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TGIGA Institute, University Background: This study aimed to analyse the quantitative capabilities of cadmium-

of Liege, Allée du Six Aodit, 19, zinc-telluride (CZT)-based SPECT-CT cameras using PMTe comparable to the analysis

4000 Liege, Belgium _ performed a decade ago for the sodium iodide (Nal) SPECT-CT systems available
Médecine Nucléaire et Imagerie - ) .

Oncologique, CHU Liége, Avenue on the market at that time. This survey assessed one dual-head (GE Discovery NM870

de I'Hopital, 1, 4000 Liege, CZT) and two ring (GE Starguide, Spectrum Dynamics Veriton 200) CZT cameras, as well

Belgium as a state-of-the-art Nal dual-head system (Siemens Intevo Bold) that served as refer-

ence. Attenuation and scatter correction accuracy was explored, contrast recovery
for small cold and hot rods measured, as well as the quantification in a large uniform
area using user-determined conversion factors. Tomography reconstruction was per-
formed with the manufacturers'iterative algorithms that allowed for attenuation cor-
rection, scatter correction and resolution recovery.

Results: Using the NEMA NU-2 1994 dedicated phantom, attenuation and scatter
corrections seemed to perform very well. Equally, the contrast recovery of cold rods
seemed to be superior for the CZT systems. However, the contrast recovery for the hot
rods was inferior to the Nal camera, whereas it was comparable without the scatter
correction. Finally, a quantification error of less than 5% was shown to be reachable
when using adequate user-determined conversion factors. For the Nal camera, all
results were similar to those of the past study.

Conclusions: Without scatter correction, the CZT SPECT systems showed contrast
performance similar to the Nal camera. With scatter correction, this held true for cold
objects but the contrast of hot objects was not significantly improved or was degraded
depending on the system considered and the object size. Quantification errors

of less than 5% were achievable. It is hoped that on-going developments at both man-
ufacturers will improve the scatter correction accuracy.
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Background

For more than half a century, a large sodium iodide (Nal) crystal coupled to photomul-
tipliers has been unrivalled as a photon detector in general-purpose gamma cameras.
The new millenium saw the development of cadmium zinc telluride (CZT)-based direct
detectors [1]. They first appeared commercially in small field-of-view systems such as
hand-held mini gamma cameras or cardiac-dedicated systems [2]. Later, a large field-
of-view gamma camera with CZT detectors came on the market [1, 2]. More recently, a
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disruptive ring concept emerged with whole body (WB) and even dynamic single pho-
ton emission computed tomography (SPECT) capabilities [2—7] allowing scintigraphy to
be used as positron emission tomography has been for decades.

The huge developments in data science that have characterised the first quarter of this
century have meant that, increasingly, biomedical sciences need to generate quantitative
data [8]. In nuclear imaging, positron emission tomography has presented this ability
for a while [9, 10]. This was much less possible for conventional nuclear medicine until
the appearance of SPECT-CT systems opened the door to quantification in scintigra-
phy [9, 11, 12]. The potential and clinical interest of quantification has been studied in
bone, brain, heart, lung and thyroid [9-17], among others, which account for the vast
majority of scintigraphy explorations and are mostly conducted with **™Tc-labelled radi-
otracers [12]. Moreover, quantification plays a key role in dosimetry evaluation for some
therapeutic procedures or patient treatment follow-up [10, 12]. Quantification cannot
be helpful without reliability and accuracy. This was the context of our past standard-
ised comparative study of the quantitative performance with *™Tc of the state-of-the
art SPECT-CT systems commercially available at that time [23]. Four dual-head Nal sys-
tems from three major manufacturers were involved in this study, conducted about a
decade ago.

We have now extended this study to the new disruptive ring SPECT-CT using the
same materials and methods. As classical Nal gamma cameras have also evolved, one
such system of the latest generation has been included as well as the CZT dual-head
large field-of-view SPECT-CT camera available on the market.

Methods

The latest generation Nal SPECT-CT system considered was a Symbia Intevo Bold (I)
(Siemens, Erlangen, Germany) fitted with a 3/8” crystal and LEHR collimators. The
CZT dual-head SPECT-CT was a Discovery NM 870 CZT (D) (GE HealthCare, Haifa,
Israel) fitted with the WEHR45 collimator. The two ring SPECT-CT were a Starguide
(S) (GE HealthCare, Haifa, Israel) and a Veriton 200 (V) (Spectrum Dynamics Medi-
cal, Caesarea, Israel) both with their standard collimators. These SPECT systems were
located in three different Belgian nuclear medicine departments: I and V at CHULiege,
S at CHR Citadelle Liége and D at Vivalia-Hopital de Libramont. These four imaging
systems complied with the Belgian Federal Agency for Nuclear Control requirements for
use in clinics where periodic quality controls of energy peak, planar uniformity, linearity
and resolution and centre of rotation are mandatory.

For dual-head rotating cameras, a 25 cm radius circular orbit was used and a total
of 120 (D) or 128 (I) projections were recorded over 360° in a 128*128 matrix, eventu-
ally with a zoom (I), resulting in 2.46 (D) or 2.4 (I) mm pixel size. For the ring cameras,
the focus mode [11] was enabled with 4 rotations as automatically selected by the sys-
tem. The phantom diameters were much smaller than the table width. Therefore, some
detector heads could not come against the phantom wall. The focus mode forced the
detector heads to only scan a volume of interest fixed by the user. The selected volume
corresponded to the whole phantom volume with a small security margin and the focus
acquisition time was set to 100%. This means that the heads were scanning this volume
for 100% of the acquisition time. The same procedure is for example used for head or
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ankle acquisitions. This was different from some other clinical applications were a focus
with 80% of the acquisition time can be used to increase the statistics inside the volume
of interest while nevertheless acquiring during the remaining 20% of time also data from
the full field of view. With V, the phantoms were wrapped in thin aluminium foil to allow
their detection by the positioning system that is based on capacity measurement.

Data were recorded in list-mode. The pixel size was 2.46 mm.

A symmetric 140 keV factory default photopeak energy window was always used with
a full width of 15% (I, V) or 20% (D, S) as recommended by the manufacturers when
scatter correction is planned. For scatter correction, the following additional factory
default windows were added: 114—126 keV (D and S), 108.5-129.5 keV (I), 109-130 keV
(V). A standard low dose CT scan was also systematically performed.

Phantoms

Four cylindrical phantoms filled with distilled water and *™Tc were used [23]. One was
a NEMA NU2-1994 attenuation and scatter correction accuracy phantom (NEMA) of
190 mm diameter and 200 mm height and its three air, water and Teflon inserts [24]. Two
others were uniform phantoms of two different sizes (diameter x height): 94x 80 mm (L)
and 200X 300 mm (XL). The XL phantom was also used as a contrast phantom (TOM)
by adding three inserts (Fig. 1): one 40 mm thick grid with square plastic elements of
22 mm side-spaced by 12 mm, one 85 mm thick plastic cylinder with seven hollow rods
(4, 6, 8,10, 13, 16, 20 mm diameter) and one element with seven 85 mm tall plastic rods
(6, 8, 10, 12, 16, 20, 25 mm diameter) glued between two thin circular plastic plates. The
rod axes were parallel to the cylinder axis. The axis of the largest rod was located on the
cylinder axis and the axis of the six other rods were 50 mm from the phantom axis and
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Fig. 1 Structure of TOM phantom. Left: photography. Right: 3D sketch of the three phantom parts used in
this work: uniform compartment (top), cold (middle) and hot (bottom) rod inserts. Cold areas are in blue, hot
areas in red and the processing ROIs (uniform and ROIF in rods) in brownish. The holes in the plates which
allow a free circulation of the liquid between all compartments are not represented on the sketch but are
well visible on the photography
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were equally spaced angularly in the plane perpendicular to this axis. The three inserts
were stacked together and left a uniform space of 65 mm height. The grid was not used
further in this study, but was inserted in the phantom to keep the same experimental
conditions as the past study [23] with Nal systems.

The *™Tc activity at the beginning of the acquisition was about 300 MBq in L and
about 740 MBq in the three other phantoms, again following the conditions used in our
past study [23]. The phantom filling was always conducted by both authors and each
author had specific tasks. For each imaging system, the syringe activity was carefully
measured before and after phantom injection with the radionuclide calibrators available
in the department: Capintec CRC-55TR (Florham Park, NJ) for I and V, Veenstra (now
Comecer) IBC Lite (Joure, The Netherlands) for D and S. The time of measurement was
recorded. The radionuclide calibrators undergo daily and periodic quality controls as
requested by the Belgian Federal Agency for Nuclear Control. In a national survey, these
procedures have been shown to allow 5% uncertainty for **™Tc measurements [18]. The
time per step of D and I was chosen in order to get [23] a total count in the main energy
window of 100 Mcounts with NEMA, TOM and XL and 85 Mcounts with L in the whole
set of projections. The list-mode files of S and V were rebinned in sinograms of the same
total number of counts in the main energy window. Due to a filling incident, the L phan-
tom could not be imaged with V system.

Reconstruction

The manufacturers’ standard OSEM-based reconstruction algorithm (Flash3D for I, no
specific name for D, S and V) was systematically used with the manufacturers’ default
attenuation (AC) and scatter (SC) corrections and resolution recovery (RR), unless
otherwise mentioned. NEMA and TOM data were also reconstructed without scatter
correction (NoSC). There was no pre- or post-filtering of the sinograms nor any noise
reduction selected in the iterative reconstruction.

The number of subsets was kept at its factory default value to avoid any possible dys-
function as reported in [25]: 10 for D and S, 16 for [ and V. The number of iterations was
varied to span a range of updates (updates=OSEM iterations times number of subsets)
from 40 (D, S) or 48 (I, V) to 240. Attenuation correction was CT-based and used the
manufacturers’ proprietary Hounsfield unit to attenuation coefficient conversion law.
Scatter correction was performed using the dual energy window (DEW) method (D, S,
V) [26] or a manufacturer-modified triple energy window (TEW) technique (I) [27, 28].
The modified version of TEW used an upper scatter window width set to zero and there-
fore used only one scatter window, as did DEW. Both DEW and TEW used a weighted
subtraction of data recorded in the photopeak window and in the scatter window. The
weight in DEW is to be defined by the operator [26] and the factory default value was
used. The weight in TEW is directly computed from the energy window widths [27, 28].
Resolution recovery was performed using the manufacturers’ algorithms without any
modification. With V, both the so-called quantitative-oriented PSFRq and display-ori-
ented PSFRd additional point spread function corrections were also tested. Their use is
explicitly mentioned in the results. These two optional corrections are isotope specific.
They were used in addition to the collimator geometrical modelling which is included in
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the so-called wide beam reconstruction used by this manufacturer [19]. For quantitative
purposes, a decay correction was also included [20].

Image processing

Image processing was performed using A Medical Image Data Examiner (AMIDE, ver-
sion 1.0.5; Andy Loening) freeware running on a MacBook (Apple) computer. For system
I, the manufacturer private DICOM tag “pixel scale factor” has been taken into account
when processing the data with AMIDE.

Images of the NEMA phantom were processed as previously described [23, 24]. Eleven
cylindrical (160 %30 mm) regions of interest (ROI) were drawn: one centred per insert
and eight in the background. From the mean number of counts in the insert (Ci) and
in the background (Cbkg), the residual fraction (RF) in each insert was computed as
RF =Ci/Cbkg. From the NoSC images, the ratio of mean counts in the background with
(Cbkg_SC) and without (Cbkg_NoSC) scatter correction (RSCbkg=Cbkg_SC/Cbkg_
NoSC) was computed. For the TOM phantom (Fig. 1), 30-mm tall ROI of full (ROIF)
and half (ROIH) rod physical diameter were drawn and centred in the rods, as well as a
large cylindrical (24 X 160 mm) and centred ROI in the uniform part. The mean number
of counts in each rod ROI (Crod) and in the uniform part ROI (Cunif) was obtained.
The standard deviation (SDEV) was also computed in this last ROL The rod contrast
recovery coefficient (CRC) was defined as follows: CRCcold =1 — (Crod/Cunif) for cold
rods and CRChot=Crod/Cunif for hot rods. The coefficient of variation (COV =SDEV/
Cunif) of the uniform area was used as a metric of the noise level in a large uniform
region [1, 23]. As the ROI size used for calibration with a uniform phantom is a subject of
debate [5, 29], several cylindrical ROI were drawn in the images of the L and XL uniform
phantoms. The height and diameter of these regions were equal (ROI0) to the phantom
physical diameter and height, and were 2 cm or 4 cm smaller (ROI -2, ROI—-4) or larger
(ROI+2, ROI+4). ROI -4 was too small and discarded for L. An additional ROI encom-
passing the whole reconstructed image (ROlimg) was also considered. From the ROI
mean number of counts and the decay corrected activity [20] in the phantom, conver-
sion factors (CF) were computed for each phantom and each ROI and then applied to
Cbkg or Cunif to obtain a measure of the activity (Ames) in NEMA and TOM phantoms
respectively. The deviation (AA) from the true activity (Atrue) or percent quantification
error was computed as AA =Ames/Atrue — 1. Parameters RF, CRCcold, CRChot, COV
and AA were expressed in percent.

Results

Most of the measured parameters changed with the increasing number of updates: a sta-
bilisation was nevertheless observed above 190-200 updates, with the exception of the
COV. For legibility of the RA and AA graphs, only results obtained at 192 (I, V) or 200
(D, S) updates are reported. Full results are available in Additional files 1,2,3,4,5.

RF for NEMA with and without scatter correction and RSCbkg are reported in Table 1.
For V, the RF values obtained when adding PSFRq to the reconstruction were slightly
lower and below the level of significance. For example, at 192 iterations and with scatter
correction RF was 1.59% vs. 2.00% in air, 0.00013% vs. 0.00021% in water and 0.0019% vs.
0.0025% in Teflon. Identical RSCbkg was obtained with and without PSFRq. Increasing
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Table 1 Results in the NEMA phantom with and without scatter correction

Camera Updates RF with scatter correction (%) RF without scatter correction RSCbkg
(%)
Air Water Teflon Air Water Teflon
D 200 2.25 1.03 <0.01 1.36 9.27 293 0.70
I 192 1.85 212 0.14 142 8.89 3.20 0.83
S 200 1.85 0.58 <0.01 0.97 9.02 2.25 0.66
Y 192 2.00 <0.01 <0.01 9.87 563 5.50 0.71

RF: residual fraction, RSCbkg: ratio of background mean count with and without scatter correction

the number of updates generally decreased RF (Additional file 1) whereas RSCbkg was
almost stable. For D, I and S, RF in the water insert levelled off at 100 updates without
scatter correction.

Figure 2 shows 30-mm (height of the ROI used for CRC computation) thick trans-
verse slices of TOM cold and hot inserts. Due to limited availability of the reconstruc-
tion computer, the NoSC images were not obtained for D. CRC in TOM for both ROI
sizes are presented in Fig. 3 for cold rods and in Fig. 4 for hot rods with and without
scatter correction. CRC increased with update number for both cold and hot rods. SC
and NoSC COV of TOM uniform parts are plotted against update number in Fig. 5. For
all four systems, COV increased with number of updates and was always lower without
scatter correction. The results when additionally using PSFRq with V are also presented
in Figs. 3, 4, 5.

For quantification, only SC data were considered. Results are presented at 192 or 200
updates for the various ROI sizes and both L and XL calibration phantoms in Table 2
for NEMA and in Table 3 for TOM. For TOM (Additional files 2 and 3), the quantifica-
tion error increased very moderately up to about 100 updates and became mostly sta-
ble above this. For NEMA (Additional files 4 and 5), a moderate decrease was observed
when increasing the number of iterations for all systems except I, where the decrease
was more pronounced. Between 200 and 240 updates, a very sharp increase (AA
increased roughly by 15) was observed for S and NEMA. Table 4 presents the quantifica-
tion error in L using XL as calibration phantom for all ROI drawn in both phantoms. The
uniformity of the slices for the two uniform phantoms can be visually evaluated from
Additional files 6 and 7.

Finally, Table 5 reports the normalised acquisition durations for the four phantoms.
The XL phantom imaged with the conventional I system was arbitrarily taken as the
reference.

Discussion

The present study used the experimental design of our previous study [23]. The funda-
mentals of this design were, as much as possible, to use the default manufacturer-recom-
mended acquisition and reconstruction parameters while reaching the highest possible
standardisation between the systems for objective comparison. Particular attention was
paid to obtaining an almost identical pixel size, number of steps for rotating systems,
focus mode and rotation number for ring systems, total number of counts and OSEM
updates. Default manufacturer-defined parameters were used for energy windows,
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Fig. 2 30-mm thick transverse slice of the cold (first row) and hot (second to fourth rows) rod parts of
the contrast phantom for the four SPECT-CT systems after 192 (I,V) or 200 (D,S) updates with attenuation
correction and resolution recovery.

number of subsets, AC, SC and RR correction methods. This seemed essential particu-
larly for CZT-based systems for which the overall knowledge is far more limited than for
a Nal dual-head camera. Moreover, the manufacturers of both ring CZT systems share
very little information with the end-users. To our knowledge, the so-called wide-beam
reconstruction [19] algorithm used by the manufacturer of the V system has not been
fully described nor are their PSFRq and PSFRd additional resolution recovery methods.
All this is regrettable and was recently pointed out as a remaining challenge on the road
to quantification in SPECT [21]. We nevertheless found that for system S (and presuma-
bly D) the DEW method is applied at the level of the sinograms or projections whereas it
is a post-reconstruction implementation for system V. The V software separately recon-
structed the images of the photopeak window and the scatter window before making the
weighted subtraction.

Another important point of our experiment design is the standardised preparation of
the phantoms as described in the methods. Moreover, the activities in NEMA, TOM and
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Fig. 3 Cold rod recovery coefficient in rod full (F) and half (H) physical diameter ROl with and without scatter
correction at 192 (I,V) or 200 (D,S) updates. NoSC data were not available for D

XL were very similar, the activity in L being about 60% lower. This ensures that any pos-
sible activity measurement error due to the activimeter would be almost cancelled when
computing AA, at least, when using the XL calibration factor.

The better energy resolution of CZT systems [2, 32] should lead to narrower energy
windows compared to Nal systems [7, 30]. However, the manufacturer of D and S still
advised the use of a classical 20%-wide photopeak energy window when SC is per-
formed, and we followed this advice for these two systems. Moreover, marginal changes
in CRC have been observed for D when decreasing the photopeak energy window width
to 15% [1] or even down to a low 4% [30]. But, as pointed out by the authors of this
last study, the systematic use of scatter correction could have masked the impact of the
energy window narrowing. The correction methods are only partially described by the
manufacturer and any user modification should be verified by extended experiment.
This drove us to not only leave the correction parameters as factory-defined but also the
energy windows.

A previous study [25] has shown possible dysfunction of some iterative algorithms
when not using the default number of subsets. Therefore, only the number of OSEM
iterations was varied to modify the number of updates. It was also decided to exclude
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Fig. 4 Hot rod recovery coefficient in rod full (F) and half (H) physical diameter ROl with and without scatter
correction at 192 (I,V) or 200 (D, S) updates. NoSC data were not available for D
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Fig. 5 Coefficient of variation in TOM uniform part with and without scatter correction. NoSC data were not

available for D
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Table 2 Quantification error in percent in NEMA phantom for various ROI sizes in calibration
phantom images

Camera Quantification error (%) at 192 (I, V) or 200 (D, S) updates

XL phantom ROI L phantom ROI

-4 -2 0 2 4 Img -2 0 2 4 Img
D 294 222 433 0.25 0.15 002 =509 706 112 0.77 —-0.06
I —277 =206 153 -099 —-153 —-167 =351 29 —-189 -369 -369
S 5.59 336 361 2.60 2.60 260 002 324 155 145 1.04
vV -316 =507 =579 -844 -849 -849 n/a n/a n/a n/a n/a
Table 3 Quantification error in percent in TOM phantom for various ROl sizes in calibration
phantoms
Camera  Quantification error (%) at 192 (I, V) or 200 (D, S) updates

XL phantom ROI L phantom ROI

-4 -2 0 2 4 Img -2 0 2 4 Img
D 8.16 74 9.62 533 522 509 —-029 1248 624 5.87 5.01
| 13.63 14.47 18.65 15.72 15.08 14.92 12.77 20.33 14.67 12.56 12.56
S 19.49 16.96 17.25 16.10 16.10 16.10 10.04 16.23 14.92 14.8 14.34
\% 561 3.52 273 —-0.15 —-021 —-032 n/a n/a n/a n/a n/a

Table 4 Quantification error in percent in L phantom using XL as calibration phantom for various
ROl sizes in both phantoms

Camera L phantom ROI Quantification error (%) at 192 (1) or 200 (D, S) updates
XL phantom ROI
-4 -2 0 2 4 Img
D -2 846 7.71 9.93 563 553 539
0 —3.84 —4.51 —-254 —-6.35 —645 —-6.57
2 1.81 1.10 318 -085 —0.95 —-1.08
4 2.16 1.45 3.54 —0.51 —0.61 -0.74
Img 3.00 2.28 439 0.31 0.21 0.08
-2 0.76 1.50 522 261 2.05 1.91
0 —-557 —4.88 -1.39 —-383 —-4.36 —4.49
2 -0.90 -0.18 348 092 0.36 0.22
4 0.94 1.69 541 2.80 2.23 2.09
Img 0.94 1.69 541 2.80 2.23 2.09
S -2 8.59 6.29 6.55 5.51 551 551
0 2.28 0.11 0.35 —-0.62 —-0.62 —-0.62
2 398 1.78 203 1.03 1.03 1.03
4 4.08 1.88 2.13 1.14 1.14 1.14
Img 4.50 2.29 2.54 1.54 1.54 154
\Y n/a n/a n/a n/a n/a n/a

any post-filter. The selection of the filter kernel is task-dependent and should result from

a local extended study [1, 31]. The use of an iterative algorithm with noise reduction was

also discarded for similar reasons. These algorithms require systematic studies to define
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Table 5 Relative duration of all acquisitions using XL phantom imaged with | system as reference

Phantom Activity (MBq) Total count number Acquisition time (relative values)

D | S Y
L 300 85x10° 1.20 1.1 0.77 043
XL 740 100% 10° 1.02 1.00 1.04 057
NEMA 740 100% 10° 0.89 0.85 0.89 045
TOM 740 100x10° 1.02 1.03 0.99 0.52

the best trade-off for the clinical task between noise reduction and preservation of spa-
tial resolution. Zorz et al. [7] explored such an algorithm with D and obtained lower
CRC than with OSEM but increased contrast-to-noise ratio resulting from better noise
control.

Very recently, Hoog et al. [2] proposed a head-to-head comparison of the ring sys-
tems S and V with a clinical oriented design (activity, acquisition time) and followed the
manufacturer’s advices for reconstruction. Among others, SC was performed with DEW
for S and with PSFRq with V, whereas noise reduction was applied with V and not S. Our
very high count study allowed us to not use noise reduction and we present the results
obtained with and without scatter correction. As noted by Hoog et al. [2] a limitation
of their study was the use of hot spheres (with a 10:1 sphere-to-background ratio) only.
Both studies are complementary, with the present study being more raw performance
oriented.

Throughout this discussion, it is also interesting to keep in mind that Nal camera I is
an evolution of the camera from the same manufacturer explored in our previous study
[23] and that the same Flash3D reconstruction algorithm was used in both studies. Gne-
sin et al. reported excellent quantitative results with *™Tc for the I system [14].

The RF values in NEMA with scatter correction (Table 1) were very low and very simi-
lar between the four systems while being systematically the lowest in water and Teflon
inserts for the CZT systems. For the Nal camera, they were close to the results obtained
in our previous study [23]. SC drastically reduced RF in water and Teflon (Table 1)
whereas in air reduction or increase were observed but with a RF value remaining low.
The RSCbkg (Table 1) of Nal-based system I was 0.83. For the three other systems and
under the hypothesis that the difference in the reconstructed counts only resulted from
the scatter correction, the scatter correction removed about 30% of the recorded counts
in the NEMA phantom background for D and V and about 34% for S. Both manufac-
turers have kept a lot of details about their CZT ring system secret. It is therefore diffi-
cult to drawn any final conclusions on the differences in RSCbkg values from the partial
information that they have shared with the end-users to date.

CRCcold increased with the rod diameter (Fig. 3) and the number of iterations, but
levelled off above 20-mm rod diameter and at about 200 updates. CRCcold values were
higher when SC was applied and the lowest for the Nal camera. CRCcold values were
marginally increased by PSFRq (Fig. 3) or PSFRd (data not shown). Using similar acqui-
sition conditions but a Chang-based attenuation and scatter correction, the cold rods
of a Deluxe Jaszczak phantom were resolved down to 7.9 mm with S [7] whereas the
limit seemed to lie between 7.9 and 9.5 mm with V [4]. In the same study, cold spheres
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were clearly resolved in a Jaszczak phantom down to 12.7 mm diameter. Hoog et al. [2]
obtained very comparable task transfer functions for S and V and concluded a similar
spatial resolution for both systems with their acquisition and reconstruction conditions.

Overall CRChot also increased with rod diameter (Fig. 4) and number of updates but
in a very system-dependent way. Irregular CRC versus hot sphere or rod diameter curves
are very often observed when resolution recovery is applied and result from either the
presence of one central peak of activity in small objects or two peaks at the border with
one central valley in the larger objects. The phenomenon is present in positron emis-
sion tomography [31] and in SPECT [12]. It was observed in our previous study of Nal
SPECT-CT [23] and was recently described for ring system S [5]. For most rods, the larg-
est CRChot values were observed for the Nal camera but the dual-head CZT reached
similar values for the three largest rods. For the CZT systems, SC improved CRChot for
the largest rods while CRChot was reduced for the smallest, in perfect agreement with
previous reports [1, 30]. While the rod insert was oriented differently between D and S
systems, with the largest off-centre rod opposite to the bed for D and closest to the bed
for S (Fig. 2), the smallest hot rods were absent from the scatter corrected images of both
systems. The orientation of the insert in the phantom can therefore hardly be considered
as the source of this absence. The two ring systems performed very differently but most
of their CRChot values were much lower than for the two dual-head systems despite
their much better SPECT spatial resolution [4, 7, 38]. S delivered the lowest CRChot
and the thinnest hot rods were not visible on the images (Fig. 2). This clearly resulted
from the SC as CRChot values were similar or even superior to those of the three other
systems without SC (Fig. 4). The thinnest hot rods were also absent from the scatter cor-
rected images provided by D system (Fig. 2). For V, CRChot values were not improved
by SC or PSFRq. Both ring systems showed low SC performance for hot rods that led
to suspected scatter over-correction. The scatter spectrum of CZT and Nal detectors
are different [32]. Therefore, the SC strategies developed and validated for Nal detectors
need to be revised when applied to a CZT detector [22], as well as the width of the pho-
topeak window [32]. During this study, we were aware that the manufacturer of D and
S had advised its customers to use a reduced photopeak window width for these CZT-
based systems. It has been observed for Nal based systems that the TEW led to under-
estimation of activity in small spheres and overestimation in large hot spheres in a null
background and that non-spectral techniques could be a better option for scatter correc-
tion [33]. Scatter overcorrection should lead to an artificially high CRCcold and low RE.
Therefore, the observed lower water and Teflon RF (Table 1) and higher CRCcold values
(Fig. 3) of CZT systems could result, at least partially, from incorrect SC.

Without scatter correction, CRChot values (Fig. 4) for V were lower than for the Nal
or the most-similar S systems. This could result from the difference in collimator design.
V uses a collimator that favours sensitivity, whereas S uses a longer bore collimator with
lower sensitivity. PSFRq did not change CRChot values of V (Fig. 4), whereas they were
largely increased by PSFRd with CRC values largely exceeding 100% in the central part
of the largest rods (data not shown). For V, an abrupt increase of CRChot was observed
for the largest rod (Fig. 4). In contrast to the other rods that are located off the cylinder
axis, the largest rod is located on this axis. DEW scatter correction being applied or not,
the results presented in Figs. 3 and 4 show almost no effect of PSFRq on hot and cold
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contrasts. The same observation was found for RF in NEMA phantom. These results
were contradictory to the claim that PSFRq offered a viable alternative to DEW for scat-
ter correction [2]. PSFRd boosted CRC values, sometimes to values greatly exceeding
100%. Following the manufacturer’s claim, PSFRd was developed for display purposes
and should never be used for quantitative images.

The COV of the TOM uniform region increased with number of updates (Fig. 5) as
could be anticipated from OSEM’s well-known general behaviour. While SC barely
changed the COV for the Nal system, it increased COV for the three CZT systems. At
200 iterations, SC COV were the lowest and almost identical for I and V. COV were
about 50% higher for S than for the three other systems. For V, PSFRq added about 0.5%
to COV values, while PSFRd almost doubled the COV values. An image structure differ-
ence between the outer part and the central part of the phantom transverse slices was
noticed for S (Fig. 2 and Additional file 6), as also reported by Hoog et al. [2].

Quantification was based on calibration factors obtained using large uniform phan-
toms but also ROI of a size smaller, equal to or larger than the phantom physical size. On
the basis of Monte Carlo simulations, the combination of a large uniform phantom with
full image ROI was shown to be the best alternative to point source for calibration fac-
tor determination [34]. We also obtained better results with large phantoms in our past
survey of Nal cameras [23]. However, in this previous study, only ROI smaller than the
phantom were considered, and quantification appeared to be roughly independent of the
ROI size. For both L and XL, the number of counts in ROI+2 was 1 to 6% larger than
in ROIO and generally continued to slightly increase in ROI+4 and ROlimg. Counts in
the three largest ROI were consistently the lowest for system S with values not exceeding
2.2% of ROIO counts. The existence of a few percent of counts at a large distance from
the phantoms has been reported by others [35] and was also present in the images of our
previous study [23], while not being described in detail at that time.

AA obtained with L and XL (Tables 2, 3, 4) calibration factors were in the same range
for each phantom and each system. For NEMA (Table 2), the results were very posi-
tive for all four systems with absolute AA values below 10% and in several cases below
5%. This was also observed (Table 3) for TOM with D and V, whereas results for I and
S were in the 10—20% range. For the Nal camera I, the quantification errors were in the
same range for NEMA as in our previous study [23] but were worse for TOM. Others
have reported an excellent **™Tc quantification capability (< 5%) for this system [14]. As
I and V systems belong to the same department, the TOM and NEMA phantoms were
prepared only once and scanned on both systems the same day. The results are therefore
based on the same activity measurement. As a result of a data lost between acquisition
and reconstruction, XL phantom was scanned twice with V. The recorded count rates
per unit of activity were very similar. At this stage, we have no clear explanation for the
less favourable results obtained for TOM with I and S. A quantification error of + 5%
was observed in a recent multi-centre study when using a large uniform phantom for
calibration [36]. Values in Table 4 show similar results for quantification in uniform
phantom L when using XL as calibration phantom. For system D, a good accuracy for
thyroid uptake in phantoms and patients was recently reported [16] as well as a semi-
quantification of DOPA transporter capability similar to what is obtained with Nal sys-
tems [37]. Vergnaud et al. [38] obtained excellent results for ”’LU-PSMA quantification
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with V using a uniform phantom as calibration source. In their very recent investigation,
Hoog et al. [2] reached the same conclusion and reported *™Tc quantification errors
in the range 0.1-3.3% for both ring systems when using the manufacturer’s calibration
procedure.

The calibration factors cannot be used to compare system sensitivity as they are recon-
struction algorithm dependent [2]. Acquisition times (Table 5) for the three large phan-
toms were comparable for D, I and S, and about 60% shorter for V. S took roughly 30%
less time and V 60% to scan the smaller L phantom compared to the dual-head systems.
This gain is directly linked to the smaller field of view needed for the smallest phan-
tom and to the use of the focus mode [11] offered by these two systems. Different stud-
ies reported shorter acquisition times [3, 4, 39] or higher volumetric sensitivity [7] with
ring systems than with a dual-head Nal SPECT camera, but the benefit was found to be
object size-dependent. From the energy spectra, Hoog et al. [2] measured a 53% higher
sensitivity for V compared to S. Results in Table 5 are in line with these studies but they
cannot be directly compared due to the use of the focus mode in our study. These results
also show a clear higher sensitivity for ring system V than for S. This difference can be
related to the apparently shorter collimator bore length in V than in S [2].

Several limitations of this study remain. While *™Tc remains the emitter in most
SPECT radiopharmaceuticals, other isotopes like 12I, 1311, 17/Lu or ®®Re, to name a few,
are of growing interest [34]. It is not straightforward to extend our results to these multi-
peak emitter isotopes without some experimental data. We have undertaken a detailed
study of the energy window width with system S that we hope to finalise very soon. Our
contrast phantom is made of hot rods in a cold background and this part of the phantom
was sandwiched between two hot areas (cold insert and grid). Many scattered photons
are likely to be emitted from the two areas and this could have had an impact on some
of the results, especially the poor performance of SC with S system. We also plan to
improve this phantom to avoid the free rotation of its contrast inserts. This would make
it possible to keep the orientation of the various rods identical relative to the imaging
bed of the investigated systems. Our results were obtained at clinical departments—the
standard end-users of the systems—and with the software version that was available at
the time of the experiments. Meanwhile, both manufacturers of CZT systems have been
developing their scatter correction methods. Following information we obtained, SC
would still be based on DEW but would now be performed in the iterative loop. Unfor-
tunately, we could not determine whether energy tailing [22] is accounted for. There is
no doubt that the manufacturers will continue in the forthcoming months and years
to develop and to improve their CZT systems and that further phantom—and possibly
patient comparative studies—with the various isotopes used in SPECT will be of great

value.

Conclusions

CZT-based SPECT-CT without scatter correction demonstrated a contrast recovery for
hot and cold small objects comparable to a state-of-the-art Nal-based system. However,
the simple transposition of the spectral strategies developed for Nal cameras, namely
dual energy windows or triple energy windows, initially used by the manufacturers for
scatter correction with the CZT detectors appeared to possibly overcorrect. Notably, the
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smallest hot rods were barely detectable or absent from the images of one of the ring
CZT cameras. Nevertheless, using conversion factors directly determined by the end-
user, quantification errors in the range of 10% or even 5% appeared to be possible. Both
manufacturers of the studied ring CZT cameras continue to work on these systems. This
should allow improved quantification and better contrast for small hot objects imaged
with these disruptive SPECT systems.

Abbreviations

AC Attenuation correction

Ames Measured activity

Atrue True activity

CF Conversion factors

@] Mean number of counts in insert

Cbkg Mean number of counts in background

Cbkg_NoSc  Mean number of counts in background without scatter correction

Cbkg_SC Mean number of counts in background with scatter correction

cov Coefficient of variation

CRC Contrast recovery coefficient

CRCcold Contrast recovery coefficient in a cold rod

CRChot Contrast recovery coefficient in a hot rod

Crod Mean number of counts in a rod region of interest

cT X-ray computed tomography

Cunif Mean number of counts in a uniform region

czT Cadmium zinc telluride

D Discovery

DEW Dual energy window

AA Deviation in percent from the true activity (Atrue) or percent quantification error
I Intevo

L Uniform cylindrical phantom of medium size

Nal Sodium iodide

NEMA NU2-1994 attenuation and scatter correction accuracy phantom

NoSC No scatter correction

OSEM Ordered subset expectation maximisation

PSFRd Point spread function recovery for display

PSFRq Point spread function recovery for quantification

RF Residual fraction

ROI Region of interest

ROIF Region of interest with full rod physical diameter

ROlimg Region of interest encompassing the whole reconstructed image

ROH Region of interest with half rod physical diameter

ROIO Cylindrical region of interest with a diameter equal to the physical diameter of the phantom
ROI-n Cylindrical region of interest with a diameter n cm smaller than the physical diameter of the phantom
ROI+n Cylindrical region of interest with a diameter n cm larger than the physical diameter of the phantom
RR Resolution recovery

RSCbkg Ratio of mean counts in the background with and without scatter correction
S StarGuide

SC Scatter correction

SDEV Standard deviation

SPECT Single-photon emission computed tomography

TEW Triple energy window

TOM Contrast phantom

\ Veriton

WB Whole body

XL Uniform cylindrical phantom of large size
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