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Compared vulnerabilities to small cardiac
motions between different cameras used
for myocardial perfusion imaging
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This phantom-based study was aimed to determine whether cardiac CZT-cameras, which
provide an enhanced spatial resolution and image contrast compared to Anger cameras, are
similarly affected by small cardiac motions. Translations of a left ventricular (LV) insert at
half-SPECT acquisitions through six possible orthogonal directions and with 5- or 10-mm
amplitude were simulated on the Discovery NM-530c and DSPECT CZT-cameras and on an
Anger Symbia T2 camera equipped with an astigmatic (IQ.SPECT) or conventional parallel-
hole collimator (Conv.SPECT). SPECT images were initially reconstructed as currently rec-
ommended for clinical routine. The heterogeneity in recorded activity from the 17 LV segments
gradually increased between baseline and motions simulated at 5- and 10-mm amplitudes with
all cameras, although being higher for Anger- than CZT-cameras at each step and resulting in a
higher mean number of artifactual abnormal segments (at 10-mm amplitude, Conv.SPECT:
3.7; IQ.SPECT: 1.8, Discovery: 0.7, DSPECT: 0). However, this vulnerability to motion was
markedly (1) decreased for Conv.SPECT reconstructed without the recommended Resolution
Recovery algorithm and (2) increased for DSPECT reconstructed without the recommended
cardiac model. CZT-cameras and especially the DSPECT appear less vulnerable to small
cardiac motions than Anger-cameras although these differences are strongly dependent on
reconstruction parameters. (J Nucl Cardiol 2019;26:1313-22.)
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Abbreviations

Conv.SPECT  Conventional SPECT

CZT Cadmium—Zinc—Telluride

DNM 530c Discovery NM530c

FBP Filtered back projection

FWHM Full width at half maximum

IQ Interquartile range

LEHR Low-energy high resolution

LV Left ventricle

OSEM Ordered subset expectation
maximization

RR Resolution recovery

SPECT Single photon emission computed
tomography

See related editorial, pp. 1323-1326

INTRODUCTION

Patient motions constitute a frequent source of
artifacts for myocardial perfusion SPECT imaging. The
incidence of detectable motions can reach levels ranging
from 25 to 35% in clinical routine' > although only a small
proportion of these motions is considered to lead to
significant artifacts depending on their amplitude, direc-
tion and position during the scan."**'! In a general
manner, it is well known that large motions of two pixels
or more (> 10 mm) potentially lead to significant arti-
facts*'? and require being detected by adapted tools such
as sinograms and linograms, with the current recommen-
dation that they justify at least a motion correction
(guidelines of the European Association of Nuclear
Medicine'?). The same recommendations may not be
applied for the smaller motions which are more difficult to
detect and correct, although their influence on image
interpretation cannot be neglected.

Both Anger- and CZT-cameras are likely to benefit
from modern reconstruction systems in clinical routine,
with a 3D-modeling of the beam allowing improving
spatial resolution and image contrast. However, the
question arises as to whether the vulnerability to cardiac
motions, and especially to small motions, is the same for
the more recent CZT cameras for which tomographic
spatial resolution is clearly enhanced comparatively to
Anger-cameras, reaching a level of approximately 6 to
9 mm.'* These CZT cameras also provide a definite
enhancement in image contrast'* and these properties
are likely to have an influence on the production and
detectability of motion-related artifacts.

In light of the above, this phantom-based study was
aimed at determining the extent to which the Discovery
NM-530c and DSPECT cardiac CZT cameras are
vulnerable to small cardiac motions when used with
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their recommended reconstruction processes, as well as
their respective comparison in this setting with Anger
cameras equipped with either an astigmatic or a con-
ventional parallel-hole collimator.

MATERIALS AND METHODS

Cameras and Systems

This study was performed on (1) the two currently
commercialized CZT-cameras dedicated to nuclear cardiology,
the Discovery NM 530c (General Electric Healthcare)'>™'” and
the DSPECT (Spectrum Dynamics),lg’zo as well as (2) the
Symbia T2 Anger camera (Siemens Medical Solutions)

21,22

equipped with an astigmatic collimator (IQSPECT) or
with a high-resolution parallel-hole collimator (Conv.SPECT).

SPECT Acquisitions and Simulated Cardiac
Translations

A simple cardiac phantom, mimicking the shape of a
normal left ventricle (Biodex Medical Systems, see Figure 1),
was used. The left ventricular walls were filled with a 10 MBq
solution of *™Tc and the left ventricular cavity was filled with
water. This phantom was orientated with two 45° tilts for the
left-anterior-oblique and head-to-feet directions, respectively
(Figure 1).

SPECT data were acquired for each of the four cameras,
first at baseline, at the center of the field of view, and secondly
after the phantom had been translated with amplitudes of 5 or
10 mm along the X or Y transaxial directions or along the Z
axis longitudinal direction (the three axes are depicted in
Figure 1). One translation-direction was obtained with the
mechanisms of bed elevation and the two others, with careful
manual displacements on a horizontal printed target. These
translations were additionally applied in a positive or negative
direction, resulting in a total of six possible directions (i.e., —
X+ X, — Y/+ Y and — Z/4+ Z). For each camera, time-per-
projection was set to target the recording of 500 myocardial £
counts while the reconstruction parameters, detailed in
Table 1, were those recommended for clinical routine. Addi-
tionally, certain changes in reconstruction parameters were
also tested, namely, (1) the suppression of the cardiac model-
based system for DSPECT and (2) for Conv.SPECT, the
switch from the recommended OSEM method incorporating a
Resolution Recovery algorithm (OSEM-RR, see parameters in
Table 1) to a less sophisticated OSEM reconstruction method
(Eight iterations, four subsets) associated with a Gaussian filter
(full-width at half maximum of 10 mm) or to a filtered back
projection (FBP) associated with a Butterworth filter (order 5,
cut frequency 0.55).

Only the SPECT projections, involving a unidirectional
translation at half acquisition, were simulated. For each
camera, the SPECT projections, from the first half of the
baseline untranslated acquisition, were combined with those
from the second half of each translated acquisition in a new set
of SPECT projections.
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Figure 1. Representations of the three orthogonal axes (X, Y, and Z) and of the orientation and
placement of the left ventricular insert at the center of the field of view at baseline, prior to any
translation, for the DSPECT (left panel) and Discovery NM530c (middle panel) CZT-cameras and
for the Symbia Anger-cameras (right panel, IQSPECT/Conv.SPECT).

In addition, reconstructed SPECT images from translated
and non-translated acquisitions were merged in a same set of
3D fusion images to provide a comprehensive visualization of
the respective positions of the left ventricular walls before and
after translations.

Analyzed Parameters

For each of the four cameras, the analyses involved the
single set of SPECT-images obtained at baseline, without any
translation, and the 12 different sets of SPECT-images
produced for simulated motions occurring at half acquisitions
[i.e., corresponding to the product of the three directions (X, Y,
and Z), both negative and positive, and with the two ampli-
tudes (5 and 10 mm)]. SPECT images were represented with
polar maps and the segmental activities were determined with
a 17-segment left ventricular model and the Quantitative
Perfusion SPECT software from the Cedars-Sinai Medical
Center.”

The distribution of segmental activities was represented
for each of the four cameras with three plot-boxes correspond-
ing respectively to segments from baseline SPECT (n = 17)
and to a mixing of segments from all SPECT simulating
motions of 5-mm (n = 102) or 10-mm amplitude (n = 102).

The ranges between the upper and lower limits of the
plot-boxes (with the exclusion of outliers), as well as the
interquartile range (IQ, corresponding to the difference
between the upper and lower quartiles), were used for
assessing the homogeneity in segmental activities of each
camera.

Definitely abnormal segments were defined by a < 65%
uptake, a threshold currently used to identify areas of signif-
icant myocardial infarction at rest-SPECT.?*~%¢

Statistical Analysis

Segmental activities were expressed as median and
interquartile range. Two-group comparisons were performed
with non-parametric Mann—Whitney tests. Differences with a
P < .05 were considered to be statistically significant.

RESULTS

Baseline SPECT Images

In the absence of any simulated motion, there was
no abnormal segment detected with any of the cameras,
with all segmental activities higher than 65%. However,
the distribution of segmental activities was more hetero-
geneous with Anger-cameras comparatively to CZT-
cameras and especially comparatively to the DSPECT,
as evidenced by the plot-boxes displayed in Figure 2 and
values from Table 2. Respective interquartile ranges
were 9.9% for Conv.SPECT, 9.1% for IQ.SPECT, 7.0%
for Discovery and 4.8% for DSPECT.

These heterogeneities were characterized by lower
relative uptakes for septal, apical and lateral segments,
when compared with anterior and inferior segments, as
evidenced on polar maps in Figure 3. The differences in
activities between these two segment groups were
notable for IQ.SPECT (respective median values:
77.3% vs 88.6%, P = .001) and for Conv.SPECT
(75.6% vs 85.6%, P = .001), while less marked for
Discovery (78% vs 85%, P = .001) and absent for
DSPECT (81.8% vs 82.0%).

SPECT Images with Simulated Motions

As evidenced on polar maps in Figure 3, on plot-
boxes in Figure 2 and on values in Table 2, the
heterogeneity in segmental activities increased gradually
between baseline and motions simulated at 5- and 10-
mm amplitudes with a progressive widening of the
interquartile ranges with all cameras. However, this
heterogeneity remained higher for Anger cameras than
for CZT cameras at both 5- and 10-mm amplitudes. At
10-mm amplitude, respective interquartile ranges were
12.0% for Conv.SPECT, 11.3% for IQ.SPECT, 10.0%
for Discovery, and 8.0% for DSPECT.
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Consequently, the inferior limit of certain plot-
boxes fell below the 65% level (Figure 2), resulting in
the detection of artifactual abnormal segments. At an
amplitude of 5-mm, such abnormal segments were
documented with only Conv.SPECT (mean number of
abnormal segments per SPECT acquisition: 2.2) whereas
at 10-mm, abnormal segments were documented for
Conv.SPECT, IQ.SPECT, and Discovery (mean number
of abnormal segments per SPECT acquisition: 3.7, 1.8,
and 0.7, respectively).

Changes in Reconstruction Methods

When the recommended cardiac model was exclu-
ded from the DSPECT reconstruction process, the
SPECT images became much more heterogeneous and
significant artifacts were revealed with stimulated
motions (Figure 4 and Table 2). Indeed, this model
allows concentrating the myocardial signal around a
center line, within the wall thickness, thereby opposing
the dispersion of the signal generated by the walls.

On the contrary, for conventional SPECT, the
heterogeneity in segmental activities was markedly
lowered when FBP or OSEM was used instead of the
recommended OSEM-RR method (Figure 4 and
Table 2).

Analyses According to Translation
Direction

As evidenced by polar maps in Figures 3 and 4, the
observed heterogeneities in segmental activities were
limited for motions along the longitudinal z-axis and
more marked for motions in the axial X and Y directions,
except for DSPECT reconstructed with the cardiac
model and Conv.SPECT reconstructed without the RR
algorithm (FBP and OSEM in Figure 4) which were all
weakly vulnerable to motion, regardless of motion
direction. In addition, the Discovery NM 530c had the
particularity of being less sensitive to the axial motions
when simulated in the Y rather than X direction
(Figure 3).

Fusions of the reconstructed SPECT images,
obtained at baseline and after 10-mm translations, are
displayed in Figure 5, providing a clear visualization of
the translation directions according to the doubled
aspect of the walls. This double-wall aspect is mostly
detectable with the CZT-cameras for which spatial
resolution is sufficiently high for this purpose. These
translation directions, identified by red arrows on the
CZT-SPECT images in Figure 5, point in the same
directions as those indicated by the corresponding
arrows on the polar-maps obtained with 10-mm motions
in Figures 3 and 4.

Salvadori et al. 1317
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In this manner, it can be observed that the walls
showing the lowest activities after 10-mm motion were
roughly orientated orthogonal to these translation direc-
tions, except for the camera and methods that were
weakly vulnerable to cardiac motion [DSPECT with the
cardiac model (Figure 3) and Conv.SPECT with OSEM
or FBP (Figure 4)]. This correspondence was particu-
larly manifest for the DSPECT reconstructed without the
cardiac model (Figure 4) and somewhat less for Dis-
covery NM-530c and especially for Anger-cameras with
Conv.SPECT reconstructed with the OSEM-RR meth-
ods (Figure 3). In these latter instances, the sites with
low activities were (1) notably absent for motion in the Z
direction and (2) closer to the centers of the septal and
lateral walls for motions in the axial X and Y directions.

DISCUSSION

Based on our phantom experiments, the CZT-
cameras and especially the DSPECT appear less vul-
nerable to small cardiac motions than Anger-cameras, in
spite of the fact that higher spatial resolutions are
achieved with the CZT-cameras.'* However, this finding
is mostly explained by differences in the preexisting
homogeneity at baseline and above all, in SPECT
reconstruction methods.

In the present study, definitely abnormal segments,
with an activity < 65%, were rather uncommon with
motions of only 5-mm amplitude, but were much more
frequent for motions of 10-mm amplitude, especially
with Anger-SPECT, reaching a mean number of abnor-
mal segments of 3.4 for conventional-SPECT and 1.8 for
IQ-SPECT when using recommended reconstruction
methods. As evidenced by the plot boxes in Figure 2,
these abnormal segments were linked to the motion-
related increase in the heterogeneity of segmental
uptake, with marked increases in interquartile ranges
and marked decreases in the inferior limits of the plot
boxes for both Anger- and CZT-cameras. However, the
level of heterogeneity was already higher at baseline for
the Anger-cameras, prior to any simulated motion. Thus,
this preexisting difference likely explained the higher
heterogeneities observed with the Anger-cameras with
further deteriorations due to simulated motions
(Figure 2).

The activity recorded from our insert at baseline
was somewhat lower for the septal, apical, and lateral
walls, especially for the Anger-cameras and primarily
for conventional SPECT reconstructed with OSEM-RR
as already observed in a previous study.”’ As a result,
several segments were identified as definitely abnormal
when additional decreases in septal and/or lateral signal
were produced by certain simulated motions, namely
those with translations oriented close to the orthogonal
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Figure 2. Plot boxes showing, for each of the four cameras, the distribution of segmental activities
at baseline and for motions simulated with 5- and 10-mm translations. The dashed line represents
the limit used for defining a definite decrease in recorded activity (< 65% of maximal activity).
Only the currently recommended methods of reconstruction were used in this instance (the cardiac
model for the DSPECT and OSEM-RR for conventional SPECT).

Table 2. Median values (and interquartile range) for the segmental activities recorded with the dif-
ferent cameras and reconstruction methods and for baseline and simulated motions of 5- and 10-mm

amplitudes
Baseline 5-mm 10-mm
Recommended reconstruction methods
DSPECT with cardiac model 81.5 (4.8) 82.0 (5.0) 81.0 (8.0)
Discovery-NM530c 80.0 (7.0) 76.0 (6.0) 77.0 (10.0)
IQSPECT 79.3 (9.1) 80.0 (11.0) 77.0 (11.3)
Conv.SPECT with OSEM-RR 76.8 (9.9) 76.0 (9.0) 78.0 (12.0)
Additional reconstruction methods
DSPECT without cardiac model 79.0 (5.0) 74.5 (6.0) 74.5 (7.0)
Conv.SPECT with FBP 84.0 (5.0) 86.0 (7.0) 82.0 (10.0)
Conv.SPECT with OSEM 86.0 (4.0) 84.0 (8.0) 80.0 (11.0)

axis of the septal and lateral walls, in the X or Y axial
direction, as opposed to the translations in the longitu-
dinal Z direction which are parallel to these walls. As
evidenced by the analysis of Figure 5, the segments
orthogonal to the translation direction corresponded to
those exhibiting the greater distance between their pre-
and post-translation positions (i.e., segments with a
definite doubled aspect on fusion images), a condition

that is associated with a high spatial dispersion of the
recorded signal and that is likely to favor SPECT
artifacts.

In the present analysis, currently recommended
reconstruction methods were used in a first instance,
since they were likely to provide, for each camera, a
level of resolution that may be achieved with accept-
able levels of noise and of signal heterogeneity. In a
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Translation : Simulated motions
- amplitude- OmMm - 5mMm - 5mm - 5mm - 10mm -- 10mm - 10mm -
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(cardiac model)
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(OSEM-RR)

100

Figure 3. Polar maps of the SPECT images obtained with the four cameras using the
recommended reconstruction parameters at baseline and for 5- or 10-mm translations in the
positive X, Y, or Z directions. Red arrows, corresponding to the translation direction (see Figure 5),
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are additionally inserted on the polar-maps obtained with the 10-mm motions.

second step, however, we also show that very different
results could be achieved with other reconstruction
methods. This is firstly due to the use of the cardiac
model that is commonly recommended with the iterative
reconstruction process of the DSPECT camera. This
model was found herein to be highly efficient in
preventing heterogeneities in activity documented at
baseline and especially with simulated motion (see polar
maps obtained with and without the cardiac model in
Figures 3 and 4, respectively). This model enables
concentrating myocardial signals around a center line,
within the wall thickness, thus opposing the spatial
dispersion of the signal whereas such dispersion is likely
to play a major role on motion-related artifacts.

This is secondly due to the use of a FBP or OSEM
without RR as opposed to the OSEM-RR recommended
reconstruction method for conventional SPECT, both
FBP and OSEM alone being impossible to use with the
other cameras. At the difference of the less sophisticated
OSEM method, OSEM-RR involves the incorporation of
a 3D-beam model, i.e., modeling of the spatial resolu-
tion of the collimator in order to restore an equivalent
spatial resolution in the longitudinal and axial directions.
OSEM-RR is likely to provide higher spatial resolution,
lower noise and a reduction in image distortions when
compared with FBP and OSEM-2D.?® In our study, the
central tomographic spatial resolution, assessed using

the full width at half maximum for a linear source, was
11.7 mm with the recommended OSEM-RR reconstruc-
tion method applied on conventional SPECT but only
13.5 mm for OSEM without RR and 15.6 mm for FBP.

However, our results also show that OSEM-RR
enhanced the vulnerability to cardiac motions as com-
pared with FBP, strengthening a previously reported
observation from another phantom-based study.?’ In the
present study, this vulnerability was even higher with
OSEM-RR than that observed for OSEM alone without
the RR algorithm. This would suggest that the incorpo-
ration of the 3D-beam model is the main element likely
to increase the vulnerability associated with the iterative
reconstruction process of the conventional Anger-
camera.

It may be additionally observed that areas of
significant decreased activity were very scarce with
motion along the longitudinal Z direction, even for the
anterior and inferior walls, which are nonetheless
oriented orthogonal to this direction (Figure 4) and
contrary to that observed in a previous study, where a Z
translation was also simulated on Anger-SPECT (sim-
ulation of diaphragmatic respiratory —motions’°).
However, the translation-amplitudes leading to the
presence of artifacts were higher in this previous study
(2 cm). Furthermore, as previously discussed, the ante-
rior and inferior walls were also those exhibiting the
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Simulated motions

- amplitude-- Omm -~ 5mm - 5mm -- 5mm --+ 100mm - 10mm - 10 mm -

- direction ...

DSPECT (no

cardiac model)

Conv.SPECT|-.
(FBP)

Conv.SPECT
(OSEM)

Figure 4. Polar maps of the SPECT images obtained at baseline and for 5- or 10-mm translations
in the positive X, Y, or Z directions with the DSPECT camera after exclusion of the recommended
cardiac model, and for conventional SPECT images reconstructed with OSEM without RR or FBP
as opposed to the recommended OSEM-RR method. Red arrows, corresponding to the translation
direction (see Figure 5), are additionally inserted on the polar-maps obtained with the 10-mm

motions.
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Figure 5. Midventricular short-axis slices obtained with each
of the four cameras and recommended reconstruction methods:
(1) at baseline, in the absence of any motion, and (2) with
fusions of the two sets of reconstructed SPECT involved in
each motion of 10-mm amplitude in the positive X, Y, or Z
directions (i.e., fusion of the baseline non-translated SPECT-
images with the SPECT-images obtained after the 10-mm
translation). The CZT-SPECT images provide clear visualiza-
tions of the translation directions according to the areas
showing the largest separations between the pre- and post-
translation positions of the left ventricular walls (red arrows).

highest baseline activities with our recommended recon-
struction methods, mainly for Anger-cameras and to a
lesser extent for the Discovery NM 530c. As a result,
motions along the Z direction were rather associated
with a lowering of this excess in anterior and inferior
activities, hence explaining the pattern of paradoxical
homogeneity improvement, which was particularly
manifest for the 10-mm Z translation with conventional
SPECT reconstructed with the recommended OSEM-3D
method (Figure 3).

A final novel observation was that the Discovery
NM 530c had the particularity of being less vulnerable
to the axial translations applied in the Y direction than to
those applied in the X direction (see Figures 3, 5). A
possible explanation is the asymmetrical geometry of
this camera in which a displacement in the X direction
will mainly affect five detectors aligned in this direction
against four detectors for the Y direction. Lastly, the
Discovery NM 530c was found to be mainly vulnerable
to Y axial translations, the Anger cameras mainly
vulnerable to X and Y axial translations and the DSPECT
to all X, Y, and Z translations but only when the cardiac
model was not included in the reconstruction process.

Certain limitations of this phantom-based study
should be acknowledged, the first being that the clinical
impact of the present findings remains to be assessed in
a more extensive, in-depth manner. This impact is likely
to depend on the relative effects of the small motions, as
compared with other potential sources of local decreases
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in recorded activity such as photon attenuation and
physiological variations in myocardial thickness. The
motion-related decreases in activity, when associated
with the above additional sources of decreased activity
in the same segments, possibly contribute toward
attaining the lower activities corresponding to definitely
abnormal segments.

Furthermore, the higher activities documented both
herein and in a comparable study®’ on the inferior and
anterior walls at baseline were not currently observed
during in vivo SPECT imaging. This is presumably the
result of the inferior and anterior signal being addition-
ally lowered in vivo by diaphragmatic and breast
attenuations and by breathing-related cardiac motions
in the longitudinal Z axis.*®*' The additional use of
phantoms simulating these attenuations and motions
could prove useful in this setting.

The impact of small motions on the sensitivity of
the tests also needs to be assessed in vivo, with the
consideration that the detectability of perfusion defects
can vary according to their locations (i.e., with a
possible enhanced detection in areas of motion-related
decrease in recorded signal but not in other areas).

A final limitation is that the study did not include
the use of methods developed for motion correction.
However, these methods are recognized to be poorly
adapted to such small motions and therefore, their
application is currently not recommended in this
setting."?

NEW KNOWLEDGE GAINED

(1) CZT-cameras are less vulnerable to small
cardiac motions than Anger-cameras when reconstructed
with currently recommended methods. (2) This vulner-
ability is particularly low for the DSPECT reconstructed
with the recommended cardiac model. (3) This vulner-
ability is rather high for conventional Anger SPECT
reconstructed with the recommended resolution recov-
ery algorithm. (4) The myocardial segments orientated
in a direction orthogonal to the translation direction are
the more likely to exhibit motion artifacts.

CONCLUSION

The present study reveals that when reconstructed
with the currently recommended methods, the CZT-
cameras, and especially the DSPECT, are less vulner-
able to small cardiac motions than Anger-cameras.

This lower vulnerability is observed in spite of the
fact that higher spatial resolutions are achieved with the
CZT-cameras, and is predominantly dependent on the
choice of reconstruction parameters with: (1) a
decreased vulnerability for Conv.SPECT reconstructed
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without the recommended Resolution Recovery algo-
rithm and (2) an increased vulnerability for DSPECT
reconstructed without the recommended cardiac model.

Finally, this study also yields evidence of a partic-
ular vulnerability to motion for segments imaged in a
direction orthogonal to the translation direction and
especially for those showing a decreased signal at
baseline.
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