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Abstract

Purpose Thallous (*°'TI) chloride is a single-photon emis-
sion computed tomography (SPECT) tracer mainly used for
assessing perfusion and viability of myocardial tissue. 2°' Tl
emits X-rays around 72 keV and gammas at 167 keV, and
has a half-life of 73 h. Regulations allow an intrinsic
contamination up to 3—5%, which is mainly caused by 2°°TI
(368 keV; 26 h) and by °*T1 (439 keV; 12.2 days). Contra-
intuitive to the low-level percentages in which these
contaminants are present, their impact may be significant
because of much higher gamma camera sensitivity for these
high-energy photon emissions. Therefore, we investigate
the effects of the contaminants in terms of detected
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fractions of photons in projections and contrast degradation
in reconstructed images.

Methods Acquisitions of a digital thorax phantom filled
with thallous (*°'TI) chloride were simulated with a
validated Monte Carlo tool, thereby, modelling 1% of
contamination by 2°°Tl and 2°Tl each. In addition,
measurements of a thorax phantom on a dual-headed
gamma camera were performed. The product used was
contaminated by 0.17% of 2°°TI and 0.24% of *“°TI at
activity reference time (ART). This ART is specified by the
manufacturer, thereby, accounting for the difference in half-
lives of 2°'TI and its contaminants. These measurements
were repeated at different dates associated with various
contamination levels.

Results Simulations showed that, with 1% of 2°°Tl and
20271, the total contamination in the 72 keV window can
rise up to one out of three detected photons. For the
167keV window, the contamination is even more pro-
nounced: more than four out of five detections in this
photopeak window originate from contaminants. Measure-
ments indicate that cold lesion contrast in myocardial
perfusion SPECT imaging is at maximum close to ART.
In addition to a higher noise level, relative contrast
decreases 15% 2 days early to ART, which is explained
by an increase in 2°°TI contamination. After ART, contrast
decreased by 16% when the *°*TI contamination increased
to the maximal allowed limit.

Conclusions Contra-intuitive to the low-level percentages
in which they are typically present, penetration and down-
scatter of high-energy photons from 2°°Tl and 2°°TI
significantly contribute to thallous (*°'T1) chloride images,
thereby, reducing contrast and adding noise. These findings
may prompt for improved production methods, for updated
policies with regard to timing of usage, and they also render
the usefulness of adding the high photopeak window (167
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keV) questionable. A window-based correction method for
this contamination is advisable.

Keywords Myocardial perfusion - Septal penetration -
Impurities - Monte Carlo - Thallium

Introduction

Thallous (*°'Tl) chloride is amongst the most commonly
used perfusion agents for myocardial perfusion SPECT
(MPS with SPECT: single-photon emission computed
tomography) imaging [1]. Unlike several °*™Tc-based
perfusion agents, the unique redistribution property has
made thallous (*°'TI) chloride SPECT a consistently
effective modality for identifying myocardial viability and
guiding appropriate patient management. Despite the
ongoing debate whether *°™Tc-labelled perfusion agents
should or could replace thallous (*°'TI) chloride for MPS,
60% of the MPS studies performed yearly in the USA in
the late 1990s used thallous (*°'TI) chloride [2]. A similar
scale of thallous (*°'T1) chloride usage was also found by a
more recent survey in the UK [3]. Therefore, improving the
image quality for thallous (*°'TI) chloride MPS remains
clinically important.

Thallous (*°'Tl) chloride is cyclotron produced and
typically contains, next to 2°'Tl, contaminations by 2°°Tl,
20271 and, to a much lower extent, 2>>Pb (cf. Table 1). These
contaminations are inherent to the production process that is
based on indirect nuclear reactions on natural and enriched
thallium such as 2°**°°Tl(p,3n/5n) — 21" * &pp— 201T]
[4]. The level of contaminations are dictated by several
factors: (1) the occurring nuclear reactions (***Tl(p,2n) —
202mpy_, 20271 or 203T)(p,4n) — 2°Pb— 2°TI), (2) the
enrichment of the irradiated target (typically > 90% 2°°TI,
rest 2°°T1), (3) the incident projectile energy (higher energy
causes more “°°Tl, lower energy causes more 2**TI), (4) the
energy loss in the target, (5) the radiochemical separation
process (repeated separations causes relatively more 2°°T1
and less 2°’Tl) and, finally, (6) the irradiation, cooling,
storage and waiting times (short waiting time after first
separation causes more 2°Tl, whereas waiting long causes

Table 1 Constituents of thallous (2°]Tl) chloride

Isotope Main emission Branching Half-life (h)
peak(s) (keV) ratio (%)

| X-rays around 70 73 73
Gammas at 167 10

2007] 368 87 26

2027 439 91 294

205pp 279 81 52

more 2°°TI). The level of contaminations can be determined
both accurately and fast using gamma-spectrometry [5].
These contamination levels can be reduced by using a
production based on a direct nuclear reaction such as
2%Hg (p,2n) on an enriched *“*Hg target [5]. It is, however,
evident that producing thallous (*°'TI) chloride with higher
radionuclide purity would sharply decrease the production
yield, increasing the unit cost of the radiopharmaceutical
compound.

The aforementioned contamination levels are regulated
according to the US Pharmacopoeia [6] stating that not less
than 95% of the total activity should be present as 2°' Tl and
not more than 2.0% of 2°°T1, 0.3% of ***Pb and 2.7% of
2027 is allowed. The European and British Pharmacopoeia
are more strict [7, 8] stating that not less than 97% of the
total activity should be present as 2°' Tl and that no more
than 2.0% of 2°*Tl is allowed. On average, the production
batches of the main manufacturers maintain a safe margin
as their internal requirements are often more restrictive.

As shown in Fig. 1, the different decay constants
(Fig. 1a) cause the impurity contamination percentages to
vary significantly over time (Fig. 1b). It is, therefore,
necessary to allow sufficient time to elapse between
preparation of thallous (*°'T1) chloride and its use, to
permit the level of °°Tl to decay to an acceptable level. On
the other hand, the presence of °*TI causes the material to
be less suitable for use several days after the activity
reference date (ART). This ART is calculated during the
production process as the envisaged moment of usage,
thereby, accounting for the differences in half-lives of 2°°Tl,
20171, 29271 and 2“Pb when specifying the impurity level.
Figure 2 shows the measured energy spectrum of a thallous
(*°'T1) chloride solution with 2.7% 2°*TI contamination
(US limit) as acquired on a dual-headed gamma camera
with low-energy high-resolution (LEHR) collimators. Nor-
mally, in clinical practice, only the range from 0 to 200 keV
is shown, but the reason of the bias is more obvious when
the energy scale is extended as illustrated here by Fig. 2.

The impact of these contaminants has already been
demonstrated in dosimetry where they can make up to 20%
of the total dose in certain organs [9]. The total dose
increase for a 2% contamination by 2°*Tl is already 11%
[10]. Also, a long-term retention and excretion after
myocardial perfusion imaging was concluded because of
these contaminants [11]. Recently, Stabin and Brill [12]
emphasised that underestimating these contaminants could
have influenced thallium dosimetry publications for the past
two decades.

Because of the fact that the gamma camera sensitivity for
the high-energy photons of these contaminants is two
orders of magnitude larger as for the two photopeaks of
interest, the impact of the contaminants may also be
significant for imaging, contra-intuitive to the low-level
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Fig. 1 a Radioactive decay rates of 2°' Tl and its main contaminants
and b time evolution of °' Tl contamination level with 1% of 2°°TI
(-----) and 1% of 20271 (-+--+) initial contamination at activity reference
time (ART). The total contamination (—) has a minimum because of
the differences in half-lives of the contaminants

percentages in which they are present. Accordingly, the
main goal of this paper is to evaluate the particular impact
of contaminants on thallous (*°'T1) chloride gamma camera
imaging in nuclear medicine. Early analysis of this
phenomenon [13, 14] was hampered, as it is very difficult
to measure the separate contributions from the different
isotopes simultaneously. However, since 3—5 years general
purpose Monte Carlo simulators [15—17], originating from
high energy physics research, are made suitable for SPECT
and are validated with measurements. This manuscript
reports for the first time on the usage of such a simulator to
quantify the impact of the aforementioned contaminations
in MPS imaging. In addition to these simulations, we
performed thorax phantom measurements at different
thallous (*°'T1) chloride shelf lives associated with various
contamination levels.

@ Springer

Materials and methods

In this section, we first report on the study performed to
validate the Monte Carlo simulator at hand for the task of
201T] imaging. Next, the simulations that predict the impact
of the contaminants are described. Also, several parameters,
such as collimator type and patient size, are elucidated
using Monte Carlo simulations. Finally, the thorax phantom
measurements performed to determine the contrast deteri-
oration are depicted.

Validation of Monte Carlo simulator

The simulator at hand, GATE (Geant4 Application for
Tomographic Emission), was designed as a higher level
interface for the geometry and tracking (Geant4) nuclear
physics code and was adapted for use in nuclear medicine
[18]. GATE has been validated extensively by measure-
ments with various isotopes and collimators [19-21].
Additionally for this study, simulations were performed
wherein the parameters mimicked the measurements de-
scribed hereafter, thereby, including all detector parts as
well as the phantom table. The collimator was realistically
modelled, and simulations included X-ray tracks down to
20 keV.

A measurement of a line source (1 mm radius and 1 cm
height) filled with 1 mCi of Tl was performed on a Philips
MCD camera mounted with VXHR collimators. The latter
collimators have a 2.03-mm hexagonal hole size with

kCounts
104

0- keV

0 90 180 270 360 450
Fig. 2 Measured gamma camera spectrum of a thorax phantom
acquired on high-resolution collimators and filled with *°'T1 contam-
inated with 3% 2°°T1 and no 2°°TI (US limit). Note that this spectrum
is plotted versus an energy scale that is extended beyond the clinical
settings (0-200 keV) to better illustrate the origin of the bias under the
20171 photopeaks of interest
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54-mm hole length and a septal thickness of 0.152 mm.
The activity contamination of the thallous (*°'TI)
chloride source was determined in the production plant of
the manufacturer using a high accuracy spectral analyser
and was determined to be 1.9 kBq *°°TI and 2.25 kBq ***TI
per MBq °'Tl at ART. The energy spectrum in air was
acquired at ART on the gamma camera according to the
NEMA-2001 protocol. The translation from channel num-
ber to energy was calibrated using three different isotopes
(***Gd, *’Co and °’™Tc). Furthermore, the line spread
function (LSF) in air at a 15-cm distance from the
collimator was measured for a continuous 600 s, and 20%
photopeak windows were set around 72 and 167 keV. The
LSF is acquired on a 128x128 grid (4.72x4.72 mm) and
normalised to its maximum.

Simulations of a digital thorax phantom

To predict the potential impact of contaminations, a
projection of a digital thorax phantom [22] was simulated
with GATE. An acquisition of a realistic 4 mCi activity
distribution was simulated for 25 s with a model of the
Philips Forte system using LEHR collimators (1.4-mm
hexagonal hole size, 32.8-mm hole length, 0.152-mm septal
thickness). Contamination levels were set to 1% of 2°°Tl

Fig. 3 Methodology: a Source
positions of all detections in a
simulated frontal projection;
illustration of the delineation for
the central zone and the myo-
cardial envelope; b illustration
of the two solid defect on an
example reconstructed vertical
long axis view; ¢ generation of
circumferential planes—
illustration of the spherically
sampled apex and cylindrically
sampled myocardial wall, and c
the corresponding sampling
angles on a typical Bull’s-eye
image; d delineation of the
defect and reference regions on
a circumferential plane

and 2°°Tl and 0.25% 2%Pb at ART. The lateral and
anterior—posterior dimensions of the attenuation map were
42 by 28 cm, and the center of the phantom was positioned
at 28 cm from the collimator. The activity concentration
ratio of myocardium to liver to background to lungs was set
to 100:69:9:3, and the emission map was voxelised in a
64x64x64 grid (6.34x6.34 mm). The detector active area
was 50.8x38.1 mm and was binned on a 128x128 grid
(4.72x4.72 mm). Two 20% photopeak windows were
defined at 72 and 167 keV. The detected level of
contamination was evaluated in three different regions as
shown in Fig. 3a: firstly, a central zone of 2x2 pixels;
secondly, an envelope for the myocardium of 1212 pixels
delineated on the frontal projection and, thirdly, the full
active detector area. The aforementioned simulation study
at ART was repeated for a virtual start time of 3 days after
ART, being half of the thallous (*°'T1) chloride shelf-life.

Additionally, the influence of several parameters is
investigated. The simulated acquisitions are repeated for
low-energy general purpose (LEGP) collimators, which
have a 1.4-mm hexagonal hole size, 24.7-mm hole length
and 0.180-mm septal thickness. Also, the influence of
patient size is investigated by increasing the lateral and
anterior—posterior dimensions of the attenuation map to 46
by 32 cm.

» HOT LIVER
MYOCARDIAL
ENVELOPE
CENTRAL INFERIOR LESION
ZONE
ANTERIOR LESION
Apex
Lateral|  Inferior ‘ Septal | Anterior|Lateral
o° a0° 180° 270° 360°
b
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All simulations were performed on a cluster based on
openMosix and consisting of 38 nodes with 17 dual XEON
2.4 Ghz processors and 21 dual XEON 2.8 Ghz processors,
each with 2 GB memory.

Measurements

Because it is very difficult at production level to vary the
contamination for individual batches, we performed repet-
itive measurements on clinically available thallous (*°'TI)
chloride at different days to obtain a range of realistic
contamination levels. The latter are listed in Table 2,
whereas the level of **>Pb was too low to be measurable.
The acquisition schedule started from 2 days before ART, at
ART, 4 days after ART (half shelf-life), 7 days past ART
(end of shelf-life) and up to 15 days after ART (where the
2027T] contamination reaches the US limit).

In these measurements, the thallous (*°'T1) chloride was
distributed in a large anthropomorphic thorax (model ECT/
TOR/P, Data Spectrum Corp., Hillsborough, NC, USA).
The lateral and anterior—posterior sizes of the large
phantom were 38 and 26 cm, respectively. The phantom
configuration comprised a cardiac insert (model ECT/CAR/
I) representing the left ventricle, two lung inserts, a liver
insert, and a spine insert. Two solid defects (2 ml each) with
zero activity were placed in the anterior and inferior walls
of the cardiac insert as illustrated on Fig. 3b for an example
reconstructed vertical long axis view. The relative activity
concentration ratio myocardium/liver/lungs/background
was 43:19:1:2, which reflects the distributions encountered
in clinical 2°'TI studies [23, 24]. Absolute activities in the
myocardium were based on 3% uptake for 4 mCi *°'TI,
multiplied by a factor 10 to enable measurements at limit
contaminations (15 days after ART) in less than 36 h (32x
3319 s) of uninterrupted scanner availability.

Data was acquired in a 180° study on a dual-headed
Forte scanner equipped with LEHR collimators (see
“Simulations of a digital thorax phantom”). Emission data
was acquired on a 128% 128 matrix (with a pixel size of
4.664 mm) for the 72+10% and 167+10% photopeak
window in 64 projection views. The acquisition times are
adapted to the decay rate to represent equal activity (cf.

Table 2 Range of experimental contamination levels

Acquisition date  2°°TI (%) 2°*T1 (%) Total (%) Seconds/angle
2 days early 0.39 0.17 0.56 60

ART 0.17 0,24 0.41 94

Half shelf-life 0.03 0.49 0.52 238

End of shelf-life  0.01 0.82 0.83 467

US limit 0.00 2.78 2.78 3319

@ Springer

Table 2). Projections representing the data acquired in both
photopeak windows, as well as in each window separately,
are stored for further reference. Attenuation correction was
performed by using two scanning line sources containing
133Gd that acquired transmission data in a moving
electronic mask for the 100 keV+10% energy window
during 199 s for the reference scan and during 40 s for each
of the 64 projection views. The latter were corrected
for downscatter of 167 keV photons using an overlapping
100 keV+10% energy window outside the electronic
moving window [25].

The emission data respectively acquired in the low-
energy photopeak and in the two photopeaks, simulta-
neously, were both reconstructed by ten OSEM iterations of
eight subsets, thereby, applying attenuation correction and
decay correction. No resolution recovery nor scatter
correction was applied. Butterworth filtering (order 5;
cutoff, 0.65) was performed as implemented by the scanner
manufacturer: on the projections before reconstruction, on
the forward projected data and before back-projecting
during each iteration. Because of the large amount of noise,
the high energy photopeak was reconstructed separately by
20 MLEM iterations with Butterworth filtering, attenuation
and decay correction.

Analysis of the contrast was performed using circumfer-
ential planes. As shown in Fig. 3c, such planes are
constructed by projecting the maximum count circumfer-
ential profiles onto a rectangular plane [26, 27] instead of
projecting onto a polar coordinate system to produce a
Bull’s eye. The relative contrast C,=[1—b|/b was defined
where [ is the average pixel value in the two cold defects,
and b is the average pixel value in a reference region. The
regions of interest for the defects have the size of the full
defect and are centered at the minimum pixel value within
each defect, whereas the reference region, b, is chosen in
the myocardium outside the lesion as illustrated on Fig. 3d.

Results
Validation of Monte Carlo simulator

Figure 4 shows the result of the validation experiment
described in “Validation of Monte Carlo simulator.” A good
agreement between the measured and simulated energy
spectrum in air can be concluded from Fig. 4a, which
demonstrates both spectra at ART. Moreover, as in Fig. 4b,
the full width at half maximum of the LSFs in air for the
167 keV photopeak matches and also the septal penetration
tails of the measurement are accurately mimicked by the
simulations.

Figure 5 shows a detailed analysis of a *°'Tl energy
spectrum simulated with GATE, demonstrating a contam-
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tion (—), b line spread functions for the 167 keV window with
measurement (—), simulation (—) and simulation without contam-
ination (-----)

ination by 1% of 2°°Tl and 1% of °*TI. It is also shown in
Fig. 5 that the bias under the photopeaks of interest
originates from the contaminants and is more particularly
caused by septal penetration and downscatter of higher

energy photons. This effect was already reported for other
isotopes such as '?°I [28]. These high energy photons are
mainly the 439 keV photons that have a branching ratio of
91% in the *°Tl decay scheme and also the 368 keV
photons from *°°T1, resulting out of a 87% branching ratio.
2097 also has multiple other high-energy contributions in
addition to its main photopeak, which could enhance the
specific impact of 2°°T1 over 2°°TI. Finally, it should be
noted that the backscatter peak of the 439 and the 368 keV
photons falls at 161.5 and 150.8 keV, respectively (Klein—
Nishina), which is exactly within the 167 keV photopeak
(£10%).

Quantitative analysis of the contaminations

Figure 6a shows the level of contamination for the
two photopeak windows in three different regions (see
“Simulations of a digital thorax phantom™”) at ART,
whereas Fig. 6b shows equivalent results 3 days after
that date (half shelf-life). Generally, the amount of the
contamination is larger in the 167-keV window given
the lower abundance of that photopeak (10% 167 keV
gammas compared to 70% for £72 keV X-rays). In this
section, contamination by 1% of *°°Tl and *°*TI each is
simulated (see “Simulations of a digital thorax phantom”).
If the full active detector area is considered, then only
58% of all detections at ART in the 72-keV photopeak
originate back to 2°'TI, whereas 29% and 12% of all
photons comes from 2°°T1 and 2°°TI, respectively. For the
167 keV photopeak window, this tendency is far more
pronounced, as 62% of the photons detected in this
photopeak window are the result of *°°T1 decay and 27%
the result of 2°*Tl. Accordingly, at ART, only 10% of all
detections in the 167 keV photopeak window actually result
from 2°'TI. As septal penetration has a broad spatial
response, it is anticipated that these figures will improve
if only the myocardial envelope is considered instead of the
full active detector area. At ART, 71% of all detections
result from 2°'Tl in the 72-keV photopeak for the

Fig. 5 Simulated total (—)

Led 212000~
spectrum of a digital thorax phan- 3 E \
tom acquired on high-resolution 2 =
collimators and filled with 2°'TI § 10000 —
(—), which is contaminated by B
1% 2T} () and 1% 2Tl S
(-+--). Note that this spectrum is [~
plotted versus an energy scale 60001—
that is extended beyond the clin- =
ical settings (0200 keV) to better 4000|—
illustrate the origin of the bias E
under the °' Tl photopeaks of 2000}/
interest

—total
Photopeak TI-201 — T1-201
Backscatter peak TI-200 --- TI-200
-~ TI-202

Backscatter peak TI-202
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ATANNY .
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energy [MeV]
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Fig. 6 Procentual contribution of °' Tl and all contaminants for three
regions and two energy windows a at activity reference time and b 3
days later (half shelf-life). Results for the 72-keV photopeak window
are shown on the left and for the 167-keV photopeak window on the
right. The x-axis differentiates between three different spatial regions:
a central zone (pix), an envelope of the myocardium (myo) and the full
detector (det). The y-axis indicates the four contaminant labels

myocardial envelope, whereas this is 16% for the 167
photopeak. At ART, most contaminations originate back to
20071 (20% and 57% of all detections, respectively, for the
72 and 167 keV photopeak), whereas this is fully inversed
3 days later when 2°*Tl is the dominating contaminant
(17% and 56% of all detections for the 72 and 167 keV
photopeak, respectively). This effect is due to the large
difference in half-lives as was already illustrated in Fig. 1.
When the analysis is performed at pixel level for the central
zone at ART, then 75% of all detections in the 72-keV
window come from 2°'T1, but this number is still only 18%
for the 167-keV photopeak.

Figure 7a illustrates the total contamination levels at
ART detected in the 72 and 167 keV photopeak in the

@ Springer

myocardial envelope for both a LEHR and a LEGP
collimator. The total contamination is slightly decreased
when a general purpose collimator is used: Down to 22%
contamination for the 72 keV window and 75% for the 167
keV window, whereas this was 29% and 84% for the high-
resolution collimator.

Figure 7b, on the other hand, demonstrates that the
contamination increases to 32% in the 72 keV window and
to 85% in the 167-keV window for a larger-sized patient
(on the high-resolution collimator).

Contrast deterioration

Figures 8, 9 and 10 show the results of the longitudinal
measurements discussed in “Measurements.” For the data
acquired in the high photopeak, the relative contrast of the
inferior lesion and the average over both the lesions is
plotted in Fig. 8a versus the contamination level, expressed
in thallous (*°'Tl) chloride shelf-life. Figure 8b—d shows
the vertical long-axis views for three separate measure-

72keV-LEGP 167keV-LEHR 187keV-LEGP

ET-201
W contaminants

72keV-NORM  72keV-OBESE 16TkeV-NORM 167keV-OBESE

Fig. 7 Summary for the myocardial zone of interest: contribution (in
terms of percentage) of all contaminants in both photopeak windows
(72 and 167 keV) at activity reference time a for a LEHR and a LEGP
collimator with a normal sized patient, b for a normal and a large
patient acquired on a LEHR collimator

[%]

ET-201
B contaminants

72keV-LEHR
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Fig. 8 Data acquired in the high photopeak window (167 keV):
a contrast of the inferior lesion (—) and the contrast averaged over
the inferior and the anterior lesion (-----); b vertical long axis views of
acquisitions performed 2 days early, ¢ as b at activity reference
time, d as b for the maximal allowed amount of contamination
(according to US regulations)

ments in the 167 keV window: 2 days before ART, at ART
and when the US contamination limit is reached. From
Fig. 8a, it is shown that the contrast reaches a maximum
around ART. For the inferior lesion, the contrast is 33%
lower 2 days early because of an increased 2°°Tl contam-
ination, 17% and 29% lower at half and at the end of the
shelf-life respectively, because of an increased 2°°TI
contamination. This value even rises up to 63% when the
US limit is reached. It can also be concluded that the
contrast of the inferior lesion is generally lower compared
to the average over both the inferior and the anterior lesion.

Figure 8b and d illustrate by comparison with Fig. 8c that
the spatial response of the main contaminants is very broad,
as both emit high-energy photons that penetrate the
collimator or downscatter in the patient. Therefore, the
inferior lesion is heavily influenced by the warm liver. As
the branching ratio of the 167 keV emissions is only 10%
compared to 70% for the X-rays in the 72 keV window, the
main question remains whether these previous findings also
influence imaging if both photopeaks are acquired simul-
taneously (as is often done in clinical practice).

Figure 9 shows similar results as Fig. 8 but for data
acquired over both photopeak windows. In general, contrast
increases by summing both photopeak windows. From
Fig. 9a, we conclude that the average relative contrast
drops 15% 2 days early. Similarly, contrast decreased by
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Fig. 9 Same as Fig. 8 but for data acquired in both photopeaks (72
and 167 keV) simultaneously
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Fig. 10 Comparison of the contrast: a average contrast of the inferior
and anterior lesion when only the low photopeak acquisition is
reconstructed (—) and when both photopeak acquisitions are
combined (-----); b reconstructed vertical long axis views of the low
photopeak acquisitions performed 2 days early, ¢ as b at ART, d as
b for the maximal allowed amount of contamination

Fig. 11 Three slices through the
lesions for all configurations:

2 days early, at activity reference
time, and at maximal contami-
nation. Reconstructed vertical
long axis views for the high, low
and summed photopeak
windows

@ Springer

2% at half the shelf-life of the thallous (*°'T1) chloride, by
7% at the end of the shelf-life and by 16% when the US
contamination limit was reached. Moreover, Fig. 9b and d
visually show that the contaminants’ broad spatial response
still deteriorates the inferior lesion significantly compared
to Fig. 9c¢, even if data of both photopeaks is summed.

If only the low-energy photopeak acquisition would be
reconstructed, then the contrast is generally higher com-
pared to when both photopeaks are combined as can be
seen from Fig. 10a. However, also the low-energy photo-
peak reconstructions are still significantly influenced by the
contaminants as Fig. 10b—d show.

Figure 11 summarises the results for all the above
configurations by showing three central slices through the
two lesions on the reconstructed long axis views for every
configuration: data acquired in the low, high and both
photopeaks simultaneously 2 days early, at activity refer-
ence time and at maximal contamination.

Discussion

Monte Carlo simulations showed that approximately only
two out of three photons in the 72 keV window are
resulting from 2°'T1 if the batch is contaminated by 1%
contamination of 2°°T1 and 2°*TI. For the 167-keV window,
this number decreases to less than one out of five detected
photons. This is because of the fact that the gamma
camera’s sensitivity is two orders of magnitude higher for
the contaminants’ high-energy photons, which penetrate the
collimator or scatter in the patient. Similar values were
found for both the high resolution as for the general
purpose collimator used in nuclear cardiology practice, and
an increase was concluded for large-sized patients, as the
downscatter contribution from the high-energy photons
increases in the latter case. Additionally, in many clinics,

ACT. REF. TIME MAX. CONTAM.
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photopeak windows of 30% are used, which would also
increase this degrading effect.

Our measurements at several time stamps ranging from
2 days early up to the US contamination limit proved that
the average relative lesion contrast in MPS imaging has a
maximum around ART. These measurements also con-
firmed that relative contrast for inferior lesions close to a
warm liver is generally lower as for anterior lesions
because septal penetration and downscatter from high-
energy photons has a broad spatial response.

Our measurements illustrated that scanning before the
activity reference time is potentially more degrading than
after ART, as the impact of *°°Tl appears to be larger
because of its multiple high-energy emissions next to its
main photopeak at 368 keV. This is clearly illustrated by
Fig. 8a and 9a, where the decrease in contrast is steeper
before than after ART. This hypothesis is confirmed by
Fig. 5, where there is an equal amount of 2°°TI and 2°*TI
and where the contribution to the bias under the photopeaks
by 2°°Tl is significantly higher.

A contrast-to-noise (CNR) analysis could show an even
larger impact for the contaminations, as they add noise
whilst lowering the contrast. At this stage, we varied con-
tamination levels by measuring at different shelf-lives of the
initial production batch. Therefore, we needed up to 36 h of
uninterrupted scanner availability for high contamination
measurements associated with low activity thallous (*°'TI)
chloride. Accordingly, a CNR study is only feasible if the
contamination is varied at the production plant. This will be
a topic of further study involving extensive experiments.

The impact of the contaminants is most pronounced for
the high-energy photopeak because of its lower branching
ratio, but it also persists when both energy windows are
combined. Moreover, it is shown that the highest contrast is
achieved if only the low-energy photopeak acquisition is
reconstructed. This renders the usage of the high-energy
photopeak and its window settings questionable. Previously,
this second photopeak capturing a small percentage of
the emitted photons was considered important because the
Compton scatter for photons at 167 keV and attenuation
are much less as for photons at 72 keV. These factors
increase the spatial information content of this second
window. However, the findings in the present work
illustrate that contamination levels of the thallous (*°'TI)
chloride production tremendously degrade the information
content of this window.

If both windows are to be acquired, correction for the
effect is expected to improve contrast and quantitative
accuracy. We, therefore, propose two potential solutions
hereafter. Because the image degrading effect of these
contaminations is mainly caused by septal penetration and
downscatter of high-energy photons, resulting in detections
with low spatial information content, two additional energy

windows at, for instance, 100 and 200 keV, can be acquired
to correct for this persistent bias. This option is hampered
by the fact that not that many clinical systems allow for
acquisition with multiple and overlapping energy window.
Another possibility is to counteract this effect by using a
model-based correction during iterative reconstruction [29,
30]. Further research is required to investigate the accuracy
and noise properties of different correction methods.

Throughout the previous results, it became clear that the
current regulations on the contamination levels (3—5%) may
be one order of magnitude too high and may need to be
reconsidered. Also, a shelf-life of 7 days as claimed by
many manufacturers is doubtful although usage at that date
does not occur often in clinical practice due to the decay of
20171, On the other hand administration up to 4 days before
ART occurs readily and is even more degrading. This may
need to be avoided as much as possible unless very high
quality Thallous (*°'TI) Chloride is available.

Conclusion

We showed that the effect of even very low level
contamination of °°Tl and *%TI significantly impacts
Thallous (*°'TI) Chloride images due to their inherent high
energy photon emissions for which the gamma camera is
much more sensitive.

We demonstrated that the currently well accepted
maximum contamination levels could turn the acquisition
of the 167 keV photopeak useless. The high contamination
level and degradation of images prompts for reconsidering
expiration dates and production methods, as well as the
clinical practice of timing patient scans before the activity
reference date.
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