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Background. Patient motion during pharmacological stressing can have substantial impact
on myocardial blood flow (MBF) estimated from dynamic PET. This work evaluated a motion
correction algorithm with and without adjustment of the PET attenuation map.

Methods. Frame-by-frame motion correction was performed by three users on 30 rubid-
ium-82 studies. Data were divided equally into three groups of motion severity [mild (M1),
moderate (M2) and severe (M3)]. MBF data were compared for non-motion corrected (NC),
motion-corrected-only (MC) and with adjustment of the attenuation map (MCAC). Percentage
differences of MBF were calculated in the coronary territories and 17-segment polar plots.
Polar plots of spill-over were also generated from the data.

Results. Median differences of 23% were seen in the RCA and 18% for the LAD in the M3
category for MC vs NC images. Differences for MCAC vs MC images were considerably
smaller and typically < 10%. Spill-over plots for MC and MCAC were notably more uniform
compared with NC images.

Conclusion. Motion correction for dynamic rubidium data is desirable for future MBF
software updates. Adjustment of the PET attenuation map results in only marginal differences
and therefore is unlikely to be an essential requirement. Assessing the uniformity of spill-over
plots is a useful visual aid for verifying motion correction techniques. (J Nucl Cardiol
2021;28:1334-46.)
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Abbreviations

MBF Myocardial blood flow

MC Motion corrected

MCAC Motion corrected and attenuation|
motion corrected

NC Non-motion corrected

PET Positron emission tomography

See related editorial, pp. 1347-1348

INTRODUCTION

Quantitative MBF using rubidium-82 PET has been
shown to have additive and incremental prognostic value
over and above relative perfusion data for the assess-
ment of coronary artery disease (CAD).'™ As with any
image-derived metric, several technical factors could
potentially affect MBF values and hence robust quality
control measures are necessary to ensure that the data is
accurate and reproducible.* Recent excellent clinical
guidelines published jointly by ASNC and SNMMI on
stepwise assessment of MBF data from dynamic PET for
its routine use in clinical practice are available.’

Patient motion is a major factor that affects accurate
MBF calculation. There are multiple commercial MBF
software packages available from a range of vendors,’
with differing handling of patient motion. Three exam-
ples are Syngo.PET MBF from Siemens Healthineers,
which provides automated motion tracking only’; Cor-
ridordDM from Invia allows manual frame-by-frame
correction, and has been used in several recent stud-
ies® 1% and QPET from Cedars Sinai, which, to the best
of our knowledge does not allow any correction for
patient motion. This variability of motion compensation
techniques could inherently alter MBF values across
different vendors and hence there is a need for
standardisation.'" Motion and its effect on MBF has
been reported in oxygen-15 water studies with motion
being tracked either by external markers or optical
surface tracking systems.'>'® There have been more
recent studies that have investigated the impact of
motion on MBF data in rubidium-82 perfusion
PET.”"'%'*!15 Simulation data from Hunter et al. demon-
strated that frame-by-frame motion correction of
dynamic PET data reduced the mean error of 240% to
10% when comparing to the ground truth simulations.'*
Due to the increased use of myocardial perfusion PET
imaging including MBF data in routine clinical practice
across the world, there is a desire to standardize motion
correction techniques to ensure consistent results across
software from all vendors.
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Types of Motion

Reasons for potential heart displacement throughout
the scan can be generally classified under two cate-
gories: that due to a physical, translational shift of the
patient and that due to physiological movement related
to increased respiratory rate secondary to vasodilator
stress or cardiac motion. Physiological motion can be
either periodic (e.g. cardiac beating, respiratory) or non-
periodic, i.e. from a general relaxation of the patient or
associated with the changes in the gross tidal volume of
the lung during pharmacological stress. In myocardial
perfusion PET, we are imaging at the time of peak stress
and we believe that motion is often attributed to the side
effects of the stressing agent diminishing during the PET
scan.

Prevalence of Motion

The published prevalence of patient motion during
dynamic rubidium cardiac PET is variable but there is an
overall greater degree of motion observed in stress
images. For a 20-frame dynamic reconstruction, Naum
et al. reported motion in 8.7 + 3.2 frames during
adenosine stress compared with 3.7 + 2.1 frames at
rest.'? In our institution, a retrospective analysis of 3097
patients showed significant motion in 30% of stress
images but only in less than 5% on rest images.’
Koenders et al. showed non-returning motion in 52/104
stress images compared with 2/104 for rest scans.” A
study from the same institution by van Dijk et al. noted
non-returning motion in 31/64 stress images.'® Lee et al.
reported mild to severe motion shifts in 66% of stress
images compared with 45% of rest images® and
observed that the median shift for stress images was
6.4 mm compared with 4.5 mm for rest images. The
degree of variation between published results generally
reflects the variation in stress protocol used.”'®

Effects of Motion

The calculation of MBF requires accurate measure-
ment of blood input function and myocardial uptake,
derived from semi-automated volumes of interest to
generate time activity curves that are used as input data
for the kinetic model.'” The presence of motion can
move the reconstructed PET data outside of these
delineated volumes of interest and hence render the
uptake measurements inaccurate. Frame-by-frame
adjustment of the volumes to account for this motion
is available manually or automatically in some com-
mercially available software; however, the
corresponding shifts in the underlying attenuation maps
are not accounted for. Hence in addition to the impact of



1336 Armstrong et al.

Assessment of motion correction in dynamic rubidium-82 cardiac

motion correction on time activity curves, there is the
additional factor of temporal variation of PET to CT
registration and its impact on the frame-to-frame atten-
uation correction. A study by Rajaram et al.
demonstrated that mis-registering PET data in the lateral
and cranial directions relative to the CT, could produce
mean changes of up to 39% in MBF.'"® A simulation
study by Pourmoghaddas et al. assessed the impact of
superior-inferior motion due to breathing on MBF. They
recommended that matched attenuation correction is
important if motion correction is applied.'” In contrast, a
recent retrospective study by van Dijk et al. concluded
that frame-by-frame adjustment of the attenuation map
is not necessary when correcting for motion.'® However,
their study evaluated ‘‘cardiac creep’ motion and not
general patient motion. Their study included patients
stressed exclusively with regadenoson, which has been
shown to result in less frequent and less severe patient
motion compared with adenosine.”'® In addition, so far
the impact of motion on MBF calculation using clinical
data has been performed using only Corridor 4DM.*'°
We feel that the inconsistency between findings and the
lack of data processed using software from other
vendors motivates additional investigation into this
particular area.

The common lack of ground truth and non-trivial
means of assessing motion correction effectiveness
motivates the need to establish indicators of such
effectiveness. One possibility may be the use of spill-
over data, as certain software packages offer visual
representation of the regional spill-over of the early
blood-pool activity into the left ventricle volume of
interest.

In this study, we evaluate frame-by-frame motion
correction, applied to both PET-only and PET and
attenuation maps, of dynamic rubidium data on MBF
results. In our institution, we use both adenosine and
regadenoson for pharmacological stressing. Due to
previous studies already demonstrating the impact of
motion correction for patients stressed using regadeno-
son, we focus solely on adenosine. We believe that, by
combining our findings with other studies, we will
understand the impact of motion on our patient popu-
lation. The agreement of MBF data generated after
motion correction by multiple operators is assessed as
well as the use of spill-over plots to illustrate the
effectiveness of any motion correction techniques.

METHOD

Patient Study Cohort

This study was a retrospective evaluation performed on
30 patients who underwent clinically indicated rubidium
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cardiac PET study stressed with adenosine. Based on the
observation that the majority of patient motion occurs in stress
images,”” the decision was taken to only include the dynamic
stress data. The 30 datasets were divided equally into three
groups of motion severity [mild (M1), moderate (M2) and
severe (M3)]. This semi-quantitative categorisation of patient
motion has been used previously in work from our institu-
tion.”?® Briefly, M1 are cases where myocardial frame-by-
frame motion is less than half the width of the myocardial wall,
M2 cases are greater than half the width of the myocardial wall
and M3 cases exhibit severe motion leading to a gross failure
of myocardial segmentation. Each of the 10 cases in each
category were collected consecutively. The classification of
motion for the 30 cases was manually defined by one of three
experienced users (IA, MM, KS) with a final consensus
amongst these three users on the classification. Patient pre-
sentation at scan time was: M1 category: 6/10 suspected CAD,
3/10 for non-cardiac surgery workup and 1/10 known CAD;
M2 category: 7/10 suspected CAD and 3/10 known CAD; M3
category: 10/10 with suspected CAD.

Rubidium PET Imaging and Image
Reconstruction

All patients abstained from caffeine intake for 12 hours
before the test and were administered 1110 MBq (30 mCi) of
rubidium chloride from a Cardiogen Sr-82 generator (Bracco
Diagnostics) after a low-dose CT for attenuation correction
(120 kVp, CAREDose quality reference 11 mAs). In all
patients, pharmacological stressing was performed using
adenosine at an infusion rate of 140 pg/kg/min for 4.5 min-
utes. A 7-minute listmode PET scan was performed on a
Siemens Biograph mCT equipped with 21.6 cm TrueV field of
view (Siemens Healthcare, Knoxville, TN). The rubidium
infusion was started 2 minutes after the start of the adenosine
infusion and the PET acquisition was started as the rubidium
was infused.

Dynamic data were framed into 18 frames as 1 x 10 s,
8 x5s,3x10s,2 x 20s and 4 x 60 s. Data were recon-
structed with 3D Ordered Subset Expectation Maximisation
(OSEM), without incorporation of resolution modelling or
time-of-flight data, using 2 iterations, 24 subsets and a 6.5 mm
full-width-half-maximum Gaussian post-filter. Registration of
PET to the attenuation correction CT was defined during the
motion correction process and will be described in the
following section.

Motion Correction

Frame-by-frame translational motion correction was per-
formed manually by three experienced users (IA, MM, KS) on
the 30 rubidium-82 stress images. The correction was per-
formed on prototype software developed by Siemens
Healthcare and was independent of any commercial MBF
processing software. Each user corrected all 30 images.

The first stage of the process was to register the PET
images of the left ventricle with the CT used to generate the
attenuation map for attenuation correction. A ‘‘reference’’
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PET frame was selected for each case based upon optimal
visualisation of the ventricle—this was towards the end of the
dynamic framing and was a trade-off of blood-pool clearance
and myocardial image noise in the myocardium due to decay
of the rubidium. Due to differences in patient blood-pool
clearance, myocardial uptake and noise characteristics, the
optimum frame differed from patient to patient and typically
frames 15, 16 or 17 (starting at 3, 4 or 5 minutes) were
selected. Each user then manually performed PET to CT
alignment, using only translational adjustment, on the selected
reference frame for each case—the same reference frame was
used by all three users on each case. The remaining PET
frames were then manually aligned with this reference PET
frame by each user; no automated techniques were employed
Figure 1 illustrates this process. The window levels of the PET
data were manually adjusted on each frame as required to
provide optimum visualisation of either the myocardium or
blood-pool activity during the late or early phases respectively.

Following this PET-CT registration and frame-by-frame
alignment of PET data, three sets of reconstructed images were
created for each of the three users:

1. a non-motion corrected (NC), where the original frame-to-
frame motion was present and PET to attenuation correction
CT registration was based upon the single reference frame
for each user;

2. a motion corrected only (MC), incorporating the individual
user’s frame-to-frame translations and PET to attenuation

A B
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correction CT registration was based upon the single
reference frame;

3. a motion corrected with corresponding adjustment of the
attenuation correction map (MCAC), incorporating the
individual user’s frame-to-frame translations that were also
applied to the CT and attenuation correction map.

The MC data were generated by simply applying the
translations to the NC data for each user. Only the MCAC data
required a specific reconstruction to be generated where the
attenuation map was also shifted according to the frame-by-
frame translations. This was performed with prototype offline
reconstruction software (e7 tools, Siemens Healthineers).

MBF data were generated in syngo.PET MBF (Siemens
Healthineers) for each of these three image sets and for each of
the three users. The automated motion tracking that is
available in the software was not used in the data analysis to
allow the impact of only the users’ motion shifts to be
observed. Placement of the blood input volume of interest is
automated, within the basal left ventricular cavity, determined
from the automated left ventricle segmentation so no user
adjustment was performed. The relative differences of MBF
were calculated in the three coronary territories and also in 17-
segment polar plots. As the direction of the change in MBF
was expected to be variable, relative changes in MBF are
quoted as the absolute magnitude to give a clearer indication of
the impact of motion.

Figure 1. Illustration of frame-by-frame motion correction applied. The chosen reference PET
frame (in this case frame 16) is registered to the CT (A). The registered reference PET frame is then
shown using a monochrome ‘‘edge’’ colour map and all other dynamic PET frames are registered to
this reference PET frame. The example here shows PET frame 12 before (B) and after (C)
registration to the reference PET frame. The top row shows a transaxial view and the bottom row

shows a corresponding coronal view.
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Figure 2. Cumulative motion shifts in orthogonal directions for each of the motion categories. The
plot on the left shows cumulative y shifts (anterior—posterior) plotted against x shifts (left-right) and
the plot on the right shows cumulative z shifts (superior—inferior) plotted against x shifts. Note that
data are shown for each user and so there are 30 points per motion category.

17-segment polar plots of spill-over values calculated
according to the single-compartment model fitting'” from
Syngo.PET MBF, were generated for NC, MC and MCAC data
using in-house developed processing (Python 3.4, Python
Software Foundation, https://www.python.org). For syngo.PET
MBF the left ventricle segmentation is derived from the late
frames when the blood-pool has cleared. Any shift in position
of the heart between early and late frames may result in
incorrect positioning of the left ventricle volume of interest in
the early frames when the ventricle is not yet visible. As the
effect of spill-over has greatest influence during the early
blood input phase, we propose an assessment of the homo-
geneity of the spill-over fraction across the 17 segment model.
This would indicate firstly correct positioning of the left
ventricle volume of interest in these early frames such that it
surrounds the blood-pool activity in a uniform fashion with

minimal spill-over and secondly whether this position remains
consistent or if motion exists during the phase. For each image,
the coefficient of variation (CoV) of spill-over across the 17
segments was calculated as a potential quantitative measure-
ment of homogeneity.

Statistical Analysis

In order to assess the variability of the MBF data across the
three users, a two-way analysis of variance was performed for
MC and MCAC data across the three users across MBF data in
the three coronary territories only—the global MBF values were
not included as they can be seen as a weighted average of the
LAD, LCx and RCA values. This was performed in Microsoft
Excel. Following a Bonferroni correction for multiple tests, a
significance level of P = 0.008 was used.
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Figure 3. Plot showing the temporal relationship of the absolute magnitude of the shift vector.
Data shown are the median (black line) and inter-quartile range (grey area) of the absolute
magnitude of the shift vectors for each time-point alongside the individual vectors. Note that data
are shown for each user and so there are 30 points per motion category.

RESULTS

Comparison of User Variation

Results from the two-way ANOVA of the three
users’ assessment of motion demonstrated no significant
inter-user variation (P > 0.05 for all cases). For this
reason, the MBF data from the three users were collated
in the subsequent plots to demonstrate the realistic range
of changes to MBF due to the investigated correction
methods, giving three data points per patient and
therefore 30 data points per motion category from
which medians and inter-quartile ranges were calculated
given the data were not normally distributed.

The plots in Figure 2 show the cumulative motion shift
in each of the orthogonal directions derived from the frame-
by-frame motion shifts for each user. The figure shows that
the magnitude of cumulative shifts are comparable in the x-
direction (left-right) and y direction (anterior—posterior)
while notably larger shifts are seen in the z direction
(superior-inferior). To demonstrate the temporal

relationship of the shifts, Figure 3 shows the plots of the
absolute magnitude of the shift vector for each frame
relative to the final frame. It shows that the greatest degree
of frame-to-frame translation occurs across frames 14 to
16, which span the period of when the adenosine infusion
was completed 2:30 after the start of the PET acquisition.
There is a considerable variability in the magnitude of shifts
in the early frames, particularly with M3 cases but overall
the median value shows a relatively consistent systematic
offset for these earlier frames during the scan.

Changes to MBF Values

Figures 4 and 5 show the scatter plots of MBF in the
three coronary territories and globally for MC vs NC and
MCAC vs MC, respectively. The scatter plots show that
change in MBF is greatest in M3 cases but, particularly in
the RCA territory, there is positive and negative change
with negligible systematic offset. Hence to compliment
these graphs, the remaining figures show only the
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Figure 4. MBF in the three coronary territories and globally for MC vs NC data for the three
motion categories. Note that each motion category contains data using motion correction from all

three users.

magnitude of change to MBF and not the direction of
change. The box-plots in Figures 6 and 7 show the median
and inter-quartile range of the magnitude of relative change
for MC vs NC and MCAC vs MC, respectively. These plots
show more clearly that the degree of change in MBF
increases with an increasing degree of motion.

Figure 8 demonstrates the median magnitude of
relative change of MBF values for MC vs NC and
MCAC vs MC across 17 segment polar plots. The
magnitude of the change can be seen to increase
amongst progressive motion categories when compared
with the NC data, specifically in the anterior and infero-
septal regions. The difference when compared with the
MCAC data is less pronounced, demonstrating that the
effect of frame-by-frame adjustment of the attenuation
map when motion is considered is non-zero but small
compared with gross motion correction.

Figure 9 shows 17 segment polar plots of the
median spill-over values for the three different image
sets and motion categories. As can be seen, the spill-

over values become considerably greater in the RCA
territory as the severity of the motion increases for the
NC images. This is due to the early blood-pool
erroneously overlying the myocardial volume of inter-
est. Even in the M1 category, there is increased spill-
over in the infero-septal segments compared with the
antero-septal segments. For both MC and MCAC
images, there are negligible differences between the
plots for all three motion categories. In all spill-over
plots, there is increased spill-over in the septal wall,
which is thought to be a consequence of activity in the
right ventricle during the first pass of the tracer bolus
contributing to the left ventricle myocardial volume of
interest.

Figure 10 shows the distribution of the CoV data
derived from each of the 17-segment spill-over
plots for each image. The plot shows that MC and
MCAC offer similar distributions for all motion
categories and are lower than the CoV from the NC
images.
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Figure 8. Polar plots showing the median magnitude of
relative change of MBF measured comparing MC vs NC (left
column) and MCAC vs MC (right column). Data are shown for
the three motion categories, increasing from top to bottom. The
greatest median change was found to be 65% in the apical
anterior segment for the M3 category, although intensity is
scaled to 50% for consistency with other figures.

DISCUSSION

In this study, we have evaluated the application of
frame-by-frame motion correction, both with and with-
out combined correction of the attenuation map, when
determining MBF from dynamic rubidium PET. By
including motion correction applied by multiple users on
the same data, we have demonstrated that the technique
is reproducible. To demonstrate the generality of the
correction, we considered any form of motion giving
rise to displacement of the heart during the scan and did
not constrain the motion selection to non-returning
““cardiac creep’” motion as done by other authors.”'"
We also believe that this is the first study to demonstrate
the impact of general motion on MBF for patients
stressed with adenosine and imaged with rubidium as
other studies have exclusively used regadenoson.®'°

Frame-by-Frame PET Motion Correction

We have demonstrated that motion can have a
substantial impact on the calculation of MBF due to
incorrect time activity data extracted from myocardial
and blood-pool volumes of interest. Looking at MBF in
the coronary territories, the RCA territory was the most
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susceptible to motion with a median absolute percentage
change of 23% comparing MC to NC data in the M3
motion category. This is comparable to data presented
by Lee et al.® who reported a mean change of 29% in
patients demonstrating mild to moderate motion. The
difference in results between the two studies may be
attributed to the reconstruction parameters used as Lee
et al. incorporated resolution modelling and time-of-
flight as opposed to standard OSEM algorithm without
resolution modelling or time-of-flight used in our study.
Reconstruction parameters will have a significant impact
on MBF calculation.”” We accept that the parameters
used in our study, including the relatively large amount
of post-reconstruction smoothing are likely to reduce the
changes in MBF observed—particularly comparing
against a study like that of Lee et al. where minimal
post-filtering was applied. The parameters were defined
when we commenced our rubidium service, and based
on the manufacturer’s recommendation. They have
remained fixed for consistency. As with the data from
Lee et al. our results showed an artificially high MBF in
the RCA territory without motion correction. This is due
to spill-over of the early blood-pool activity into the
myocardial volume of interest. This is supported by the
spill-over polar plots for NC data in Figure 9. We also
observed a substantial impact of motion on the LAD
territory with a median absolute percentage change of
18% comparing MC to NC data in the M3 motion
category. In fact, the apical and mid-anterior segments
experienced the greatest overall median change of 65%
with motion as shown by Figure 8. This is due to
significant motion in the mid- to late-phase where the
blood-pool activity has cleared, so the change in
regional MBF is not due to spill-over, but instead a
gross failure of the volume of interest tracking of the
myocardium as shown in Figure 11. This compares to
only 4% change reported by Lee et al. in the LAD
territory. We believe that these differences arise due to
the stressing agent. In our study, adenosine was the sole
stressing agent, with an infusion that finished 2.5 min-
utes into the 7-minute listmode acquisition. The side
effects of adenosine wear off very quickly and we saw
substantial inferior—superior cardiac motion due to
changes in respiratory motion patterns as shown in
Fig. 3. We believe that this would cause greater errors in
the later ‘‘tissue phase’’ compared with that observed by
Lee et al.

Frame-by-Frame Attenuation Map Motion
Correction

The study by van Dijk et al. reported that frame-by-
frame motion correction of the attenuation correction
map is not required for patients undergoing regadenoson
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Figure 9. Median absolute spill-over values in each of the 17 segments within the polar map for
NC images (left column), MC images (centre column) and MCAC (right column). Data are shown
for the three motion categories, increasing from top to bottom.

stress.'? In our study, we have made a similar observa-
tion in patients undergoing adenosine stress; a group in
whom the magnitude of patient motion has been shown
to be greater.”'® The study by van Dijk focused on
motion classified as ‘‘cardiac creep’’, which the authors
demonstrated was associated predominantly by z-axis
(superior-inferior) motion. We acknowledge Figure 2 of
our study shows that motion is greater in the z-axis
direction but we still observe appreciable motion in the
x-axis and y-axis directions. By comparing Figure 2
with the motion plots in the study by van Dijk et al., we
consider that we have observed greater degree of lateral
motion in our study. This is supported by the data from
Hunter et al., who looked at general motion, and
demonstrated lateral motion in 31% of the images,
which resulted in significant error in MBF measurement
as a result of CT mis-registration.'* We note that
Figure 7 demonstrates a greater variability of the change
in MBF for the M2 data compared with M3 data in the
RCA territory. Two patients in the M2 group demon-
strated a relatively large change in RCA MBF with
MCAC vs MC (approximately 20% and 30%) that

skewed the variability in the M2 RCA plot in Figure 7.
Both the CT and the nature of the PET motion were
evaluated for these two patients. Both patients exhibited
gradual upward motion in the PET but had quite stark
anatomical features seen on CT. One patient had a very
highly protruding liver into the chest cavity while the
other had a very low-lying liver. Even though motion
magnitude was not as great as M3 cases, we suspect that
the anatomical features gave rise to larger changes in the
RCA region as a result of adjusting the attenuation map.
These anatomical features may be a result of the
particular phase with the breathing cycle that the CT
was acquired at.

Whilst the results from our study are not backed up
by follow-up clinical data, our work shows that there is
no additional value of attenuation map motion correc-
tion. This is supported by the simulation work by Hunter
et al., which showed that frame-by-frame motion cor-
rection is the single biggest factor in reducing the error
on MBF with adjustment of the attenuation map
contributing small residual errors. While the implemen-
tation of the frame-by-frame motion correction was
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Figure 10. Box-plots to show coefficient of variation (CoV) of spill-over calculated across the 17
segments for each image. Data for each box includes from data from all three users.

performed offline, it is entirely feasible that this could be
integrated into the processing software for routine use.
The use of a second CT after the stress images may be
used to reduce mis-registration errors'* but our findings
suggests that this is not necessary and the use of a single
CT for attenuation correction would suffice.

In our study, we have assessed the absolute values
of regional blood-pool to myocardium spill-over of
activity as an indicator of the effectiveness of motion
correction and generated polar plots with in-house
techniques as this is not commonly available in com-
mercial software. In the study by Lee et al., the use of
spill-over was used as one of three criteria for judging
the alignment of the early blood-pool phase with
myocardial contours.® However, it is not clear from
their study whether the group quantitatively equalised
spill-over values over the myocardium or this was
assessed visually. Based on our observation, both visual
inspection and quantification of the uniformity of these
spill-over polar plots can be used to identify cases where
motion in the early blood-pool phase has been suffi-
ciently corrected. We observed that there is still slightly
increased spill-over in the septal region and it is possible

that the appearance of spill-over plots is dependent on
the reconstruction method. We hypothesise that incor-
porating resolution modelling and time-of-flight will
result in reduced septal spill-over due to better quality
images and convergence.”’

From the perspective of the kinetic modelling used
for the calculation of MBF, it has been demonstrated
that there is very little benefit from using short time
frames in the myocardial uptake phase?' but this does
not take into consideration any intra-frame motion. Our
work uses a relatively coarse time sample, too coarse to
sample intra-frame motion adequately and hence this
will still exist. This is particularly relevant in the later
times frames of the dynamic data where 60-second
frames were used. It is noted that establishing the impact
of motion correction techniques on the absolute accu-
racy of MBF data in clinical images is challenging as
there is no ground truth of actual MBF. One recent study
has attempted to assess the reliability of MBF data
following motion correction using Bayesian probability
model to uncertainty estimates of the extraction coeffi-
cient K; from the compartmental model.”* The work
showed that motion correction reduced the uncertainty,
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Figure 11. Example of an M3 case with motion in the mid and late phase of the framing and
volume of interest tracking of the myocardium has failed leading to an MBF reduction in the mid-
anterior segment.

implying a more confident assessment of MBF. We
believe the homogeneity of spill-over across the myo-
cardium combined with other metrics such as a goodness
of fit for the kinetic model could be implemented as a
Quality Index in future software versions.

Limitations

A limitation of our study is that motion was only
assessed in stress rubidium images. The rationale for this
was supported by observations in the recent literature
and from our department that stress images are far more
susceptible to patient motion due to the effects of
vasodilator stress agents. The exception to this is the
work by Hunter et al. who observed no significant
differences in motion for rest and stress images.'* We
believe that the longer lasting side effects of dipyri-
damole as used in their study may have led to this
observation.

We have used a relatively small patient cohort in
this study but believe that by including multiple correc-
tions for each case and a range of patient motion
severity, we feel that there is sufficient data to support
the findings.

Finally, the non-contemporaneous nature of the CT
data used for each frame should be noted. The CT
acquisition is prior to the PET and therefore the tissue
map for attenuation correction does not account for the
longer PET acquisition and variation in thoracic struc-
tures position during normal respiration and
vasodilator induced changes. Therefore, the MCAC
data cannot be considered as a gold-standard as
opposed to approaches such as morphing the CT data
according to PET derived motion-fields. However,
considering the negligible incremental value of frame-
by-frame adjustment of the attenuation map observed
in our study, this added complexity is unlikely to be
clinically relevant.

NEW KNOWLEDGE GAINED

To the best of our knowledge, this is the first study
that has demonstrated the effect of general patient
motion, in various degrees of severity on rubidium
myocardial blood flow for patients stressed with adeno-
sine. Like previous studies, we have shown that frame-
by-frame adjustment of the PET data is by far the more
important correction to apply and adjusting the attenu-
ation map results in minimal changes in MBF. We have
proposed a novel method of evaluating the effectiveness
of motion correction by assessing the uniformity of spill-
over polar plots. These plots, together with quantitative
assessments of uniformity, could potentially be used to
optimise automated frame-by-frame motion correction
should such technology become available in software.

CONCLUSION

This work adds to the growing number of studies
that demonstrate that frame-by-frame motion correction
strategies is a highly desirable feature in determination
of MBF using dynamic rubidium PET. Frame-by-frame
adjustment of the attenuation map results in marginal
differences and therefore is unlikely to be an essential
requirement. This is fortunate as it involves direct
integration into the PET reconstruction and is not
currently available commercially. Assessing the unifor-
mity of spill-over plots appears to be a useful aid for
verifying motion correction techniques.
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