with poorer spatial resolution (in terms of FWHM)
manifests a lower contrast as can also be seen in MTFs
from Figure 5, and vice versa.

As shown in Figure 6(a), in the case of rest-condition, all
PSFs are the same, and consequently, the same frequency
behaviors are manifested. For the maximum-tilt condition,
the PSFs tend to be different in both FWHM and intensity,
resulting in different MTFs. The broader PSF manifests
faster decaying behavior and therefore lower contrast at all
frequencies, as would be expected (Figure 6(b)).

As plotted in Figure 7, the sensitivity of the system
exhibits no significant change over all tilt-angles. Maxi-
mum difference of this parameter is about 2% because
of statistical fluctuations, since the efficiency of paral-
lel-hole collimators remains, in theory, constant as SCD
increases or decreases.

5. Conclusion

In cancer diagnostic, it is more usual to scan whole-body
of the patient being imaged, especially in bone scans.
Such scintigrams usually require large FOVs, and there-
fore a head-tilt can cause serious problems. Our findings
highlighted that a head tilt can introduce a non-uniform
degradation of spatial resolution as well as contrast in the
resulted images. As the point source moves away from
the center, the spatial resolution becomes increasingly
non-uniform.

In summary, a tilt of the head results in a spatially
non-uniform image resolution up to a degradation fac-
tor of 2.02. In other words, at a tilted-condition, the
gamma-camera imaging system becomes non-station-
ary. According to the results, the head tilt imposes no
significant effect on SNR of the image for parallel-hole
collimated gamma-cameras.

In this study, we limited our work to a 2D case. The future
works of this investigation will be to evaluate tomographic
(3D) spatial resolution at a tilted-condition and possible ef-
fects of iterative reconstruction algorithms on image qual-
ity using a dedicated Monte Carlo toolkit, for example,
GATE simulator, for a more accurate MC simulation.
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