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Abstract

Purpose Spatial resolution in myocardial imaging is im-
paired by both cardiac and respiratory motion owing to
motional blurring. We investigated the feasibility of a dual
cardiac—respiratory gated positron emission tomography
(PET) acquisition using a clinical PET/computer tomogra-
phy (CT) scanner. We describe its implementation and
present results on the respiratory motion observed.
Methods The correlation between diaphragmatic excursion
measured by real-time magnetic resonance imaging (MRI)
and the expansion of the chest measured with an elastic belt
was studied in six subjects. PET list mode acquisitions were
then performed in 12 patients, six of them injected with
N-ammonia and six with 'F-FDG. In parallel, the ECG
and respiratory signals of the patients were recorded and the
list mode file correspondingly sorted using a dual gated
approach. Respiratory motion of the heart was quantified
by measuring the displacement between the inspiratory and
expiratory images in the diastolic phase by means of
intensity-based non-rigid image registration.

Results The correlation between diaphragmatic excursion
and expansion of the chest was excellent (R*=0.91),
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validating the ability of the elastic belt to provide an
adequate respiratory trigger. Respiratory signals corre-
sponding to the chest expansion showed a large inter-patient
variability, requiring adapted algorithms in order to define
suitable respiratory gates. Dual gated PET series were
successfully acquired for both groups of patients, showing
better resolved myocardial walls. The average respiratory
motion of the heart measured by PET was 4.8 mm, with its
largest component in the craniocaudal direction. Moreover, a
deformation of the heart with respiration was observed, with
the inferior wall moving significantly more than the anterior.
Conclusion Dual gated cardiac PET studies were performed
successfully and showed better resolved myocardial walls
as compared with ungated acquisitions. The respiratory
motion of the heart presented a significant elastic compo-
nent and was of the same magnitude as the spatial
resolution of current PET cameras.

Keywords PET- Cardiology - Respiratory gating -
Registration

Introduction

Positron emission tomography/computed tomography
(PET/CT) has the potential to be a valuable tool in non-
invasive cardiac imaging [1]: the PET quantitative measure-
ments of myocardial blood flow, coronary flow reserve and
tissue viability [2, 3] are complemented by the anatomical
information and morphology of the stenoses as observed
with CT [4]. With a spatial resolution below 5 mm in
commercial PET scanners [5], further possibilities for
cardiovascular imaging with PET are currently under
research, such as the discrimination between subendocar-
dial and subepicardial blood flow [6], the characterization
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of plaque vulnerability by co-registration with computed
tomography angiography (CTA) [7] or imaging of cardiac
reporter gene expression [8].

The effective resolution in cardiac PET, however, is
significantly worse than the nominal spatial resolution
obtained in phantom measurements as a result of combined
cardiac—respiratory motion [9]. For instance, coronary
arteries have been shown to move 8§23 mm during the
cardiac cycle [10], whereas values reported for the
respiratory motion of the heart and coronaries during free
breathing range between 4.9 and 9.0 mm [11-13].
Therefore, cardiac PET can only exploit the spatial
resolution available in state-of-the-art scanners with tech-
niques to account for both respiratory and cardiac motion.
A pioneering study indicated the feasibility of such an
approach using dual cardiac—respiratory gating in phantoms
[14], but technical limitations were reported (real-time
definition of the gates, partial loss of data, maximum of
16 gates in total) and the method was not implemented in
clinical practice. In mouse imaging, recent implementation
of combined cardiac—respiratory gating in the preclinical
microPET II scanner overcame these limitations [15]. This
methodological achievement, however, proved unnecessary
in this animal model as mice remain in an end-expiratory
state for more than 75% of the time. In contrast, the end-
expiratory state represents only 25-50% of the human
natural breathing cycle and respiratory motion may play a
more significant role. Recently, respiratory gating was also
proposed for clinical cardiac PET [16], but the combination
with ECG gating was not investigated.

The purpose of this study was to show the feasibility of a
simultaneous cardiac—respiratory gated PET acquisition
using a clinical PET/CT.

Materials and methods
MR acquisition for validation of the respiratory triggering

The correlation between diaphragmatic excursion mea-
sured by real time MR and the expansion of the chest
measured with an elastic belt was studied in six subjects.
The subjects were examined using a clinical 1.5-Tesla
Philips ACS-NT MR (Philips Medical Systems, Best, The
Netherlands) equipped with a five-element cardiac coil
and an advanced cardiac software package (R11). Real-
time MR of the lung-liver interface was performed in a
coronal plane using a non-electrocardiogram (ECQ)
triggered single-shot Cartesian steady state free precession
(SSFP) sequence. Imaging parameters included: TR/TE
2.5 ms/1.25 ms, flip angle 50°, spatial resolution 3.2x
3.2x8.0 mm, temporal resolution 182 ms, dynamics 100,
and SENSE factor 2 (SENSitivity Encoding). Simulta-
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neous with the MR real-time measurement, the signal
corresponding to the thorax expansion was measured with
a small pressure pad placed within a stretchable belt on
the upper abdomen. A respiratory signal was derived from
the air flow variations and recorded into a log file in the
MR acquisition computer together with timing information
necessary to synchronize the signal with the corre-
sponding MR acquisition. This system is standard equip-
ment with the used MR scanner.

The diaphragmatic excursion due to respiration has been
shown to correlate with the respiratory motion of the heart
with a patient-dependent linear factor [13, 17]. Thus, if the
measured respiratory signal provides an adequate trigger to
monitor the diaphragm excursion, the trigger will equally
serve for the respiratory motion of the heart, as used for
cardiovascular MR using diaphragmatic navigators.

The displacement of the diaphragm was measured from
the sequence of images by quantifying the craniocaudal
motion of the liver—lung interface within a two-dimensional
region of interest (ROI), then compared with the respiratory
signal obtained from the elastic belt by means of the linear
Pearson correlation coefficient.

Patient population

Twelve patients belonging to two different groups were
included in the study: six of the patients (age 61+13 years)
were referred for diagnosis of coronary artery disease and
underwent a '*N-ammonia (NH;) perfusion examination,
consisting of an acquisition at rest and one during
adenosine-induced stress. The remaining six patients (age
67+6 years) were originally referred for an '*F-fluorodeox-
yglucose (FDG) oncology examination and were included
in the study owing to their intense cardiac uptake. Using
these two groups of patients, the gating approach could be
tested with short-lived perfusion radiotracers as well as with
long-lived metabolic radiotracers and thus represents tracers
typically used in cardiac PET imaging. Patients provided
informed consent.

PET/CT acquisition

All 12 patients were scanned using a Biograph Sensation 16
PET/CT (Siemens Medical Solutions, Erlangen, Germany)
for 10 min and the data were stored in listmode format, that
is, each detected coincidence event was recorded with
millisecond temporal resolution into a file as a 32-bit word
representing the couple of crystals detecting the coinci-
dence. The average injected dose was 256+35 MBq of '*N-
ammonia for the rest acquisition and 295+61 MBq for the
stress acquisition in the first patient group, and 400+
62 MBq of '"*F-FDG in the second patient group. The PET
acquisition was started synchronized with the tracer
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Fig. 1 Definition of the respiratory gates using two different
algorithms: a based on equitemporal division of the respiratory cycles;
b based on the intensity division of the signal range

injection for the ammonia patients and 60 min after
injection for the FDG patients.

In parallel to the listmode acquisition, the ECG provided
with the PET/CT scanner recorded the exact timing of the R
waves in a binary log file on the PET acquisition computer.
The respiratory state of the patient was measured with the
Anzai AZ-733V system (Anzai Medical Co., Tokyo,
Japan), based on the same principle as the sensor used
in the MR experiment, that is, to measure the expansion
of the chest by means of a pressure sensor. The system,
initially conceived for respiratory gated radiotherapy, is
constituted by a pressure transducer which is positioned
inside a pocket on an elastic belt, itself placed on the

Fig. 2 Different combinations a
to sort a dual gating matrix Respiratory phase X
with eight cardiac and eight ]
respiratory gates. a Cardiac gat-
ed series. b Respiratory gated
series. ¢ Respiratory gated series
after exclusion of the systolic
phase

Cardiac phase
|

upper abdomen of the patient. The pressure transducer is
connected to a device comprising all acquisition electron-
ics (Anzai Wave Deck) which samples the respiratory
signal every 25 ms and delivers it to a separate laptop
which stores it into a formatted text file.

In order to achieve accurate temporal synchronization
between the listmode and ECG acquired by the PET
terminal and the respiratory signal acquired by the separate
laptop, the PET terminal was programmed to send an
output signal on the parallel port when the listmode
acquisition started, and this signal was transferred via a
customized parallel-serial converter to the Anzai Wave
Deck and stored together with the respiratory signal.

For attenuation correction, a low-dose CT (120 keV,
20 mAs) was performed during shallow breathing. In order
to reduce attenuation artefacts due to the misregistration of
the PET and CT datasets [18], the alignment of the heart
between the PET and CT volumes was visually controlled
immediately after the PET acquisition, and in those patients
presenting a misalignment, an additional ultra-low-dose CT
(80 keV, 13 mAs) was acquired.

All data required for the dual gated reconstruction
(listmode file, ECG, respiratory signal and CT-based
attenuation map) were transferred through the network to
another computer for offline processing, so that the PET/CT
scanner could be further used. Therefore, the dual gated
acquisition had no effect on the usual clinical workflow
other than the addition of the elastic belt to measure the
respiratory signal. Finally, the PET images were recon-
structed using the attenuation-weighted ordered subsets
expectation maximization (AW-OSEM) algorithm with four
iterations and eight subsets and an in-plane zoom of 2.2 to a
matrix of 128 x128x47 voxels, each voxel with a size of
2.34x2.34x3.37 mm’.

Definition of the gates
The cardiac and respiratory gates were defined retrospec-
tively using the Interactive Data Language (IDL, RSI Inc,

Boulder, CO). The definition of the cardiac gates was
achieved by dividing the interval between two consecu-

Respiratory phase ¢ Respiratory phase

Cardiac phase
Cardiac phase

[§g
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Fig. 3 MR coronal image showing the definition of the ROI at the
liver—lung interface and comparison of both signals: red signal
obtained from the diaphragmatic excursion in the ROI, black signal

tive R waves into n frames of the same duration, n being
the desired number of gates. The computation of the
respiratory gates out of the respiratory signal required
some additional signal processing. The noise in the
acquired signal was reduced by means of a bandpass
filter (0.05-0.6 Hz) and a gating algorithm comparable to
the one for cardiac gating was applied, where the interval
between two consecutive inspiration peaks was divided
into m frames of the same duration, m being the number
of respiratory gates (Fig. la). As compared with an
intensity-based gating algorithm (Fig. 1b), which was also
tested but discarded for this study, this gating approach
presents two significant advantages: it delivers equitempo-
ral gates, which therefore have similar count statistics, and
it is robust to changes in the baseline of the signal, as
discussed later.

Thus, a matrix of n times m gates was obtained, with one
dimension corresponding to the cardiac beating motion and
the other to the respiratory motion (Fig. 2). Finally, these
gates could be combined flexibly during the sorting
process. For example, if eight cardiac gates were defined,
the user could define a diastolic inspiratory image consist-
ing of the cardiac gates 1 and 5-8 combined with gate 1
from the respiratory dimension (Fig. 2c).

Although a substantial part of the hardware and software
we used was provided by Siemens, the technical imple-
mentation of respiratory gating and its combination with
cardiac gating was developed on-site and does not
correspond to a product from the manufacturer.

Motion analysis

In order to quantify exclusively the respiratory motion of
the heart, the systolic phase of the heart was discarded as
indicated in Fig. 2c. The images corresponding to maxi-
mum inspiration and maximum expiration were registered
using the deformable registration algorithm described in the
following paragraph and the resulting motion was evaluated
for each of the myocardial walls. The analysis was
performed using four and eight respiratory gates.
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obtained from the stretchable belt. The amplitude ranges of both
signals were adjusted to similar values in order to facilitate visual
comparison

The used deformable registration algorithm is an
intensity-based and fully automatic method yielding a
dense displacement field. We employed a variational
method for deformable registration utilizing the sum of
squared differences as a dissimilarity measure and a
diffusion regularization term to enforce smooth results
[19]. The resulting non-linear elliptic partial differential
equation (PDE) was solved by a modified fixed-point
iteration where a linear elliptic PDE arose in every
iteration. The linear PDE was solved numerically by
applying an efficient multigrid algorithm [20]. In order to
improve the computation time and account for large
displacements, we employed a multi-resolution pyramid
[21]. The pyramid was computed by reducing the
resolution by a factor of 2 along each dimension from
level to level by applying a discrete approximation to the
Gaussian filter. On every level of the pyramid, the
deformable registration was performed using the result of
the next coarser level as an initial guess. The registration
algorithm was implemented in C++ and the runtime for a
pair of PET volumes of size 128x128%x47 was 6—7 s on a
Pentium M 1.8-GHz computer.

Results
Validity of the respiratory trigger

The correlation between the image-derived excursion of the
diaphragm extracted from the real-time MRI and the signal
from the stretchable belt was excellent (mean R of 0.91,
range 0.88-0.94), indicating the ability of the belt to
provide a suitable respiratory trigger signal (Fig. 3).

Variability of the respiratory signals

The respiratory patterns from the PET patients showed a
very large interindividual variability (Fig. 4) for both the
ammonia and the FDG patients. This variability had not
been observed during previous testing experiences with
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Fig. 4 Fragments of three respiratory signals acquired from patients
(solid curves) and the corresponding respiratory gates (m=4) as
defined by the applied algorithm. Half of the patients had a respiratory
pattern fairly similar to a, but the other half had rather unusual

the respiratory sensor in young healthy volunteers,
indicating that several patients could have respiratory
abnormalities probably related to their health condition.
Moreover, small irregularities in the respiratory signals
were common, including very deep breathing, occasional
speaking or coughing, and sudden or progressive changes
in the baseline. The employed gating algorithm was robust
to the different patterns and irregularities observed in the
signals; in particular, changes of the baseline during the
examination were handled efficiently by the temporal
division of the breathing cycles, whereas the approach
using intensity division failed to account for these
changes.

Respiratory motion of the heart

The respiratory motion of the heart is observable in Fig. 5
on both the PET images and the activity profiles. The
activity profiles show that the myocardial wall in the static
image appears thicker and with reduced maximum activity
as a result of the motional blurring, indicating the potential

patterns, two of which are presented in b and c. Signal b also shows a
sudden change of the baseline, probably introduced by a slight
repositioning of the patient

improvement of spatial resolution that can be achieved by
means of respiratory and dual gating.

Results of the non-rigid registration are presented in
Fig. 6, showing that the heart followed mainly a cranio-
caudal displacement with respiration. The average respira-
tory motion of each myocardial wall for all examinations is
shown in Table 1. The average motion of the entire heart
for each group of patients was 4.9+1.3 mm for the
ammonia rest acquisitions, 5.0£2.7 mm for the ammonia
stress acquisitions and 4.6+1.3 mm for the FDG acqui-
sitions. The motion for all 18 examinations averaged 4.8+
1.8 mm. Changing the number of respiratory gates used
from four to eight produced a significant increase in the
motion extent (3.92 vs 4.82 mm average motion, p<0.001)
as a consequence of the better temporal resolution of the
gates.

Combined with the craniocaudal displacement, we
observed a deformation of the heart during respiration,
with the inferior wall presenting a significantly larger
motion than the anterior wall (5.84 vs 4.16 mm average
motion, p<0.001).
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- - - - Inspiration
— — - Expiration
Static

1 6 1 16 21

Fig. 5 Data from an examination with 10-mm feet-head respiratory
motion at the inferior segment of the heart. a Coronal view of the
respiratory gated images in the diastolic phase. b Craniocaudal activity

Discussion

This study showed the feasibility of a dual cardiac—
respiratory gated PET acquisition using a clinical PET/CT
scanner. Respiratory motion of the heart averaged 4.8 mm,
which is comparable to the spatial resolution of current
clinical PET scanners. The motion showed significant local
differences: the inferior wall of the heart moved 5.8 mm on
average, 40% more than the anterior wall, indicating that
the heart is not only moving craniocaudally with respira-
tion, but also deforming. This deformation could be an

Fig. 6 Displacement field
resulting from the non-rigid im-
age registration between inspi-
ratory and expiratory phases.
The displacement vectors are
plotted on top of the image in
the axial, coronal and sagittal
views
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profile through the left ventricle showing the displacement of the
myocardial walls with respiration

indicator of a potential variation in left ventricular preload
with respiration.

The observed average respiratory motion of the heart
(4.8 mm) is a rather low value as compared with other data
in the literature. This is a consequence of important
differences in the methodology: one essential factor is
how breathing is performed. Some MR studies have
reported respiratory motion measured comparing breath-
holding at inspiration and expiration [22], motion which is
known to be higher than that observed during free
breathing, as in the case of our study. A second difference
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Table 1 Average respiratory ]
motion (mean + standard devi- Myocardial segment
ation) in millimetres for the 18 - -
PET examinations Anterior Septal Inferior Lateral Apex
4 gates CC motion 3.2+1.6 3.8£1.6 4.4+2.0 3.7+2.1 3.1£1.5
3D motion 3.4+1.6 4.1+1.5 4.7£2.0 4.0+2.1 3.4+£1.6
8 gates CC motion 4.0+1.5 4.5+1.8 5.5+£2.2 4.6+2.1 3.8£1.8
3D motion 42+1.5 49+1.8 5.84£2.2 4.9+2.2 43+1.7

CC craniocaudal

is the population examined. Reports from MR studies are
frequently based on young healthy volunteers, whereas the
population included in our study consisted of CAD and
cancer patients with an average age of 64 years; clear
differences between motion in volunteers and patients can
be seen in [22], where young volunteers showed an average
craniocaudal motion of 16 mm and the patients (age 56+
9 years) a motion of 8 mm. Finally, in our study we report
on the average motion for the entire heart, but we also
observe that this motion is not homogeneous and, in
particular, the inferior wall shows a higher motion
(5.8 mm); for comparison, a recent study including eight
young healthy subjects showed an average motion at the
infero-apical extreme of the heart of 6.7 mm [12].

A study which compares well in the patient population
(65+11 years) and also uses free-breathing acquisition is
that by Shechter et al. [11]; during free-breathing coronary
angiograms, the heart was reported to have an average
craniocaudal motion of 4.9+£1.9 mm, in agreement with our
measurements.

Dual gating suffers from the problem of low statistics: the
gain achieved by the reduction of motion blurring involves a
significant loss of count statistics. If the same histogramming
approach as for “single” gating is used, image quality is
significantly reduced: for instance, when using eight cardiac
gates and eight respiratory gates, the total counts are divided
by 64. The reduction of count statistics derived from dual
gating can potentially be overcome by spatial registration.
That is, all respiratory gates can be registered to the
expiratory gate and summed into one respiratory-free image
with high counts. Although rigid registration has been

Fig. 7 Coronal view of the left
ventricle from an ammonia ex-
amination. a Static view. b Dual
gated image showing the dia-
stolic expiratory phase. The
gated image shows less motional
blurring and better resolved
myocardial walls

a

proposed for this purpose [23], our measurements indicate
that the motion is not uniform across the left ventricle, a
finding which is supported by previous studies [22, 24, 25].
Thus, a non-rigid correction will provide greater accuracy.

As an alternative to image registration, the selection of
only those parts of the cardiac and respiratory cycles where
minimal motion is present provides a suitable approach.
Respiratory patterns suggest that end-expiration may be the
most suitable part of the respiratory cycle as it has the longest
period without motion. Thus, approximately 25-50% of the
data could be considered to have nearly no respiratory
motion. The same applies for ventricular diastole, which
represents more than 60% of the cardiac cycle depending on
the degree of ventricular dysfunction. By combining both,
15-30% of the total acquired data could be considered to
have virtually no motion, cardiac or respiratory, so that a
motion-free image of the heart could be obtained without the
use of any registration technique (Fig. 7).

A limitation of this study is that only the PET acquisition
was gated, and one single CT was used for attenuation
correction of all PET gates. This approach inherently
involves some misregistration between the PET and CT
datasets and could potentially introduce artefacts due to a
biased attenuation correction [18, 26]. Although the
possibility of acquiring respiratory gated or respiratory
averaged CT for attenuation correction has been proposed
[27], its clinical benefit has not yet been established, and it
was decided to perform a single CT in order to avoid the
substantial additional radiation for the patient.

The incremental value of dual gating and the associated
gain in effective spatial resolution is still undetermined and

b
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should be further investigated. The effects observed in this
study do not seem to justify its use for routine perfusion and
metabolic examinations in our clinical setting. However,
dual gated acquisitions are likely going to gain importance
with the continuous improvement of PET spatial resolution,
and it might be speculated that the correction for respiratory
motion could be standard in future cardiac applications as it
is in cardiac MR. Furthermore, such an approach can be a
determinant point for successful hot spot imaging of vul-
nerable coronary plaques, where the imaged target might be
smaller than the combined cardiac—respiratory motion itself.

Conclusion

Dual cardiac—respiratory gated PET was implemented in a
clinical PET/CT scanner in a routine setting; thinner and less
blurred myocardial walls were observed in the dual gated
studies. Flexible sorting of the listmode data allowed for the
observation of the respiratory motion of the heart, which was
quantified by means of non-rigid image registration and
found to average 4.8 mm. Regional motion analysis showed
a compression of the heart during breathing, with the inferior
wall moving significantly more than the anterior. The
incremental value of respiratory motion correction on
cardiac PET imaging is still undetermined.
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