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Experimental Validation of a Gamma Detector With
a Novel Light-Guide-PMT Geometry to

Reduce Dead Edge Effects
Beien Wang , Rob Kreuger, Jan Huizenga, Freek J. Beekman, and Marlies C. Goorden

Abstract—Photomultiplier tube (PMT)-based scintillation
cameras are predominant in molecular imaging but have the
drawback that position estimation is severely degraded near
the edges (dead edge effect). This leads to sensitivity losses and
can cause severe problems in applications like molecular breast
imaging and in certain SPECT devices. Using smaller light sen-
sors or semiconductor detectors can solve this issue but leads
to increased costs. Here we present a gamma detector based
on standard PMTs with a novel light-guide-PMT geometry that
strongly reduces dead edges. In our design, a monolithic NaI(Tl)
scintillator is read out by square PMTs placed in a staggered
arrangement. At the edge of the scintillator we inserted additional
light-guides to emulate half-size PMTs. Detector performance
was assessed for 99mTc imaging; an average spatial resolution
of 3.6 mm was measured over the whole detector, degrading to
4.0 mm within 30 mm to the critical edge. The dead edge of the
scintillator is <3 mm. Since a 12-mm seal was used, the overall
dead edge is <15 mm, which is a significant improvement over
conventional Anger cameras (∼40-mm dead edge). Therefore,
the presented geometry can be useful in creating economical
gamma detectors with reduced dead edges.

Index Terms—Anger camera, dead edge, gamma detector,
light-guide, molecular breast imaging, scintillator.

I. INTRODUCTION

GAMMA detectors used in nuclear medicine are
mostly based on NaI(Tl) scintillators read out by an

array of photomultiplier tubes (PMTs) that estimate the
gamma interaction positions using Anger logic [1]. These
gamma detectors, often referred to as Anger cameras, give sat-
isfactory position and energy resolution, have good detection
efficiency, and are relatively cost-effective. However, Anger
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cameras also have the drawback of poor spatial linearity and
resolution at the scintillator’s edges, which is often referred
to as the dead edge effect [2]–[4]. Although not being able to
use the whole scintillator surface always has the drawback
of sensitivity loss, it is accepted in most clinical whole-
body SPECT scanners in which the rotating Anger cameras
are large and not using the edges of the cameras does not
automatically lead to artefacts. In contrast, in some applica-
tions, dead edges as large as in conventional Anger cameras
(roughly 4 cm which corresponds to the radius of the PMTs)
are completely unacceptable. For example, in some dedicated
cardiac SPECT systems, multiple relatively small stationary
gamma camera modules are closely surrounding the chest in
order to increase count yield from the heart on which they
focus [5], [6], and large dead edges will result in large gaps
between active detector areas and thus compromised sampling
completeness. Additionally, in molecular breast imaging, in
which the detectors are put close to the chest wall [7], [8], the
use of conventional Anger cameras will result in being unable
to image breast tissue near the chest.

To improve spatial resolution and linearity near the edges,
current solutions mostly involve using small light sensors
(e.g., position-sensitive PMTs and silicon photomultipliers)
and/or scintillator pixelization [6], [9]–[20]. Semiconductor
gamma detectors which convert gamma energy directly into
electric signal are also an option to reduce dead edges
and these have already been applied in some applica-
tions [5], [21]–[25]. However, all these solutions come at
a significant increase in costs compared to Anger cameras read
out by conventional PMTs [26].

To find a cost-effective solution to the dead edge problem,
we conducted a simulation study [26], in which we investi-
gated several gamma detector designs based on a continuous
NaI(Tl) scintillator with absorptive painted edges (so-called
black edges), read out by square PMTs placed in different
geometries, all using a maximum likelihood (ML) algorithm
for position estimation [27]. Parameters in this simulation
study were chosen with a multipinhole molecular breast
tomosynthesis scanner (MP-MBT) in mind which we are
currently constructing. In this MP-MBT one edge of the
gamma camera (referred to as the critical edge throughout
this paper) has to be placed close to the patient’s chest
wall [26], [28], [29] and large dead edges as common in
Anger cameras are not acceptable at that edge. A spatial
resolution similar to that of Anger cameras is sufficient in
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Fig. 1. (a) 3-D conceptual drawing of the studied detector geometry. (b) Schematic of the scintillator’s and the light-guide’s dimensions and their edge
treatments.

our application as we employ pinhole magnification. From
the simulation study, we found that with PMTs placed in a
staggered arrangement, facilitated by an additional light-guide
[Fig. 1(a)], a satisfactory positioning accuracy over the detec-
tor surface could be obtained (average horizontal and vertical
spatial resolution 3.67 and 3.85 mm, respectively) while res-
olution loss near the edge was diminished (average horizontal
and vertical spatial resolution in region 30 mm from the crit-
ical edge: 3.82 and 4.14 mm). In this paper, we present an
experimental validation of this design using a prototype that
has been constructed in our laboratory.

II. METHODS

A. Gamma Detector Design

The gamma detector comprises a 250 × 150 × 9.5 mm3

NaI(Tl) scintillator (Scionix B.V.) attached to
a 325 × 195 × 13.3 mm3 glass light-guide [Fig. 1(b)],
and is read out by 15 Hamamatsu R6236 PMTs, each having
a 54 × 54 mm2 square sensitive area [30]. The entrance
surface of the scintillator is painted with a reflective coating
while the edges are absorptive [Figs. 1(b) and 2(d)]. The
scintillator and light-guide are sealed in an aluminium case
[the matt face in Fig. 2(a)] with a distance of about 12 mm
from the upper edge of the scintillator to the upper edge of
the aluminium case [see Fig. 2(b)], which is the minimum
distance the manufacturer can safely achieve to preserve
the hygroscopic NaI(Tl) crystal from humidity. The PMTs
are attached to the light-guide in a staggered arrangement
[Fig. 1(a)] and extend partly over the scintillator’s left, right,
and lower edges [26]. At the upper critical edge, three PMTs
are directly attached to the light-guide and two other PMTs
are attached via two 150-mm long additional light-guides
with 60 × 31 mm2 cross section. The additional light-guides
are fused quartz bricks, polished on all six surfaces, and
wrapped with white PTFE tapes. This special light-guide-
PMT geometry aims to imitate partly overextending PMTs at
the critical edge (where there is no physical space for truly
overextending PMTs), like at the other three edges. All of
the PMTs and additional light-guides are fixed in the detector

Fig. 2. Pictures of the gamma detector in various degrees of disassembly
to illustrate the components inside. The position of the critical edge in each
picture is marked by the red arrows. (a) Front face of the detector showing
scintillator and detector box. Note that this side is facing down in (b)–(d).
(b) Bottom view of the detector showing the placement of the PMTs. (c) Top
view of the detector showing the additional light-guides (white blocks) and
the two PMTs that are not directly placed on the light-guide attached to
the scintillator, but coupled to it via the additional light-guides in a stacked
structure. (d) Scintillator underneath the light-guide.

box with aluminium frames and pushed tightly against the
readout window of the light-guide [Fig. 2(c)]. Optical grease
(Scionix BC90/147) is applied at the interfaces to ensure
good optical coupling. A light-tight box, which is painted
black inside to reduce the influence of possible light leaks to
PMTs, is used to hold the detector. The high voltage applied
to the PMTs is 800 V.

B. Read-Out Scheme

Fig. 3 illustrates the read-out scheme. The signal from
each PMT is continuously sampled through a pulse shaping
circuit, which includes low pass filters and pole-zero cor-
rection by one of the ADC channels on a NI-5752 ADC
board (sampling frequency 50 MHz) mounted on a NI PXIe-
7961 field-programmable gate array (FPGA). The FPGA is
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Fig. 3. PMT signal acquisition and XYZ linear module controlled by the PC.

programmed in LabVIEW and stores the 15 PMTs’ ADC val-
ues in cyclic buffers with 1 k depth (20 μs). The ADC sample
stream from each channel is high-pass filtered to create a trig-
ger signal, and if any of the 15 trigger signals is above a preset
threshold (logic OR operation), an event will be triggered.
After a trigger, the 15 PMTs’ cyclic buffers are read, and
the sum of 90 samples following the trigger signal is consid-
ered to represent the PMT pulse integral, while 15 samples
preceding the trigger signal are used as a baseline reference.
The sum of the 90 samples subtracted by the baseline offset
determined by the 15 samples is calculated. During the event
processing, new triggers are not accepted. An event data struc-
ture contains the 15 integrals of PMT pulses corrected for their
own individual baselines, a timestamp, an event number, and
a trigger map (indicating which PMT triggered the event).
The events built on FPGA are transferred to a PC through
a DMA transceiver. On the PC, a LabVIEW program controls
the data acquisition process.

C. Position and Energy Estimation

The interaction position and energy for each event are both
estimated with Anger logic (centroid of gravity) and ML: the
result of the former is the start location of the search in the
latter. To improve Anger estimation, a threshold is applied to
each PMT output followed by a linearity correction [31].

The ML algorithm is implemented based on a Gaussian
model instead of a Poisson model, as the absolute number of
optical photons collected by PMTs is hard to measure [9], [27].
If the Gaussian mean and standard deviation of the output of
PMT m [μm(x, y, E) and σm(x, y, E), referred to as reference
PMT outputs] are known for gamma photons at all possi-
ble interaction location and energy combinations (x, y, E), one
can calculate the likelihood that an interaction resulted in the
measured PMT outputs. The interaction location and energy
combination (x̂, ŷ, Ê) estimated by the ML algorithm is the
one that maximizes this likelihood. Details of ML estimation
can be found in [9], [26], [27], and [32].

The detector was calibrated only with a 140-keV beam
source (see Section II-D) and the reference PMT outputs
for other energies were obtained by scaling the 140-keV

outputs (both μm and σm). The values of σm are scaled tak-
ing into account the detector intrinsic energy resolution of
∼5% [33], [34].

A combined estimation of the interaction location and
energy (x̂, ŷ, Ê), i.e., a full search in 3-D space, is compu-
tationally expensive. However, for single-isotope imaging the
interaction energy is only used to reject scattered events. As
this can also be done by likelihood thresholding [4], [27], we
also implemented an ML estimation of only the interaction
position (x, y) and then applied the likelihood threshold to
reject scatter.

The energy estimation in our Anger logic implementation is
done by comparing the light collection of the test event with
the reference mean light collection at the Anger estimated
position, normalized by 140 keV (using the same reference
PMT outputs from ML calibration). As a check, we also esti-
mated the interaction energy with the same Anger approach
in case we used likelihood thresholding for scatter rejection.

D. Calibration

Before assembling the 15 PMTs into the gamma camera,
their relative gains were first calibrated by measuring their
photopeak positions in the gamma ray detection spectra. This
relative gain is used in Anger logic position estimation, which
serves as a starting point of ML estimation. To this end, a small
piece of NaI crystal was mounted on top of each of the PMTs,
and two gamma sources, 57Co and 241Am, were placed near
the setup. Subsequently, the relative gain of each PMT was
measured for at least 48 h, and the average value after it settled
to a stable value was taken. Two additional gain measurements
were done to determine the attenuation of the scintillation light
within the two pieces of additional light-guides. After insert-
ing each of the two additional light-guides between the small
NaI crystal and a PMT, we compared the measured photo-
peak position to the measurement without the light-guide and
in this way we obtained the attenuation of light in the 150-mm
long quartz glass. This attenuation was later accounted for in
the PMT gains for the two PMTs behind the two additional
light-guides. The PMT gains were used in gain corrections in
all subsequent measurements.
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Fig. 4. Example of the criterion of setting trigger thresholds: interactions
at position A (above the sensitive area of PMT 10), should trigger PMT
10 but should not trigger other PMTs; interactions at position B (above the
gap between PMTs 10 and 7), should either trigger PMT 10 or 7 but should
not trigger other PMTs; and interactions at position C (above the interstitial
of PMTs 10, 7, and 5), should trigger PMTs 10, 7, or 5, but should not trigger
other PMTs. Based on these criteria, the trigger area for every PMT can be
drawn (dotted red line).

After the gain calibration, all PMTs and additional light-
guides were mounted onto the gamma detector. Subsequently
a trigger calibration and a position calibration were applied.
To this end, a beam collimator was used as is conven-
tional in gamma detector calibration with monolithic scintilla-
tors [4], [9], [14], [15], [27], [35], [36]. A disk with 50 MBq
99mTc inside was put in a lead-made beam collimator with
a Ø1.1 × 25 mm3 hole to obtain a perpendicular gamma pho-
ton beam on the detector. We obtained about 1000 counts per
second within the photopeak with this activity. The beam col-
limator was fixed on an XYZ linear module with 0.03-mm
positioning accuracy that could scan over the whole scintillator
area.

The trigger thresholds of the PMTs were set according to
the criterion that only the interactions close to a PMT could
possibly trigger this PMT. Details of the criterion are illus-
trated with the example in Fig. 4. With the chosen thresholds,
the trigger rate from the same beam should be more or less
constant irrespective of placement with respect to the PMTs.

After proper PMT trigger thresholds were set, the scintil-
lator was scanned by the collimated 140-keV photon beams
in a 5-mm pitch grid (4 s per position), while recording the
PMT outputs at each of these positions. The first and last
rows/columns of the scanned positions were 1 mm from the
nearest scintillator edges. This measurement was done to get
the reference PMT outputs used in ML estimation and Anger
linearity correction (see Section II-C).

Subsequently, scattered photons were removed from the cal-
ibration measurement with the following procedure consisting
of three steps.

Step 1: Filter out the events that were triggered by the
PMT(s) whose trigger area (see Fig. 4) did not include the
known calibration position.

Step 2: Filter out the events that are outside the photopeak in
the spectrum of the (sum of) triggered PMT output(s) [outside
the photopeak is defined as being outside twice its full-width-
at-half-maximum (FWHM)].

Step 3: Filter out the events that are outside the photopeak in
the spectrum of the sum of all PMT outputs. Fig. 5 illustrates
the effects of these three steps on the events measured at
position B in Fig. 4.

Fig. 5. Example of the effect of the three cleaning steps on the spectrum of
the sum of all PMT outputs. (a) Output spectra resulting from a calibration
beam at position B in Fig. 4 (same layout as the PMT layout). (b)–(d) Sum of
spectra of all PMTs at each step. (b) Before the cleaning procedure. (c) After
selecting the events triggered by PMTs 10 and 7. (d) After filtering out the
events outside the photopeak of the sum spectrum of PMTs 10 and 7. A pho-
topeak window is applied to (d) subsequently as step 3 to further remove
residual scattered events.

After the three-step “cleaning” procedure, the μm and σm

of each PMT signal over all “clean” events were calculated
for a given beam position, and this 5-mm interval calibra-
tion dataset of PMTs’ was then bi-cubically interpolated into
a 1-mm grid to be used in ML estimation. The clean calibra-
tion data is also used to calculate the mean light collection
map and light collection resolution map of the detector. Light
collection is determined by summing the mean output of all
PMTs, while light collection resolution is calculated by taking
the FWHM of the photopeak of the spectrum of the sum of
all PMT outputs and dividing it by its mean. We use the term
light collection to differentiate the direct sum signal (in ADC
units) from the estimated energy (in keV units). Similarly, light
collection resolution is obtained from the light collection spec-
trum, while energy resolution is obtained from the spectrum
of estimated energies.

The likelihood threshold map described in Section II-C
is also generated from the calibration data. From earlier
Monte Carlo simulations and [26], [27], we chose the thresh-
old to be 15% meaning that the threshold would reject the
15% least likely events in the clean dataset. Later, we also
tested other thresholds for comparison. An example likelihood
spectrum with the chosen threshold is shown in Fig. 6.

E. Test Data Measurement

Several test datasets were acquired to characterize the detec-
tor’s intrinsic spatial resolution, its spatial linearity, its energy
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Fig. 6. Likelihood spectrum of the clean events at position B in Fig. 4. The
15% likelihood threshold at this position occurs for a log-likelihood of −157.

resolution, and its uniformity. It is important to note that
the cleaning procedure in Section II-D was not applied to
test data as a priori knowledge when evaluating the cam-
era performance as with the test data we want to mimic the
realistic situation in which the origin of the gamma photon is
unknown.

The first measurement was a line spread function (LSF)
measurement. According to NEMA standard [37], the intrin-
sic spatial resolution and linearity are to be evaluated as the
profiles of LSFs, measured by masking the detector with
a lead plate with vertical/horizontal slots of 1-mm width and
a gamma source put far away in front of the detector. We
used our beam collimator and the XYZ linear module to imi-
tate such a measurement by sweeping the source in vertical
and horizontal lines along the detector face with a speed of
7.5 mm/s back-and-forth. The count density of the lines on
the detector was about 1500 counts/mm. The LSFs were put
at a 10-mm interval at the center of the detector and at a 6-mm
interval near the edges. We took multiple 1-mm wide profiles
perpendicular to every LSF and fit a Gaussian function to every
profile (default “trust-region” fit implemented in MATLAB).
From this fit, we calculated the FWHM resolution and differ-
ential linearity (averaged standard deviation of the fitted profile
centers of each line). The first and last lines were 3 mm from
the nearest scintillator edges. The sweeping method should
give equivalent result as the NEMA method, but is easier to
apply (we are not in the possession of slit masks) and more
flexible (different slit intervals can be tested).

The second test dataset came from a point spread func-
tion (PSF) measurement which was acquired in the same way
as the calibration dataset, except that a 10-mm pitch grid in
the center of the detector and a 6-mm pitch near the edges
was used. The first and last rows/columns of the PSF tested
positions were also 3 mm from the nearest scintillator edge.
This dataset was used to characterize the energy resolution of
the detector that can be obtained by different estimation algo-
rithms. The PSFs are easy to clean compared with LSFs, as
was described in the cleaning procedure in Section II-D, and
for this reason they were also used to analyze in-depth the
estimated PSFs from different algorithms, the scatter rejec-
tion capability with different methods, and the influence of
different thresholds in likelihood threshold ML.

The third measurement done was a uniformity measurement
which was performed, according to [37], by putting an uncol-
limated source of 13 MBq 99mTc in front of the detector 2 m

away and measuring for 50 min. Then the counts were resam-
pled in 5×5 mm2 superpixels and filtered by a nine-point
kernel ([1, 2, 1], [2, 4, 2,], [1, 2, 1]). The integral and differ-
ential uniformity were subsequently calculated over the whole
detector using the definition

uniformity = max − min

max + min
× 100% (1)

where max and min are the maximum and minimum super-
pixel values on the whole detector for integral uniformity, and
the local maxima and minima over five consecutive superpix-
els for differential uniformity. A separate uniform irradiation
measurement (7 MBq 99mTc for 100 min, 2 m from detector)
was done to obtain the correction map for calculating a cor-
rected uniformity (uncorrected flood image pixel-wise divided
by the correction map).

III. RESULTS

A. Maps From Calibration Data

From the calibration data, we obtained the light collec-
tion, light collection resolution and 15% likelihood threshold
maps over the detector surface (see Fig. 7). As explained in
Section II-D, these three maps are subsequently used in energy
estimation and scatter rejection. As the scintillator has black
edges, it can be expected that the light collection is not uniform
over the whole surface. This was indeed the case; compared
to the central part of the detector, the edges had about 60%
light collection while the corners collect about 40% as much
light. The horizontal asymmetry of Fig. 7(a) may be caused
by the reflector above the scintillator at the top-left corner
not being properly attached to the scintillator. Consequently,
the FWHM light collection resolution map was compara-
ble to that of a conventional large area white edge Anger
camera in the center (∼9%), yet poorer at the edges and
corners (∼15%). Here the light collection resolution is equiv-
alent to the optimal energy resolution of the detector as it is
from a clean dataset and free from possible inaccuracy from
position/energy estimation methods.

B. Position Estimation

For the measured vertical and horizontal LSFs, we used two
methods to estimate the interaction position and to reject scat-
ter events. The first method was to use ML to co-estimate
both interaction position and energy (called energy ML). In
this case the energy window was set to a width of twice the
FWHM of the light collection resolution [Fig. 7(b)]. The LSFs
estimated with this method are shown in Fig. 8(a), from which
interpolated spatial resolution maps [Fig. 8(b)] are calculated.
The second method used was the application of a likelihood
threshold to remove scatter events (called 15% likelihood ML).
The likelihood threshold is location-dependent and was shown
in Fig. 7(c). The LSFs estimated with this method are pro-
vided in Fig. 8(c), from which the spatial resolution maps of
Fig. 8(d) are calculated. Note that the LSFs near the edges
in Fig. 8(a) and (c) were differently spaced (6-mm intervals)
than in the center (10-mm intervals). It is clear that likelihood
thresholding gives better results than energy ML near the edges

Authorized licensed use limited to: TU Delft Library. Downloaded on September 28,2020 at 09:50:13 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: EXPERIMENTAL VALIDATION OF GAMMA DETECTOR WITH NOVEL LIGHT-GUIDE-PMT GEOMETRY 103

Fig. 7. From the calibration data, we acquired the (a) light collection map, (b) light collection resolution map, which is equivalent to the optimal energy
resolution, and (c) likelihood threshold map (here we show the 15% likelihood threshold).

in terms of average differential linearity (�̄diff) and average
spatial resolution (R̄i). For the last 30 mm from the scintil-
lator critical edge, the energy ML method gave an average
spatial resolution of 3.58 and 5.32 mm in horizontal and ver-
tical directions, respectively, while the likelihood thresholding
method gave 3.60- and 4.33-mm resolution.

C. Scatter Rejection

Intrinsic spatial resolution characterizes the FWHM of the
line profiles but does not tell how well scattered events are
removed (which would add background counts to the detec-
tor). Additionally, it is important to check that the algorithms
do not throw away true (i.e., nonscattered) events as this would
negatively impact the detector’s sensitivity. Therefore, to better
characterize these properties for the energy ML and 15% like-
lihood ML methods, we here checked these issues using the
PSF measurement and compared results with that of conven-
tional Anger logic, as this is the standard method and should
still work well in the center of our detector. For this com-
parison, the energy window in Anger estimation was set to
the same values as the energy window used in energy ML. In
Fig. 9(a)–(c), all estimated test PSFs are shown for energy
ML, 15% likelihood ML and Anger logic. The PSF within
the yellow box (which is 25 mm from the critical edge of
the scintillator) was subsequently projected onto the horizon-
tal axis and shown in Fig. 9(d)–(f) in semilog scale for the
same algorithms. These plots show that background counts
were present although these were not visible on the scale
of Fig. 9(a)–(c) and did not contribute to the FWHM spa-
tial resolution. However, such background counts may play
a role when reconstructing images from the projections and
an algorithm which is better able to reject them is generally
preferable. In this experiment, these background counts most
likely originated from background radiation and scatter in the
beam collimator plus its holder.

As is already clear from visual inspection of Fig. 9(d)–(f),
15% likelihood ML [Fig. 9(e)] resulted in more counts in
the background than the other two methods. A quantitative
comparison of the three methods’ average central PSF and
background count ratios is shown in Table I. Here the central
PSF and background count ratios are defined as the number of
counts inside or outside Ø10 mm of the irradiation position,

TABLE I
AVERAGE CENTRAL PSF AND BACKGROUND COUNT RATIO OF TEST

POSITIONS IN THE CENTER OF THE DETECTOR OR OVER THE WHOLE

DETECTOR FOR DIFFERENT ALGORITHMS

divided by all incoming photons. As a reference, we also show
these numbers for the same dataset but with scatter removed
by the cleaning procedure of Section II-D and with position
estimated with the ML algorithm without any event rejection
(called clean data ML).

In the centre of the detector where Anger logic was able to
obtain linear position estimation (at least 15 mm away from
the left and right edges, 25 mm from the upper and lower
edges), Anger logic, energy ML, and 15% likelihood ML lead
to similar central PSF count ratios as the clean dataset, thus
all methods have similar behavior for nonscattered events.
However, the background count ratios were different: the
cleaning procedure left only 1.1% background, while Anger
logic and energy ML left 7.7% and 9.3%, respectively, and
the 15% likelihood ML had a 16% background count ratio,
which was the highest among the three methods.

Over the whole detector, 15% likelihood threshold still leads
to similar central PSF count ratios as the clean dataset (34%
versus 35%, respectively), while the difference in background
count ratios between these two methods was still large (2.4%
versus 18%); energy ML had a reduced central PSF count ratio
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Fig. 8. LSF test dataset as measured by the gamma detector using different algorithms for position estimation. (a) Detector images obtained with an
(x, y, E) 3-D ML search, with (b) resulting interpolated spatial resolution maps. (c) Detector images obtained with likelihood thresholding (threshold set at
15% least likely calibration data) with (d) resulting calculated and interpolated spatial resolution maps. The averaged differential linearity �̄diff and intrinsic
spatial resolution R̄i are also provided. Note that the LSFs near the edges in (a) and (c) were differently spaced (6-mm intervals) than in the center (10-mm
intervals).The rectangular frame in all the images marks the edge of the scintillator.

over the whole detector (30%) because the position estimation
near the edges was quite poor. We also varied the likelihood
threshold to see if that is a proper way to reject more back-
ground counts. However, from Table I it can be seen that using
a higher threshold leads to rejection of more background only
at the expense of rejecting as many valid events (events near
irradiated position). To evaluate how the estimated energy from
energy ML correlates to the calculated likelihood from 15%
likelihood ML, we made a scatter plot for the events’ like-
lihoods and energies which is shown in the supplementary
material.

D. Energy Resolution

Fig. 9(g)–(i) showed the estimated energy resolution
obtained with the three methods. At the central region, all

three methods gave similar energy resolution of about 10%,
which, understandably, is poorer than the light collection res-
olution in Fig. 7(b), as this is the best achievable energy
resolution obtained from calibration data from which scatter
was removed. The linear region of Anger logic is limited to the
central part of the detector, so for Anger logic only the energy
resolution in the central part is shown. An unreasonable feature
in Fig. 9(h) is that the edges have even better energy resolution
than the central part. We checked the estimated energy spec-
tra near the edges and the 15% likelihood ML method tends
to estimate a test event at the position where the reference
light collection is similar to the test event’s light collection.
We, therefore, cannot use the energy estimation results near
the edges from the 15% likelihood ML to facilitate scatter
rejection.
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Fig. 9. (a) Test PSFs estimated with the energy ML method. (b) Test PSFs estimated with 15% likelihood ML. (c) Test PSFs estimated with Anger estimation;
the central linear region is up to about 25 mm to the edges. (d)–(f) Projections of the marked PSF in the yellow boxes in (a)–(c) in semilog scale. (g)–(i)
Spatial distribution of the energy resolution from (a)–(c). In (i), only the energy resolution in the central part of the detector is calculated as the position
estimation is completely distorted at the edges.

E. Uniformity

As was shown in Sections III-B and III-C, energy ML did
not give an equally accurate position estimation near the criti-
cal edge as 15% likelihood ML and it was also slow, therefore
15% likelihood ML is the preferred method for our MP-MBT
application. For this reason, we only applied the 15% likeli-
hood threshold algorithm to the uniformity measurement data.
Fig. 10(a) shows the flood image obtained in this way. Piled-
up counts can be observed at the edges and distortions occur
at the corners. The source of the pile-ups are discussed in
Section IV. With the approach described in Section II-E, in the
central region, defined as the detector area more than 5 mm
away from any edge, we calculated the integral uniformity of
the detector to be 12% and the maximum differential unifor-
mities to be 8% and 7% in horizontal and vertical direction,
respectively, without any uniformity correction. After unifor-
mity correction [shown in Fig. 10(b)], in the same region the
integral uniformity was 1.7% while the maximum differential
uniformities were 1.2% and 1.3% in horizontal and vertical
directions.

IV. DISCUSSION

From the measurement results shown in Fig. 8, it can be
inferred that the proposed detector using ML position esti-
mation with likelihood thresholding gives an intrinsic spatial
resolution comparable to that of conventional Anger cam-
eras in the centre (about 3.5-mm resolution). Near the critical
edge, the vertical resolution is somewhat degraded (4.3 mm

Fig. 10. Flood image measured with a 13 MBq 99mTc source placed about
2 m in front of the detector for 50 min (a) without any uniformity correction,
and (b) after uniformity correction. Pixel size shown is 1 mm2. The rectangular
frame marks the edge of the scintillator.

on average in the last 30 mm from edge), but this region
is completely useless in conventional Anger cameras. Energy
ML gives much poorer spatial resolution near the scintillator’s
edges and is slower than the 15% likelihood threshold method.
Therefore, energy ML seems not to be the most suitable algo-
rithm for this detector. The test positions are up to 3 mm to
the scintillator edges while the calibration positions are up to
1 mm to the scintillator edges. Considering the good spatial
linearity and uniformity near the critical edge with 15% like-
lihood ML, it is fair to say that the dead edges are less than
3 mm from the scintillator edge. Including the 12-mm sealing
required to preserve the enclosing hygroscopic NaI(Tl) crys-
tal, the overall dead edge of the detector is thus less than
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15 mm. This is much better than the 4-cm dead edge for
conventional gamma cameras, and should be sufficient to real-
ize the proposed and simulated MP-MBT for which we already
performed simulations with 15-mm dead edge gamma camera
and found results very similar to those in [28] and [29]. If, in
the future, the sealing material over the critical edge could be
reduced while the NaI(Tl) is still well protected, the scintil-
lator could be positioned closer to the critical edge and the
overall critical edge could be even reduced.

Ideally, to evaluate the effect of the two additional light
guides one would like to experimentally compare differ-
ent gamma camera geometries. Unfortunately, this is not
possible due to practical constraints (rearranging the PMTs
in the current detector may lead to damage). However, in
an earlier study we have simulated a gamma detector of
similar dimension as the assembled one but with different
PMT arrangements [26], including the current one and an
arrangement without additional light-guides. The experimental
detector compares well to the simulation results in terms of
spatial resolution. Especially, the similarity in how resolution
varies over the detector area is striking; the best resolution is
obtained in the interstitials between PMTs, a poorer resolution
is achieved above the centers of PMTs, and the poorest reso-
lution is above the centre of the edge PMTs. Based on these
similarities with simulations, we believe that for a detector
without additional light guides the last 30-mm critical edge
would have spatial resolution similar to that above PMT 13
(see Fig. 4) in the assembled detector which is among the
poorest areas of the detector. This would seriously hamper
our MP-MBT scanner’s performance.

Additionally, we would like to point out that a design with
additional light guides along the full critical edge was also
simulated [26]. While such a design is beneficial for resolution
near the critical edge, the downside is a much poorer spatial
resolution along the opposite edge. Therefore, we chose to
build the current staggered design. Some simulation results
are presented in the supplementary material for better insight.

From Table I, the 15% likelihood threshold seems to be
a proper choice as the number of accepted counts in the
PSF is comparable to that of Anger logic, indicating that
valid events are accepted. The background found in the test
data [as shown in Fig. 9(e)] is hard to get rid of by adjust-
ing the likelihood threshold, as is evident from the numbers
in Table I. This background also exists for energy ML and
Anger position estimation [Fig. 9(d) and (f)], but its magni-
tude is about 40% smaller for these methods than for 15%
likelihood ML. Similarly, we checked that in the LSF mea-
surements, the background counts (counts within 5 mm from
the scanned lines) also have about 40% smaller magnitude for
energy ML than for 15% likelihood ML (in the centre of the
detector). This means that energy windowing is still better at
scatter rejection than likelihood thresholding, and this could
be a reason to use energy windowing in the central region
of the detector and use likelihood thresholding only near the
edges. Whether this background will be a big issue or not has
to be checked in a real scanner where scattered photons from
the torso are present and need to be rejected.

The flood image in Fig. 10(a) contains quite obvious pile-up
counts at the edges. These pile-ups are partly due to the ML

algorithm, which tends to give a certain amount of pile-ups at
the end of its search grid. In Figs. 8(e) and (g) and 9(b), there
are indeed some observable pile-ups in the last pixels near
the edges of the scintillator, though the effect is very small.
The main source of the pile-ups is probably the presence of
the aluminium case of the scintillator. As was mentioned in
Section II-A, the scintillator is placed in an aluminium case
with a thickness of 12 mm at the critical edge and 4 mm
to other edges. The critical edge requires more sealing space
as the light-guide does not extend over the scintillator’s edge
very much, while at the other three edges, the light-guide
edges extend about 30 mm over the scintillator’s edge. As
the cross section for scatter of 140-keV gamma photons in
aluminium is large, extra scatter events will take place near
the critical edge. It should be kept in mind that when using
the camera, the aluminium sides of the detector should be
shielded.

In SPECT imaging, scatter rejection with simply one photo-
peak window is not always sufficient. A triple energy window
scatter correction is often applied [38], [39]. With the ML
likelihood thresholding method, the counts in the side energy
windows are mostly rejected and thus we can no longer imple-
ment a triple energy window correction. One may think of
using three reference PMT output sets plus three likelihood
threshold sets for three energy windows (photopeak and two
side energies) respectively, in order to obtain projection images
of the three energy windows, and then apply a triple energy
window scatter correction. The reference PMT outputs for the
140-keV photopeak are directly calculated from the calibra-
tion measurement, and to get the reference PMT outputs in
the two side energy windows, we may scale the calibration
measurement to the side window energies, and then follow
the process in Section II-D. This idea will be tested in the
future with phantom scans.

The current detector is designed and build to be applied
in a MP-MBT system in which there is one critical edge.
However, the proposed additional light-guide design can in
principle be extended to all edges of the detector if required, so
that it can meet the requirements of dedicated cardiac SPECT
scanners, or any other applications in which minimizing dead
edges is important.

V. CONCLUSION

In conclusion, we have presented and experimentally eval-
uated a black-edge gamma detector with staggered PMT
arrangement in combination with ML position estimation.
We found that the detector has the ability to also estimate
events near the scintillator’s edges; the detector dead edge
including the 12-mm sealing case is less than 15 mm. The
detector, therefore, is a good and cost-effective solution when
conventional cameras with roughly 4-cm dead edges are not
acceptable.
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