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Abstract

The measurement of 18F-Fluorodeoxyglucose (FDG) uptake by positron emission tomography
(PET) for the characterization of ischemic and non-ischemic cardiac disease is progressively in-
creasing. In recent years, for example, the application of 18F-FDG PET for the prediction, follow-
up and characterisation of dilated cardiomyopathy has become a subject of investigation. It has
been hypothesized that hemodynamic or mechanical indicators of the cardiac workload collected
from a patient can be correlated to specific uptake patterns identifiable by means of PET. How-
ever, the use of PET imaging for cardiac applications is challenged by the low spatial resolution of
the clinical PET scanners, which results in blurring and does not allow for accurate quantification
of very thin or small structures (partial volume effect). Additionally, the moving nature of the
heart and the organs around it further complicates the measurements and introduces additional
blurring in the acquired data.

In the past decade, several algorithms have been presented for the enhanced reconstruction
of PET datasets, among which some that made use of additional anatomical information during
reconstruction. In those works, the use of prior information had shown extremely promising results
in brain, thus leading us to explore its applicability to other anatomical districts, i.e. in cardiac
PET studies. Previous attempts to correct for the limited spatial resolution in cardiac studies
used simpler post-reconstruction techniques or were applied on PET acquisitions which were not,
or not fully, corrected for motion.

The aim of this project was to implement and validate image processing algorithms that en-
able the motion compensation and anatomy-guided partial volume correction of cardiac FDG-PET
images, in order to evaluate whether they provide a more accurate extraction of parameters rep-
resenting the regional energy consumption in the left ventricle. The application of anatomy-based
partial volume correction techniques to PET dataset relies on a good alignment between the anato-
mical image and the low-resolution PET. Hence, any source of mis-registration needs to be avoided.
In this scenario, PET attenuation correction might play a role in compromising the registration
results, and subsequent PVC. Additionally, an evaluation of the effects of misalignments between
the anatomical and the emission datasets is essential for exact quantification. All the aforemen-
tioned analyses need to be combined with a correction for the cardiac and respiratory motion that
affect the cardiac measurements. The selected methods were evaluated using both simulations
and a newly-designed animal model for dilated cardiomyopathy, which aimed at producing realistic
cardiac datasets in controlled conditions with ground-truth datasets for validation.

The study of the relationship between the cardiac FDG uptake and the regional myocardial
deformation as measured with echo, MR or other functional measurements, should ultimately help
to better select patients for, and foresee the impact of, cardiac resynchronization therapy in the
clinical practice.
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I CLINICAL CONTEXT

Left ventricular (LV) dyssynchrony is a pathological condition by which a tempo-
ral non-uniformity in the contraction of the LV walls is observed, which eventually
causes heart failure. In left bundle branch block (LBBB), this dyssynchrony is
mainly found between the intraventricular septum and the LV lateral wall. Cardiac
resynchronization therapy (CRT) with bi-ventricular pacemakers has become an
accepted treatment for patients with heart failure and LV intraventricular dyssyn-
chrony, but this costly and invasive therapy still fails in more than 30% of the
cases [1].

Echocardiographic measurements have been proposed in the past to assess the
severity of dilated cardiomyopathy (DCM) and the eligibility for CRT by measuring
myocardial deformation and deformation velocity [2, 3]. However, the sole use of
echocardiography for the characterisation of cardiac disease and for therapy plan-
ning might not be sufficient for increasing the success rate of CRT, as such methods
are not able to distinguish the reason of the observed cardiac dyssynchrony and
to fully reflect the complex underlying cardiac function and energetics [4, 5]. It
has been hypothesised that only the patients whose dyssynchrony is caused by a
certain pattern of abnormal conduction might benefit from CRT [6], thus ways to
distinguish the aetiology of the dyssynchronous LV behaviour might be needed to
increase the success rate of this therapy.

The dyssynchrony between septal and lateral wall results in an imbalance in me-
chanical workload within the left ventricle which can be assessed with deformation
imaging. The combined analysis of echocardiographic measures and the regional
loading conditions of the heart, i.e. wall stress, has shown to have a better pre-
dictive value for the success of CRT [7]. The estimation of regional wall stress is,
however, not measurable in vivo. Attempts to extract this parameter have been
performed using, for example, finite-element models of the left ventricle [8]. On
a parallel track, it was attempted to use other parameters, for example LV pres-
sure, as surrogates of wall stress with encouraging results [9–11]. The integration
of pressure measurements and echocardiographic measures of deformation led to
the development of the concept of myocardial workload, which has shown to be a
predictor for the response of patients to CRT [12, 13]. The changes in myocardial
workload are mirrored by changes in myocardial metabolism. To assess the latter,
positron emission tomography is the non-invasive modality of choice, but a need for
optimization of absolute quantification in cardiac PET still remains. This will be
the topic of this thesis.

PET for assessing myocardial energetics
The use of positron emission tomography (PET) for the characterization of cardiac
pathologies is progressively increasing [14]. PET, compared to both single-photon
emission computed tomography (SPECT) and computed tomography (CT), has a
greater sensitivity and is able to assess a wide range of known or suspected cardiac
conditions with an outstanding predictive and diagnostic value. Myocardial per-
fusion and perfusion reserve as well as metabolism can be characterized with the
help of PET imaging. Moreover, thanks to the use of different tracers tailored to
specific imaging needs, myocardial pathologies such as sarcoidosis or amyloidosis
can be diagnosed [15–18].
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The measurement of 18F-FDG uptake by PET is a validated and robust tool to
investigate regional metabolism. In recent years, the application of 18F-FDG PET
for the prediction, staging and characterisation of DCM has become a subject of
investigation. It has been hypothesized that hemodynamic or mechanical indicators
of the cardiac workload collected from a patient can be correlated to specific uptake
patterns identifiable by means of PET [11]. If such correlation was proven, PET
images could be safely used in substitution to, or more likely in combination with
workload measurements to extract, in a non-invasive fashion, parameters useful to
assess even more effectively the progression and status of cardiac pathologies and
to evaluate the severity of heart failure and the responsiveness to CRT.

Regional differences in myocardial 18F-FDG uptake have been observed in the
past [19], but they can be influenced by the inhomogeneous regional wall thickness
in DCM hearts, which can cause a different apparent uptake within the heart due
to the limited spatial resolution of the imaging system. In addition to the blurring
introduced by the spatial resolution of the PET scanner, the motion of the heart
which occurs during the entire PET examination, due to the heartbeat and to
the breathing motion to which the heart is indirectly subject, introduces further
blurring and causes additional uncertainty on the estimated 18F-FDG distribution.
Previous attempts to correct for this limited spatial resolution in cardiac studies
were applied on PET acquisitions which were not corrected for motion (thus yielding
remaining quantification errors) and used simple post-reconstruction methods [20,
21], or performed only the correction of (one of the two) motions which affect cardiac
measurements and did not take into account the blurring due to the limited spatial
resolution [22].

The work here presented is part of a broader project whose aim is to assess re-
gional myocardial energy consumption using 18F-FDG as marker of regional work-
load. The relationship between these two measurements was studied using an animal
model with inhomogeneous LV function and wall thickness due to pacemaker stim-
ulation. The hearts were then scanned with and without conduction abnormalities
in order to determine changes in regional workload distribution. In this project,
ways to correct for the limited spatial resolution of the imaging system during the
reconstruction of the PET datasets were evaluated as a means to guarantee ex-
act quantification of the left ventricular uptake and with this, regional work. The
evaluated methods were analysed in combination with ways to correct for the car-
diac and respiratory motion that affect the cardiac measurements. The aim is to
obtain images with high qualitative and quantitative accuracy, free from motion-
and resolution-related blurring, which could be used in the future to investigate the
regional work load–function interaction in ischemic and non-ischemic pathologies.

II BACKGROUND

II.1 POSITRON EMISSION TOMOGRAPHY (PET)

Emission tomography (ET) is a branch of medical imaging with two main unique
characteristics. Firstly, the purpose of emission tomography is to pinpoint metabolic
changes that occur within the patient’s body. Other modalities – e.g. MRI or CT
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– traditionally focus, on the other hand, on an accurate morphological description
of the anatomies, regardless of their metabolism. Secondly, while CT or MRI make
use of sources of X-Rays (CT) or magnetic fields that are external to the patient’s
body, ET acts in the opposite way by administrating to the patient a substance
that is radioactive and will highlight the metabolic patterns of the patient from the
inside of the patient’s body.

Positron emission tomography was developed and perfected in the second half
of the twentieth century [23]. Together with SPECT, PET is one of the imaging
modalities belonging to the family of ET imaging. The use of PET in this work
is justified by its superior spatial resolution and its high sensitivity compared to
SPECT, coupled to the fact that, at the moment this work was started, it allowed
for a more quantitative evaluation of the cardiac metabolism when compared to
SPECT. Moreover, even though in recent years there has been increasing interest
into MRI techniques to assess myocardial viability, the use of PET is still widespread
and often the only imaging option, e.g. in patients with non-compatible MRI pace-
makers or claustrophobia [24,25].

RADIOTRACERS

In a typical PET examination, the patient is injected with (or swallows, or inhales)
a radioactive tracer, that is an analogue of a biological molecule normally circu-
lating in the human body labelled with a radionuclide emitting positrons. One
fundamental property of any radiotracer is that it has to be injected in very small
amounts, in order not to perturb nor modify the normal metabolic pathway.

All radioactive compounds decay, with different decay rates and half-lives, to a
more stable, lower energy state compound. In the case of positron emission tomog-
raphy, all radiotracers must achieve a lower energy state by emitting a positron (or
beta+ decay). One of the protons in the nucleus of the radioactive atom turns into
a neutron, and a positron and a neutrino are emitted from it. The positron travels
a very small distance in the matter surrounding the atom, until it collides with
an electron (annihilation). The annihilation results in the production of two anti-
parallel (approximately 180 degrees apart) photons or gamma rays, whose energy
is equal to the rest energy of the positron before annihilation.

Several radioactive tracers have been developed in the past for cardiac studies.
They differ by the molecular mechanism in which they take part, by the patient
compliance and uptake, by how well they bind to the site of interest and by the
decay time (half-life) [26,27]. In this work, we are interested in assessing the changes
in glucose uptake as a possible measure of cardiac workload, hence tracers that
pinpoint such process were of interest.

A tracer widely used in the clinical practice tracking glucose is fluorodeoxyglu-
cose (18F-FDG). This tracer is obtained by substituting one of the hydroxyl groups
of a glucose molecule, with a radiation-emitting isotope of fluorine (18F). The re-
sulting molecule follows the same metabolic pathways as glucose but, differently
from glucose, it emits radiation and it remains trapped (thus, accumulates) in the
glucose-avid organs. The use of 18F-FDG is well-established in the clinical practice.
The tracer has a long half-life which facilitates long acquisitions for motion-corrected
or dynamic studies, thus facilitating the application and the introduction into the
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clinical practice of the techniques evaluated in this work. Additionally, under clamp-
ing conditions, it is known that the heart metabolism can switch from consuming
fatty-acids to consuming a prevalence of glucose under certain circumstances [28].
Therefore, the assessment of cardiac viability by means of 18F-FDG PET is further
facilitated and enhanced.

TYPES OF PET SCANNERS USED

A typical PET scanner consists of a set of detectors arranged to form a cylinder, in
which the patient is inserted and scanned.

In this work, we make a distinction between pre-clinical and clinical PET scan-
ners. The pre-clinical PET scanner we used was the Siemens Focus 220 (microPET).
As most pre-clinical scanners, the microPET scanner has a very small bore size,
which allows the imaging of mostly rats, mice, or very small objects that would
fit in its field-of-view (FOV). The advantage of pre-clinical PET scanners is their
superior spatial resolution compared to clinical PET scanners, which allows for a
more accurate representation of the distribution of the radioactive tracer.

Clinical PET scanners are nowadays always hybrid systems that feature not only
a PET module, but also an MRI or a CT module combined to the PET module. The
PET/CT scanner available in our center at the time when this work was started
was the Siemens Biograph 16 PET/CT (Hirez, [29]). The PET module of such
scanner features state-of-the-art detecting elements for a non-TOF (time-of-flight)
PET device, and its use is widespread in the clinics. The details of the microPET
and of the Hirez scanner are in Table 1.

Table 1: Salient technical specifications of the microPET and of the Hirez scanner [29–31]

microPET Hirez
Diameter [cm] 26 83
Transxial FOV [cm] 19 58.5
Axial FOV [cm] 7.6 16.2
Axial sampling interval [mm] 0.79 2.0
No. crystals/ring 2016 624
No. crystals/block 12 x 12 13 x 13
No. block rings 48 39
Radial resolution [mm], FWHM@1cm n/a 4.61
Axial resolution [mm], FWHM@1cm n/a 5.10
Radial resolution [mm], FWHM@center 1.3 n/a
Axial resolution [mm], FWHM@center 1.46 n/a
Scatter fraction [%] 19 34.1

DETECTORS AND DATA COLLECTION

Upon decay of the radioactive 18F-FDG molecule, an annihilation of a positron with
an electron takes place, resulting in the emission of two gamma rays which travel
from the annihilation point until they hit the detectors of the scanner (Figure 1,
A). The energy of the gamma rays is 511 keV for 18F-FDG.
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The detectors used for PET are generally arrays of scintillation crystals, that
emit energy in the form of light when they are hit by a gamma ray. The light photon
emitted by the scintillation crystal is converted to an electron and later collected
by a photomultiplier, which amplifies the electron into a stream of electrons to be
processed by the scanner’s electronics.

In PET, an event is recorded when two gamma rays are absorbed (almost)
simultaneously within two different crystals (Figure 1, B). The coincidence window
is the maximum time difference allowed between the hits of two gamma rays. If a
longer time elapses, the two photons are discarded. A couple of photons that hit
two distinct detectors within the same coincidence window form a coincidence.

A B
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Figure 1: Flow of events, from the nucleus decay and annihilation of the positron with an electron
(A), to the detection of a coincidence (B).

The photons that hit the detectors and qualify as part of a valid coincidence can
be stored in a list-mode or raw file. In such a file, all the events are simply listed
one after the other. Each event contains the address of the detector that has been
hit. Regular time stamps are also stored in the list-mode file. Additionally, the list
mode file can contain information (tags) on particular events that occurred during
the acquisition. For example, if an electrocardiograph (ECG) device is connected
to the scanner and is set to send a signal to the scanner at each occurrence of
an R-wave of the ECG, such event will be recorded in the listmode as a ”cardiac
tag”. A similar process occurs when a respiratory tracking device is connected to
the scanner. The list-mode files are informative and complete, but typically very
lengthy. A more efficient and commonly used way to store the information that
is collected is to make use of sinograms (Figure 2), despite the non-reversibility of
such listmode-to-sinogram conversion.

DATA FORMATION

In the ideal case-scenario, if two gamma rays are detected within the same coinci-
dence window, and assuming that they are emitted back-to-back from the annihila-
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tion site, it is possible to infer the line along which the annihilation must have taken
place. This line, that connects the detector pairs hit by the gamma rays, is called
line of response (LOR). In regular PET, the annihilation event can have occurred
with equal probability on any of the points along the LOR. In time-of-flight (TOF)
PET – not used in this work, but promising for future applications – it is possible to
constrain the estimated annihilation point to a particular segment along the LOR.
In both cases, the more lines of response are emitted from that annihilation position
and collected, the more accurate it is to infer the exact spot within the body where
the annihilation took place.

ATTENUATION, SCATTER AND RANDOM EVENTS

The process described so far refers to the case where all ideal conditions are re-
spected. Particularly, this assumes that the detectors scintillate as soon as the
photon gets in contact with their surface, that the gamma rays proceed unatten-
uated and not deviating from their ideal trajectory, that no other photon hits the
detectors in the same coincidence window as another couple of photons, that the
annihilation point is coinciding to the location of the radioactive molecule, etc.
However, in reality, these assumptions are often violated. The most significant
sources of imperfection in a real PET acquisition are represented by attenuation,
scatter and random effects.

ATTENUATION CORRECTION

All photons travel through the tissues and organs that surround the annihilation
point and are attenuated (Figure 3, A) by them following the Beer-Lambert law:
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Figure 3: The three main sources of inaccurate image quantification in PET: attenuation (A), scatter
(B) and random (C) effects.

N = N0e
−F (µ,l)

where F is the line integral of the attenuation coefficients along the path l travelled
by the photon on the LOR, N is the number of photons reaching the detector, N0

is the initial number of photons and µ is the linear attenuation coefficient of (each
of) the transgressed tissue(s). If the effect of photon attenuation is not taken into
account, no accurate quantification of regional activity can be obtained. The ab-
sence of attenuation correction results in images with typical attenuation artefacts,
as in the left pane of Figure 4. In addition, the attenuation correction needs to be
done in the most accurate possible way. If a photon comes from an attenuating
tissue, but the attenuation coefficient of that region is wrongly assigned (e.g., a
lower attenuation for that tissue is assumed), the reconstructed activity would also
be lower than actual, thus creating artefactual, low metabolism areas. Such errors
are particularly common when tissues with a very low attenuation coefficient (e.g.
air, lungs) are close to tissues with a stronger attenuating power (e.g. the heart).

Figure 4: A non-attenuation corrected dataset (left-hand pane) displays typical attenuation artefacts
such as apparent overestimation of activity from regions that should not have any (e.g. the skin).
On the right-hand side, the same dataset corrected for attenuation.

Ways to perform attenuation correction
The assignment of the correct attenuation coefficients for the different tissues has
been the subject of thorough investigation. Three main strategies for attenua-
tion correction (AC) can be discriminated: using a transmission scan [32], using
a CT [33, 34], and estimating the attenuation coefficients directly from the PET
scan [35]. In this work, the second AC method was considered, as it is the one
most frequently applied in the clinical routine. This method estimates the linear
attenuation coefficients (µ) to be assigned to the different PET tissues by acquiring
a CT image right before or after the PET scan. In this way, a very accurate map of
the body regions within the field of view is obtained. The values of such tissue map
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indicate the attenuation that each tissue opposed to the passage of the X-rays. The
first method (transmission scans) uses a 68Ge/68Ga point source orbiting around
the patient to collect the attenuation coefficients. This technique has been widely
used in the past, but was slowly discarded due to the long time needed to acquire
the transmission image for AC, and to the advent of more accurate AC images that
could be obtained from the CT module of hybrid PET/CT scanners. In pre-clinical
PET scanners, such as the microPET Focus 220 used in this work, transmission
scans are however still in use. The third method estimates the attenuation coeffi-
cients directly from the PET data. This method is extremely promising but yields
the best results for TOF PET scanners [36] and is not recommended for non-TOF
applications.

Difficulties of attenuation correction
The CT for AC is normally acquired in a few seconds and with a relatively low extra
radiation burden for the patient. Despite these benefits, however, the estimation of
PET attenuation coefficients using a CT scan is not free from drawbacks. Firstly, the
CT image describes the attenuation of the different tissues to photons penetration,
but in the case of the CT the energy of the photons emitted by the CT X-Ray tube
ranges between 80 and 120 kV (peak voltage). Therefore, a conversion needs to be
performed, in order to find the attenuation coefficients for the energy of the PET
photons (511 keV). Nowadays, a bilinear interpolation is used to convert the CT
attenuation coefficients to PET attenuation coefficients [34,37], and the resulting CT
image (which is an approximation of the true attenuation) is used to subsequently
correct the PET data for the effects of attenuation. The second major drawback
in the use of a CT which has been acquired not simultaneously to the PET for AC
is the fact that the patient or the organs of interest can move between or during
the two scans, thus introducing discrepancies between the PET and the CT. A
mis-alignment of the PET scan relative to the CT scan can produce attenuation
artefacts as indicated earlier in this section. Moreover, if one of the two datasets
(PET or CT) contains motion and the other is either acquired in a frozen position
or corrected for motion post-acquisition, additional discrepancies can occur. This
problem has been addressed in the past also for cardiac datasets [38–40]. However,
in most of these studies, the PET is blurred due to the breathing and the beating
motion of the heart, whereas the AC CT is often not affected, or much less affected,
by the breathing motion of the heart. The methods that were proposed to address
the mismatch between the PET and CT datasets with regards to motion ranged
from improving the alignment of the AC CT and the PET dataset prior to the
final reconstruction to using an AC CT that is an average of multiple breathing
and beating states (cine-CT, average CT). In all the aforementioned studies, as
said, the PET dataset is affected by motion. Conversely, in the current project,
the PET datasets are motion-corrected and it is now the AC CT that is too ”slow”
for correcting one single cardiac PET frame from which both the cardiac and the
breathing motion have been removed. This problem has, so far, not been addressed
in literature, but it is of fundamental importance for the accurate quantification of
the motion-corrected PET datasets. In fact, correcting the motion-corrected PET
dataset for attenuation using an AC CT that spans over multiple respiratory and/or
cardiac cycles is by all means an approximation, which can introduce artefacts as
likely as any other mismatched AC CT.
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SCATTER CORRECTION

A second cause of mistakes in the quantification of PET images is the inaccurate
correction for Compton scattering of the photons within the medium. As shown
in Figure 3 (B), a photon can hit an electron in the surrounding matter, before
reaching the detector. The photon is thus deviated from its original trajectory and
it loses energy during the hit. Consequent to the deviation of trajectory, a different
detector is hit and the estimated line-of-response is wrong, as it does not contain
the annihilation point along its path. The typical approach to scatter correction is
twofold [41]. Firstly, an energy window is defined for all the photons that hit the
detectors, thus immediately discarding those whose detected energy falls below the
lower boundary of the window. Secondly, the CT used for attenuation correction
is used to estimate the scatter contribution, as scatter is highest in the tissues
with higher density. In addition, all areas defined as background in the AC CT
should be only affected by scatter and random events in the corresponding PET
reconstruction. Therefore, in those areas, the scatter estimate is adjusted so that
the estimated scatter activity matches the PET activity (tail fitting).

Correction for scattered events is recommended and has become common in clin-
ical nuclear medicine, due to the significant quantification errors that it can yield.
In 3D PET cardiac studies, where more than 50% of the collected events can be
scattered – especially when the patient is positioned with the arms along the body –
the use of such scatter correction techniques is essential [42]. When pre-clinical PET
studies are considered, however, scatter correction is is often neglected. It has been
reported that a fraction ranging e.g. from 7.2 (mice) to 20 % (rat) of the recorded
events undergoes Compton scattering in the pre-clinical scanner we used for our ex-
periments [43], which determines minor quantification inaccuracies. When multiple
rats are scanned simultaneously in a pre-clinical PET device, or when larger, het-
erogeneous objects are scanned, performing scatter correction becomes necessary to
guarantee accurate image quantification [44,45]. Given the non-conventional shape
and size of the ex vivo hearts scanned with the microPET in the scope of our study,
the effect of scatter on those datasets needed to be investigated.

RANDOM EVENTS CORRECTION

Random events can also affect correct PET quantification. Random coinci-
dences are recorded when two photons from different annihilations hit the detectors
within the same coincidence window, while the other two photons are not detected.
In this way, again, a wrong LOR is reconstructed (Figure 3 (C)). Analytical ap-
proaches (e.g. delayed window) can be used to estimate the contribution of the
random coincidences from the initial PET dataset [46].

SYSTEM RESOLUTION

The limited spatial resolution of the imaging system can be defined as the
minimum distance at which two distinct point sources can be placed before the
imaging system sees them as one single blurred-out point, or as the blurring of
a point source caused by the properties of the imaging system. Several physical
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factors contribute to the final resolution of the imaging system. The size of the
detector elements, together with the acollinearity of the gamma rays, the positron
range before annihilation, the depth of interaction within the detectors (determined
by the type, the composition and size of the detectors) and decoding errors in the
detector modules are the main contributors to it. Its effect is described by the
point spread function (PSF) of the scanning device, which is often approximated
by a Gaussian function whose full-width at half-maximum (FWHM) corresponds
to the spatial resolution of the scanner. Normally, for clinical PET scanners, the
spatial resolution ranges between 3 and 8 mm, while for pre-clinical PET scanners
the values go as low as 1-2 mm [47].

II.2 IMAGE RECONSTRUCTION

The goal of PET image reconstruction is to reproduce the initial three-dimensional
(3D) distribution of the radioactive tracer, given the data measured about that
distribution by an imaging device. For PET, two main types of reconstruction
approaches exist: analytical reconstruction and iterative reconstruction.

The process of analytical reconstruction of an image, given a set of measure-
ments, is to apply the inverse of the projection operator (Section II.1) to the mea-
sured data to obtain the reconstructed image. A detailed description of the most
commonly used implementation of an analytical reconstruction method for PET
data can be found in [48]. Each projection is ”smeared” back (back-projected)
along the path that led to its acquisition. For analytical reconstruction to be math-
ematically achievable, some assumptions on the acquired data are made: the mea-
surements are not affected by noise, the number of projection angles tends to infinity
and the data have been corrected for sensitivity and attenuation. In cases where
these approximations are not valid, artefacts are obtained if analytical reconstruc-
tion is used.

As a matter of fact, real data are always subject to noise, resolution inaccuracies,
detector imperfections, .. and are acquired over a limited set of projection angles.
Therefore, the analytical inversion of the forward-projection would produce images
that suffer from artefacts and would carry onto the reconstructions the inaccuracies
that affect the measurements. In the last few decades, a different approach to
reconstruction was proposed, which computes the data in an iterative fashion.

Iterative reconstruction methods have a similar quantitative accuracy to analytic
reconstruction methods (e.g. filtered backprojection (FBP)), but they additionally
allow for the modelling of spatial resolution, attenuation, sensitivity, . . . effects in a
very easy and straightforward way and they produce images of superior quality and
lower noise [49]. Given that the use of iterative reconstruction is well established
and clinically accepted, we decided to use it as our reference reconstruction method.
Moreover, an important aspect of this work was the evaluation of resolution mod-
elling in combination with non-linear and/or shift variant priors (anatomical priors,
total variation) during reconstruction – which cannot be achieved with FBP.
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ITERATIVE RECONSTRUCTION

Iterative reconstruction does not assume that the reconstruction can be done with
one single analytical back-projection. Knowing that the exact inversion of the mea-
surement is impossible, it instead tries to find the tracer distribution that was most
likely in the PET system, considering the available measured data. An initial image
is first obtained by back-projection of the measurement. Next, a realistic model of
the PET system is simulated and the photon pairs that would be expected along ev-
ery LOR are computed (forward-projection of the image). The resulting, calculated
projection is then compared with the real measurement and, based on that com-
parison, the image is updated. This process is repeated until a stopping criterion is
met (e.g. a pre-defined number of iterations is reached). At each iteration, the error
between the calculated projection and the real measurement is used to improve the
subsequent back-projections, which gradually resemble more the original scanned
object. Because the data are noisy and the forward model is not perfect, the final
image is not the exact reproduction of the original object, but there is at least rea-
son to assume it should be reasonably close to the true image. In the remaining of
this section, a brief mathematical explanation of iterative reconstruction (ML-EM,
maximum likelihood-expectation maximization) is given. In Section II.4, we will
show how the prior information can be incorporated in such implementation.

Let us consider an object O scanned in a PET device, so that the measured data
M in sinogram format are obtained. It is assumed that not only the measured data
M are discrete, but also that the object O is discrete and it consists of voxels with
uniform tracer uptake. In each of the pixels of the sinogram is a number mi, which
represents the total amount of photon pairs that hit that particular detector during
the scan (Section II.1). According to the projection model, by which each element
of the sinogram is constructed by summing the total activity over projection lines,
in each sinogram pixel i we expect a value equal to si, that is to say:

si =

J∑
j=1

cijλj (1)

λj is the activity that is present in the j -th voxel of the object O and cij models
the geometry and the physical effects (eg. attenuation, scanner sensitivity, . . . )
that occur during the projection of the j -th voxel to the i -th sinogram voxel. λj is
unknown, and the task of iterative image reconstruction is to estimate it as precisely
as possible from the measured sinogram M.

Of all the many photon pairs that are emitted by the object O, a few of them
randomly hit the detector pairs with a predictable rate. The hits follow a Poisson
distribution, hence the probability to find exactly mi events (the actually measured
events) in the i -th detector, given the expected number of events si, can be described
as:

p(mi | si) =
e−sismi

i

mi!
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Since all the photon pairs arrive independently from one another, that is to say
that the previous photon pairs that hit the detectors do not influence the number
of photon pairs that will arrive next, and if there is no noise correlation between de-
tector pixels, we can describe the probability of obtaining the full measured dataset
M as the product of the individual probabilities of arrival of each photon pair:

p(M | λ) = p(m1 | s1)× p(m2 | s2)× ...× p(mn | sn)

=

N∏
i=1

p(mi | si) =
N∏
i=1

e−sismi
i

mi!
(2)

where λ is the total activity of the object we want to estimate.

The objective of iterative reconstruction is to maximise the chances of obtaining
λ given M, that is to say to maximise p(λ |M). Since the maximization of p(λ |M)
is non-trivial, a probability rule (Bayes’ rule) can be used to rewrite p(λ |M) as a
combination of factors that is easier to maximize:

p(λ |M) =
p(M | λ)p(λ)

p(M)
(3)

p(M) is a constant value, because we actually have the real measurement M. For
the moment, we ignore p(λ), which describes the probability of having a particular
activity distribution in the reconstructed image (prior information, see Section II.4).
In other words, we assume that all λ distributions are a-priori equally likely and
we are only going to deduce the image from the measured data (not from any
other source of knowledge). Therefore, after excluding the contribution of these
two terms, we can maximize the probability p(M | λ) instead of p(λ |M), with the
advantage that maximizing p(M | λ) is easier.

Additionally, maximizing p(M | λ) is equivalent to maximizing the logarithm
of p(M | λ). We can define the following log-likelihood function L, of which the
maximum needs to be found, by taking the logarithm of Equation 2:

L = ln p(M | λ) =

N∑
i=1

(mi ln si − si + lnmi!)

where we can drop the contribution of the last term, as it does not depend on λ,
and maximize the following function:

L =

N∑
i=1

(mi ln si − si) =

N∑
i=1

(mi ln

J∑
j=1

cijλj −
J∑
j=1

cijλj) (4)

A common way to find the maxima (and minima) of a function is to calculate the

derivative of the function and find when it equals zero. Thus, the λ̂ that maximises
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L can be obtained by calculating the derivative of L with respect to λ, and imposing
it equals zero:

∂L

∂λj
=

N∑
i=1

cij(
mi∑J

k=1 cikλk
− 1) = 0 (5)

Equation 5 is hard to solve directly. In order to speed up the computations
and obtain a solution anyway acceptable, the likelihood of the expected counts
(expectation) is maximized instead.

The result is the ML-EM algorithm, by which we can estimate, iteration by
iteration, the λ̂ that best explains the measured activity:

λnewj =
λoldj∑N
i=1 cij

N∑
i=1

cij
mi∑J

k=1 cikλ
old
k

(6)

From this formula, we can see that the measurement (mi) is compared to the pro-

jection of the image in the previous iteration (
∑J
k=1 cikλ

old
k ). This ratio (ri), which

quantifies to what extent the measurement mi would be over- or underestimated
based on the current image λold, is back-projected (

∑N
i=1 cijri), divided by the sum

of the backprojection weights (
∑N
i=1 cij) and multiplied with the old image (λoldj )to

generate the new image (λnewj ), which more likely resembles the actual activity dis-
tribution. This process is repeated iteratively. It can be proved that the iterative
application of Equation 6 produces a λ̂ that maximises the likelihood L, hence it is
a suitable alternative way to estimate λ̂ [50].

Using the expression of Equation 5, this formula can also be rewritten in an
additive form, whose use will be clear in Section II.4:

λnewj =
λoldj∑N
i=1 cij

∂L

∂λoldj
+ λoldj (7)

The estimated λ̂ is not the only distribution of activity that can explain the
measured data M, but it is the most likely solution. The additional, a priori knowl-
edge that some activity distributions are more likely than others can be used and
added to the algorithm by considering the contribution of p(λ) in Equation 3. This
will be further elaborated in Section II.4.

II.3 PARTIAL VOLUME EFFECT AND CORRECTION

PARTIAL VOLUME EFFECT

Partial volume effect (PVE) is defined as the apparent loss of activity in small
objects or regions, because of the combined effect of two distinct factors: the limited
resolution of the imaging system (see above section: System resolution) and the poor
sampling of the reconstructed image (voxel size).
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Figure 5: The partial volume effect is the combination of the poor sampling of the image (A), which
can be mitigated by reducing the voxel size(B), and the limited spatial resolution of the system(C).

The finite voxel size of the reconstructed image causes the intensity of each
voxel to be the mean of the signal intensities of the tissues underlying that voxel
(also known as tissue fraction effect, Figure 5-A). It is present even in the case of
perfect spatial resolution of the system, and can be mitigated by reducing the voxel
size (Figure 5-B).

The PVE affects the accurate reconstruction of the signals coming from a signal
source. In fact, part of the activity present in a certain region is instead blurred out
and seen outside the actual boundaries. Additionally, its peak value is decreased
(Figure 5-C). In other words, PVE leads to an overestimation of the source size and
an underestimation of the source intensity.

Provided that the voxel size can be tuned so that the tissue fraction effect is min-
imized, structures that are smaller than the spatial resolution of the imaging system
are anyway not accurately rendered in the final image, if no additional constraint
is applied. In the case of cardiac studies, this could represent a cause of inaccurate
quantification when the thinnest myocardial regions are of interest (right ventricle,
apex, non-transmural scar, . . . ). Additionally, in case of inhomogeneous regional
wall thickness determined by pathological conditions, e.g. DCM, the thinning of the
septal wall could cause an apparent decreased uptake in the corresponding area of
the reconstructed image. For these reasons, a way to correct for PVE is desirable.
The solutions that have been proposed in the past to overcome the PVEs will be
briefly summarized in the next section.

PARTIAL VOLUME CORRECTION

Partial volume correction (PVC) techniques can be applied to overcome the issues
introduced by the partial volume effect (size overestimation and intensity under-
estimation). In this work, we will use the term PVC to indicate, in general, all
techniques that address the problem of partial volume effect, regardless whether
they are applied post- or during reconstruction. Among the methods that have
been proposed in the past to tackle the PVEs, an effective way is represented by
the incorporation of the resolution effects into the system matrix during the iterative
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image reconstruction process. This process can effectively deal with PVEs but, due
to the ill-posed nature of the problem, reconstruction with resolution recovery can
lead to over- and under-shoots of the reconstructed activity, known as Gibbs arte-
facts, that might hamper accurate image quantification [51]. Consequently, some
additional regularization is needed to constrain the solution obtained by means of
iterative reconstruction. In this work, PVC is achieved during reconstruction, by
combining the modelling of the resolution effects with some additional (prior) infor-
mation, in turn used to reduce the Gibbs artefacts introduced by the sole modelling
of the resolution. The section that follows includes a general introduction on how
to incorporate prior information into the iterative reconstruction framework, and
describes the priors that have been used in the course of this work.

II.4 PRIORS

In Section II.2, maximizing the likelihood of the expected counts was considered
equivalent to maximizing p(λ |M), because we assumed that every activity distri-
bution was equally likely, i.e. p(λ)= constant in Equation 3. p(λ) described the
prior knowledge we have on the activity distribution. An example of prior knowledge
could be the fact that we know that any intensity transition lower than a certain
threshold is noise, that the reconstructed image should consist of piecewise smooth
areas, or that the activity in the wall of the heart is much higher than the activity
in the lungs. Introducing some additional information on the activity distribution
during the reconstruction process should help to correctly select, between all the
possible activity distributions allowed by the data, the one that is most clinically
useful and sensible.

If p(λ) was not ignored, Equation 4 would become:

L = ln p(λ |M) + ln p(λ) =

N∑
i=1

(mi ln si − si) + P

with P =ln p(λ) that describes how the prior information should be incorporated
during reconstruction. Equation 6, in turn, updates to:

λnewj =
λoldj∑N

i=1 cij − dP
dλj

N∑
i=1

cij
mi∑J

k=1 cikλ
old
k

(8)

If dP
dλj

was evaluated with λnew, then Equation 8 would be exact. However, as λnew

is not yet available, Equation 8 can be approximated by calculating dP
dλj

with λold,

so that the final λnew can be computed from known quantities (one-step-late or
OSL approach [52]). This formula is however unstable with large prior weights. For
this reason, we use a different algorithm [53], which has been proven to be more
stable in the presence of priors:

λnewj =
λoldj∑N

i=1 cij − λoldj ∂2P
∂2λold

j

(
∂L

∂λoldj
+

∂P

∂λoldj
) + λoldj
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The above is the Maximum-a-Posteriori (or MAP) reconstruction algorithm
used in this work.

There are several ways to include prior information (or priors) during the it-
erative process of reconstruction of a dataset. In general terms, the priors can be
divided into local or global priors. Both priors act on the whole image, but in the
global case the prior considers all voxels simultaneously, while in the local case it
considers only a neighbourhood around each voxel of the image.

Another way to classify the priors is by observing if they do or do not make use
of additional anatomical images during the reconstruction process. We define the
first as anatomical priors.

In this work, we will discuss three techniques that have been proposed in the
past to include prior information in the MAP reconstruction to deal with PVC,
which attracted our attention for the simplicity of their implementation and the
promising results they showed in previous evaluation studies [54–56].

II.4.1 NON-ANATOMICAL PRIORS

The two non-anatomical priors used in this work impose some constraints (e.g.
piecewise smoothness, edge preservation, ..) during the iterative reconstruction of
the PET images. Specifically, the relative difference (RD) prior encourages
the intensity difference of two neighbouring voxels to be minimized if their relative
intensity difference is below a predefined threshold, which in turn is chosen indepen-
dently for each local neighbourhood of a voxel [53]. All intensity differences above
such threshold are preserved. The total variation (TV) prior, as the naming
suggests, encourages the voxels within the neighbourhood to have the lowest total
variation (the lowest total absolute difference between neighbouring voxels) while
still being in agreement with the measurement [57]. The constraints applied by
these two non-anatomical priors can be formalized as follows.

For the RD prior,

P =
∑
j

∑
k∈Nj

Pjk (9)

Pjk =

{
−β (λj−λk)2

λj+λk+γ|λj−λk| if k ∈ Nj
0 otherwise

where Nj defines the neighbourhood of the j-th voxel, β is the weight given
to the prior and γ controls the tolerance of the prior towards the edges. If γ is
high, intensity transitions tend to be preserved (less smoothing is applied for bigger
intensity transitions, hence the edge-preserving effect). If γ is small, the prior does
not perform any edge-tolerance and smooths proportionally to the local quadratic
intensity difference.

For the TV prior,

P = −β
∑
j

∑
k∈Nj

|λj − λk| (10)
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If the neighbourhood is well chosen, and if the parameters that regulate the
strength (weight) of the prior are appropriate, the RD and the TV prior represent
a good way to improve the noise properties of the resulting images and increase
the contrast between adjacent structures with different activity levels. We chose
to use the RD prior in place of, e.g. the Geman or Huber prior, for its easiness in
tuning [53] and for easier comparison with previous work on anatomical priors [54].

The TV prior represents an interesting alternative to the RD prior when small,
high-contrast targets (such as cardiac lesions) are of interest [56]. The weight of
the TV prior has to be, however, finely tuned, as a too high weight would produce
images with a ’blocky’ and unnatural appearance (the staircase effect), while a too
small weight can introduce clustered noise in the resulting images. Several ways to
address this issue have been proposed in the past decade, e.g. in [58, 59]. Among
these, attempts to improve the look of the TV reconstructions were also performed
in our group, by using the TV prior together with a quadratic prior during the
reconstruction of breast tomosynthesis images. However, only marginal improve-
ments were achieved when the combined detectability and clinical acceptance were
considered [60]. The approach we followed was to assess the potential of the TV
for lesion detection and noise reduction on cardiac datasets in the first place. If the
unnatural appearance of the resulting TV reconstructions would prove to be the
bottleneck for their clinical acceptance, ways to mitigate the staircase effect would
be further explored.

II.4.2 ANATOMICAL PRIORS

The anatomical priors use, in combination with such smoothing constraints, an
anatomical image to provide further information about the edges of the various
tissues during reconstruction.

The anatomical image can be obtained by means of MRI, CT, or any other
imaging modality that provides a clear and detailed description of the anatomies
within the region of interest. If an image with such properties is available, it is
possible to use it to further constrain the smoothing applied by a non-anatomical
prior (e.g. like the ones described in the previous paragraph). Assuming that the
homogeneity of the regions of the anatomical images correlates to the homogeneity
of tracer uptake in the same regions, one possible use of the anatomical information
is to let it constrain the smoothing to a sub-neighbourhood Wj ∈ Nj of the j-th
voxel. Wj consists of the n voxels of the neighbourhood Nj of j that e.g. have
the most homogeneous gray values (lowest absolute difference between each of the
voxels and the j-th voxel) in the anatomical image (Figure 6).

Such technique (called the Bowsher prior from now on), proposed by Bowsher
et al [61], has been proven to be effective for dealing with PVE, easy to use and free
from segmentation issues. Additionally, the asymmetrical version of this prior (used
in this work) outperformed the original implementation in terms of bias, noise and
edge-preservation [62]. Other methods to incorporate anatomical information dur-
ing the reconstruction of the PET datasets have been proposed and evaluated [54],
revealing a superiority of the Bowsher prior in terms of easiness of tuning and
acceptance of the results. A segmentation-based method for applying anatomical
information for cardiac datasets, such as in [63], would be considered here only if
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Figure 6: The Bowsher prior constrains the smoothness of the PET to the n voxels of the neighbour-
hood that have the most similar intensity in the anatomical (here, CT-) image (green region).

any segmentation-free method would fail for cardiac datasets. In fact, the segmen-
tation of cardiac datasets is still a subject of investigation due to the inter- and
intra-subject variability when the delineation of the structures is performed, due
to the highly moving nature of the organ of interest which can introduce artefacts
and imprecise image boundaries and due to the noise or the acquisition-related
properties of the anatomical images [64]. Both manual and automated segmen-
tations are therefore, at present, not fully capable of producing a segmentation
that is as accurate and reliable as segmentation-based PVC techniques would re-
quire to be. Hence, given the previous study that warns about the sensitivity of
segmentation-based methods on the quality of the subsequent PVC [54], the choice
of incorporating segmentation-free prior anatomical information seems, in the case
of cardiac datasets, the most appropriate.

II.5 HOW TO OBTAIN THE ANATOMICAL
INFORMATION

II.5.1 COMPUTED TOMOGRAPHY

Computed tomography (CT) is a common and widespread imaging modality. Rea-
sons for its wide usage include well-established techniques to acquire and reconstruct
an image of good quality and sufficient detail, its relatively low cost when compared
to other imaging modalities (e.g. magnetic resonance imaging), and its ability to
faithfully portray the anatomical regions of interest.

In the past decade, dual-source CT scanners have been made available. As the
definition suggests, these systems consist of two X-ray sources, positioned at 90
degrees from each other. With this, twice the amount of data can be obtained
in the same time frame, thus allowing to obtain images with a better temporal
resolution and reduction of the artefacts that would occur due to motion. Cardiac
examinations are regarded as the ones that should maximally benefit from this
technology: the scanner can acquire data from a region as big as a regular human
heart in a fraction of a heartbeat, thus reducing the blur due to the beating of the
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heart and the breathing of the patient. This improvement, however, holds true only
if certain conditions (e.g. heart frequency ≤ 60 beats per minute) are satisfied [65].
One example of such dual-source scanner is the Siemens Somatom Definition Flash
[65], which was used during the animal experiments at the beginning of this work.

Other CT images that are used in this work came from the CT module of the
Siemens Biograph 16 PET/CT hybrid scanner. This scanner has a lower temporal
resolution, which made it unsuitable for partial volume correction of patient or alive
animal datasets as it could not fully resolve the heart in one single respiratory and
cardiac phase without the introduction of significant motion artefacts. However, we
used the CT images from this scanner for partial volume correction (and attenuation
correction) of the ex vivo (static) animal datasets, as the temporal resolution was
in that case not relevant.

II.5.2 MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) is another anatomical imaging technique that
is gradually being integrated in the clinical practice.

The patient or object is inserted into a magnetic bore, which administers a
constant magnetic field and some smaller, pulsed radio-frequency (RF) magnetic
fields to all the hydrogen atoms of the body within the bore. The human body
contains a large amount (more than 60% of its weight) of water, which is rich in
hydrogen, thus making the technique effective. Different tissues have a different
hydrogen content, thus allowing their differentiation as they react differently to the
application of the magnetic fields.

To enhance the visibility of tissues otherwise barely distinguishable, contrast
agents can be administered (via the blood stream) which change the way the tissues
they target respond to the electro-magnetic pulses administered during an MR scan.
Gadolinium chelated contrast agents are commonly used.

In cardiac imaging, several sequences have been proposed for MR imaging pur-
poses. One of the sequences that is particularly interesting in the scope of cardiac
PVC is the late gadolinium enhancement (or late enhancement, or delayed enhance-
ment) acquisition technique. This MR acquisition sequence is particularly useful for
obtaining images with a clear distinction between infarct tissue and normal healthy
tissue, thanks to the different amount of extra-cellular tissue fraction that char-
acterises these two types of tissue. In fact, the infarcted tissue contains a higher
fraction of extra-cellular volume when compared to normal tissue, especially when
the rupture of the membrane of the myocardial cells occurs. The contrast medium
accumulates more easily in the extra-cellular matrix. Moreover, Gadolinium-based
contrast agents enter and exit the infarcted tissue more slowly than in normal tis-
sue. Therefore, there will be a point in time where the infarct region will be rich in
Gadolinium chelates, while the healthy portion of myocardium has already washed it
out. At this point (about 10-30 minutes after Gadolinium administration), the MRI
sequence of choice is performed, so that the highest contrast between the healthy
and the infarct tissue in the MR images is achieved [66]. An MR acquisition is also
particularly promising when combined with a simultaneous PET acquisition. In
this case, the patient does not need to be transferred from one scanner bed to the
other to perform the two acquisitions, thus minimizing the chances of misalignment
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between the two resulting images. Therefore, if all the technical difficulties of si-
multaneous PET/MR were solved [67], the use of such technique would potentially
allow for a more accurate PVC.

II.6 IMAGE REGISTRATION

Image registration is the process by which one image (floating image) is spatially
aligned to a second image (fixed or reference image). The goal of image registra-
tion is to find the transformation that maps all voxels of the floating image to the
corresponding anatomical structures of the reference image. Once the transforma-
tion that describes this alignment is found, the floating image needs to be shifted,
rotated or elastically deformed to achieve such correspondence of the same anatomi-
cal features. The image registration techniques can be broadly classified into rigid,
affine and non-rigid registration techniques. Rigid registration techniques aim at
finding up to three global shifts and up to three rotations of the floating image,
so that it matches the reference image. Affine registration also allows the use of
global skew and rescaling parameters to further improve the alignment of the float-
ing to the reference images. Both rigid and affine registrations are appropriate to
align non-deformable objects (e.g. bones, brain), but fail to reach the goal when
deformable objects are considered. Non-rigid deformations are, in such cases, the
only viable solution to achieve a voxel-by-voxel correspondence between the ana-
tomical structures of the floating and the reference images. They act locally, thus
a transformation is computed for each voxel of the floating image. This leads to
longer computation times to achieve the desired image registration, and larger space
requirements to store the resulting transformation matrix. Despite the deformable
registration algorithms seem more promising for certain anatomical regions, they
are also the most sensitive to small imperfections, artefacts or noise that can oc-
cur in one of the two images of interest. A fine tuning of such algorithms, that
would constrain the registration within pre-defined maximum shift values or that
would take into account the local behaviour of the surrounding voxels, is in this
case strongly recommended to obtain sensible registration outcomes [68].

In this study, the registration of the emission (PET) and the anatomical (CT,
MRI) datasets was of interest. Despite the organ of interest (the heart) is highly
deformable, a rigid registration approach was used. In fact, the deformation of
the heart occurring in the emission dataset is here ideally removed by the motion
correction technique of choice (i.e. gating, see Section II.7), whereas the anatomical
dataset is acquired with a high temporal and spatial resolution so that the motion
within each gate is negligible. Given these assumptions, and having assumed to
consider the same cardiac and respiratory frame for both the anatomical and the
emission datasets, the only remaining differences are due to the different positioning
and/or coordinate system of the two datasets, both of which can be corrected for
using rigid registration techniques.

Normalized mutual information was chosen as the matching criterion, since it
has been proved particularly effective when inter-modality image registration is
required [69].
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II.7 MOTION ESTIMATION AND MOTION
CORRECTION FOR CARDIAC DATASETS

Motion blurring in the thoracic region is an important cause of artefacts and mis-
evaluation of regional myocardial metabolism [70]. The heart is a naturally moving
organ that, in normal conditions, beats at a regular – although varying between
individuals and species – pace. Additionally, being located in the thoracic cage, the
heart is indirectly subject to the motion of the lungs, due to the respiration. Both
motions cannot be arrested, thus they both need to be taken into account when
any PET scan (which lasts more than a few seconds) is performed. In addition to
these involuntary motions of the heart, during a PET examination a patient can
also sneeze, cough, talk or generate involuntary twitches that cause motion of the
organs in the thorax. Finally, voluntary motion of the patients (e.g. change in
position for better comfort) can also occur during the scan. All these sources of
motion result in image blurring, which needs to be taken into account and corrected
for if quantitative PET reconstructions are aimed at.

The problem of motion correction can be further distinguished into two sub-
problems, each of which is currently subject of extensive research. The first issue
concerns the extraction of the biological trace to be used for the motion cor-
rection. This can be done by using external tracking devices, or by extracting the
biological traces directly from the ET dataset itself (data driven approaches). Once
a reliable trace of both the respiratory and the cardiac motions is obtained and
accurately synchronized to the PET dataset, the second step is to correct for the
motion using the extrapolated biological trace(s). In the remainder of this section,
we further elaborate on the advantages and disadvantages of the most widely used
techniques.

II.7.1 SIGNAL EXTRACTION: EXTERNAL TRACKING
DEVICES VS DATA-DRIVEN METHODS

Different methods are currently available to extract the motion parameters. They
can be subdivided into two main categories: hardware-based and data-driven.

HARDWARE-BASED METHODS: AN OVERVIEW OF THE AVAILABLE
TRACKING DEVICES

The hardware-based methods rely on an external tracking device. A common
characteristic of these devices is that they track external motion of the body, and
assume that the motion that is recorded is a perfect surrogate for the internal motion
of the organs or regions of interest. The external tracking device can be, in the most
general case, a video-recorder, or a device that mechanically moves together with
the organ being tracked (e.g. a respiratory belt with a pressure sensor to measure
the thoracic motion), or a device that monitors other biological parameters that
can be later on correlated with the motion of the organ of interest (e.g. an ECG or
a pulse-oximetry [71] recording device).

The use of optical motion recorders has the advantage of recording both vol-
untary patient motion and respiratory motion. The use of a device of this type
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has been successfully tested during cardiac SPECT [72]. However, this method has
not been further validated and it might have shortcomings in the detection of the
markers especially when oversized patients, or patients with a very small external
breathing motion, are considered. Moreover, the shift of the markers relative to the
body surface might hamper the correct acquisition and utilization of the collected
data. Finally, optical tracking devices are generally costly and, with some specific
models, trained personnel would be needed to set them up and calibrate them prior
to the beginning of the scan. Other, cheaper, marker-free devices have been tested
for motion tracking [73], which would mitigate some of the aforementioned short-
comings. However, discrepancies between the expected and the recorded motion
have been reported [74]. Other methods, which rely on simpler digital cameras to
pick up variations due to heartbeat and breathing during the scan, have been also
proposed [75], but no extensive validation studies have been performed so far.

At present, the use of devices that track the motion by direct contact with the
patient is often the preferred choice, particularly for the tracking of the respiratory
motion. The Anzai AZ773V pressure-sensors, already available in our department
and extensively validated in multiple studies [76,77], provide a simple way to extract
the respiratory motion of the patient. A few studies have investigated the latter
assumption [78,79], confirming on average a good correlation between internal organ
motion and the motion of the external tracking devices. However, such correlation
is not always guaranteed.

As for the cardiac motion, the most common and efficient solution is to use an
ECG tracking device to monitor the electrical variation determined by the heart
pulse. From the collected signal, the cardiac beating motion can be inferred.

DATA-DRIVEN METHODS

In a truly clinical setup, the burden associated with installing the respiratory or
the cardiac tracking machines, together with the possible discomfort for the patient
with a belt and several electrodes on his body, have pushed the research towards
the direction of device-less gating techniques, or data-driven gating techniques
(DDG). Such techniques do not rely on an external tracking device, but try to
estimate the motion of the internal structures based on the acquired dataset itself,
based on the variations in e.g. image intensities, sensitivity, center of mass, or on
the principal component analysis of the dataset over time [80–85].

A large quantity of DDG techniques has been developed over the past decade,
which can be categorised into two main groups: image-based and sinogram-based
techniques. Image-based techniques are based on the assumption that the respi-
ratory and cardiac motions are responsible for fluctuations in the image space.
Therefore, they are derived by monitoring the changes in the images over time.
Various research groups have explored the use of such techniques, basing the esti-
mation of the respiratory trace on large ROIs [84] or on a voxel-by voxel basis [85].
An advantage of this type of techniques is that the signal to be extracted is clear,
as it is not obfuscated by the forward projection of all other points of the object.
However, this comes at the price of increased computational burden, as each time
frame has to be reconstructed before motion information can be extracted. An
alternative to image-based techniques are sinogram-based DDG techniques [81–83].
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Figure 7: The three gating techniques that have been implemented in this work based on previous
literature. The yellow box indicates the gating method that has been chosen for the processing of
the animal datasets acquired in the scope of this project. For regular breathing, the phase-based
gating method is the simplest to implement. Amplitude-based and optimal methods in the current
implementation improve the gating outcome if the breathing has irregular amplitudes and a constant
baseline throughout the scan.

Sinogram-based algorithms have opposite advantages and disadvantages. They are
computationally faster and more straightforward, even though the signal recovery
might be less accurate because of the nature of the measurement process as a con-
tribution of multiple points to one single point in a projection. In fact, the motion
is extracted, in this case, from the fluctuations occurring in the sinograms of the
scan over time.

II.7.2 MOTION CORRECTION

Once the biological trace is available, the traditional approach requires that the
PET dataset is corrected for motion, based on the information provided by such
trace.

The process of gating is a well-established technique to remove the motion from
cardiac PET datasets by relying on the periodicity of the recorded motion. The full
list-mode dataset is split into a certain number of gates, typically according to the
position of each recorded event within the cycle, or to the amplitude of the trace at
each time point, or trying to maximize the counts in one specific gate. These three
common approaches are referred to as phase-based gating, amplitude-based gating
and optimal gating (Figure 7).

In phase-based gating, each respiratory (or cardiac) cycle is divided into an
equal number of gates within which the motion is considered negligible. This gating
method works well if the patient breathes regularly or is externally ventilated, so
that the occurrence of a specific phase in the respiratory cycle correlates well with
the occurrence of a specific position of the organs in the thorax. In amplitude-based

27



gating, on the other hand, all the events collected during the PET scan are sorted
into gates based on the amplitude of the respiratory trace. This technique is more
reliable in case the amplitudes of the various breathing cycles of one patient vary
significantly from one another (irregular breathing patterns), which is more likely
to occur when (non-ventilated) patients are analysed [86]. Finally, in the optimal
gating case [87], all the PET events that happen during end-expiration are used,
and the rest of the data is discarded. The end-expiration phase is chosen because
it is the longest and most stable phase of the respiratory cycle.

Various studies have tried to compare the different gating approaches for pa-
tient studies [88,89], concluding that amplitude-based and optimal gating methods
generally outperform phase-based gating strategies in terms of motion recovery.
This comes at the price of noisier images, as in the most basic implementation of
amplitude-based methods the counts are not equally subdivided between the gates.
Means to solve the aforementioned issue include amplitude-based variable gate sub-
division, so that the number of counts in each gate is kept constant, but this in turn
comes at the price of variable motion blur in each frame and a less straightforward
processing – which might push further away the introduction of motion correction
strategies in the clinical work flow.

0

10

20

30

40

50

60

70

80

90

100

31 2 4 5 6

time[min]

7 8

A
m
p
lit
u
d
e

Figure 8: An example of respiratory trace extracted from a real patient scan. Clearly, the amplitudes
values span over a very wide and not-constant range, which makes the use of any of the mentioned
techniques inefficient for motion correction.

In spite of the improved results obtained when using the amplitude-based and
the optimal gating methods, a fundamental limitation of all the aforementioned
techniques lies in the fact that they all assume that the breathing amplitudes are
oscillating around a constant average amplitude value. However, this assumption is
not always reflected in real patient acquisitions (e.g. Figure 8), and several clinical
cases show sudden or gradual baseline drifts due to hardware or to physiological
reasons or to changes in the breathing pattern of the patients due to stress or
external stimuli (e.g. blood samples taken during the PET scan, relaxation of the
patients during the scan, loss of contact between the respiratory tracker and the
patient, . . . ). This effect has been already observed in the past [90], and a possible
negative influence of the baseline drift on amplitude-based gating methods was
described. In the study just mentioned, the method that was believed to produce
more accurate results was based on data-driven extraction of the respiratory trace.
This could represent a solution, provided that the extracted DDG signal is reliable
and that the drift is only due to hardware reasons. Another possible alternative,
currently not yet investigated, is to extract the rigid motion transformation for the
entire duration of the scan in a DDG fashion, and subsequently apply rigid motion
correction to each event contained in the list-mode datasets, such that all events
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are correctly placed before the cardiac gating and the subsequent reconstruction
can take place.

II.8 OBTAINING THE DATASETS: SIMULATIONS AND
ANIMAL EXPERIMENTS

II.8.1 SIMULATED DATASETS

The use of simulated datasets is a very valuable tool to pinpoint the significance
and the effectiveness of a reconstruction technique, as they allow a direct com-
parison of the results with a well-known ground truth, in an ideal-case scenario
where all variables are under control. In the scope of this work, software-based
simulations were performed both to initially validate the the effect of AC on the
motion correction and the PVC techniques and to prove some important effects of
the use of misaligned anatomical information in a more rigorous and accurate way.
The 4D cardiac-torso virtual phantom (XCAT [91]) was used to accurately model a
thorax dataset with realistic breathing and heart beating capabilities. The XCAT
software produces 3D datasets with a high level of accuracy of the anatomies. Par-
ticularly, for the heart, this software allows to insert lesions and different degrees
of apical wall thinning. Additionally, the XCAT software models the breathing and
the beating motion following patient-based models, such that different 3D datasets,
one for each cardiac and respiratory phase, can be obtained. These datasets can be
forward-projected, so to simulate the process of acquisition as if they were scanned
in a real PET scanner. The reconstruction of such forward projections can then
be performed, using the same algorithms as those that would be applied to a real
measured dataset.

All simulated datasets were projected and reconstructed using in-house devel-
oped software that simulates the behaviour of the routine clinical scanner (Hirez) or
of the Siemens Focus 220 microPET scanner. In the scope of this work, the software
was carefully cross-validated against the different platforms (Hirez and microPET),
so that the same quantitative images would be obtained when using either of the
scanners involved in this study.

II.8.2 ANIMAL EXPERIMENTS

The use of animals as a first step towards the acceptance of a technique is widespread.
The PVC techniques presented in this work have been already tested in a simulated
environment for brain, or in human patient datasets. Despite useful to assess the
performances of the selected algorithms in the first place, simulations are anyway a
simplification of the complex reality of a real scan. On the other hand, patient scans
have the disadvantage of not providing a ground truth for a rigorous comparison
of the performances of the reconstruction techniques of choice. Therefore, animal
experiments were carried out on a regular basis during the course of this PhD to
validate the presented techniques for cardiac applications.

For all the aforementioned reasons, the animal model that was chosen to be
developed was the one of dilated cardiomyopathy (DCM) with asymmetric left
ventricular remodelling due to an left-bundle branch block (LBBB)-like conduction
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delay. Some of the typical features to be expected from hearts affected by such
DCM are a dilation of the LV chamber over time, together with a thinning of the
septal wall and a thickening of the lateral wall of the LV during the progression of
the disease. Such variations in the wall thicknesses were hypothesised to generate
problems with relative tracer uptake quantification, due to the partial volume effects
mostly affecting the thinned walls.

Sheep were chosen to be the best candidates for the purpose of our study, thanks
to the slow rate of increase of their body mass over the planned experimental du-
ration.

THE IMAGING PROTOCOL

Each animal underwent several imaging and surgical procedures (i.e. pacemaker
implantation, echocardiography, MRI, catheterization, PET/CT, CT, . . . ), in order
to obtain and evaluate the planned model and to yield the datasets of interest.

For the specific purposes of this PhD project, in agreement with the local ethical
committee, each animal underwent several scans using a newly designed protocol.
Figure 9 illustrates the experimental set-up. After eight weeks of rapid cardiac pac-
ing (180 beats/minute), necessary to obtain cardiac remodelling, the pacing rhythm
was reduced to 110 beats/minute during the imaging procedures. The value of 110
beats/minute was chosen as the best compromise between overruling the intrinsic
heartbeat of the animal of about 90-100 beats/minute (necessary to guarantee a
consistent beating pattern throughout all the experiments) and acquiring accept-
able images with the available instrumentation (i.e. avoid artefacts or missed data
due to the limited sampling rates of some of the considered imaging systems). Each
animal underwent a high-resolution CT on the Siemens Somatom Definition Flash
scanner, to obtain high-resolution CT images of the heart which were expected to
be frozen in a specific cardiac and respiratory phase. This was achieved by dis-
connecting the ventilator from the sheep at the moment of the scan, thus forcing
the animal into a prolonged end-expiration state, and by acquiring the CT mea-
surement simultaneously to the ECG. Such datasets were meant to be used for
anatomy-based partial volume correction of the in vivo sheep datasets. At the
end of such scan, each sheep underwent hyperinsulinemic-euglycemic clamping [28],
in order to maximize glucose consumption in the heart. When steady state was
achieved, each sheep was injected with 18F-FDG. An activity of 370 MBq was fore-
seen, for each sheep, at the time of injection. However, the amount of radioactivity
actually reaching the heart varied from sheep to sheep, due to the unpredictable
time needed to achieve the steady-state during the clamping procedure and due to
the animal-specific metabolism. Thirty minutes after injection, an 18F-FDG PET
scan of the same animal was performed on the currently available clinical PET/CT
system (Siemens Biograph 16, Hirez). The mean whole-body activity at the start
of such PET scan was 310,5 ± 87 MBq. A CT for attenuation correction was also
acquired on the same scanner. The resulting in vivo datasets were used both for
testing the implementation of the motion correction algorithms described in Section
II.7 and the effects of attenuation correction on the alignment between the PET
and the HRCT (Chapter 1).

In addition, motion-free cardiac PET datasets were also acquired to assess the
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Figure 9: Flowchart of the experimental setup.

efficacy of the PVC techniques without the interference of motion. The rationale
behind the ex vivo scans was as follows. The acquisitions on the Hirez scanner were
performed to obtain real cardiac datasets without the blurring caused by the motion
of the heart (which was present in the corresponding in vivo scans), with the same
settings that would be applied in a clinical patient PET scan. The acquisitions
on the microPET scanner, on the other hand, were performed to obtain an ideal,
high-resolution ground-truth to be used to validate the PVC techniques of choice
(described in Section II.3). In fact, the microPET has a resolution of 1.3/1.5 mm
(transaxial/axial respectively), hence the chances for it to suffer from PVE are
limited.

To obtain such ex vivo datasets, each sheep was sacrificed after the in vivo scans
and had the heart excised. Each heart was filled with a low-attenuating, hardening
foam in order to preserve the shape of the heart throughout the subsequent scans.
We verified that the foam was stable over time by scanning (by means of CT) a pilot
ex vivo heart, every 5 minutes and for the first 50 minutes after foam insertion (10
measurements). We subsequently calculated the overlap (DICE-Sørensen coefficient
[92]) between each of the reconstructed CT measurements and the first, reference
CT and verified that the variation of the overlap converged to a stable value at the
end of the test scanning period. We performed only CT-based tests as we assumed
that the introduction of the foam would induce only mechanical changes in the
considered hearts. We did not consider that a change in metabolism was likely, as
the hearts are excised - hence not supplied with blood (and FDG) - and we assumed
that the FDG remained irreversibly trapped in the cardiac cells after excision. Once
the stability of the foam was ensured, the ex vivo hearts were scanned both on a
high-resolution preclinical PET scanner (Siemens Focus 220, microPET) and on the
same clinical PET/CT scanner as used for the in vivo acquisitions.

III OBJECTIVES

The aim of this project is to investigate the effectiveness of image processing algo-
rithms that enable motion compensation and partial volume correction (PVC) of
cardiac FDG-PET images, in order to provide a more accurate extraction of pa-
rameters representing the regional energy consumption in the left ventricle of the
heart. Specific objectives of this work are:
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• The validation of the microPET as an effective ground truth for cardiac stud-
ies.

• The comparison of available partial volume correction techniques applied to
static cardiac datasets, with the aim of pinpointing the algorithm that pro-
duces the best absolute and relative quantification for PET datasets, both in
healthy and diseased cardiac tissue.

• The software implementation of motion-correction techniques, to allow the
accurate analysis of measured in vivo datasets.

• The accurate analysis of the effects of motion, occurring during the CT and the
PET scan, on anatomy-based partial volume correction of simulated emission
datasets.

In the scope of a broader project whose aim is to non-invasively assess the pro-
gression and status of DCM by means of PET, the metabolic parameters obtained
from the motion-free, PVC PET images are correlated with other mechanical pa-
rameters extracted from functional measurements. The study of the relationship
between the cardiac FDG metabolism (as a measure of energy consumption) and
the regional myocardial workload as characterized with echo, MR or other func-
tional acquisition techniques, could lead to a better understanding of the relation
between regional function and regional work load and and a better pathophysiologic
understanding of different pathologies.

IV PERFORMED STUDIES

The first challenge to the project was given by the fact that no ground truth datasets
were available for the validation of the new image acquisition and processing ap-
proaches. Both simulations and animal experiments were performed to overcome
this fundamental limitation.

In Chapter 1, the attenuation problem is explored using the XCAT phantom.
In the case of cardiac studies, the CT for AC is often acquired at low dose and low
temporal resolution, and the cardiac or respiratory motion during this scan can be
significant enough to cause motion artefacts. These artefacts might not only ham-
per LV quantification, but also negatively influence the subsequent alignment of the
emission image to the corresponding anatomical dataset for PVC. Chapter 1 anal-
yses and compares different AC strategies and defines the best approach to obtain
quantitatively correct images that can be effectively aligned to the corresponding
anatomical image for subsequent PVC.

In Chapter 2 and 3, the efficacy of various PVC techniques is evaluated by
using ex vivo static datasets. The choice of the ground truth (microPET) and
the correct reconstruction of such dataset is presented in Chapter 2. Due to the
non-conventional shape of the object (heart) being scanned in such device, the
application of scatter and attenuation correction steps was non trivial and needed
extended investigation.

In Chapter 3 the problem of PVC of cardiac datasets is first addressed, consid-
ering a simplified motionless scenario. In this way, the benefits introduced by the
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selected PVC techniques could be evaluated without any confounding factor (i.e.
motion). For this purpose, excised sheep hearts were obtained. We used different
algorithms, which did or did not make use of additional anatomical information, to
reconstruct these datasets and we investigated their effect on the relative, as well
as absolute distribution of activity within the myocardium when compared to the
chosen ground truth.

In Chapter 4 it is analysed with the help of the XCAT software whether anatomy-
based PVC is useful for the improvement of lesion quantification. Additionally, the
practical necessities for a successful anatomy-based PVC are described and high-
lighted. We define the properties and features of the ideal anatomical image and the
problems that can occur during anatomy-based PVC due to misalignments between
the anatomical and the emission datasets (e.g. patient voluntary or involuntary mo-
tion, organ displacements or deformations between subsequent acquisitions, etc).

Finally, Chapter 5 describes the first steps that were taken to correlate the
values extracted from the ex vivo datasets to the values extracted from the motion-
corrected in vivo datasets, in the attempt to find the motion-correction algorithm
that guarantees quantitatively accurate results.
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1 IMPACT OF CT-BASED

ATTENUATION CORRECTION ON

THE REGISTRATION BETWEEN

DUAL-GATED CARDIAC PET AND

HIGH-RESOLUTION CT

This chapter is based on the published article: Impact of CT-based attenuation cor-
rection on the registration between dual-gated cardiac PET and high-resolution CT,
A. Turco, J. Nuyts, O. Gheysens, J. Duchenne, J-U. Voigt, P. Claus, K. Vunckx,
Trans Nuc Sci 2016 Feb.

Abstract
A high-resolution CT (HRCT) used as anatomical prior information
during PET reconstruction can enhance the quality of a corresponding
low-resolution PET image, provided that it is accurately registered to
the PET dataset of interest.
In this work, the impact of different PET/CT attenuation correction
(AC) protocols on the registration between a dual-gated cardiac 18F-
FDG PET image and an HRCT image is investigated. The aim is
to explore the impact of AC on PET-to-HRCT registration, and to
identify the AC strategy that yields the best alignment between the
left-ventricles in the PET and the HRCT images for subsequent partial
volume correction.

Simulations were performed using XCAT phantoms. Shallow breath-
ing and a regular beating pattern were simulated and both noise-free and
noisy data were evaluated.

Respiratory motion during the acquisition of the CT used for atten-
uation correction strongly affected the dual-gated PET reconstructions,
resulting in artefacts and quantification errors in the PET image and
poor PET-to-HRCT registration accuracy. The blurring introduced by
the beating heart, on the other hand, proved to have a negligible effect
on PET-CT registration. Dual-gated PET images reconstructed with-
out attenuation correction could be well registered to the HRCT if a
good initial alignment between the starting images was provided.
A commercially available strategy to deal with an AC CT that is ac-
quired in the wrong respiratory phase was also evaluated, and yielded

37



not only enhanced quantitative accuracy but also accurate PET-to-
HRCT registration.
The effect of a high level of noise, as present in a dual-gated cardiac
PET study, was also investigated. Registrations proved to be sensitive
to noise, but noise is not a major limiting factor for PET-to-HRCT
registration.

A selection of the investigated attenuation correction procedures was
also evaluated using cardiac PET/CT data measured in sheep. The
PET-to-HRCT registration performance confirmed the XCAT-based pre-
dictions.

LIST OF ABBREVIATIONS

PET Positron emission tomography
HRCT High-resolution CT (high spatial and temporal resolution, contrast)
AC Attenuation correction
AC CT CT acquired and reconstructed for AC
C1-exp ideal AC CT (end-diastole, end-expiration)
C2-exp as C1-exp, but mismatch in the cardiac phase
C1-insp end-inspiration AC CT (end-diastole)
AVGC-exp AC CT averaged over the cardiac cycle (end-expiration)
AVGC-insp AC CT averaged over the cardiac cycle (end-inspiration)
C1-AVGR AC CT averaged over the breathing cycle (end-diastole)
AVGC-AVGR AC CT averaged over both breathing and beating cycle
sh(AVGC-insp) AC CT averaged over the breathing cycle (end-inspiration), shifted
NOATTEN no attenuation correction

I INTRODUCTION

The measurement of 18F-fluorodeoxyglucose (FDG) uptake by positron emission to-
mography (PET) is a validated and robust tool to investigate regional metabolism
and myocardial viability [93] and can provide insights into regional myocardial work-
load. Limitations of the current PET imaging instrumentation can, however, com-
promise its diagnostic accuracy. The low spatial resolution (5-6 mm) of PET does
not allow to accurately quantify the tracer uptake in very thin or small structures
due to partial volume effects (PVE) [94], thus hampering correct estimation of glu-
cose uptake. In addition to PVE, extracting valuable and correct information from
cardiac images is not straightforward since the heart beats and moves in the thorax
because of respiration.

The contribution of motion to cardiac images can be mitigated with different
techniques [88] [82] [95]. One of the most common and straightforward methods,
although not optimal for image quality, is to sort the PET dataset into a set of
frames corresponding to the different phases of the periodic motion (gating), and
then independently reconstruct and use each of them.

The issue related to PVE has also been frequently addressed. Among all avail-
able techniques, the application of anatomical information obtained with an HRCT
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or magnetic resonance imaging during the PET reconstruction with resolution mod-
elling has been proven promising [96]. Recently, particular attention was given to
brain image enhancement using the aforementioned method [97]. Even though ef-
forts have been recently made to ensure robustness against small misalignments [98],
the application of such a partial volume correction (PVC) technique to a measured
PET dataset relies on a good alignment between the anatomical image and the
low-resolution PET. Hence, any source of misregistration needs to be avoided. In
this scenario, PET attenuation correction might play a role in compromising the
registration results.

Almost every contemporary PET scanner nowadays incorporates a CT mod-
ule,that can be used to acquire a CT from which a PET attenuation map can
be derived. From such map, a sinogram with PET attenuation correction factors
(ACF) is obtained by forward projection and exponentiation. However, the CT for
AC is often acquired at low dose and low resolution, and it is sometimes averaged
over one or more breathing or beating cycles [99]. Therefore, artefacts can be in-
troduced in the attenuation-corrected PET images, which in turn might negatively
influence subsequent PET-to-HRCT registration.

To our knowledge, nothing has been reported about the influence of using a mis-
matched or motion-blurred map for AC on the quality of PET to high-resolution
CT registration in cardiac imaging. The aim of this work is to assess the influence
of attenuation correction on the quality of image registration between dual-gated
cardiac PET images and high-resolution CT images, when either or both respiratory
and cardiac motion are present during the AC CT acquisition. The effect of differ-
ent attenuation correction strategies is investigated by means of simulations, using
a realistic digital anthropomorphic phantom (XCAT [91]) and cardiac PET/CT
datasets measured in sheep.

The rest of this paper is organized as follows. In Section II, the details of the
phantoms used for the simulations are given, together with a description of the sim-
ulations, reconstructions, registration and evaluation methods, and real datasets.
In Section III, an overview of the results obtained with noise-free and noisy datasets
is presented. The results are discussed in Section IV and the conclusions are sum-
marized in Section V.

II METHODS

XCAT-based simulations were designed to mimic a dual-gated PET study acquired
on a Siemens Biograph 16 PET/CT scanner. Sinograms containing attenuation
correction factors (ACF) were derived from CTs acquired on the same device using
different CT protocols. Each simulated AC CT differs from the others in the way
it handles the respiratory and beating motion during the scan. After gating and
after performing AC, the PET frame of interest is registered to a high-resolution
CT virtually acquired on a dedicated scanner, which can image the heart in a
single cardiac and respiratory phase, with contrast enhancement of the blood pools.
The reason for this registration is to enable a subsequent anatomy-enhanced PET
reconstruction for PVC. The accuracy of the registration will determine which AC
CT protocols can be used if PVC is aimed for. Fig. 1.1 summarizes the workflow
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of the simulations.

PHANTOM GENERATION

A number of XCAT thorax phantoms were generated in order to realistically sim-
ulate the HRCT, the PET and the various AC CT datasets. All attenuation and
activity maps were created using a voxel size of 0.8 mm.

All phantoms represented an average male, arms up [100]. Realistic and ho-
mogeneous activity values were assigned to the different tissues of the simulated
activity phantom, based on average activity values observed in available measured
datasets (see Table 1.1).

Respiratory and cardiac motion were modelled when needed. In order to be
adherent to an average patient study protocol, attention was focused on the shallow
breathing scenario, using the default values provided by the XCAT software [91]
to describe antero-posterior (AP) expansion and diaphragm translation. A heart-
rate of 60 beats per minute was also modelled. An overview of the main common
parameters used to generate all the phantoms can be found in Table 1.1.

Table 1.1: Key parameters for phantom generation.

Antero-posterior (AP) expansion [cm] 1.2
Diaphragm motion [cm] 2.0
Resp. cycle duration [s] 5
Card. cycle duration [s] 1
No. resp gates/cycle 5
No. card gates/cycle 10
Phantom size [pixel] 600x600x203
Phantom pixel size [mm] 0.8

Left ventricle activity [kBq/cc] 26
Lung activity [kBq/cc] 0.9
Blood pool activity [kBq/cc] 5.5
Liver activity [kBq/cc] 6.3

This paper focuses on the registration between a dual-gated PET image and
a HRCT image in a fixed cardiac and respiratory phase. Hence, the most stable
phases of the breathing and of the beating cycles were chosen for simulating these
datasets. Particularly, it is known that the diastolic phase normally has a longer
duration and a higher stability, compared to other phases within a cardiac cycle.
Furthermore, patients with a regular shallow breathing pattern are known to spend
a large amount of time in the end-expiration phase of the breathing cycle. Therefore,
aiming at a doubly-gated acquisition, the choice of end-expiration phase could allow
to use more data than any other phase of the breathing cycle and minimize the
chances of contamination of the gate by motion (e.g. if an optimal gating strategy
was used, as in [101]). For this reason, the HRCT and the dual-gated PET image
of interest are simulated to be acquired in the end-diastolic cardiac phase and in
the end-expiration breathing phase.

More details about the different datasets are given in the following of this section.
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1. Generation of the 
XCAT phantoms: PET 
(left) and attenuation 
maps (right)

2. Projection
(noise-free/noisy) and 
reconstruction using 
ACFs derived from  
different  AC CTs

1

2

5. Rigid registration5

Choice of one PET gate (end 
diastole, end-expiration)

4. Manual cropping of 
images (both PET and 
HRCT) to heart region.

4

3. HRCT creation: 
13 rotations and translations 
applied, convert to HU, add 
contrast agent

3 4

6. Evaluation: 
Dice-Sørensen coefficient

Figure 1.1: Phantom generation, registration and analysis flowchart.
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HRCT DATASET

In order to generate the HRCT frame of reference, a dataset with blood-pool con-
trast and high spatial and temporal resolution was generated. The cardiac cycle of
the XCAT phantom was divided into 10 equally spaced time frames (gates), for a
total cycle duration of 1s. The gate corresponding to end-diastole was chosen, while
the other frames produced with the XCAT phantom were discarded. The respira-
tion phase of the simulated HRCT phantom was kept fixed to end-expiration. This
image, generated with the XCAT software, was converted to Hounsfield units and
small rotations and translations were applied to it, to simulate patient positioning
differences between the PET/CT scan and HRCT scan. Thirteen different initial
roto-translations were simulated, where the sets of three rotation and three transla-
tion values were obtained by randomly sampling a uniform distribution of rotation
and translation values in the range of [0, 0.3] rad and [0, 4] cm respectively. The
resulting HRCT images served as the target high-resolution CT, to which the PET
frame of interest should be registered.

PET DATASET

The phantom from which the HRCT dataset was extracted was also used to obtain
the corresponding PET dataset. The selected PET frame, therefore, was the one
that captured the heart in end-expiration and end-diastole.

AC CT DATASETS

Additional phantoms were generated to obtain various attenuation maps (see also
Fig. 1.2), which differ in the way the AC CT is acquired in the presence of the
cardiac and respiratory motion.

• C1-exp : the attenuation map perfectly matches the PET respiratory and
cardiac phase, thus leading to ideal, artefact-free PET reconstructions.

In practice, this can be obtained with a very fast CT scan or with a medium
speed CT scan coupled with ECG-gating during breath-hold. However, a
cardiac-gated CT results in a higher dose for the patient. In addition, a
breath-hold in end-expiration, for an amount of time sufficient to acquire
such AC CT, can be difficult for many patients. Therefore, C1-exp is not the
most desirable protocol in clinical practice. For this reason, other AC CT
protocols have to be considered.

• C2-exp : similar to C1-exp, but the attenuation map is slightly mis-
matched with respect to the cardiac phase of the corresponding PET im-
age.

• C1-insp : similar to C1-exp the beating phase of the CT for attenuation cor-
rection corresponds to the one of the PET and the HRCT, but it is simulated
to be in a completely different respiratory phase (i.e., end-inspiration,
because breath-hold in this phase is typically easier for patients).
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AVGC-AVGR

AVGC-expAVGC-insp

C1-exp

C1-AVGR

C1-insp
C2-exp

PET

RESP

ECG

Figure 1.2: ACCTs generated with the XCAT software and their position with respect to cardiac and
respiratory motion.
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• AVGC-exp : the AC CT corresponds to the average over a complete heart
cycle. This is equivalent to a breath-hold CT acquired at end-expiration.

• AVGC-insp : similar to AVGC-exp, but the respiratory phase is differ-
ent (i.e., end-inspiration instead of end-expiration). Since this AC CT is an
average over one full beating cycle, it represents the result of a CT acquired
at medium scanning speed with breath-hold.

• C1-AVGR: the AC CT perfectly corresponds to the cardiac gate of the PET
being reconstructed, but it is affected by motion blur due to respiration.
This AC CT could be the result of an ECG-gated CT acquired during free
breathing with a low pitch.

• AVGC-AVGR: an AC CT obtained by averaging all AC CTs over one
breathing and several beating cycles was obtained with the XCAT software.
This would correspond to a scenario where the patient is breathing regularly
during a CT acquisition with a very low pitch.

• sh(AVGC-insp) : the same AC CT as AVGC-insp is used. However, it is
aligned to the PET dataset before using it for AC of the PET dataset.
In order to align the myocardium of the AVGC-insp image to the myocardium
of the PET image, binary masks corresponding to the myocardium were auto-
matically generated, both in the PET and in the AC CT. For simplicity, the
delineation of the myocardium in the AC CT was performed by thresholding
the corresponding gate of the activity map to the myocardial tissue. The
mask image corresponding to the AC CT was subsequently rigidly registered
(only translations allowed) to the PET mask image using normalized cross-
correlation. The registration parameters were then applied to the AVGC-insp
and the resulting, shifted attenuation map (’sh(AVGC-insp)’) was used for
attenuation correction. This procedure is only possible in a simulation study.
In practice, the creation of such mask images could be cumbersome, especially
for what the AC CT is concerned. The most practical solution in this case,
currently implemented on several PET/CT systems from various manufactur-
ers, is to proceed with a rough manual alignment of the myocardium of the
AC CT to the myocardium of the PET [102] [103].

• NOATTEN : as a final alternative, the PET gate was also reconstructed
without any attenuation correction.

PROJECTION AND RECONSTRUCTION OF THE
ACTIVITY PHANTOM

The image generated with the XCAT software and corresponding to the PET gate
of interest was projected using in-house developed software that simulates an ac-
quisition with the PET component of a Siemens Biograph 16 PET/CT (Hirez)
scanner [29]. Attenuation and a shift-invariant camera resolution were modelled,
but scatter and randoms were not.

A noise-free sinogram was obtained. In addition, ten noisy sinograms were
generated by adding Poisson noise to the noise-free sinogram, corresponding to a 36
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s-acquisition. The rationale behind this value is as follows. An average PET scan
can last up to 30 minutes. If motion-free images need to be obtained, the easiest
way is to perform a double gating pass on the original listmode data set. This way,
the initial dataset is first divided into, e.g., 5 respiratory gates, and after that every
respiratory gate is further divided into, e.g., 10 cardiac gates. Thus, a 30-min PET
scan must be equally divided into 50 gates, resulting in an actual contribution of
36 s to each gate.

In order to verify whether shorter scan times influence the results obtained, we
additionally generated noisy PET reconstructions with lower count levels. Partic-
ularly, Poisson noise was added to the noise-free sinogram to simulate 6 s-, 12 s-,
24 s- and 30 s-acquisitions, which correspond to a total scan time of 5, 10, 20 and
25 minutes respectively. The activity sinogram was then reconstructed using a
3D OSEM algorithm with resolution recovery (4 iterations and 12 subsets per iter-
ation). Both the projection and the reconstruction of the datasets were done using
the same projector, which included ray tracing and modelling the system resolution
as a shift-invariant Gaussian convolution (FWHM = 4.3 mm and 4.5 mm in the
transaxial and axial direction, respectively). The voxel size of the reconstructed
PET images was set to 2 mm x 2 mm x 2 mm. The different AC CTs, described in
Section II, were converted to PET attenuation maps with voxel size of 0.8 mm x 0.8
mm x 0.8 mm. Sinograms containing the ACFs were computed from the forward
projection of these maps with a ray tracing projection method, with no modelling
of resolution effects. Each of those sinograms was used during each iteration of
the reconstruction to correct for the effect of attenuation. The same reconstruction
procedure was applied to the noisy sinograms.

IMAGE PRE-PROCESSING

The reconstructed noisy and noise-free PET datasets were roughly cropped to the
heart region, by manually delineating the region of interest (ROI) in the central
transaxial slice of each volume and automatically propagating the same ROI to
all other image planes. The cropping procedure was found to be beneficial for
registration and drastically reduced the total computation time [104]. The shape of
the cropped ROI was arbitrary as long as it contained the whole heart, both axially
and transaxially. All PET reconstructions received the same cropping, in order not
to influence registration results with an additional, possible source of variation. The
thirteen roto-translated HRCT images were manually cropped too, with a different
cropping for each HRCT, and not identically as the cropped PET images.

QUANTIFICATION OF IMAGE ARTEFACTS

Various degrees of artefacts are to be expected in the reconstructed PET images,
depending on the attenuation map used for reconstruction. The reconstruction with
C1-exp is here regarded as the gold standard, because it perfectly matches both
the respiratory and the cardiac phase of the corresponding PET, yet being more
realistic than the initial phantom as projected and reconstructed with software that
simulates the behaviour of the scanner.
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As a measure of the severity of the artefacts in the heart region, we computed
difference images between the PET images corrected with the various attenuation
maps and the PET image corrected with C1-exp. Moreover, the sum of squared
differences between such images was also calculated, after cropping the datasets as
explained in II.

QUANTIFICATION OF ACTIVITY

In those fields where accurate quantification of the activity is required, attenuation
correction might play a role in under- or over-estimating activity values in the region
of interest. In this work, the reconstructed activity within the left ventricle (LV) is
of interest. For this reason, the quantification accuracy of the total reconstructed
activity within the LV in the PET images corrected with the various ACF sinograms
was also briefly investigated.

First, the total reconstructed activity in the LV was calculated. Based on the
XCAT phantom, a binary mask images was created, where the LV was set to 1 and
all other image pixels were set to 0. All the reconstructed, noisy PET datasets,
corrected with the various AC CTs, were then multiplied by such mask, and the
total activity was calculated. The mask used is one for all PET reconstructions.
We opted for this strategy in order to clearly evaluate the artefacts within the
original LV region. The other approach, that is to optimize the mask for each
PET corrected with a different AC CT, introduces increased chances of hiding the
artefacts produced by the various AC CTs.

The mean total activity over the ten noise realizations was calculated. A paired
t-test was performed between the values obtained in the (ideal) case of PET images
corrected with C1-exp and with each of the other ACF sinograms. C1-exp was
chosen as ground truth, instead of the phantom, in order to rule out any possible
effect of the reconstruction process on the results.

In addition, the quantification of the LV was evaluated for an artificially-created
AC CT. In case the HRCT was registered directly to the NOATTEN PET, because
no suitable AC CT was available for accurate image registration (see Section III),
quantification could be performed on a subsequent PET reconstruction using the
aligned HRCT as AC CT. However, often the HRCT available does not cover the
full field-of-view (FOV) being imaged. Therefore, it would be necessary to paste
such HRCT into the corresponding region of a full-FOV AC CT (acquired at low-
resolution, low-dose) in order to have all the necessary information for performing
AC on the full-FOV PET image. Such a scenario was simulated with the help of the
XCAT phantom by ’pasting’ a cropped high-resolution CT, deprived of blood-pool
contrast, into a full-FOV AVGC-AVGR. The simulated PET gate of interest was
then reconstructed using such a ’pasted-HRCT’, and the effect of the discontinuities
on the LV quantification was studied.

Additional analyses were also performed on the most interesting AC strategies:
C1-exp, AVGC-AVGR, AVGC-exp, sh(AVGC-insp) and pasted-HRCT. C1-exp was
chosen as the reference or gold standard. The AVGC-AVGR and AVGC-exp were
further studied because they would be the easiest to perform in the clinical practice.
The sh(AVGC-insp) has a promising potential of restoring the total LV activity to
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values closer to the reference. Finally, the pasted-HRCT would be the only reason
to justify the registration of NOATTEN PET datasets to the HRCT.

For this purpose, a 17-segments polar map [105] was generated for each of the
noisy PET reconstructions corrected with ACFs derived from the aforementioned
AC CTs. For visual assessment, the average activity value over the 10 noise realiza-
tions was computed, for each segment of each polar map. For a more quantitative
assessment, a value describing the uniformity of each of the polar maps was defined
as follows:

Rs =
x̄s
x̄
, s = 1...17

U = stddev(R)

with R = [R1, .., R17]. In other words, the ratios between the mean activity value
in each of the segments (x̄s) and the mean overall activity value (x̄) was computed,
for each segment of each attenuation strategy. The closer these ratios to 1, the
more uniform the polar map is. The standard deviation U of these ratios over the
17 segments was then computed. The closer U to 0, the less the ratios are spread
around the value of 1 (ideal, perfectly uniform polar map), thus giving an indication
on the LV uniformity.

Wall ratio calculations were also performed to quantify more regional changes
in uniformity. To this end, the average polar maps were divided in 5 areas, corre-
sponding to the anterior wall (segments 1, 7, 13), posterior wall (segments 4, 10,
15), lateral wall (segments 5, 6, 11, 12, 16), septum (segments 2, 3, 8, 9, 14) and
apex (segment 17). The mean activity in each of these regions was calculated, and
the antero-posterior (AP) and lateral-septal (LS) wall ratios were then computed.

REGISTRATION APPROACH

Rigid registration of the PET frame to the HRCTs was performed using the cropped
images. Normalized mutual information (NMI) was chosen as the matching crite-
rion, since it has been proved particularly effective for inter-modality image regi-
stration of cropped datasets [106]. Registration was performed in three steps, in
a multiresolution fashion. One hundred bins were used to histogram the intensity
ranges of the images being registered. This value was chosen to ensure a clear dis-
tinction of the intensities of the LV and the blood pools both in the PET and in
the HRCT images.

Poor registration results were obtained at times. In order to exclude from the
causes of this failure the initialization of the PET dataset, whose initial orientation
was relatively different from that of the HRCT image, a preliminary image alignment
was attempted. To this end, we performed the same PET-to-HRCT registrations,
but starting from parameters that yielded a very good initial positioning of the
PET dataset if compared to the orientation of the HRCT. A drift from this initial
and ideal positioning during the registration process would confirm the role of the
artefacts in hampering the registration outcome.

For the NOATTEN datasets, which were the only ones that proved to benefit
from such initialization, a manual preliminary alignment was also attempted. This
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Figure 1.3: Comparison between a HRCT affected (left) and not affected (right) by motion blur. The
slice is representative for the whole volume.

procedure, albeit less accurate, provided a more viable and realistic alternative to
roughly initialize the datasets of interest.

EVALUATION OF REGISTRATION RESULTS

Evaluation of PET-to-HRCT registration was done in PET space, as this will be
the space where PVC is applied. The registered images were evaluated visually and
quantitatively. DICE-Sørensen coefficients (DSC) were calculated to quantify the
overlap between the left ventricular region in the PET image and the LV region
in the registered high-resolution CT. For this purpose, the same mask images as
for quantification were used (see Section II) and the overlap between them was
measured by means of the DSC.

Since the evaluation needed to be performed in PET space, but only the parame-
ters corresponding to PET-to-CT registration were available, the inverse registration
transformations were applied to the CT mask before calculating the DSCs.

REAL DATASETS

Finally, we verified whether the findings from the simulation studies found corre-
spondence with results obtained on sheep. To this purpose, two sheep experiments
approved by the local ethical committee were carried out. Detailed information on
the two animals, together with an overview of the settings used during the scans,
are in table 1.2.

Each sheep underwent the following scans (all at constant heart rate of 110 beats
per minute):

1. a high-resolution CT with contrast enhancement acquired on a Siemens SO-
MATOM Definition scanner, using a pre-defined ECG-gated spiral protocol
(CoronaryCTA). Ten different cardiac gates were reconstructed. The respi-
ratory phase during which the whole dataset was acquired was known and
represented end-expiration. One volume corresponding to one cardiac phase
was selected, thus obtaining a real HRCT where the heart is in a fixed and
known respiratory and cardiac position.
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Table 1.2: Key information on the animal experiments.

General information
Weight, sheep 1 [kg] 42.0
Weight, sheep 2 [kg] 55.0
Age, sheep 1 [days] 345
Age, sheep 2 [days] 376

HRCT generation parameters
Scanner Siemens SOMATOM Definition AS
kVp 120
mAs 257
pitch 0.34

PET scan information
18F-FDG administered dose,
sheep 1 [MBq]

374,30

18F-FDG administered dose,
sheep 2 [MBq]

237,12

scan time [min post-
injection]

30

scan duration [min] 30

The cardiac phase was chosen based on a visual analysis of the entire HRCT,
i.e., the cardiac gate that showed the least amount of motion and contrast-
related artefacts in the LV region was chosen. In fact, it was observed that
the use of a HRCT in which the uniformity of the LV was compromised and
the distinction between the LV walls and the LV chamber was less neat (e.g.
left pane of Fig. 1.3) resulted in poor registration outcomes. In the animals,
the respiratory phase during which the HRCT was acquired was obtained by
means of a mechanical ventilator. In patient studies, a fixed respiratory phase
could be obtained by means of an active breathing control system (as in [107]).

2. a 30-minute 18FDG-PET scan, acquired on the Siemens Biograph 16 (Hirez)
scanner. Triggers corresponding to both the cardiac (ECG) and the respi-
ratory signal (from the Respiratory Gating System AZ-733V) were inserted
into the listmode during acquisition, and subsequently used to double-gate
the dataset using in-house software. A phase-based gating approach was used
for the respiratory motion, as the respiration of the sheep was artificially
controlled by a ventilator, hence very regular in its pattern. The chopped
listmode data corresponding to the same cardiac and respiratory phase as
the best HRCT gate was selected, by taking the end-expiration chunk and
selecting the same cardiac phase according to the ECG triggering. Such short
listmode was converted to a sinogram and reconstructed using the different
attenuation maps listed in the remainder of this section.

3. different AC CTs, acquired on the Siemens Biograph 16 (Hirez) scanner:

(a) an average low-dose AC CT at low pitch, hence spanning over multi-
ple cardiac and respiratory cycles. This acquisition corresponds to the
AVGC-AVGR AC CT simulated with the XCAT phantom.
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(b) an average low-dose AC CT at low pitch, again spanning over multiple
beating cycles. However, differently from a), the respiratory phase in
which this AC CT was acquired was known and fixed to end-expiration.
Such acquisition mimics the AVGC-exp simulated with the XCAT.

(c) a cardiac-gated CT acquisition at low pitch, thus spanning over multiple
respiratory cycles. This CT resembles the C1-AVGR.

(d) a cardiac-gated CT acquisition, when the respiration of the sheep is
forced to end-expiration, reproducing the behaviour of the simulated
C1-exp.

All the AC CTs were converted to 511 keV attenuation maps using the hybrid
scaling method [33], forward-projected using in-house software that simulates the
behaviour of the PET scanner and used as AC sinograms during the reconstruction
of the selected PET gate. One PET reconstruction was performed without any
attenuation correction, too. The activity sinogram was reconstructed using a 3D
OSEM algorithm with resolution recovery (4 iterations and 12 subsets per iteration).
The voxel size of the reconstructed PET images was set to 1.35 mm x 1.35 mm x 2
mm.

Each of the resulting reconstructions was manually cropped to the heart region
(as for the simulation study, only transaxial cropping was performed). The HRCT
from the dedicated, high-resolution scanner was cropped as well to delineate the
heart. All PET reconstructions of the same sheep received the same cropping, but
PET and HRCT were cropped differently.

Finally, the cropped PET datasets were registered to the cropped HRCT. The
resulting registrations were evaluated by visual inspection.

III RESULTS

QUANTIFICATION OF IMAGE ARTEFACTS

Fig. 1.4 shows the artefacts that can be caused by using different AC CTs in the
simulated noise-free datasets. Table 1.3 confirms what can be intuited from the
images. A high SSD (sum of squared differences) is obtained when the artefacts are
more pronounced.

QUANTIFICATION OF ACCURACY

The total activity was calculated within the LV wall of the different attenuation-
corrected, noisy PET reconstructions. The results are summarized in Table 1.4.
Although the artefacts produced by the use of different attenuation maps are not al-
ways visually striking, the AC CT used does have an effect on the total reconstructed
activity within the LV. Moreover, a procedure to align the myocardial volumes in
the AC CT to that in the PET before the PET reconstruction (sh(AVGC-insp))
seems to be beneficial when compared to the reconstruction using the un-shifted
version of the same attenuation map (’AVGC-insp’). The usage of a ’pasted-HRCT’
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Figure 1.4: PET reconstructions corrected with C1-exp subtracted from the PET datasets recon-
structed with different attenuation maps. Clear artefacts are present, both around and within the
myocadium.

AC CT overestimated the overall activity, due to the fact that the pasted box con-
taining the HRCT is wide enough to add un-compensated attenuation in the lungs
region.

Fig. 1.6 shows the polar map analysis. Uniformity is best preserved when C1-
exp (gold standard) and AVGC-exp are used, whereas AVGC-AVGR shows the
largest variations. Using a ’pasted-HRCT’ also seems to preserve uniformity, and
yields improvements when compared to the usage of AVGC-AVGR. The U-values
calculated for each polar map, together with the wall activity ratios presented in
table 1.5, confirm such findings.

The best compromise between preservation of total activity and uniformity is
obtained when using AVGC-exp as AC CT for deriving the ACF sinogram.

REGISTRATION

In multimodal image registration, (N)MI has become a technique of reference. To
our knowledge, however, the effect of the mis-alignment between the anatomical and
emission image on PVC for cardiac imaging has not yet been addressed in previous
literature.

Alignment tasks using MI for PET and MR images have shown an accuracy
below 2 mm in brain [108]. Slightly worse accuracy values can be expected in
cardiac imaging, where residual motion present in the datasets might deviate the
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Table 1.3: SSD between the cardiac region of the PET reconstructions (corrected with the ACF derived
from the different AC CTs) vs the ideal reconstruction (C1-exp)

SSD
AVGC-AVGR 6.83e+11
C1-AVGR 6.19e+11
AVGC-exp 2.74e+10
C2-exp 1.22e+10
C1-insp 1.92e+12
AVGC-insp 2.07e+12
sh(AVGC-insp) 3.48e+11
pasted-HRCT 9.40e+10

Table 1.4: Mean activity values in the LV, for the PET reconstructed with different attenuation maps.

Mean act. LV [MBq] % act. difference p-value
from C1-exp

AVGC-AVGR 3.945 ± 0.111 -4.8% 7.6E-19
C1-AVGR 4.033 ± 0.113 -2.7% 2.6E-14
AVGC-exp 4.076 ± 0.115 -1.7% 1.4E-10
C1-exp 4.144 ± 0.115 - -
C2-exp 4.136 ± 0.116 -0.3% 0.17
C1-insp 3.848 ± 0.110 -7% 5.6E-22
AVGC-insp 3.692 ± 0.109 -10.9% 2.5E-25
sh(AVGC-insp) 4.276 ± 0.120 +3.4% 1.9E-15
pasted-HRCT 4.317 ± 0.120 +4.5% 1.4E-17

registration algorithm from the optimal solution. On the other hand, the accuracy
of the registration between ungated whole-body PET and CT is pretty low (around
5-6 mm in the thorax) [109], but we believe these accuracy values can be improved
with the application of double gating on the emission datasets.

A small simulation study allowed us to establish a rough correlation between
the DSC of two simulated emission images of the LV and a mono-directional shift
progressively applied to one of the two. Fig. 1.5 illustrates the result. The DSC
decreases linearly with increasing shift values. Shifts in the three different directions
were tested, with comparable results.

EFFECT OF AC

From the registration results of the noise-free as well as of the noisy datasets, we
can conclude that the use of different attenuation maps does play a role in the final
registration outcome. Fig. 1.8 shows the amount of overlap after aligning the PET
images reconstructed with the different ACF sinograms to the HRCT. Both in the
noisy and in the noise-free case, the blur introduced by the beating of the heart does
not influence the subsequent registration to the HRCT (cfr. AVGC-exp and C1-
exp). In the light of the findings illustrated in Figure 1.5, the DSC values obtained
in these cases correspond to a mismatch of less than 2 mm between the PET and the
HRCT, compatible with the best performances of the currently available registration
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Table 1.5: U-values and wall ratios, calculated on the average polar maps.

AP ratio LS ratio U-value
AVGC-AVGR 1.067 0.942 0.054
AVGC-exp 1.055 1.003 0.033
C1-exp 1.031 1.015 0.030
sh(AVGC-insp) 1.067 1.007 0.0417
pasted-HRCT 0.983 1.015 0.034

Figure 1.5: DSC obtained by overlapping a reference image of the LV to its shifted versions. Increas-
ing shift values were tested, ranging from 0.5 mm to 7.5 mm.

techniques and below the PET resolution (about 4.5 mm FWHM). On the other
hand, a mismatch in the respiratory phase during which the AC CT is acquired
does influence the subsequent PET-to-HRCT registration (e.g. see C1-insp and
C1-AVGR vs C1-exp).

Evident artefacts could already be noted in the difference images presented in
Fig. 1.4, and from the values shown in table 1.3. The reconstructions with the
highest SSD values also produced the worst registration results, thus allowing to
establish a relationship between artefacts introduced by the attenuation process and
final registration outcome.

NOISE CONTRIBUTION

When noise is added to the PET datasets, the trend is maintained. A simulation of
the PET with different count levels shows that we can even decrease the total scan
duration down to 20 minutes, without affecting the registration outcome. Figure 1.7
illustrates the findings. When scans of very short duration are simulated, i.e. 5 and
10 minutes (corresponding to 6 and 12 s-duration per gate), we can notice a general
increase of the variance and a decrease of the mean of the DSC values for almost all
AC strategies. The decrease in performance at higher counts for AVGC-AVGR and
C1-AVGR might be explained by the fact that, at lower noise levels, the artefacts
introduced by the wrong respiratory phase are also more crisp and less confounded
with noise, and therefore hamper more the registration. The DSCs obtained are
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Figure 1.6: Average 17-segments polar maps for the simulation study. The value assigned to each
segment is the mean value of the segment, averaged over 10 noise realizations. PET corrected with
(A) C1-exp, (B) AVGC-AVGR, (C) sh(AVGC-insp), (D) AVGC-exp, (E) pasted-HRCT

anyway not acceptable for PVC.

In order to get rid of the slight decrease in performance introduced by the
presence of noise, a smoothed version of the PET images was generated and used
for subsequent registration to the HRCT. The results, presented in Fig. 1.8, confirm
that improved DSCs can typically be obtained if the PET is smoothed with a
Gaussian kernel of 4.3 mm (equal to the detector resolution), except if the PET
datasets were reconstructed without AC (i.e., NOATTEN).

ROBUSTNESS TO INITIAL POSITIONING

The robustness of the AC strategies to the initial difference in position between the
PET and the HRCT was also analysed. Thirteen different rotations and translations
were applied to the HRCT before registering it to the PET datasets corrected
with the different ACF sinograms. Fig. 1.9 shows the results obtained when noise-
free datasets are considered. Results proved to be fairly robust against different
initializations of the HRCT dataset, except when NOATTEN datasets were used
(last column in Fig. 1.9). In order to improve the un-satisfactory results obtained
with AVGC-AVGR, C1-AVGR, C1-insp and In-C1-AVGR, the effect of the initial
rotation was undone by initializing the PET-to-HRCT registration with a good
parameter set, as explained in Section II. The results obtained after the initial
alignment did not change, compared to the case where un-initialized registrations
were performed. Only NOATTEN datasets seemed to benefit from such procedure
(see Fig. 1.9, solid black line).

NOATTEN DATASETS

The NOATTEN PET-to-HRCT registration can be as good as in the ideal case of
C1-exp-to-HRCT, but it can also be very poor (see Fig. 1.9), showing that the
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Figure 1.7: Mean DSCs and min-max errors after PET-to-HRCT registration. The duration of the
PET gates is progressively increased from 6s/gate (corresponding to a 5-min total scan duration,
doubly-gated with 5 respiratory and 10 cardiac gates) to 36s/gate (corresponding to a 30-min total
scan time).

registration outcome depends on the initial alignment between the PET and the
HRCT. Possible strategies to overcome the problem were evaluated, including an
initial, rough manual alignment of the two volumes of interest, an initial HRCT-to-
AC CT (AVGC-AVGR) automatic rigid registration or an histogram equalization
of the NOATTEN-PET. The initial manual alignment produced the best results
(results not shown).

The addition of noise increased the instability of the registration results in the
NOATTEN case. Again, a rough manual alignment mitigates the problem (not
shown).

SH(AVGC-INSP) DATASETS

When aligning the PET corrected with AVGC-insp to the HRCT, a low registration
accuracy is achieved, both in the noise-free and in the noisy case, due to the artefacts
produced by the difference in respiratory phases between the PET and the AC CT
(see Fig. 1.8, AVGC-insp). A procedure that can be rather easily applied in the
clinic is therefore to align the AC CT to the PET before applying the new, shifted
AC CT for attenuation correction, as described in Section II. The AC CT alignment
can be manual or automatic. In this simulation study, the automatic alternative
was chosen for simplicity. Fig. 1.10 and Fig. 1.8 show the registration accuracy
obtained with this shifted attenuation map (sh(AVGC-insp)). The sh(AVGC-insp)
procedure yields markedly improved registration to the HRCT, when compared to
the usage of the un-shifted version of the same attenuation map (i.e. AVGC-insp).
These improved results are very similar to those obtained with the ACF sinogram
derived from the perfect AC CT (i.e. C1-exp).
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Figure 1.8: Mean, minimum and maximum DSC values over 10 noise realizations, for different AC
strategies and a 30-min PET scan time. Cardiac motion is irrelevant, whereas the choice of the right
respiratory phase is mandatory to achieve an acceptable final overlap (DSC ≥ 0.9). PET smoothing
helps to improve overall image alignment.

REAL DATASETS

The results obtained for the sheep datasets confirmed those predicted by the XCAT
simulations (see Fig. 1.11). In the first sheep the results are striking, whereas for
the datasets acquired with the second sheep the effects of AC on PET-to-HRCT
registration are less pronounced. In both cases, however, a PET image corrected
with an attenuation map that matches its respiratory phase results in the best
alignment with the HRCT, regardless whether the cardiac phase was matched or not.
On the other hand, the use of an AVGC-AVGR AC CT yielded clear misalignment,
which is in agreement with the results obtained with the XCAT simulations. The
polar maps of the first sheep, together with a table reporting uniformity values
and AP-LS ratios, are also included in this study and shown in Fig. 1.12 and
table 1.6 respectively. The ratios and the uniformity values are most similar to the
ideal attenuation-corrected PET (C1-exp) when the ACCT is acquired in a fixed
respiratory phase, cfr. ACGC-R1 and AVGC-AVGR.

Table 1.6: U-values and wall ratios for the first animal dataset.

AP ratio LS ratio U-value
AVGC-AVGR 1.034 1.24 0.0649
AVGC-exp 1.036 1.27 0.0584
C1-exp 1.043 1.270 0.0598
C1-AVGR 1.037 1.249 0.0636

The usage of C1-AVGR hampered an accurate registration between volumes
acquired with the first sheep, whereas for the second sheep the differences in terms
of registration outcome, if compared to the registrations of the PET corrected with
e.g. C1-exp, are less obvious. This may be partially due to the fact that the
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Figure 1.9: Effect of different initial positions (parms 0-12) of the HRCT on the PET-to-HRCT
registration (noise-free datasets). Each point cloud stands for a different AC strategy. Each point
in a cloud represents the result of the registration of the PET to a HRCT roto-translated with a
different set of parameters (0-12). The black line represents the result of the registration with an
ideal initialization of the datasets.

first sheep dataset was acquired in optimal conditions and on a healthy animal.
The second dataset available, on the other hand, was acquired on a diseased sheep
(myocardial infarction). In addition, a visual inspection of the C1-AVGR for the
second sheep revealed that this scan was probably performed at a moment when
the sheep was not breathing enough to produce visible blur or motion artefacts.

IV DISCUSSION

The present work addresses one of the problems introduced by the attenuation cor-
rection process, when the breathing and beating motions of the heart are taken into
account. In particular, it analyses the effect of the attenuation artefacts produced
on the reconstruction of an 18F-FDG PET dataset, on a subsequent registration to
an HRCT for partial volume correction purposes.

An accurate PVC of the emission datasets could, in turn, improve the diagnostic
quality and the quantitative information of cardiac 18F-FDG PET images. This
could have an impact on several clinical conditions as exemplified below.

First of all, even though both delayed-enhancement MRI (DE-MRI) and 18F-
FDG PET have been recommended for viability assessment [24], DE-MRI is in-
creasingly used and has nearly replaced FDG-PET. However, 18F-FDG PET is still
used for viability assessment in a conspicuous number of patients, particularly those
that cannot undergo an MRI scan (e.g. due to pacemakers, implanted defibrillators,
claustrophobia).

In addition, 18F-FDG PET is not limited to assess viability in heart failure
patients, but can also provide metabolic information in patients with conduction
delays. Cardiac resynchronization therapy (CRT) with bi-ventricular pacemakers
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Figure 1.10: Mean, minimum and maximum DSC values over 10 noise realizations, for 13 different
initial HRCT rotations. Cropped images, shallow breathing, PET-to-HRCT registration. The results
of the sh(AVGC-insp) procedure are shown in comparison with the non-shifted version of the same
AC CT (AVGC-insp), and to the ideal case of a perfectly matching AC CT (C1-exp).

has become an accepted treatment in patients with conduction delays (eg. dilated
cardiomyopathy), but more than one third of the patients selected for CRT with
the available guidelines fail to respond to the treatment [1, 110]. Hence, better
predictors for adequate therapy or new guidelines are needed to avoid unnecessary
implantations. Recently, a relationship between inhomogeneous glucose uptake and
delayed LV activation has been observed in patients with dilated cardiomyopathy,
suggesting that 18F-FDG PET might be used as a tool for better patient selection
for CRT [19,111,112]. However, the limited spatial resolution of the PET scanners
currently available might not allow to distinguish a thin myocardial wall with nor-
mal metabolism from a thick wall with reduced metabolism due to possible partial
volume effects. Therefore, the use of additional morphological information from
other imaging modalities (eg. HRCT) to correct for PVC might give a better in-
sight into the true activity distribution of the 18F-FDG PET and, as a consequence,
improve its predictive value. In order to perform this partial volume correction, a
necessary step would be to accurately align the PET emission and the anatomical
datasets. This work underlines the need for using an appropriate AC CT to achieve
a satisfactory image alignment, which is a necessary condition for accurate PVC.

Nowadays, dedicated CT scanners with high spatial and temporal resolution
entered the clinical practice. These scanners are able to image the heart in a ’frozen’
cardiac and respiratory phase with a significantly reduced radiation burden for
the patient [65], thus avoiding the acquisition of a dedicated, high-dose HRCT. In
addition, the methodology used in the current work could be extended to other
imaging modalities as source of morphological information, such as MRI, instead of
HRCT. This would exclude the need of a dedicated HRCT scan, and further reduce
the radiation burden for the patient.

Finally, the emission images obtained with various other tracers could benefit
from the results of this study, especially if the tracer distribution and the signal-
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Figure 1.11: Results of the registration between double-gated PET sheep datasets corrected with the
ACF sinograms derived from the different AC CTs and the HRCT obtained for the same animal in
the corresponding cardiac and respiratory phase. Each column represents the result of the registration
of PET images corrected with different ACF sinograms. The blue contours are from the HRCT. Top
row: sheep no.1, Bottom row: sheep no.2.

to-noise ratio in the heart region is similar to that in an 18F-FDG PET image.
However, to keep this work focused, we limited our study to the case of 18F-FDG
PET.

The following of this section discusses the results obtained in terms of quantifi-
cation and registration outcomes.

QUANTIFICATION

As shown in previous literature, the use of an attenuation map that is mismatched
to the corresponding, un-gated PET dataset induces artefacts that compromise the
quantitative accuracy of the images under examination [38–40]. In the same studies,
methods to circumvent the problem were proposed, namely shifting the AC dataset
to better align with the PET dataset (similarly to what we call sh(AVGC-insp)), or
to acquire an AC CT that spans over multiple respiratory positions (cine-CT, aver-
age CT). Those studies often showed improved results, in terms of reduced artefacts
in the final un-gated PET datasets, when the latter technique was implemented.

The results presented in our study seem to confirm the previous findings, and
provide a further insight on the effect of AC when a gated PET dataset is used
instead. More specifically, although the artefacts produced by the use of different
attenuation maps are not always visually striking, we noticed that the AC CT used
does have an effect on the reconstructed activity within the LV of the emission
image. If an AC CT had to be chosen for quantification purposes, it would be
advisable to go for the AVGC-exp, if a(n almost) perfectly matching AC CT cannot
be obtained with the available instrumentation. In case of a mismatch in respira-
tory phase in the AC CT, a preliminary (manual or automatic) alignment of the
myocardium is advisable before attenuation correction.

The artefacts highlighted in our study, when an average CT is used, are some-
how more striking than what was previously documented in literature. This could

59



A

B

C

D

2.4

2.2

2.0

1.8

Figure 1.12: Average 17-segments polar maps for the first sheep dataset (SUV values). The value
assigned to each segment is the mean value of the segment. PET corrected with (A) ideal ACCT
(C1-exp, reference), (B) AVGC-AVGR, (C) C1-AVGR, (D) AVGC-exp

be explained by the fact that our PET dataset is gated, hence represents one single
cardiac and respiratory state of the patient. Correcting such dataset with an ACF
sinogram derived from an AC CT that spans over multiple respiratory and/or car-
diac cycles is by all means an approximation, which can introduce artefacts as likely
as any other mismatched AC CT. In other words, such averaging introduces a mis-
match between the temporal resolution of the PET (which, after gating, accounts
only for one precise respiratory and cardiac phase) and the temporal resolution of
the CT, now spanning over the full respiratory cycle. The studies mentioned above,
on the other side, apply AC to non-gated PET datasets. It is therefore logical that
such ’averaged’ PET datasets, corrected with an ACF sinogram derived from an
averaged AC CT, overall show a lower degree of artefacts.

REGISTRATION

The artefacts caused by breathing motion mislead the registration algorithm by
producing a maximum mutual information for incorrectly aligned images. This
result suggests that performing attenuation correction on the PET datasets can be
deleterious for subsequent PET-to-HRCT registration if the respiratory phase of
the attenuation map is not matching the respiratory phase of the PET gate. This
happens regardless of the initial alignment between the emission and the anatomical
dataset, thus suggesting that the AC strategy per se can hamper correct registration.
In other words, even in the ideal case where no differences in patient positioning
or body habitus can be found between the two datasets of interest, the PET-to-
HRCT registration would fail if the AC CT was poorly chosen. Even if the patient
positioning (and therefore the position of the internal organs relative to each other)
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were to differ slightly between scans, this is not expected to hamper the registration
outcome since the cropping applied would mask out these differences. We assume
that when the cardiac phase is matched, rigid registration suffices to align the
cropped hearts.

Given that the choice of the correct respiratory phase seems to be important
for proper attenuation correction and subsequent PET-to-HRCT registration, the
following alternatives for AC are possible:

• an AC CT that almost perfectly matches the respiratory phase of the PET
gate being reconstructed. Although this is the way to achieve the best and
most stable registration results, this procedure would require the acquisition
of a CT in a controlled respiratory phase (which would ask for some additional
way to monitor or control the breathing [107]); if not, artefacts that might
hamper subsequent registration will appear.

• an AC CT acquired over one or more cardiac phases and in any (fixed) res-
piratory phase, subsequently aligned to the PET dataset of interest (as in
sh(AVGC-insp)).

• an AC CT acquired over one or more cardiac and respiratory phases, with low
radiation burden for the patient. In this case, the non-attenuation corrected
PET dataset should be used for registration to the HRCT (after a prelimi-
nary rough alignment to it, if necessary). After PET-to-HRCT registration, a
pasted-HRCT could be used for AC. This option could be particularly useful
if the patient is not able to hold his breath in a fixed respiratory phase for a
time sufficient to acquire the CT scan. However, this comes at the price of an
overall overestimation of the LV activity. This is likely due to the fact that
the ’pasting’ process produces a final hybrid attenuation image (thus, with a
different amount of lung, liver tissue and ribcage present in the FOV when
compared to the PET respiratory phase, despite having the correct cardiac
phase and position), whose inaccuracies affect the quantification. Therefore
this solution, in spite of preserving uniformity better than other attenuation
strategies, is not ideal when absolute quantification is aimed at.

NOATTEN DATASETS

Without attenuation correction, the final PET reconstructions show e.g. increased
activity in the body contours or increased activity in tissues of relatively low at-
tenuation (e.g. lungs). Therefore, the use of NOATTEN datasets for accurate
registration was not an obvious choice. However, according to the results obtained
from our XCAT simulations, confirmed by visually inspecting the results of the
sheep datasets, a NOATTEN PET can be aligned much more efficiently to the
HRCT than e.g. a PET corrected with attenuation map that spans over multiple
breathing phases, provided that the datasets of interest are properly initialized.
Once this is achieved, the registration of the NOATTEN datasets to the HRCT
yields registration results comparable to the ones obtained using a perfectly match-
ing attenuation map, even in the presence of noise (cfr. C1-exp and NOATTEN in
Fig. 1.8 and the black bars in Fig. 1.9).
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On the contrary, when other non-ideal AC CTs (eg. AVGC-AVGR, C1-insp,
..) are used, the artefacts present in the resulting PET datasets do not allow for a
correct registration of the PET and the HRCT datasets – even after a preliminary
alignment of such AC PET datasets and the HRCT (Fig. 1.9, cfr the black bars of
the NOATTEN datasets with those of the C1-insp datasets, for example).

The advantage of using NOATTEN datasets lies in the reduced burden for the
patient, who would be relieved from holding his breath during the acquisition of the
low dose AC CT. The attenuation correction of the PET dataset could be improved
by pasting the registered HRCT, also used as anatomical prior, into such a full-FOV
AC CT. This procedure would improve the LV quantification, even though leaning
towards overestimation, as the simulations in Section III report.

SH(AVGC-INSP) DATASETS

The registrations obtained with the sh(AVGC-insp) technique, already implemented
on many PET/CT systems, are confirmed to be almost as good as the ones obtained
with a perfectly matching attenuation map, with the substantial advantage of being
easier and more patient-friendly to acquire. In fact, most patients can be asked to
hold their breath in a non-predefined respiratory phase for the time of the AC CT
acquisition, and no control over the cardiac cycle is needed.

The sh(AVGC-insp) procedure only requires little user interaction, namely check-
ing the alignment of a fast (dual-gated) PET reconstruction to the corresponding
AC CT, which can possibly be substituted by an automatic registration procedure.
Moreover, it has the advantage of being relatively robust to noise and to different
initial positions of the HRCT (see Fig. 1.10).

Although this research covers various aspects of the problems introduced by AC
in a doubly-gated PET scan on which PVC needs to be performed, the study has a
few limitations that need to be discussed.

In the first place, we assume an ideal-case scenario where the patient has a
shallow, regular breathing and beating pattern, in order to rule out any possible
influence of the gating technique or of the pattern of the biological traces on the
results obtained, and to demonstrate the effect of a motion-affected attenuation
map, even when e.g. an ideal breathing or beating pattern are considered. Shallow
breathing was here simulated since it is the most relevant for the clinic. It is known
that, in real measurements, variable breathing patterns can be encountered [113].
The gating of the PET or the CT datasets of such patients would be influenced
by such variability by increasing the inter-frame motion encountered. In addition,
the patient might move during the PET scan, further degrading the final gated
images. Although this effect is unavoidable, reducing the scan times could represent
a solution to at least minimize the chances of occurrence of gross patient motion.
Moreover, it is up to the gating technique of choice to be able to cope with such
differences in the biological traces, and to possibly correct for other types of motion
before reconstruction. The results here presented might worsen, in case the motion
correction technique did not properly correct for all the motion within the PET
frame of interest, but a study on the effect of gating on the subsequent registration
to the HRCT is beyond the scope of this paper.
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Also, the present study does not attempt to implement any motion compensation
during reconstruction, to improve the statistics of the PET datasets. However, in
the light of the simulations here performed at different noise levels, we believe that
an image with better statistics would not dramatically improve the registration
outcome. Moreover, in the case where attenuation is not jointly estimated during
the PET reconstruction, we believe that the questions addressed by this study would
remain even in the case of motion compensated PET images. In fact, if we assume
that the respiratory motion compensation was performed using motion parameters
obtained from the registration of different respiratory gates to a reference gate, we
would need a sufficiently well-aligned attenuation map for every individual PET
gate, in order to avoid the artefacts introduced by AC. If this was not the case,
such artefacts might hamper the accurate registration of the different PET gates to
the reference gate as much as they do when registering the PET to the HRCT, thus
possibly impairing the respiratory motion estimation and subsequent compensation.

Regarding the adherence of the present work to a realistic scenario, a first com-
ment goes for the simulated PET scanner. The Siemens Hirez PET scanner, despite
its lack of time-of-flight (TOF) capabilities, is still in use for clinical routine work in
many centres and has a spatial resolution comparable to most non-TOF PET/CT
scanners. In TOF-PET, the problem of attenuation is less stringent thanks to the
recent developments of MLAA and MLACF algorithms for joint estimation of ac-
tivity and attenuation [114] [115]. In all non-TOF PET scanners however, which
are still widespread and otherwise well-performing, the attenuation problem still
remains.

Secondly, no noise was added to the simulated CT images, as its effect on the
reconstruction and registration is considered negligible, if compared to the high
noise level in the PET data.

A possible limitation of this study is that the cropping of the images before
registration is performed manually. Even if such manual step requires very little
user interaction, a possible improvement would be to develop an algorithm for
automatic cropping of the datasets to be registered.

Finally, in this study, a homogeneous distribution of the tracer in the LV was
simulated (i.e. no areas of infarction). Even though studying an inhomogeneous
distribution of the tracer might be more interesting from a medical point of view,
a possible drawback of such simulated scenario would be a more difficult image
registration, due to the infarction area, visible in the emission image but not on the
HRCT. In this case, the registration might fail or perform worse not due to the sole
effect of attenuation, but possibly also because of the characteristics of the datasets
under examination. The use of an homogeneous distribution of activity, instead,
allowed us to rule out any other cause of mis-registration except attenuation. In
addition, it enabled the study of erroneous inhomogeneous uptake, which was solely
caused by AC errors and different for the different AC maps used.

V CONCLUSIONS

In this work, the effect of the use of different attenuation correction strategies on
the subsequent registration between a dual-gated cardiac PET/CT and a HRCT
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acquired on a dedicated scanner was assessed. This registration procedure is a
necessary step, if the aim is to reconstruct the PET dataset with high-resolution
anatomical a-priori information.

The use of an attenuation map that perfectly matches the corresponding respira-
tory gate of the PET image is necessary to guarantee acceptable alignment between
the PET gate and the HRCT. The blurring introduced by the beating heart, in
contrast, does not influence the subsequent PET-to-HRCT registration and does
not hamper left-ventricular quantification.

If the AC CT is not acquired in the same respiratory phase as the PET, it is
necessary to first align it to the PET before proceeding to the attenuation correc-
tion step. This procedure clearly improves the registration results as well as the
quantification of the uptake in the left ventricle. If only an AC CT is available that
is corrupted by respiratory motion blur, the best alignment can be obtained by reg-
istering the non-attenuation-corrected PET to the HRCT. Once an aligned HRCT
is obtained, usually only partially covering the full FOV, it can then be pasted
into the blurred AC CT for attenuation correction to improve the left ventricular
quantification and uniformity.

The results obtained with the simulations are confirmed in a proof-of-principle
sheep experiment.
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2 GENERATING GROUND TRUTH

DATASETS FOR CARDIAC PET

STUDIES USING A

SMALL-ANIMAL PET SCANNER.

This chapter is based on an article submitted to the IEEE Transactions on Radia-
tion and Plasma Medical Sciences journal as: Generating ground truth datasets for
cardiac PET studies using a small-animal PET scanner., A. Turco, J. Nuyts, J.
Duchenne, O. Gheysens, J-U. Voigt, P. Claus, K. Vunckx

Abstract

Scatter correction is believed to be not essential when reconstructing
data from small-animal positron emission tomography (PET) scanners.
However, there is evidence that the effect of scatter and attenuation
cannot always be neglected, depending on the animals and organs of
interest.

The purpose of this article is to describe the impact of scatter and
attenuation on the reconstructions of cardiac 18F-fluorodeoxyglucose
(FDG) PET datasets acquired with a clinical PET/CT scanner (Siemens
Biograph 16 Hirez) and with a small-animal PET scanner (microPET
Focus 220), in order to obtain a reliable reconstruction of such datasets
to be used in turn as ground truth for cardiac studies. To this aim, we
initially analysed the recovered mean values, contrast and the signal-to-
noise-ratio on the microPET reconstructions of a physical heart phan-
tom, corrected with various attenuation and scatter strategies. Secondly,
the small-animal PET results were also compared to the results of the
corresponding datasets scanned with a clinical PET/CT scanner. Ex
vivo ovine hearts were also used to interpret and further corroborate
the findings.

We propose a correct procedure to reconstruct the ex vivo cardiac
datasets from both the pre-clinical and the clinical scanner and, when
needed, to obtain a reliable scatter distribution. Our findings suggest
the necessity of both accurate attenuation and scatter correction of the
microPET datasets to obtain quantitatively acceptable reconstructions,
whereas the reconstructions of the available datasets from the clinical
scanner did not benefit from additional scatter correction.
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I INTRODUCTION

PET is a sensitive and quantitative technique used for several cardiovascular ap-
plications such as assessing myocardial viability. However, clinical PET scanners
have a limited spatial resolution (3 - 6 mm full-width at half-maximum (FWHM)
[29, 47]), which is suboptimal to image small structures. Several strategies have
been proposed in an attempt to recover the true activity distribution and per-
form partial volume correction (PVC) of the regions of interest by using e.g. post-
reconstruction methods, resolution modelling techniques, edge-preserving or anato-
mical priors [61,116,117].

Despite the encouraging results, the validation of the effectiveness of any of
the proposed PVC techniques against a measured ground truth dataset remains
important. This is particularly challenging when the heart is the organ of interest.
Even though computer-generated or physical phantoms offer good ground truth
datasets for many applications, they often can not adequately represent the cardiac
complexity making them less suitable for cardiac applications. To our knowledge,
the validation of PVC techniques against a measured cardiac ground truth has not
been performed in the past.

Additionally, cardiac PET is also affected by the motion of the heart due to
the respiration and the cardiac beating, which makes the assessment of the per-
formance of PVC techniques in real datasets even more challenging. Therefore,
measured static datasets which retain the original cardiac complexity are a valu-
able alternative.

The use of ex vivo imaging is a non-standard approach to assess the effectiveness
of the PVC techniques. It has been proposed by our group and used to evaluate
and compare the performance of edge-preserving and anatomical priors on real
datasets, without degradation in image quality caused by motion artefacts [118].
In the context of this study, ex vivo hearts were scanned on a clinical PET/CT
scanner (Siemens Biograph 16 Hirez [29]) and corrected for PVC. In addition, they
were scanned on a high-resolution, small animal PET scanner (Siemens Focus 220,
microPET) in order to obtain reconstructions almost free from resolution artefacts,
due to the very good spatial resolution of the microPET scanner (1.3/1.5 mm in
the transaxial/axial direction, respectively. The microPET datasets are meant to
serve as ground truth, to which all other reconstructions from the clinical scanner
should be compared. Therefore, a very accurate reconstruction of the microPET
datasets is needed.

In small-animal PET imaging, the attenuation and scatter corrections are often
neglected, due to the small size of the animals being scanned. However, this might
not hold true for larger or heterogeneous objects, or when multiple objects are
scanned at once [44, 45]. Given the non-conventional shape and size of the ex vivo
hearts scanned with the microPET in the scope of our study, we investigated the
effect of scatter and attenuation correction on those datasets.

Scatter correction can be implemented in several ways, depending on the specific
task to accomplish. An effective and popular way to perform scatter estimation is by
using a single-scatter model, based on the reconstructed transmission dataset and a
preliminary reconstruction of the activity to estimate the distribution of the scatter
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events [41]. This estimation method is currently implemented in the reconstruction
software provided by many vendors, and it represents an easy and reliable way to
estimate the scatter of an inhomogeneous object, provided that the contribution of
the scatter occurring outside the field-of-view (FOV) of the scanner is negligible.

This work aimed at evaluating the impact of scatter and attenuation correction
on the reconstruction of ex vivo cardiac datasets. We evaluated the effect of using:

• a 3D or single-slice rebinned attenuation sinogram

• a ”cleaner” attenuation sinogram for the purpose of scatter estimation

• different scatter estimates to obtain the best qualitatitive and quantitative
microPET images

Additionally, for this study, we use our own software as well as that of the vendor
for the reconstruction of microPET datasets. We validated our software against
the vendor’s by verifying that for similar regularization the images were similar
qualitatively and quantitatively. Eventually, the microPET reconstruction should
effectively serve as reliable ground truth for further studies evaluating the effective-
ness of PVC algorithms on cardiac image reconstruction of clinical PET datasets.
Hence, we also developed a protocol to reconstruct images of the ex vivo datasets
obtained with both the clinical and preclinical camera with comparable quality and
quantitative information.

II METHODS

DATASETS

CARDIAC PHANTOM

A cardiac phantom with a simplified left-ventricular (LV) shape (Cardiac phantom
insert, Biodex Medical Systems, Shirley, NY) was filled with an 18F-FDG solution
with a uniform activity concentration of 11.3 kBq/cc at the time of the Hirez scan
(see below). Two lesions were also inserted in the LV wall. One was a solid lesion
with 0 activity (45◦ x 1.53 cm (height) x 10 mm (thickness)), whereas the other
(90◦ x 2 cm (height) x 10 mm (thickness)) was filled with an activity concentration
that was 1/4 of the concentration in the LV wall. After the filling, the phantom
was securely sealed, connected to its support, and scanned as indicated in Section
B.

EX VIVO HEART DATASETS

Thirteen sheep were enrolled in an animal study, approved by the local Ethical
Committee, whose wider scope was to assess the effectiveness of PVC on the PET
reconstructions of the heart. After scanning each of the animals alive (in vivo PET
scan), they were sacrificed and had their heart excised (ex vivo datasets). The mean
activity at the injection time of the in vivo animals was 310 ± 87 MBq. The hearts
were excised after an average time of 80 minutes post-injection. After the excision,
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each heart was filled with a low-attenuating, polyurethane hardening foam which
ensured the stability of the shape of the heart throughout the subsequent scans
(Section B).

INSTRUMENTATION AND PERFORMED SCANS

The microPET Focus 220 and our clinical PET/CT scanner (Siemens Biograph
16, Hirez) were used to perform all the experiments of this work. The microPET
scanner has a spatial resolution at the center of the field-of-view of 1.3 mm in-plane
and 1.5 mm axially, whereas the clinical scanner has a resolution of 4.3/4.5 mm
(transaxial/axial).

Each of the hearts was placed in the center of the FOV of the microPET scanner
and scanned for 15 minutes using a 6 ns coincidence window and a 350-650 keV
energy window. A transmission (tx) scan for attenuation and scatter estimation
was also performed on the microPET scanner. The transmission data were acquired
using a 57Co rotating point source, for a scan duration of 515 s. The ex vivo datasets
were acquired a few months apart from each other and over a total duration of about
1.5 years. During the whole duration of the study, the transmission source used for
acquiring the transmission image on the small-animal PET scanner for attenuation
and scatter estimation continued its decay process. Therefore, with time, a decrease
in the signal-to-noise (SNR) ratio of the resulting transmission maps is expected. We
verified whether this decrease in the quality of the transmission image would affect
the scatter estimation over time, by comparing each individual scatter estimate to
the corresponding emission acquisition.

After the microPET scans, each dataset was transferred to our Nuclear Medicine
facility and scanned for 20 minutes in the clinical PET/CT scanner. A high resolu-
tion CT (HRCT) was also acquired in the clinical PET/CT scanner, to be used for
attenuation correction and as anatomical information during the reconstruction of
both the microPET and the Hirez datasets with in-house software. The heart phan-
tom and 10 of the 13 heart datasets were acquired on the Hirez scanner in sinogram
format and precorrected for randoms. The remaining three heart datasets were
acquired in list-mode format.

CARDIAC PHANTOM: DATASET BINNING AND
IMAGE RECONSTRUCTION

The cardiac phantom was used for the quantitative and thorough analysis of at-
tenuation and scatter effects. Therefore, several combinations of attenuation and
scatter correction methods were evaluated.

MICROPET DATASETS

The emission dataset, acquired in list-mode format, was binned into sinograms (3D
sinogram with span 3 and ring difference 47) using the microPET manager software
provided by the vendor (microPET manager (TM) – release version 2.4.1.1, based
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on Siemens e7-tools). Randoms subtraction was performed as pre-correction before
reconstruction, together with deadtime correction (global average).

The transmission datasets, acquired in list-mode format, were processed in dif-
ferent ways to verify the effects of such processing on the reconstructed activity and
on the scatter estimation. Particularly, each transmission list-mode dataset was
binned either into 3D sinograms (3Dtx, both direct and indirect sinogram planes
considered) or 2D sinograms (2Dtx, only direct planes, obtained by single-slice re-
binning [119]), using the 3D or 2D blank sinograms respectively. Due to the decay
of the transmission source, the acquired transmission datasets showed an increased
background noise and a signal-to-noise-ratio that progressively decreased with time
(Figure 2.1). Therefore, to verify whether the quality of the transmission scan influ-
enced the attenuation correction and the subsequent scatter estimation, a ”cleaned”
version of the 2Dtx sinograms was also obtained. To this purpose, each 2Dtx sino-
gram was reconstructed with the vendor’s software using maximum-a-posteriori for
transmission (MAP-tr [120] with 10 iterations and a smooting parameter of 1), and
a fixed thresholding was subsequently applied to the reconstructed transmission
images to remove the background noise. All voxels below 0.02 were set to 0. The
thresholded attenuation image was visually inspected and subsequently forward-
projected using full 3D sinogram binning using in-house software and saved in a
file format compatible with the microPET software. All transmission sinograms
obtained from the ”cleaned” (thresholded) transmission reconstruction will have
the prefix clean- in the rest of this article. We used both the original transmission
sinograms (2Dtx and 3Dtx) and the clean-transmission sinograms during the recon-
struction of the microPET dataset corresponding to the cardiac phantom using the
vendor’s software.

Figure 2.1: Filtered backprojection reconstructions of the transmission scan of one of the first heart
datasets (left) and one dataset acquired about one year later (right). The difference in signal-to-noise
ratio is already noticeable.

Once all sinograms were obtained, reconstructions of the emission dataset were
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performed using both the microPET manager software (vendor MAP reconstruc-
tions from now on) and in-house developed software (Bowsher-MAP reconstruc-
tions). The vendor-MAP reconstructions had the purpose to produce the scatter
estimation and to provide a reference for comparison of the in-house Bowsher recon-
structions. The Bowsher-MAP reconstructions were performed as the reconstruc-
tions of the microPET datasets with an anatomical prior [61] (hence using our own
software) proved to better represent the ground truth activity distribution in terms
of bias and noise – according to a previous simulation study (not shown).

The vendor-MAP reconstructions of the microPET scans were obtained using
18 iterations and imposing a uniform resolution of 1.5 mm. Attenuation correction
was performed during reconstruction, using either of the attenuation sinograms de-
scribed above (3Dtx, 2Dtx or 2Dtx-clean). Additionally, we attempted to perform
a reconstruction using the ’MAP-tr for attenuation’ option offered (and automati-
cally performed) by the vendor’s software during the reconstruction of the emission
datasets. The use of each of these attenuation strategies produced an equal number
(4) of corresponding scatter estimates. The reconstruction voxel size was set to
0.63 x 0.63 x 0.796 mm3 (in the x, y and z direction, respectively) in all cases. The
Bowsher-MAP reconstructions of the microPET dataset using the in-house soft-
ware were performed with 5 iterations and 28 subsets, using the distance driven
projector and a reconstruction voxel size of 0.47 x 0.47 x 0.796 mm3 (in the x,
y and z direction, respectively) and the Bowsher prior in its asymmetrical vari-
ant [62] using the HRCT as anatomical side information (weight = 50, neighbours
= 9 out of a spherical neighbourhood of 18 elements around the central voxel) and
for attenuation correction. The resolution recovery of the dataset was performed by
including a Gaussian point-spread-fuction of FWHM = 1.3 mm/ 1.5 mm (transax-
ial/axial values, respectively) in the system matrix. This was implemented as a
Gaussian smoothing of the sinograms in each forward and backprojection step with
a Gaussian kernel with the same FWHM. We additionally reconstructed the dataset
with our software, with exactly the same parameters and corrections, but using the
2Dtx-clean attenuation sinogram instead. This allowed a closer comparison of the
in-house software against the vendor’s software.

Both scatter-corrected and uncorrected reconstructions were obtained both with
in-house and the vendor’s software, using in all cases the scatter estimates obtained
with the vendor’s software [41] (starting from the different attenuation sinograms
mentioned above). Normalization, attenuation and scatter correction were applied
during reconstruction. All the microPET images were corrected both for in-frame
decay and for decay to the start time of the ex vivo Hirez scan.

HIREZ DATASETS

A scatter estimate was obtained off-line for the phantom dataset, using proprietary
software provided by the vendor (e7 tools, Siemens, Knoxville). The attenuation
sinogram to be used during the reconstructions of these datasets was obtained by
forward-projecting with in-house software the HRCT acquired on the PET/CT
scanner, previously converted from Hounsfield Units (HU) to 511 keV attenuation
factors [37]. The reconstruction of the emission dataset was performed using in-
house developed software that modelled attenuation, scatter and normalization at
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each iteration. A MAP reconstruction (Bowsher prior in its asymmetrical vari-
ant [62], weight = 30, neighbours = 9 out of a spherical neighbourhood of 18 ele-
ments around the central voxel) was performed with the following iteration scheme
(iterations x subsets): [3, 2, 2] x [42, 24, 1], using a reconstruction voxel size of
1.35 mm in the three directions and the distance driven projector. When needed,
resolution recovery was performed by incorporating a sinogram smoothing with a
Gaussian kernel of 4.3mm/4.5mm (transaxial/axial values, respectively) into each
of the backprojection steps of the iterative reconstruction.

EX VIVO HEART DATASETS: DATASET BINNING
AND IMAGE RECONSTRUCTION

The ex vivo heart datasets were used to demonstrate the changes in the attenuation
image over time. This was in turn useful to select the an approach for improved
scatter estimation. Additionally, we used the ex vivo heart datasets to corroborate
the findings of the cardiac phantom study. We applied the optimal attenuation
and scatter estimation method to such datasets and we verified that the same good
agreement found for the phantom between the Hirez and the microPET mean LV
activities would hold true for the real animal datasets. For this reason, only a selec-
tion of the reconstructions performed for the cardiac phantom was also performed
for the ex vivo cardiac datasets.

MICROPET DATASETS

The acquired ex vivo emission and transmission datasets of all animals were rebinned
as for the cardiac phantom. The resulting emission sinograms were reconstructed
only with the in-house developed software, using the same voxel size, iteration
scheme and prior weight as for the cardiac phantom. The attenuation correction of
the ex vivo datasets was performed during reconstruction using the HRCT acquired
on the PET/CT scanner (aligned and converted from HU to 511 keV attenuation
factors). Scatter correction of these datasets was performed using the scatter esti-
mate provided by the vendor’s software, starting form the 2Dtx-clean attenuation
sinogram.

HIREZ DATASETS

The ex vivo emission datasets of all animals, acquired on the Hirez scanner, were
rebinned and reconstructed as for the cardiac phantom.

CARDIAC PHANTOM: IMAGE ANALYSIS

Several different combinations of scatter and attenuation correction were evaluated,
using the cardiac phantom.

We initially compared the microPET reconstructions obtained using the ven-
dor’s software (vendor-MAP). A first analysis of the LV mean value was conducted
on non-attenuation corrected against attenuation corrected microPET images of
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the cardiac phantom, to corroborate previous findings on the necessity of attenua-
tion correction of microPET datasets. Then, a comparison was performed between
the vendor-MAP reconstructions of the cardiac phantom that were corrected for
attenuation using either the 3D-tx or the 2D-tx.

Secondly, we evaluated the scatter effects on the vendor-MAP reconstructions.
With the help of the ex vivo cardiac datasets, we analysed how the scatter estimate
changed with time (hence, with the decaying 57Co source). We compared the scatter
estimates obtained with the vendor’s software when feeding it either with the 3Dtx,
the 2Dtx, the clean-2Dtx or by using the built-in MAPtr attenuation correction
method. To this purpose, the profiles of the scatter and the emission sinograms were
calculated by summing the sinogram values over the planes and over the sinogram
angles (rows).

Thirdly, we compared the vendor-MAP and the Bowhser-MAP reconstructions,
to verify that our software produces results that are comparable with the state-of-
the-art reconstruction software provided by the vendor.

Finally, we compared the results from the two systems (Bowsher-MAP from
microPET and Hirez) by analysing the mean activity values within the left ventricle
of the heart phantom. The in-house reconstructions that led to a similar mean
activity concentration within the LV were chosen for the subsequent reconstructions
of the measured sheep heart datasets.

For all the aforementioned comparisons, the mean reconstructed activity within
the LV of the heart phantom was considered. To calculate it, a mask for the LV
was obtained by growing a region within the LV of all microPET and all Hirez
reconstructions, using a lower bound of 7.3 kBq/cc. For the vendor-MAP recon-
structions of the microPET, the mask was also dilated with a cubic kernel of 3x3x3
to fill the gaps due to noise, and subsequently eroded with the same kernel to ensure
the preservation of the original shape. The mean over all voxels within the masked
region was computed for all reconstructions.

Additionally, we calculated the contrast (C) between either the non-zero lesion
(les) or the LV and the background (bkg), and the signal-to-noise ratio (SNR) in
the LV wall of the cardiac phantom. These regions (LV, les, bkg) were defined
first on the microPET image. The Hirez and the microPET images were then
aligned using in-house developed software for image visualization. The regions were
copied, using the same software, from the microPET to the corresponding Hirez
reconstruction and, thanks to visual landmarks, they were manually adjusted to lie
in corresponding positions. Figure 2.2 shows a slice of the microPEt recosntruction
with the regions that were used for the contrast and SNR calculations. The contrast
was calculated as in [44]:

Cr =
|Ir − Ibkg|
Ir + Ibkg

× 100 (2.1)

where r is either the LV or the non-zero lesion (les). The ideal contrast is 1 (100%),
which would be here obtained in case of a zero-background. The higher the back-
ground activity, or the lower the activity in r, the lower the contrast value.

The SNR was calculated by taking the ratio between the mean activity in the
LV ROI and the standard deviation of the activity within the same ROI.
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Figure 2.2: Central slice of the microPET reconstruction, with the lesion (les), the left-ventricle (LV)
and background (bkg) regions.

EX VIVO HEART DATASETS: IMAGE ANALYSIS

The reconstructions of all sheep datasets were reoriented and converted into polar
maps [121] for a convenient and standardized comparison of the LV values. The
mean LV activity was calculated on the polar maps of the LV of both the microPET
and the Hirez reconstructions. A scatter plot reporting the correlation of the ob-
tained mean values was generated, and the R2 value and the slope of the linear fit
were reported to describe the agreement between the calculated mean values in the
Hirez and in the microPET.

III RESULTS

Table 2.1 summarizes the findings obtained for the cardiac phantom. The remaining
of this section offers more insights into the individual values.

VENDOR-MAPS OF THE MICROPET CARDIAC PHANTOM: 3DTX VS
2DTX VS NO ATTENUATION CORRECTION

The computed mean activity in the LV when using the 3Dtx for attenuation
correction was lower than when using the 2Dtx instead (7636 Bq/cc vs 9276 Bq/cc).
The reconstructions without attenuation correction produced an even lower mean
activity value (5193 Bq/cc). Additionally, the estimation of the scatter fraction
from the 3Dtx, using the vendor’s software, proved incorrect. Figure 4.9 shows
some examples of the scatter (red and green lines) and activity profiles (black line)
obtained using either the 2Dtx (red line) or the 3Dtx (green line). It is clear that
the scatter estimate produced by the software, when the 3Dtx is used as input, is
too high (often, even higher than the activity profile) to be correct. Therefore, the
2Dtx was chosen as attenuation sinogram to be used for a more reliable estimation
of the scatter using the vendor’s software.
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Table 2.1: Mean LV values computed from the various microPET and Hirez reconstructions (cardiac
phantom). All values in Bq/cc.

microPET Hirez
calculated 11300 11300
in-house developed software

> with HDCT for AC (no
scatter)

9966 9709

> with HDCT
for AC + 2Dtx-
clean(microPET)/vendor-
estimate (Hirez) for
scatter

9517 9665

> with 2Dtx-clean for AC
+ 2Dtx-clean for scatter

9282 -

vendor’s software -
> without AC (no scatter) 5193 -
> with 3Dtx (no scatter) 7636 -
> with 2Dtx (no scatter) 9276 -
> with 2Dtx-clean (no
scatter)

9545 -

> with MAPtr (no scat-
ter)

9433 -

> with 2Dtx-clean for AC
+ 2Dtx-clean for scatter

9279 -

ATTENUATION EFFECTS ON THE VENDOR-MAP (MICROPET)
RECONSTRUCTIONS OF THE CARDIAC PHANTOM: 2DTX (WITH
AND WITOUT MAP-TR) VS CLEAN-2DTX

The computed mean activity in the LV when using the 2Dtx for attenuation
correction was lower than when using the clean-2Dtx instead (9276 Bq/cc vs 9545
Bq/cc). The use of the MAP-tr algorithm for attenuation during the reconstruction
of the emission datasets, starting from the 2Dtx attenuation sinogram, increased
the reconstructed mean LV activity concentration (9433 Bq/cc) towards the result
obtained with the clean-2Dtx.

SCATTER ESTIMATION FOR THE VENDOR-MAP (MICROPET)
RECONSTRUCTIONS: 2DTX VS CLEAN-2DTX ON THE SHEEP
DATASETS

The plot of the scatter profiles vs the activity profiles of all the sheep datasets
showed a decrease in the performances of the scatter estimator over time. Figure
2.3 shows some examples of such progression. The use of the clean-2Dtx for scatter
estimation improved the scatter estimate for the most recent datasets, and pro-
duced equally reasonable scatter estimates for the oldest datasets. The blue profiles
in Figure 2.3 illustrate the finding, which held true for all other sheep datasets (not
shown here). The use of the MAP-tr algorithm for attenuation during the recon-
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Figure 2.3: Profiles of the activity sinogram (black), together with the scatter profiles obtained with
the vendor’s software starting from the 2Dtx (red), the 3Dtx (green) or the clean-2Dtx (blue). The
scatter estimate obtained from the 3Dtx is unlikely to be correct. The scatter estimate from the 2Dtx
appears more reasonable but, as time goes, the estimated scatter is higher than expected (red arrows).
4 ex vivo datasets, acquired at those 4 different time points, were used to generate this Figure.

struction of the emission datasets did not change the resulting scatter estimate, if
the initial given transmission sinogram was unchanged 1. Hence, we decided to
always feed the vendor’s software with a clean-2Dtx, in order to obtain a reasonable
scatter and attenuation estimate.

1This behaviour, where the scatter estimation seems to be based on the blanks and on the
initial transmission sinograms, is a peculiar feature of the software used in this work and may not
apply to other software packages.
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Figure 2.4: microPET (A, B) and Hirez (C, D) reconstructions obtained with in-house software
which performed OSEM3D reconstructions with resolution modelling and the use of a moderate ana-
tomical prior information. The top panes (A, C) are a representative slice from the scatter-corrected
reconstructions, the bottom panes (B, D) are from the non-scatter-corrected reconstruction. Both
the microPET and the Hirez images are corrected for attenuation using the HDCT coming from the
Hirez scanner.

MICROPET RECONSTRUCTIONS OF THE CARDIAC PHANTOM:
COMPARISON BETWEEN VENDOR’S SOFTWARE AND IN-HOUSE
DEVELOPED SOFTWARE

We compared the mean LV concentrations using our software and the vendor’s
software. The difference in the mean LV activity concentrations between the two
algorithms is negligible (vendor-MAP, clean-2Dtx for AC and scatter: 9279 Bq/cc.
MAP recon (Bowsher prior) with our software, clean-2Dtx for AC and scatter:
9282 Bq/cc). The use of the HDCT for attenuation correction (using in-house
software and the same scatter correction) produces an increased mean activity value
(9516.85 Bq/cc), possibly because of the better tissue delineation and SNR of such
attenuation image when compared to the transmission image.

SCATTER CORRECTION OF THE MICROPET PHANTOM DATASETS,
IN-HOUSE DEVELOPED SOFTWARE

The comparison of in-house reconstructions of the microPET datasets with and
without scatter correction (obtained from the clean-2Dtx), using our software, con-
firm that a decrease (-4.7%) in the mean LV concentration can be observed when
scatter correction is performed (9966 Bq/cc vs 9517 Bq/cc, respectively). Figure
2.4 (A and B, red arrows) shows that the scatter additionally leads to artefactual,
observable background activity and also affects the distribution of activity within
the LV.
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SCATTER CORRECTION OF THE HIREZ PHANTOM DATASETS,
IN-HOUSE DEVELOPED SOFTWARE

The comparison of in-house Bowsher reconstructions of the Hirez datasets, with
and without scatter correction, shows a very small decrease in the mean LV activity
when scatter correction is performed (-0.46%, 9709 Bq/cc vs 9665 Bq/cc, respec-
tively). Figure 2.4 (C and D) confirms that the scatter influence is, in this case,
negligible.

LESION-TO-BACKGROUND CONTRAST AND CNR (CARDIAC
PHANTOM)

The contrast values between the lesion, the LV and the background, both in the
microPET and in the Hirez, are in Table 2.2. These results confirm that the effect
of scatter is more prominent in the microPET reconstructions, whereas the Hirez
reconstructions suffer much less from the influence of scatter.

Table 2.2: Contrast and SNR for microPET and Hirez, with and without scatter correction.

microPET Hirez
scatter correction? Yes No Yes No
% C (les-bkg) 92.5 77.5 (-16.3%) 96.0 95.7 (-0.3%)
% C (LV-bkg) 98.4 93.9 (-4.5%) 98.9 98.8 (-0.1%)
SNR (LV) 10.5 11.0 22.5 22.9

EX VIVO HEART DATASETS: AGREEMENT BETWEEN THE HIREZ
AND THE MICROPET RECONSTRUCTIONS

The graph reporting on the mean activities calculated on the polar maps of the
Hirez and on the microPET reconstructions is on Figure 2.5. The mean activities
computed on the polar maps of the Hirez reconstructions show an excellent agree-
ment to the mean activities computed on the polar maps of the ground truth (R2

= 0.99, slope = 0.97), similarly to what reported for the cardiac phantom (bold
values in Table 2.1).

IV DISCUSSION AND CONCLUSIONS

The purpose of this study was to investigate the effects of scatter correction on ex
vivo cardiac datasets scanned in a small-animal PET device. We performed a com-
parison between scatter corrected and uncorrected reconstructions, by evaluating
changes in quantitative accuracy, contrast and signal-to-noise ratio.

Applying scatter correction to the microPET datasets is necessary to preserve
both contrast and mean activity values, and to obtain images of good visual quality
that are in agreement with the expected activity distribution. A decrease in SNR
caused by the elimination of the scattered events is expected. In the scope of the
current study, whose broader aim was to use the microPET as the gold standard
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Figure 2.5: Scatter plot showing the correlation of the mean LV tracer uptake, computed on microPET
and Hirez reconstructions, in the available sheep cohort (each dot is one animal).

for quantitative accuracy, this minor loss of SNR is acceptable when compared to
the improvements in contrast and bias. Our results are in line with a previous
study demonstrating that scatter and attenuation correction for larger subjects on
a microPET scan are important for accurate quantification [44]. The results shown
in this study are somewhat in-between the non-human primate study by Naidoo-
Variawa et al. and the studies on rats and mice (where attenuation and scatter
correction are often ignored), as the ex vivo hearts and phantom are big objects
scanned in a small-sized bore, but they are not as compact and as heterogeneous
as the baboon’s brain.

In contrast to microPET images, applying scatter correction on Hirez datasets
has negligible impact. This behaviour can be partly attributed to the diameter of
the bore. In a small bore such as the microPET, the backprojection of the scatter
events are more likely to intersect the scanned object and therefore contribute to the
reconstructed activity distribution, as illustrated in Figure 2.6. In our experimental
conditions, the correction of the scatter effects is particularly relevant and was
applied to all subsequent measured cardiac datasets.

This study additionally underlines the importance of the choice of the algorithm
and of a good quality transmission scan for scatter correction. A possible solution
to compensate for a poor quality transmission scan consists of thresholding the
attenuation images before forward-projecting them to attenuation sinograms. In
addition, this study highlighted that, for the Focus 220, the use of a 3D transmission
scan is not recommended, and only single-slice-rebinned attenuation sinograms can
be effectively used for correctly estimating the scatter sinograms – provided that
the source is still radioactive enough.

Given the excellent correlation between the mean values of the ground truth and
the Hirez ex vivo datasets, which corroborates the findings obtained on the cardiac
phantom, a protocol for the reconstruction of the cardiac datasets for further studies
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Figure 2.6: Comparison of the scatter effects in the microPET (smaller circle) and in the Hirez
(bigger circle), for the object of interest (heart phantom or ex vivo hearts placed in the center of
the FOVs). The diameters of both scanners are a scaled replica of the real scanner dimensions
(FOV Hirez = 4.3 x FOV microPET). As the photons depart from the annihilation point (yellow
dot) and scatter occurs for one of the two photons, the latter hits the detector ring in various wrong
positions, depending on the scattering angle (dashed lines). The red lines represent the LORs that
would be reconstructed starting from the detectors (wrongly) hit by the different photons. It is clear
that, with a smaller bore size, most of the wrongly reconstructed LORs will cross either a portion
of the myocardium (orange arrows) or the background region corresponding to the heart cavity, thus
impacting on both the distribution of activity within the heart and the lesion-to-background contrast.
The effect is much less prominent in a scanner with a bigger bore, e.g. the Hirez PET/CT, where
most of the wronly reconstructed LORs would lie well away from a small, centred object like our ex
vivo hearts.

can be defined. To summarize, all the ex vivo reconstructions will be done using
both attenuation and scatter correction, as this combination provided the most
comparable and sensible results in particular for the microPET. For the microPET
datasets, the scatter estimate will be produced by the vendor’s software always
fed with a clean-2Dtx. For the Hirez, the scatter estimate will be produced by
the e7-tools. The attenuation correction for both Hirez and microPET datasets
will be performed starting from the HRCT obtained on the clinical PET/CT. This
can be extended to studies carried out with, for example, small-animal integrated
PET/CT systems with a good quality CT module. The CT image acquired with
such systems could be sufficient for the attenuation correction of the corresponding
PET datasets.
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3 ANALYSIS OF PARTIAL VOLUME

CORRECTION ON

QUANTIFICATION AND

REGIONAL HETEROGENEITY IN

CARDIAC PET

A modified version of this chapter has been accepted for publication in the Journal
of Nuclear Cardiology as: Analysis of Partial Volume Correction on Quantification
and Regional Heterogeneity in Cardiac PET, A. Turco, J. Nuyts, J. Duchenne, O.
Gheysens, J-U. Voigt, P. Claus, K. Vunckx

Abstract

The partial volume correction (PVC) of cardiac PET datasets us-
ing anatomical side information during reconstruction is appealing but
not straightforward. Other techniques, which do not make use of addi-
tional anatomical information, could be equally effective in improving
the noise characteristics of the reconstructed cardiac PET datasets and
in dealing with the artefacts that occur when modelling the resolution
during reconstruction.

The effect of PVC in cardiac 18F-FDG PET during iterative recon-
struction is evaluated by performing resolution modelling in combination
with different noise suppressing priors. More specifically, we compare
anatomical priors based on a HRCT to edge-preserving priors such as
total variation (TV) and the relative difference prior (RD). The valida-
tion of our methods is performed using ex vivo imaging data from ovine
hearts with asymmetric ventricular remodelling.

Simple resolution modelling during data reconstruction resulted in
over- and under- estimation of activity which hampers the absolute
quantification when compared to the ground truth. Absolute quantifica-
tion benefited from either using edge-preserving (RD, TV) or anatomy-
based PVC techniques, with comparable results. The relative tracer
distribution was preserved with any reconstruction technique. Anato-
mical priors outperformed edge-preserving priors only when the thinnest
structures were of interest.

The use of non-anatomical, edge-preserving priors emerged as the
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optimal choice for quantification of tracer uptake in the left-ventricular
wall of the available datasets.

I INTRODUCTION

Positron emission tomography (PET) is a sensitive and quantitatively precise pre-
clinical and clinical tool for cardiovascular applications. PET allows accurate as-
sessment of absolute myocardial blood flow and function at rest and during stress
and is currently considered as gold standard for evaluating myocardial flow re-
serve [15,122]. 18F-FDG PET is also the most sensitive method to identify myocar-
dial viability [17,123]. In addition to these well-validated applications, PET imaging
has emerged as a valuable tool for characterization of atherosclerotic plaques and
infiltrative cardiomyopathies such as sarcoidosis and amyloidosis [16, 124]. Car-
diac PET imaging leads to a panel of clinically relevant parameters that can be
interpreted visually (viability, tracer uptake in plaques or sarcoid lesions, regional
differences in tracer uptake) but some of these require a quantitative analysis (abso-
lute blood flow, function). Even though visual assessment is currently performed in
daily clinical routine for several parameters, quantification improves reproducibility,
reduces inter-observer variability and might enhance the diagnostic accuracy [18].
Therefore, accurate quantification is important but cardiac PET images inherently
suffer from severe blurring, due to both the finite resolution of the imaging system
(partial volume effect, PVE) and cardiac and respiratory motion during the entire
PET examination [125].

The use of partial volume correction (PVC) techniques based on high resolution
anatomical information to correct for this PVE has been successfully applied for
PET brain imaging, which resulted in improved quantitative information [96, 97].
In previous work, we also demonstrated that this technique, in combination with
respiratory and ECG-gating, yields improvements in cardiac lesion detection and
quantification, provided that a very good alignment between the anatomical and
the emission dataset is achieved [126]. Besides evaluation of focal lesion uptake,
regional differences in tracer distribution are equally important and traditionally
based on visual assessment, (e.g. regional hypoperfusion or metabolism). However
in several conditions, it might be difficult to distinguish between true low tracer
uptake and apparent reduced activity due to increased PVE in thinner walls (e.g.
apical thinning, right ventricular wall, asymmetric wall thickness [127]). In those
conditions, PVC techniques could also improve quantification and might enhance
the diagnostic accuracy.

The main objective of this study is to evaluate the influence of two types of
advanced reconstruction algorithms (anatomy-based and edge-preserving priors) on
regional quantification in comparison to the currently used clinical algorithms (with
or without resolution modelling). All algorithms were applied on ex vivo datasets
excised from sheep with asymmetric cardiac remodelling. The use of ex vivo (static)
datasets allowed to rule out quantification errors caused by cardiac or respiratory
motion.
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II METHODS

ANIMAL MODEL AND EXPERIMENTAL DESIGN

We used an ovine model of rapid pacing-induced dilated cardiomyopathy with
LBBB-like morphology leading to asymmetric remodelling of the septal and lateral
wall. All experiments and procedures were approved by the local ethical committee.

Each of the thirteen available sheep was instrumented with a pacemaker with
epicardial leads implanted in the right ventricular and atrial walls. Rapid pacing
(180 beats/min) for 8 weeks was carried out [128]. After 8 weeks of pacing, a 18F-
FDG PET was performed under hyperinsulinemic-euglycemic clamping conditions
[28], in order to maximize glucose consumption in the heart. The in vivo PET scan
was performed 30 minutes post-injection. The mean whole-body activity at the
start of such PET scan was 310,5 (range: 109-477) MBq. A computed tomography
(CT) for attenuation correction was also acquired on the same scanner (Siemens
Biograph 16 HiRez [29]).

After the in vivo scan, the animals were sacrificed and the heart was excised
and filled with a non-attenuating, hardening poly-urethane foam in order to ensure
a stable shape of the heart in time. The following ex vivo datasets were acquired:

• a 15-minute acquisition on a small-animal PET scanner (Siemens Focus220
microPET), which served as gold standard because of the high spatial res-
olution of this PET system (1.5 mm), resulting in almost PVE-free images.
A transmission scan with a rotating 57Co point source was also obtained for
scatter correction.

• a 20-minute PET scan on the clinical PET/CT scanner (Siemens Biograph
16, Hirez). These datasets were reconstructed with different algorithms and
compared to the ground truth images provided by the microPET.

• a high-dose, HRCT on the clinical PET/CT scanner. It was used for accu-
rate attenuation correction (AC) and for PVC of both the clinical and the
microPET datasets.

SIMULATION STUDY

A simulation study was designed to clarify whether there is a relationship between
the apparent thickness of the reconstructed structures and the different reconstruc-
tion algorithms.

For this purpose, a cylindrical phantom resembling the shape of the left ventricle
was designed as shown in Figure 3.1. The initial voxel size of the phantom was 1 mm
in the three directions. The total height of the phantom was 65 mm and the outer
radius of the cylinder was set to 30 mm. The inner radius of the cylinder varied with
the wall thickness, which was set to range between 1 and 12 mm (representative of
the thicknesses that can be encountered in a cardiac setting).

The phantom was filled with a known and fixed activity concentration of 4
kBq/cc. A second identical phantom was then created to simulate a uniform at-
tenuation map and filled with a known and fixed attenuation value of 0.0999428
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65 mm

Variable 
thickness

30 mm

Figure 3.1: Transaxial (left) and axial (right) view of one of the phantoms simulated to demonstrate
the effect of the reconstruction algorithms against different phantom thicknesses.

(attenuation × cm−1), which corresponds to the mean attenuation value found for
muscle at 511 keV [129]. Finally, a third copy of the phantom was used to simulate
the anatomical prior information, perfectly aligned to the emission dataset.

The generated emission phantoms were forward-projected using in-house devel-
oped software that simulates an acquisition with the Hirez scanner. Each phantom
was corrected for attenuation and sensitivity during projection and reconstruction.
Scatter and randoms were not modelled to exclude the influence of their contribu-
tion from the analysis. A noise-free sinogram was obtained for each phantom. In
addition, a noisy sinogram was generated for each phantom by adding Poisson noise
to the noise-free sinogram, corresponding to a 20 minute-acquisition.

A second, similar simulation was performed starting from a phantom filled with
a higher, homogeneous activity concentration (25 kBq/cc).

IMAGE RECONSTRUCTION

HIREZ PET/CT DATASETS

Both simulated and real measured datasets were reconstructed using the same re-
construction scheme. A maximum-likelihood (ML) or penalized ML (or maximum-
a-posteriori, MAP) reconstruction algorithm, accelerated with ordered subsets (or-
dered subsets-expectation maximisation, OSEM) algorithm with a [3,2,2] x [42,24,1]
iteration scheme (iterations x subsets) was chosen, which represented a compro-
mise between good convergence and reasonable computation times. All measured
datasets were precorrected for randoms, whereas sensitivity and attenuation (using
the HRCT) were modelled during reconstruction. Projection and backprojection
were done using a distance-driven projector modelling the 3D PET scanner ge-
ometry. When requested, the system resolution was modelled as a shift-invariant
Gaussian convolution in the sinogram space (full-width at half-maximum – FWHM
= 4.3 mm and 4.5 mm in the transaxial and axial direction, respectively). The
voxel size of the reconstructed PET images was set to 1.35x1.35x1.35 mm3 for all
datasets.
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An overview of the different algorithms used to reconstruct each of the available
sinograms is listed below:

1. OSEM without resolution recovery (RR)

2. OSEM with RR (OSEM + RR in the rest of this work), modelling the resolu-
tion of the scanner during reconstruction. Such technique is commonly used
to compensate for the blurring of the activity in reconstructed emission im-
ages. However, Gibbs artefacts in the final images are expected, which might
hamper the correct quantification of activity [130].

3. MAP with RR, with CT-based side anatomical information (Bowsher), as it
represents one possible way to mitigate the Gibbs artefacts introduced by the
modelling of the resolution during reconstruction. The anatomical informa-
tion was incorporated in the reconstruction process by means of the Bowsher
prior [131], in its modified asymmetrical version [132]. Bowsher reconstruc-
tions with different prior weights (4, 10, 80) and different number of selected
neighbours (4, 6, 9, 13) out of an 18-voxels spherical neighbourhood were
performed.

4. MAP with RR in combination with the relative differences (RD) prior [133]
in its smoothing-only mode (RD, gamma = 0). Different weights of the prior
have been tested (0.1, 4).

5. MAP with RR in combination with the RD prior in its edge-preserving mode
(RD, gamma 6= 0). Different weights of the prior have been tested (0.1, 4), as
well as different gamma values (10, 30).

6. MAP with RR, with a different edge-preserving prior (isotropic total variation
prior, TV [57]). Different weights of the prior have been tested (0.005, 0.01).

The selection of these prior parameters was based on a previous simulation study,
where reconstructions with a similar count level were compared to a ground truth
dataset in terms of bias and noise. A visual inspection of the datasets confirmed that
the choice was an appropriate compromise between noise reduction and excessive
smoothing of the structures.

MICROPET DATASETS

The microPET list-mode datasets of the ex vivo hearts were rebinned into sino-
grams and reconstructed using a MAP reconstruction algorithm (5 iterations x 28
subsets) modelling the resolution of the scanner and using the aligned HRCT as
anatomical information (Bowsher prior in its modified asymmetrical version). A
spatially invariant Gaussian kernel with a FWHM of 1.3 mm and 1.5 mm (transax-
ial and axial values, respectively), applied in the sinogram space, was used to model
the resolution of the microPET scanner. For a more accurate correction for atten-
uation, the aligned HRCT from the Hirez scanner was also used as AC map for
the microPET, after conversion to 511 keV attenuation values. A weight (w) of 50
and 9 neighbours (n) out of an 18-voxels spherical neighbourhood were used for the
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Bowsher reconstruction of the microPET dataset, as they resulted in the best per-
formances (minimization of the bias and the noise) when compared to a simulated
ground truth (not shown).

Scatter and sensitivity correction were performed during reconstruction. Ran-
doms and deadtime were precorrected. The microPET images were reconstructed
with a voxel size of 0.47452 x 0.796 mm3. For comparison to the Hirez datasets,
they were rigidly aligned to the Hirez reconstructions and simultaneously resampled
to match the voxel size of the latter (1.35x1.35x1.35 mm3).

IMAGE POST-PROCESSING

A polar map (or bull’s eye) representation [121] of the simulated and ex vivo recon-
structions was chosen to illustrate the regional and absolute differences within the
myocardium. To create the bull’s eye plots, the algorithm must compute a single
value for the activity on line segments perpendicular to the wall and enclosed by the
endocardial and the epicardial contours. This value is chosen by either computing
the maximum or the mean along those segments. Both types of polar maps were cre-
ated in this work, by taking the maximum or the mean count over the LV thickness
(max-count and mean-count polar maps in the rest of this work, respectively) [126].

Lmid = L

Lapi
S

Figure 3.2: Regions of the 17-segment polar map that were considered for the calculation of the S/L
ratios and for the Lapi/Lmid ratios.

PET QUANTIFICATION AND STATISTICAL METHODS

MEASURED EX VIVO DATASETS

The absolute values of the ex vivo reconstructions were compared. The mean
difference between the microPET polar map and the ex vivo Hirez polar maps,
relative to the mean activity of the microPET polar map, was computed and plotted,
for each animal. A repeated ANOVA between the different reconstructions methods
was performed, to establish whether a statistical difference in the means could be

86



found. The values extracted from the mean-count polar maps were compared to
the values extracted from the max-count polar maps.

For every polar map, the S/L ratio was additionally calculated by dividing the
mean activity in the free septal wall by the mean activity in the free lateral wall
(see Figure 3.2 to visualize the corresponding segments). This analysis aimed to
quantify whether the prior-based reconstructions improve or preserve the regional
variations of activity within the heart, when compared to the S/L ratio computed
on the polar map of the corresponding ground truth reconstructions. A repeated
ANOVA test between the different reconstructions methods was performed, to es-
tablish whether a significant difference between the mean S/L ratios from the various
reconstructions could be found.

Additionally, the ratio between the activity in the apical segment of each polar
map and the activity of the mid-wall segments of each polar map for the lateral wall
(Lapi/Lmid, see Figure 3.2) was computed, as a first indication of the sensitivity of
the PVC techniques to the thickness of the structures examined. In fact, assuming
a uniform activity concentration throughout the same wall of the heart, a good
PVC technique should restore equally well the thin (apical) and the thick (middle)
segments of that same wall. Therefore, the smaller the Lapi/Lmid ratio, the poorer
is the recovery of the activity in the apical segment (Lapi) due to PVE. The ideal
Lapi/Lmid ratio should be close to 1, assuming a homogeneous activity distribution
within the same wall.

SIMULATED DATASETS

The mean activity in the middle ring of each max-count polar map of the simulated
phantoms was plotted for the different phantom thicknesses in comparison to the
mean activity expected in that particular region (4 kBq/cc or 25 kBq/cc).

Additionally, profiles were obtained through the middle section of the noisy
heart phantom by averaging 20 central subsequent axial slices to minimise random
effects. These mean profiles were plotted for all different reconstruction algorithms.

III RESULTS

MEASURED EX VIVO DATASETS

A representative dataset with a selection of the performed reconstructions is shown
in Figure 3.3. The OSEM reconstructions without any RR yield an underestimation
of the activity and a blurring over the myocardial edges, whereas the OSEM recon-
structions with RR show the opposite behaviour, with the typical artefactual peaks
in the middle of the reconstructed tissues and an apparent thinning of all the struc-
tures. The use of an edge-preserving prior seems to work reasonably well, especially
in the left ventricular walls. The Bowsher reconstructions – when the parameters
were chosen carefully – are visually appealing and show moderately sharper edges
when compared to the edge-preserving priors. In all cases, the visual assessment of
the different reconstructions did not reveal dramatic changes in the relative activity
distribution.
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Figure 3.3: Representative images of an ex vivo sheep heart (s4238) reconstructed with different
algorithms. On the right, the corresponding (max-count) polar maps for the same sheep are shown.

88



The polar maps obtained for all the ex vivo datasets were also compared visually
(right column of Figure 3.3) and revealed a similar underestimation of the recovered
activity with OSEM while OSEM+RR overestimated the activity. The RD and the
TV prior produced satisfactory results, visually similar to what was obtained with
a well-tuned Bowsher prior.

The accurate absolute recovery of the activity concentrations within the LV
was then considered. Figure 3.4 shows the findings. The reconstruction without
resolution recovery (OSEM) understimates the activity due to the PVE, which
causes an underestimation of the mean value in both the max-count and the mean-
count polar maps. Due to Gibbs artefacts, the OSEM reconstructions with RR suffer
from over- and undershoots, which in turn cause a significant overestimation in the
corresponding max-count polar maps. These findings hold true when the mean-
count polar maps are used (bottom pane of Figure 3.4), but the differences between
the different algorithms are more subtle. However, we can clearly appreciate the role
of the regularization included during the reconstruction process. No matter which
type of bull’s eye plot is constructed, the reconstructions with edge-preserving and
anatomical priors always manage to restore the most correct activity concentration
values when compared to the ground truth (cfr the error computed from the TV,
RD and Bowsher reconstructions in the top and bottom panes of Figure 3.4), thus
ensuring stability of the results against the choice of the polar map used.

The S/L ratios were further calculated for the polar maps of each of the clinical
reconstructions. They were compared to the ground truth S/L ratio extracted from
the corresponding microPET reconstruction. The results are in Figure 3.5. Within
each animal, the S/L ratios do not significantly change with different reconstruction
algorithm, further supporting our visual evaluation of the polar maps. The ANOVA
test showed no significant differences in the mean S/L ratios recovered from the
different reconstruction algorithms (F = 0.13, p = 0.99).

We verified whether the results obtained were dependent on the thickness of the
structures. The Lapi/Lmid ratios for all ex vivo sheep datasets are plotted in Figure
3.6. The Bowsher prior seems to outperform all other reconstruction algorithms in
recovering the activity of the thinnest parts of the LV (e.g. apex, whose thickness
is below 2 mm).

SIMULATED DATASETS

The analysis of the mean reconstructed activity at different phantom thicknesses
is shown in Figure 3.7. As hypothesized, the thinnest phantoms benefit more from
the additional use of anatomical information (black line), while the non-anatomical
priors (or the anatomical priors where the number of neighbours over which the
smoothing is performed is too large) blur over the edges and therefore struggle to
fully restore the activity within the walls of the thinnest phantoms. The OSEM with
RR alone displays the typical overestimation of activity at a thickness of 6-8 mm
(roughly double the spatial resolution of the system), which becomes less apparent
with increasing wall thickness of the cardiac phantom (≥ 10 mm).

The analysis of the mean recovered value in the max-count bull’s eye plots of
the heart phantom at different thicknesses (Figure 3.8) confirms the findings of the
profile analysis and of the analysis of the ex vivo measured datasets. The OSEM
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Figure 3.4: Mean difference between the polar maps of the ground truth (microPET) and the polar
maps of the Hirez images, reconstructed with the various algorithms, relative to the mean activity of
the polar map of the corresponding microPET. The use of a different way to obtain the polar maps
changes the amount of error that is computed, especially for OSEM+RR (red arrows). The use of
edge-preserving or anatomical priors leads to a more accurate absolute quantification of the activity
in the LV, regardless of the type of polar map that is used. The red boxes highlight this behaviour
for two representative cases (other parameter choices for the Bowsher prior – e.g. w=80 and n=4 –
would be equally effective).
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Figure 3.5: S/L ratios for all the ex vivo sheep datasets, extracted from the max-count polar maps of
the reconstructions using the different algorithms. No matter which reconstruction algorithm is used,
all the polar maps are able to accurately represent the regional differences within the LV.
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Figure 3.6: Apical vs middle segment activity ratios, for all the ex vivo sheep datasets (n = 13),
extracted from the polar maps of the reconstructions using the different algorithms. Assuming the
uniformity of activity concentration within the lateral wall of each heart, the Lapi/Lmid ratio should
tend to 1. The best reconstruction algorithm for the Hirez is the one that most closely reaches this
value. In our case, the Bowsher prior is the one that overall achieves the best performances, thus
suggesting that the anatomical information might still be of use when very thin or small structures
are of interest. The red boxes encircle the Lapi/Lmid ratios obtained from two representative recon-
struction algorithms (OSEM+RR vs a well-tuned Bowsher), so that the shift in the mean Lapi/Lmid
can be more clearly appreciated.

+ RR overestimates the activity above 4 mm, with a peak at 6-7 mm, while the
Bowsher reconstruction with proper selection of parameters manages to recover
best the activity even within the thinnest structures. The 1-mm thick phantom
is expected to be less active, due to the reconstruction voxel size (1.35 mm in the
three directions) which is bigger than the actual phantom thickness (1 mm).

The visual inspection of the thinnest structures of the sheep datasets (e.g. right
ventricle) confirms the improved reconstruction of such areas when an adequately
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OSEM + RR

TV w= 0.003

Bowsher w=80, n= 6

TV w= 0.01

Bowsher w=80, n= 13

Figure 3.7: Profiles over a section of the heart phantom (simulated, homogeneous activity of 4000
Bq/cc), for a selection of phantom thicknesses.

chosen anatomical prior is used. Figure 3.9 shows a comparison between the short-
axis slices of two Bowsher and two TV reconstructions. The thinnest details are
better resolved and the sharpness of the edges is improved when anatomical infor-
mation is used. Even though the main activity patterns of activity are detectable
in all the reconstructions, the use of anatomical priors is beneficial if very specific
regions are of interest, particularly if their size is below the resolution of the scanner
used to acquire the datasets.

IV DISCUSSION

The use of anatomical side information for the improved quantification of cardiac
PET datasets stemmed from previous, successful experiences in brain PET imag-
ing, where similar techniques have been applied during the reconstruction of PET
datasets [97]. The results obtained in the current study are in line with previous
findings and add interesting insights into the discriminating factors for choosing an
anatomy-based prior.

The modelling of the resolution during reconstruction is essential for dealing with
the PVE. However, our findings confirm that the resolution recovery is an ill-posed
problem [130] and, alone, is not sufficient for accurate image quantification. Some
kind of regularization is needed to produce more quantitatively accurate results, in
addition to the modelling of the resolution during reconstruction. In this study,
the use of priors proves to improve the absolute quantification of the left ventricles,
when compared to both OSEM and OSEM + RR alone. For the OSEM + RR a
post-smoothing could be applied to mitigate the over-estimation, but this practice
would reduce the benefits introduced by the modelling of the resolution during re-
construction. Moreover, the amount of smoothing needed is often arbitrarily chosen,
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Figure 3.8: Mean value in the max-count polar maps of the heart phantoms, at increasing phantom
thicknesses. The Bowsher algorithm, with a well chosen neighborhood, is the only one that improves
the recovery of the mean activity concentration, starting from a thickness of 2 mm. The higher value
observed with the OSEM reconstructions is attributed to the noisiness of the images from which the
polar maps are extracted. In turn, the higher noise level is due to the long iteration scheme used,
which was chosen to ensure convergence of the regularized reconstructions and was kept unvaried for
all algorithms for consistency.
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Figure 3.9: Comparison between TV and Bowsher reconstructions, for three different sheep datasets
(from left to right column: s4238, s1869 and s1132). The different rows display the different recon-
structions with priors, with two different parameter sets per reconstruction. For all algorithms, the
same short-axis slice and the same maximum is shown (they differ for the different animals, to max-
imize visibility). The Bowsher prior with high weight and a small number of neighbours is visually
sharper and more homogeneous than the corresponding non-anatomical prior version.

therefore it could even result in an under-estimation of the activity concentrations.
This paper highlights the role of both anatomical (Bowsher) and non-anatomical
edge-preserving priors (RD, TV) applied during the reconstruction of the datasets
in stabilizing the resulting images. Even when the weights or the number of neigh-
bours chosen are not fully optimized for the structures of interest (e.g. too many
neighbours, or too bland prior weight), the error calculated in the regularised cases
is milder than the one obtained in the un-regularised reconstructions.

For regional analysis and relative quantification of the activity distribution
within the left ventricle, on the other hand, the use of either reconstruction al-
gorithm (with or without prior information) was sufficient and provided similar in-
formation. The S/L ratios are equally well resolved when compared to the ground
truth ratio, no matter the reconstruction algorithm that is chosen for reconstructing
the datasets obtained on the clinical scanner.

While the use of anatomical information does not seem to be fundamental to
obtain quantitatively accurate reconstructions of the cardiac structures (a non-
anatomical prior would suffice), the results obtained in this work are not in disagree-
ment with previous studies on the use of anatomical information during reconstruc-
tion. A more detailed analysis on simulated phantoms with different thicknesses,
in fact, demonstrated that thin structures benefit more than thick structures from
anatomical information. This could be the reason why the use of anatomical infor-
mation is particularly useful, for example, in the reconstruction of brain datasets –
where the thickness of the gray matter ranges between 1 and 4.5 mm, with an av-
erage of 2.5 mm [134]. Additionally, the brain is a packed organ and the cortex is a
corrugated and highly folded tissue where areas that are very thin and very different
in activity uptake are in close proximity. This could explain the added value of the
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anatomical information, of constraining the smoothing to the respective regions. In
the case of the heart, on the other hand, the active structures are not packed nor
adjacent to each other. This, added to the thickness of the LV ranging between 8
and 11 mm both in healthy and remodelled left ventricles [135, 136], could explain
why the use of anatomical information was not essential to reconstruct the available
datasets. However, for the recovery of the thinnest regions of the heart (e.g. the
right ventricle, whose thickness is between 3-5 mm [137], or in the case where non-
transmural infarctions are present), we provide first evidence that an improvement
in the recovery of the activity values when anatomical information is used could be
expected. The results shown in this paper are therefore encouraging for applica-
tions where the quantification of the RV activity is of interest (e.g. evaluation of
pulmonary arterial hypertension associated with congenital heart disease [138]) or,
as already previously demonstrated, when non-transmural myocardial lesions are of
interest [139].

It is worthwhile to mention that the Bowsher priors presented in the study on
the wall thickness for demonstrative purposes use a considerably high weight to
achieve such results. In a more realistic scenario where these techniques would
be applied, i.e. a dual gated acquisition with the use of anatomical information
obtained from a dedicated scanner, the use of a high weight would be risky and
could cause artefacts if there is no proper alignment between the PET and the
anatomical dataset. Therefore, it is necessary to underline the importance of a
correct image alignment and motion correction, before proceeding to anatomy-based
PET reconstruction. Additionally, the prior parameters need to be tuned in a case-
by-case fashion to obtain optimal results, which can be a limiting factor for a realistic
clinical workflow. A way to automatically select the best prior parameters was out
of the scope of this work and should be subject of further investigation.

A limitation of this study is the use of ex vivo, static cardiac datasets for the
assessment of the usefulness of partial volume correction techniques. In patients,
the motion of the heart due to the beating and the breathing during the scan can
create additional blurring of the PET datasets and needs to be taken into account
and fully corrected if accurate quantification is aimed at. We expect a worsening
of the quantification performances of any of the presented algorithms in the case
where the correction of the motion is inaccurate or missing.

V CONCLUSIONS

Our study demonstrates that simple resolution modelling during the reconstruc-
tion of clinical ex vivo datasets results in overestimation of the recovered activity
within the left ventricular wall, whereas the omission of the resolution modelling
results in an underestimation of the tracer uptake. Both choices hamper the ac-
curate absolute quantification when compared to the ground truth. We show that
absolute quantification can be improved by using either edge-preserving (RD, TV)
or anatomy-based PVC techniques in combination with the modelling of the resolu-
tion, upon proper selection of the different prior parameters. However, in this study
the use of anatomical information was not necessary for this purpose, and an edge-
preserving prior – which is easier to apply – yielded comparable results for absolute

95



quantification of the left ventricular activity. In contrast to absolute quantifica-
tion, the relative activity distribution did not require any specific reconstruction
algorithm, even though we would expect a greater benefit of the anatomical prior
information if the heart thicknesses would decrease below the 4 mm.

This result is not contradicting previous studies on PVC, as the thickness and
the shape of the heart differ greatly from e.g. the thin and convoluted structures
present in the brain. The analysis of the simulated data demonstrates that the
Bowsher prior could have potential use in the recovery, delineation and analysis of
the PET datasets, particularly for the quantification of very thin or small structures
(e.g. the right ventricle).

NEW KNOWLEDGE GAINED

This work addresses the previously unanswered question regarding the usefulness of
anatomical and non-anatomical priors for the quantification of cardiac PET images.
It provides guidelines for the reconstruction of cardiac emission datasets, partially
confirming the results of previous literature on brain PVC, partially adding new
insights into the usefulness of the prior information in the reconstruction of different
cardiac structures. The study design using ex vivo cardiac datasets acquired on both
a pre-clinical and a clinical scanner is innovative and original.
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4 LESION QUANTIFICATION AND

DETECTION IN MYOCARDIAL
18F-FDG PET USING

EDGE-PRESERVING PRIORS AND

ANATOMICAL INFORMATION

FROM CT AND MRI: A

SIMULATION STUDY

This chapter has been published in: Lesion Quantification and Detection in Myocar-
dial 18F-FDG PET using Edge-Preserving Priors and Anatomical Information from
CT and MRI: A Simulation Study, A. Turco, J. Nuyts, O. Gheysens, J. Duchenne,
J-U. Voigt, P. Claus, K. Vunckx, EJNMMI Phys. 2016 Dec;3(1):9.

Abstract
The limited spatial resolution of the clinical PET scanners results in
image blurring and does not allow for accurate quantification of very thin
or small structures (known as partial volume effect). In cardiac imaging,
clinically relevant questions, e.g. to accurately define the extent or the
residual metabolic activity of scarred myocardial tissue, could benefit
from partial volume correction (PVC) techniques.

The use of high-resolution anatomical information for improved re-
construction of the PET datasets has been successfully applied in other
anatomical regions. However, several concerns linked to the use of any
kind of anatomical information for PVC on cardiac datasets arise. The
moving nature of the heart, coupled with the possibly non-simultaneous
acquisition of the anatomical and the activity datasets, is likely to intro-
duce discrepancies between the PET and the anatomical image, that in
turn might mislead lesion quantification and detection. Non-anatomical
(edge-preserving) priors could represent a viable alternative for PVC in
this case.

In this work, we investigate and compare the regularizing effect of dif-
ferent anatomical and non-anatomical priors applied during maximum-
a-posteriori (MAP) reconstruction of cardiac PET datasets. The focus
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of this paper is on accurate quantification and lesion detection in my-
ocardial 18F-FDG PET.

Simulated datasets, obtained with the XCAT software, are recon-
structed with different algorithms and quantitatively analysed.

The results of this simulation study show a superiority of the ana-
tomical prior when an ideal, perfectly matching anatomy is used. The
anatomical information must clearly differentiate between normal and
scarred myocardial tissue for the PVC to be successful. In case of mis-
matched or missing anatomical information, the quality of the anatomy-
based MAP reconstructions decreases, affecting both overall image qual-
ity and lesion quantification. The edge-preserving priors produce recon-
structions with good noise properties and recovery of activity, with the
advantage of not relying on an external, additional scan for anatomy.

The performance of edge-preserving priors is acceptable but inferior
to those of a well-applied anatomical prior that differentiates between
lesion and normal tissue, in the detection and quantification of a lesion
in the reconstructed images. When considering bull’s eye plots, all of
the tested MAP algorithms produced comparable results.

I BACKGROUND

Positron emission tomography (PET) images suffer from partial volume effects
(PVE) due to the limited spatial resolution of the PET system (2 - 6 mm FWHM
[29,47]). This effect is not only observed in the heart, all anatomies can be affected.
However, there are very thin or small structures in the heart (e.g. apex, right ven-
tricle) that can be particularly affected by PVE. Moreover, some pathologies might
cause a thinning or scarring of the myocardial walls. In all these cases, the blurring
caused by PVE might hamper correct interpretation of the resulting image. In order
to deal with the PVE in PET, many PV correction (PVC) techniques have been
proposed [116].

In cardiac imaging, additional blurring is caused by the breathing motion and the
beating of the heart. Dual gating of the cardiac datasets is one possible approach to
remove the motion blur [140]. This approach removes the motion blur that affects
the PET acquisitions by dividing the initial PET list-mode into a set of gates,
each of which ideally represents the heart in a fixed cardiac and respiratory phase.
Despite effective in removing the motion blur in most cases, the process of gating
dramatically reduces the statistics of the final datasets and leads to extremely noisy
reconstructions (still to be corrected for PVEs). Alternatively, the use of motion
fields extracted e.g. from the PET dataset itself [80, 141] or from a simultaneous
dynamic magnetic resonance imaging (MRI) scan [142] would correct for the motion
and improve the noise characteristics of the final PET dataset, but the PVE would
still need to be corrected for.

Among the methods that have been proposed in the past to tackle the PVEs,
an effective way is represented by the incorporation of the resolution effects into
the system matrix during the iterative image reconstruction process (resolution
recovery, RR). This process can effectively deal with PVEs but, due to the ill-
posed nature of the problem, reconstruction with resolution recovery can lead to
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over- and under-shoots of the reconstructed activity, known as Gibbs artefacts,
that might hamper accurate image quantification [51]. Consequently, some sort
of regularization is needed to avoid such artefacts. The use of high-resolution
anatomical information (e.g. computed tomography (HRCT) or MRI) for improved
reconstruction of the activity datasets is appealing and has shown promising results
in brain imaging [143]. Clinically relevant questions in the field of cardiac 18F-FDG
PET, e.g. to accurately define the amount of tissue still metabolically active in or
around a lesioned site, could benefit from anatomy-based PVC. The acquisition of
the anatomical image for PVC is, however, not free from drawbacks. Firstly, the
entire examination would be more expensive, longer and more cumbersome than a
single PET study. In fact, most PET scanners are hybrid devices that include a
CT module, with which a CT for attenuation correction can be acquired. However,
the spatial and temporal resolution of most CT modules in the current PET/CT
scanners is often insufficient for obtaining a frozen image of the heart in one cardiac
and respiratory phase, and with a quality that is adequate for PVC. Therefore, the
patient would need to be transferred from the PET scanner to a dedicated scanner
for the acquisition of the image to be used as anatomical information. The use of
truly simultaneous PET/MR devices would overcome this issue. This technology
however, is currently being integrated in the clinical practice and so far very few
centres can benefit from its advantages.
Moreover, discrepancies between the selected PET gate and the anatomical gate
being used are likely to occur, especially if the two acquisitions come from scanners
of two different vendors. In addition, small, residual motion artefacts might still
be present after the gating of both datasets, due to changes in the heartbeat or
breathing patterns from one scan to the other. Furthermore, the high level of
noise present in the PET images, coupled with possible residual motion artefacts
and attenuation artefacts [144], might complicate the perfect alignment of the two
datasets and therefore increase the chances to introduce additional, anatomy-driven
artefacts in the PVC-PET reconstructions. The reconstruction of the PET datasets
with the use of anatomical prior information is also not straightforward and more
time consuming, as it needs a case-by-case verification of the alignment between
the anatomy and the activity images and, if necessary, extra steps (e.g. non-rigid
registration or manual initialization of the alignment of the datasets) in order to
obtain an acceptable alignment before the actual reconstruction can take place.

On the other hand, edge-preserving and de-noising techniques, which promise
noise reduction and edge preservation without the use of any anatomical side in-
formation, have also been presented in the past to deal with the Gibbs artefacts
caused by the RR [117,145]. These techniques produce visually appealing images,
with better contrast-to-noise ratios when compared to the current standard for PET
reconstruction. In addition, they have the advantage of not relying on an exter-
nal, additional scan for anatomy. Therefore, they are not subject to the previously
mentioned complications and they could more easily be introduced in the clinical
practice and in the clinical software.

The aim of this article is threefold. Firstly, we aim at assessing the performances
of edge-preserving priors for the purpose of lesion detection in cardiac 18F-FDG
PET, in comparison to anatomy-based priors. Secondly, we aim at highlighting the
possible risks of anatomy-based PVC, which occur when the anatomical image is
mismatched or shifted relative to the corresponding PET dataset, and their effect
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on lesion detection and quantification. Finally, we aim at identifying differences in
performance when using two different modalities as source of anatomical informa-
tion. In particular, we compare the use of an MR image where the lesion is visible,
to the use of a high-resolution CT image where the lesion is not visible.

This study explores the effect of partial volume correction (PVC) on lesion
visibility and quantification, in the ideal case-scenario where all motion has been
already removed from the datasets. In fact, only in this way the blurring caused
by the PV effect can be clearly distinguished from the one caused by the motion.
In doing so, we can therefore clearly identify how well the sole blurring due to
PVE is eliminated thanks to edge-preserving and anatomical priors. XCAT-based
simulations have been performed to achieve the aforementioned objectives.

II METHODS

PHANTOM GENERATION

The XCAT software [91] was used to create the ground truth activity distribu-
tion, the attenuation distribution and the high-resolution anatomical images to be
used for this study. We generated an XCAT phantom corresponding to a single
cardiac and respiratory gate for the PET, the attenuation and the high-resolution
anatomical images.

All phantoms represented an average male, arms up [100]. Realistic and homoge-
neous activity values were assigned to the different tissues of the simulated activity
phantom (see Table 4.1), based on average activity values observed in available
measured datasets (normally injected with 370 MBq and scanned 30 minutes post-
injection). Values in the same order of magnitude were also reported upon in a
previous study on myocardial 18F-FDG uptake [146]. An overview of the main
common parameters used to generate all the phantoms can be found in Table 4.1.
Figure 4.1 shows a coronal slice of the generated datasets.

PET AND AC CT DATASETS

One static image of the thorax was obtained with the XCAT software, with the
heart captured in a fixed cardiac and respiratory phase. The gate corresponding to
end-diastole was chosen. The respiration phase of the simulated PET phantom was
kept fixed to end-expiration. This procedure simulates a cardiac 18F-FDG PET scan
where the cardiac and respiratory gating have ideally removed all motion present
in the dataset. Two lesions (transmural and non-transmural) were included in the
simulation. The non-transmural lesion (L1) transgresses 60% of the mid lateral wall
and has a volume of approximately 3 ml. The transmural lesion (L2) is located in
the apical portion of the inferior wall and has a volume of 1.5 ml (Figure 4.1).

A corresponding attenuation image at 511keV was automatically generated with
the XCAT software, in the same cardiac and respiratory phase as the PET, used
to perform attenuation simulation and attenuation correction (AC) of the PET
dataset. Both the attenuation and the activity images were created using a voxel
size of 0.8 mm in all directions.
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Table 4.1: Key parameters for phantom generation.

Antero-posterior (AP) expansion [cm] 1.2
Diaphragm motion [cm] 2.0
Resp. cycle duration [s] 5
Card. cycle duration [s] 1
No. resp gates/cycle 5
No. card gates/cycle 10
Phantom size [pixel] 600x600x203
Phantom pixel size [mm] 0.8

Left ventricle activity [kBq/cc] 18
Right ventricle activity [kBq/cc] 12
Lung activity [kBq/cc] 0.9
Blood pool activity [kBq/cc] 5.5
Liver activity [kBq/cc] 6.5
Non-transmural lesion (L1) activity [kBq/cc] 8
Transmural lesion (L2) activity [kBq/cc] 0

ANATOMICAL IMAGES (HRCT AND MRI)

In order to generate the HRCT frame of reference, a dataset with blood-pool con-
trast and high spatial and temporal resolution was generated. To this purpose, the
AC CT described above was converted to Hounsfield units (HU) and blood contrast
enhancement was performed by thresholding the blood from resulting images. This
resulted in a simulated high-resolution contrast-enhanced CT image to be used as
perfectly matching anatomical information during the reconstruction of the PET
dataset.

A second anatomical image was also obtained by shifting such perfectly matching
anatomical image by 2 mm both in the x and in the z direction (the corresponding
reconstruction has the suffix -shift), with the aim of verifying the robustness of the
anatomy-based prior to mis-registration. In addition, to verify the robustness of the
conclusions against varying magnitudes and directions of shifts of the anatomical
image relative to the PET, 10 random directions were generated in 3D and used to
obtain shift vectors with a magnitude of 1, 2, 4, and 6 mm (40 vectors in total).
These shift vectors were each applied to the perfectly matching anatomical image
to offset it from the activity image.

Another anatomical image was generated in the same respiratory phase and in
a slightly different cardiac phase from the activity image (the corresponding recon-
struction are referred to with the suffix -mism). Four other mismatched anatomical
images were simulated too, in order to account for physiological variations of the
cardiac volume between different acquisitions [147] or between different heart cy-
cles [148, 149]. To this end, we generated an anatomical image with a diastolic
volume reduced by 10% when compared to the PET image (mism1 ). Moreover, we
simulated an increase of the heart size by 5% (mism2 ), to account for small incre-
ments of the diastolic volume. The same cardiac phase (ph1 ) or the next cardiac
phase (ph2 ) – compared to the PET dataset – were used for PVC. The mismatches
produced were visually compared to the ground truth and were found representative
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attenuation

anatomy

HU + BP 
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HRCT MR

MR was also:
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anisotropic resolution 
(0.8x0.8x8mm3)

Figure 4.1: Overview of the activity, attenuation and anatomical datasets generated with the XCAT
phantom. The anatomical images are obtained starting from the attenuation image generated by the
XCAT software, and post-processed manually to obtain the desired anatomical information.

of a realistic scenario (see Figure 4.2).

It is important to highlight that an HRCT cannot distinguish between healthy
tissue and scar. A previous preliminary study has suggested that this lack of dif-
ferentiation might hamper the performances of the anatomical priors used during
reconstruction of the PET datasets [150]. Conversely, other imaging modalities (e.g.
MRI) are able to produce images where a clear distinction between scarred and nor-
mal tissue is present, if particular acquisition sequences are used [66]. Therefore, all
anatomical images generated above (perfectly matching, shifted and in a different
cardiac phase or volume) were simulated with MR-like contrast values, and also
used as anatomical information during the reconstruction of the PET datasets.

The MR image was derived from the XCAT attenuation image by assigning
MR-like values to the tissues. These values were extrapolated from one MR pa-
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mism1_ph2
(MR with -10%vol@ED)

mism2_ph1
(MR heart scaled +5%)

Figure 4.2: Mis-alignment of PET and MR datasets Two examples of mismatched MRs: on the left,
the diastolic volume in the MR is reduced by 10% and the next cardiac phase is chosen relative to
the PET. On the right column, the heart of the MR is up-scaled by 5% when compared to the heart
of the corresponding PET dataset. On the top row, the contours of the initial activity phantom are
overlapped in blue. In the bottom row, the same phantom was reconstructed using OSEM3D with RR
and post-smoothing of 5 mm (red color scale) and it was overlapped to the MR images (gray color
scale). While in the top row the misalignment between PET and MR is very easily detectable, it
would be harder to identify when using a realistic PET image.

tient scan in short-axis orientation, acquired with inversion recovery and contrast
enhancement. Regions of interest were drawn in seven tissue classes (left ventri-
cle, blood pools, cardiac lesion, pericardium, lungs, soft tissue and fat), and the
contrast between the different tissues was calculated. These same contrasts were
reproduced in the simulated MR image, by assigning a value of 100 to the fat tissue
and setting the values for the other tissue classes accordingly. The pericardium was
separately generated and integrated into the just described simulated MR, as in
the regular AC CT no distinction between pericardium and muscle is possible. The
bone tissue (present in the AC CT simulated dataset) was assigned a value of 0 in
the simulated MR image. Rician noise was also added to the noise-free XCAT-MR
according to [151]. Figure 4.3 shows the regions drawn in the MR and the resulting
synthetic, XCAT-based MR used as anatomical prior. Table 4.2 shows the tissue
classes and the values used for each of them, in one patient dataset and in the sim-
ulated dataset. Comparable contrast values were observed in other two MR human
datasets available, acquired with a similar protocol.

Furthermore, we simulated the more realistic case where the MR has an anisotropic
resolution (i.e. the slice thickness is much larger – 8 mm – than the in-plane res-
olution – 0.8 mm). The reconstructions obtained with the use of such anisotropic
MR are referred to with the suffix -aniso in the remainder of this study.
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Figure 4.3: Assignment of tissue values. ROIs were delineated in a clinical MR (A). Similar contrast
values were imposed to the tissues in the attenuation image generated with the XCAT phantom. Panes
B, C and D represent the sagittal, transaxial and axial views of the XCAT phantom, respectively,
after conversion to MR-like contrast values.

PROJECTION OF THE ACTIVITY PHANTOM

The activity distribution generated with the XCAT software and corresponding to
the PET gate of interest was forward projected with a ray tracing projection method
using in-house developed software that simulates an acquisition with the PET com-
ponent of a Siemens Biograph 16 PET/CT (Hirez) scanner [29]. Attenuation and a
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Table 4.2: Simulated vs real MR values.

ROI no. Tissue MR intensity XCAT
[mean ± sd in ROI] values

1 Left ventricle (LV) 8 ± 2 10
2 Lesion 43 ± 6 55
3 Blood 35 ± 3 45
4 Pericardium 50 ± 5 70
5 Lung 8 ± 2 10
6 Soft tissue 24 ± 3 30
7 Fat 78 ± 12 100
8 Bone n.a. 0

shift-invariant camera resolution were modelled, but scatter and randoms were not.
The camera resolution was modelled as a Gaussian convolution (FWHM = 4.3 mm
and 4.5 mm in the transaxial and axial direction, respectively). As for attenuation,
a sinogram containing the attenuation correction factors was computed from the
forward projection of the image containing the PET attenuation coefficients, gener-
ated by the XCAT software, with a ray tracing projection method and no modelling
of the resolution.

A noise-free sinogram was obtained. In addition, twenty-five noisy sinograms
were generated by corrupting the noise-free sinogram with Poisson noise, corre-
sponding to a 36 s-acquisition. The scan time of 36 s corresponds to a single gate
taken from a doubly gated 30 min PET scan, using 5 respiratory and 10 cardiac
gates. The simulated total number of counts amounts to 3.9 million, which is in
good agreement with what was observed in previously performed animal and human
thorax studies with similar activity concentrations.

We also simulated the (non-ideal) case where the respiratory motion is not cor-
rected for. Since, in the clinical practice, the tracking of the breathing motion is
much less common than the tracking of the heart rhythm with an ECG machine,
we simulated the case where the respiratory motion is not corrected, and only
the cardiac motion is. To do so, we generated a phantom with a 5x more counts
by combining the data from all breathing phases. This corresponds to taking a
single cardiac gate from an ECG-gated PET scan lasting 30 minutes using 10 car-
diac gates, for an equivalent scan duration of 180 s (instead of 36 s). In addition,
we simulated the case where the respiratory motion is ideally removed from the
initial list-mode dataset (e.g. by list-mode motion compensation of the respiratory
motion, for example as in [152]), and ECG-gating is performed on top of this. As
in the previous case, the equivalent cardiac frame duration would be 180 s, but this
case would result in sharp images as the motion blur due to the respiration has been
eliminated.

RECONSTRUCTION OF THE ACTIVITY PHANTOM

The activity sinogram was reconstructed using several reconstruction algorithms,
listed below. In-house developed software was used to perform reconstruction with
a ray-tracing projection method (the same as used during forward projection). The
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voxel size of the reconstructed PET images was set to 1.353 mm3. The iteration
scheme used for all reconstructions consisted of 3i42s (i: iterations, s: subsets), fol-
lowed by 2i24s and 2i1s. Where Gaussian post-smoothing was performed, we used
a spatially-invariant Gaussian kernel with FWHM = 5 mm in the three directions.
The same attenuation sinogram as for the forward projection was used during each
iteration of the reconstruction of all the datasets. This excludes the effects of inac-
curate attenuation correction from this simulation study. The same reconstruction
procedure was applied to all the noisy sinograms.

Several reconstruction algorithms were used to reconstruct the activity dataset:

• a 3D ordered-subsets expectation-maximisation (OSEM) algorithm without
resolution recovery (OSEM3D), with and without Gaussian post-smoothing.

• a 3D OSEM algorithm with resolution recovery (OSEM3D+RR), with and
without Gaussian post-smoothing. In this work, resolution recovery was
achieved by modelling the resolution of the camera with a Gaussian smooth-
ing kernel whose FWHM corresponds to the scanner’s spatial resolution. A
perfect modelling of the resolution was assumed, by using the same kernel
(FWHM=4.3/4.5 mm in the transaxial and axial directions, respectively) dur-
ing the simulation and the reconstruction of the datasets. At each forward
and backward projection step of each iteration of the OSEM reconstruction
algorithm, the intermediate reconstructed volumes were smoothed with such
convolution kernel. In this way, the resolution of the scanner is taken into ac-
count during reconstruction and a de-blurred reconstructed image can even-
tually be obtained. However, Gibbs artefacts might be present in the final
reconstructed image.

• two maximum-a-posteriori (MAP) reconstructions with edge-preserving priors
(relative difference, RD [53] and total variation, TV [57]) applied during recon-
struction. These priors are one simple way to encourage piecewise smoothness
of the reconstructions, so that the Gibbs artefacts and the noise that affect
the reconstructions with RR can be mitigated or eliminated. However, since
they rely on intensity differences rather than knowing the actual image bound-
aries, they can smooth the activity over regions that should be considered as
distinct.

• MAP reconstructions with anatomical information (HRCT, isotropic MR or
anisotropic MR). The anatomical information could be perfectly matching
(-perf ), rigidly shifted (-shift) or mismatched (-mism) relative to the PET
dataset. Local smoothness of the activity image was encouraged (using RD
with γ = 0) within the boundaries of homogeneous regions in the anatomical
image during reconstruction, according to the technique proposed by Bowsher
[61] and modified by our group [62].

The general expression for the estimation of the activity distribution Λ̂ using
prior information is in the form:

Λ̂ = argmax
Λ

[L(Λ)− P (β, γ,Λ)]
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where L is the log-likelihood of the activity Λ and P is the penalty term, where
the penalty quantifies how strongly the estimated image disagrees with the prior
information. β is the weight of the priors, and γ controls the edge preservation of the
RD-prior (where γ = 0 corresponds to no perservation of edges). All reconstructions
with priors were performed using several parameter sets. For the RD prior, we did
reconstructions using β = 4, 10, 30, 50 and γ = 10, 100, whereas for the TV prior
we reconstructed using β = 0.0001, 0.001, 0.003, 0.005, 0.01, 0.05, 0.1. For each
anatomical Bowsher prior, we tested different weights (β = 0.1, 4, 10, 30, 50) and
a spherical neighbourhood of 3x3x3 voxels (18 actual neighbours, excluding the 8
most distant ones to obtain an approximately spherical neighbourhood) was chosen.
Moreover, a fixed number of neighbours (n) within the neighbourhood needs to be
set, to define over how many voxels the smoothing is applied. We tested the case
where n = 3, 6, 9 and 13.

CHOICE OF THE RECONSTRUCTION PARAMETERS

BIAS-NOISE PLOTS

As described at the end of the previous section, several parameters were tested
for the MAP reconstructions, but only a few parameter sets were used for the
full analysis of the lesions. The bias-noise plots and the contrast-noise plots for
the LV and the non-transmural lesion (L1), respectively, were used to select the
parameter sets to be used for subsequent further analysis. In other words, the
parameter selection has to be seen as preparatory work for the main investigation.
The Bowsher reconstructions with the MR were used to assess the bias, the contrast
and the noise of the reconstructions with anatomical priors.

To generate bias-noise plots, the bias was calculated as :

biasLV = LV recon − LVtrue

The contrast was computed as:

contrastL1 = 1− L1

LV
,

and the noise was computed as:

noiseLV = stddev(LV )

where LV and L1 represent the mean activities calculated in the LV and in L1
over 20 noise realizations, respectively. stddev(LV ) is obtained by calculating the
standard deviation on the activity in every voxel in the LV over all noise realizations
and then taking the average over all voxels in the LV. Both LV and L1 were defined
by thresholding the re-sampled original phantom. All voxels whose value (after the
resampling of the phantom) was at least 70% of the original activity value of the
LV (or L1) were used to create the mask for the two regions.
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septum lateral

lesion (L1)

Figure 4.4: Line segment over which profiles were computed. The bottom pane shows the true line
profile.

IMAGE PROFILES

The profiles through the middle slice of each reconstruction were also analysed, in
order to verify if the parameters chosen based on the bias-noise plots could perform
well enough also for what edge-preservation is concerned. Figure 4.4 illustrates the
profile, crossing over the non-transmural lesion, over which the intensity profile was
computed. The profile in the septal-lateral direction was considered. The profiles of
the various noise-free anatomy (MR)-enhanced images, obtained by reconstructing
the same dataset with different weights and different numbers of neighbours, were
plotted against the ground truth.

EVALUATION OF RESULTS

The bias-noise plots and the line profiles allowed us to choose which parameter
sets were the best compromise in terms of intensity preservation, noise properties
of the reconstructions and ability to preserve the edges. Once the reconstructions
that yielded the best compromise between these three properties were selected, the
images were carefully evaluated by an experienced nuclear medicine cardiologist,
who visually chose the reconstruction (among those with the best bias-noise-edge
compromise) believed to be the most clinically acceptable. Once the optimal re-
construction parameters were chosen for all the selected algorithms (Bowsher, RD,
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TV), the analysis of the lesion areas was performed. The resulting images were
evaluated against the ground truth represented by the resampled original datasets
generated with the XCAT software.

FIGURES OF MERIT

A quantitative evaluation of the reconstructions was performed. Three figures of
merit were used to analyse the quantitative accuracy and give an indication of the
diagnostic value of the reconstructions:

• The recovery coefficient (RC) is defined as follows:

RCr =
r̄recon
rtrue

, r = LV,RV,L1

where r̄ represents the mean activity in the volume of interest r, averaged
over the 25 noise realizations, and LV, RV and L1 are the volumes of interest
containing the left ventricle, the right ventricle and the non-transmural lesion,
respectively (see Fig. 4.1). The RC was not calculated for the transmural
lesion L2, as its true mean value is zero.

• The contrast recovery coefficient (CRC) was used to identify the algorithm
that best preserves the contrast between the region of interest r and the
background region b, when compared to the ground truth contrast. The CRC
was computed as in [153]:

CRCr =
contrastreconr

contrasttruer

, r = LV,RV,L1, L2

where

contrastr =


r̄
BP
− 1 if r = LV, RV

1− r̄
LV

if r = L1, L2

BP and L2 are volumes of interest containing the blood pool and the trans-
mural lesion, respectively (see Fig. 4.1).

• The contrast to noise ratio (CNR) is another common measure for determining
the performance of an algorithm. In fact, while the CRC indicates how well
the intensity values of a region are recovered compared to a background region,
it does not give any indication on how well the regions are visible when the
noise corrupts the reconstructions. In other words, if e.g. a contrast of 10
units is observed between a lesion and the background, but the noise has a
comparable magnitude, the lesion will be basically invisible despite the good
contrast recovery indicated by the CRC. The CNR was defined as in [154]:

CNRr =
contrastreconr

noisereconb

, r = LV,RV,L1, L2
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where

noiseb =
stddev(b)

b
,

b =

{
BP if r = LV, RV

LV if r = L1, L2

A paired t-test was performed to identify the significant differences in CRC and
CNR of the various reconstructions, compared to TV. To this end, a significance
level of 0.01 was chosen for all evaluations.

BULL’S EYE PLOTS (POLAR MAPS)

17-segments polar maps (PMs) or bull’s eye plots of the LV were created to further
evaluate the visibility and the quantification of the lesions, using a tool commonly
adopted by nuclear medicine physicians. For each of the reconstructed datasets and
for the ground truth, the bull’s eye plots were created as described in [155]. The
delineation of the LV was automatically performed by in-house software. A fixed
thickness of the LV of 6 mm was imposed, which was verified to fit the simulated
LV shape well.

Each pixel in the polar map represents a small transmural portion of the LV
wall, enclosed by the endocardial and epicardial contours, for each angular loca-
tion and at each position along the long axis of the LV. The intensity assigned
to each pixel can be computed in two ways, as illustrated in Figure 4.5. On the
one hand, the maximum count over the delineated LV can be taken. This method
produces polar plots (max-count polar maps) that are less affected by delineation
errors or inaccuracies, but they can reflect the noise or the artefacts introduced by
the reconstruction algorithm (e.g. Gibbs over-shoots). In addition, this method
will consistently take the maximum value over the thickness of the myocardium,
thus possibly hiding the presence of e.g. a non-transmural lesion. Conversely, it
is possible to take the mean value over the thickness of the LV, at each angular
location and at each position along the long axis, and assign that mean value to
the corresponding voxel in the polar map. The mean-count polar maps are more
prone to delineation errors but, if the delineation is reliable, have the advantage of
depicting more accurately the distribution of activity in the LV region considered.

Both polar map types were generated in this work. When the mean-count polar
maps were computed, the delineation coming from the Bowsher reconstructions
with the MR as anatomical prior information was used as delineation also for all
other reconstructions. The mean value of each of the 17 segments that composed
each polar map was computed, for each of the noisy reconstructions. Three regions
were additionally identified in each polar map: L1 (segment 11, corresponding to
the location of the non-transmural lesion), L2 (segment 13, corresponding to the
location of the transmural lesion) and normal tissue (all other segments). The mean
values of the normal vs lesion regions were calculated and compared, to verify which
algorithm best preserved the lesion contrast and best reflected the values obtained
from the polar map of the ground truth.
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Figure 4.5: Creation of a polar map (PM) of the LV. The polar maps, or bulls eye plots, are 2D
representations of a 3D cone-shaped object (the left ventricle) (1). By using polar maps, we lose
the information related to the distribution of activity within the wall thickness, as only one activity
value can be assigned to each angular and longitudinal position of the LV (2). The value that is
commonly assigned to each pixel of a bulls eye plot can be the maximum, or the mean value over
the LV wall at that angular and longitudinal position (3). Other values can be assigned, too, but the
mean or the maximum along the wall thickness are the most commonly used when bulls eye plots are
considered. This assigned value is an approximation of the activity over the LV thickness. In most
cases, it manages to convey an acceptable, general idea of the myocardial distribution of activity.
However, in some cases it might come in defect: for example, when overshoots of activity appear
in the reconstructed images as a side effect of resolution modelling during reconstruction, or when
images are extremely noisy, the max-count polar maps would assign to the PM values that are an
overestimation of the actual mean activity within the LV. On the other hand, the use of mean-count
polar maps might be incorrect if the delineation of the myocardial walls is not accurate (e.g. due to
the blurring caused by PVE). No matter the method used to select the polar map values, the resulting
image is a 2D map of the activity distribution of the LV (4), where the different sections (or segments)
can be identified using different conventions. In (4) the ”17-segment” subdivision is used, as it is the
most widespread in nuclear medicine analyses (used in this work).

APPLICATION TO AN ANIMAL DATASET

As a proof of concept, we applied some of the techniques described in this simulation
study (OSEM3D, OSEM3D+RR, TV) retroactively on a previously measured ani-
mal (sheep) dataset, where a lesion in the right ventricle and a lesion in the apical
portion of the left ventricle had acutely formed before the PET scan. No Bowsher
reconstructions were performed for this dataset, due to the lack of the appropriate
anatomical information.

The anaesthetised sheep was injected with 257 MBq of 18F-FDG and scanned 30
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minutes post-injection for 30 minutes. During the scan, the breathing of the animal
was mechanically controlled by a ventilating machine. The cardiac and respiratory
traces were recorded during the PET scan, using an ECG tracking device and a
respiratory belt (AZ-733V, ANZAI Medical Co.). Triggers corresponding to the
peak R-wave of the ECG and to the peak-inspiration of the breathing signal were
inserted into the PET list-mode by these external tracking devices. They were then
exploited to perform off-line phase-based gating of the PET dataset using in-house
developed software (5 respiratory gates and 10 cardiac gates). After the gating, the
list-mode corresponding to end-expiration and end-diastole was reconstructed using
OSEM3D, OSEM3D+RR and the TV prior (w=0.005).

A qualitative comparison of the images at the lesion sites was performed.

III RESULTS

CHOICE OF THE RECONSTRUCTION PARAMETERS

We made use of the combined information from the bias-noise and contrast-noise
plots, alongside with the line profiles through the middle slice of the heart and
the opinion of an experienced nuclear medicine clinician, to define which of the
Bowsher reconstructions was best to proceed with for the full subsequent analysis
of the recovery and visibility of the simulated lesions.

Figure 4.6 shows the bias-noise plot for the LV and the contrast-noise curve for
L1, for the different reconstruction algorithms and parameter choices. The curves
are produced by varying the weight of the priors. Initially, by visually analysing
the same reconstructions at different noise levels, we empirically selected those
corresponding to a noise level of 3000-4500 (highlighted in blue in Figure 4.6). The
bias- and contrast-noise plots confirmed that this was an acceptable compromise
between the noise and the bias levels, both of which should be as low as possible.
Most of the curves in the plots bend towards worse contrast/bias values when going
below this noise level. In other words, by further lowering the noise, the LV bias
would become excessive, and the lesion contrast would start to decrease. We verified
that these conclusions were in agreement with the opinion of our nuclear medicine
expert.

To supplement the results of the bias-noise and contrast-noise analysis, the pro-
files through the middle slice of the heart (Figure 4.7) were also considered. The
Bowsher reconstructions with 13 neighbours and high weights were discarded, as
they appear artificially smooth and they fail to correctly restore both the activity
peaks and the sharp intensity transitions. The reconstructions with 3 neighbours
show the best edge-preservation, but the noise pattern they display looks unnatural
especially at higher weights. The reconstructions with 6 and 9 neighbours appeared
the best for the structures of interest, featuring a less artificial look and yet fairly
good preservation of the edges. After a visual inspection of the reconstructed im-
ages, performed by an experienced nuclear medicine physician, a weight of 10 and
a n=9 was chosen for the Bowsher reconstructions. For the TV prior, a weight of
0.005 was chosen to match the selected noise level. For the same reason, the para-
menters chosen for the RD prior were β = 4 and γ = 10. The markers of the final
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Figure 4.6: Bias-noise plot for the LV (top pane) and contrast-noise plot for the non-transmural lesion
L1 (bottom pane). When the Bowsher prior is indicated, the MR is used as anatomical informa-
tion during reconstruction. 20 noise realizations per reconstruction were used. The light-blue stripe
represents the noise range designated as clinically acceptable.

selected reconstructions are in bold and crossed in the bias-noise and contrast-noise
plots (Figure 4.6).

VISUAL ANALYSIS AND SEPTUM-LATERAL PROFILES

As Figure 4.8 shows, the HRCT-based prior moderately outperformed the non-
anatomy-based priors in terms of contrast recovery of the ventricles and volume
delineation, provided that the anatomical information was well aligned to the cor-
responding PET image. There was no improvement in terms of lesion visualisation,
due to the fact that the HRCT does not show any intensity difference between
lesions and healthy tissue.
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Figure 4.7: Profiles through the middle slice of the heart. Noise-free reconstructions.

The edge-preserving priors, on the other hand, produced visually appealing im-
ages, with better contrast-to-noise ratios than the current standard for PET recon-
struction (OSEM3D+RR+post-smoothing). The use of MR as anatomical informa-
tion led to better delineation of the lesions. If, however, the anatomical information
was shifted or mismatched when compared to the activity image, the delineation
of the LV and of the lesions was affected and artefactual hypo-perfused areas ap-
pear in the LV. The use of anatomical information with non-ideal resolution (i.e.
anisotropic MR) slightly affected the image quality. However, in most cases the
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RD prior  : β = 4 - γ = 10
TV prior  : β = 0.005 - iter = 5

Bowsher (MR-aniso) – shift

Figure 4.8: Zoomed in images of the lesions reconstructed using the different reconstruction algorithms
(example of 1 noise realization). 3i42s + 2i24s + 2i1s iteration scheme. The RD and the TV priors
represent a good choice in case no anatomical information is available, if the anatomical informa-
tion does not highlight the lesions or if the anatomical information is mismatched (see Bowsher
(HRCT) or Bowsher (MR)-shift). When the anatomical image is matching the PET dataset and
it clearly differentiates between healthy and scarred tissue, then it is definitely the preferred choice
(Bowsher(MR)-perf). Please note that the OSEM3D reconstructions suffer more than others from
severe noise; this is due to the long iteration scheme, applied to ensure convergence and consistency
with the other reconstructions. The suffix -shift indicates the case where the anatomy is displaced by
2 mm in the x and z direction, while -mism represents the case where the heart in the anatomical
information has the same morphology but it is in a slightly different cardiac phase relative to the
PET dataset.

anisotropic resolution of the MR was not the bottleneck for the reconstruction with
anatomical information.

The profiles computed through the middle plane of the heart (Figure 4.9) con-
firmed these observations. If perfectly aligned to the PET dataset, both HRCT
and MR performed equally well as anatomical priors (leftmost part of the profile),
except when the lesion was considered (rightmost part). There, again, the CT-
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based anatomical prior suffered from the fact that no information on the lesion was
present, and therefore blurred the activity of the LV over it. The MR-based prior,
on the contrary, managed to correctly recover the activity. The use of MRs that
were not perfectly aligned to the PET dataset was not particularly deleterious for
the mid-ventricular profile (not shown).
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10e3

15e3

Pixel index

Intensity [Bq/cc]
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Bowsher (MR)

ground truth
OSEM3D
OSEM3D + RR (- - -)
RD
TV
Bowsher (HRCT)

Figure 4.9: Profiles of the LV activity computed through the middle plane of the heart. The OSEM3D,
OSEM3D+RR (both with a 5-mm post-smoothing), the two edge-preserving priors (TV with w=0.005,
RD with w=4 and γ=10) and the two anatomy-based priors (both with w=10 and n=9) are compared.
These profiles are the mean over 20 noise realizations. In the bottom part, a zoomed-in version of
the most interesting areas is shown. A and B demonstrate that a similar behaviour can be expected
between MR-based and CT based anatomical information, where no lesions are considered. In pane
C, the MR reconstruction is the one that best follows the contours of the lesion.

FIGURES OF MERIT

The CRC and CNR were calculated for all the selected reconstructions. As a first
step, we compared the results obtained with the current standard for reconstruction
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(OSEM3D+RR+post-smoothing) to the images obtained with the edge-preserving,
non-anatomical prior (TV) and the two types of anatomical prior (perfectly match-
ing HRCT and MR, respectively). Figure 4.10 describes the findings. When the
lesion is not visible in the anatomy (i.e., HRCT), the use of anatomical priors does
not improve the contrast recovery of the lesions, when compared to results ob-
tained with the non-anatomical priors. However, the superior noise performance
of the anatomy-based prior makes the lesions slightly better visible in such re-
constructions (Figure 4.10, Bowsher(HRCT) columns, CRC vs CNR). The same
Figure and the results of the t-test indicate that the improvement of the CNR is
moderate (but significant) for Bowsher(HRCT) compared to TV, particularly when
a non-transmural lesion (red column) is concerned. When the lesion is visible in
the anatomy (i.e., MR), the anatomical prior significantly improves both contrast
recovery and noise properties of all the anatomies.

Secondly, we further analysed the behaviour of the best anatomy-based recon-
struction when the conditions are not ideal, i.e. the alignment between the anatomi-
cal and the PET dataset is disrupted or the anatomical information is acquired with
anisotropic resolution (Figure 4.11). The use of a shifted or mismatched anatomy
affects both quantification and detectability, with more errors caused by rigid shift
than cardiac phase mismatch. The use of a shifted or mismatched anatomy also in-
troduced small, artefactually hypo-perfused areas (not shown), which could possibly
be interpreted as false positives. The use of anatomical information with non-ideal
resolution (i.e. anisotropic MR) does affect CRC and CNR. However, in most cases
it still outperforms the non-anatomy-based priors.

A comparison of all the CRCs (Figure 4.12, top) and the CNRs (not shown)
of the Bowsher(MR)-based reconstructions with varying shifts was also performed,
to verify the robustness of the findings to different degrees of misalignment. If
the overall shift in the three directions is small enough (≤ 2 mm), the contrast
recovery of the lesions is still acceptable and improved when compared to images
obtained using a non-anatomical prior during reconstruction. On the other hand,
particular attention needs to be paid when the shifts are greater than 2 mm. In
this case, both the CRC and the CNR of the lesions worsen, when compared to TV.
Similar conclusions can be drawn for the different mismatches (Figure 4.12, bottom
graph). If the mis-alignment between the image used as anatomical information
and the PET image is small enough (eg. mism1-ph1), the good performances of
the anatomical prior are maintained. The stronger the mismatches, the higher the
decrease in both CRC and CNR, particularly those of the lesions.

The effect of motion correction is clear in Figure 4.13. If the respiratory motion
correction is neglected and only ECG gating is performed on the original list-mode
dataset (ECG bars in the Figure), the lesions are hardly distinguishable due to the
motion blur. On the other hand, the use of images with better noise properties
and perfectly compensated for respiratory motion (ECG+R bars in the Figure)
demonstrate that the better noise level improves the CNR as expected, and that
the correct recovery of the contrast is independent of the noise level.
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Figure 4.10: CRC and CNR comparison, edge-preserving prior (TV) vs ideal anatomical priors, cal-
culated on 25 noise realizations. Mean values and min/max error bars. *=significantly better than
TV. TV was chosen as reference as it yielded the overall best RC, CRC and CNR in comparison to
all other non-anatomy-based reconstructions. L1: non-transmural lesion; L2: transmural lesion.

BULL’S EYE PLOTS

The bull’s eye plots add insight into the activity distribution in both lesions. An
in-depth analysis of the LV quantification is out of the scope of this work.

The transmural lesion is clearly identifiable in the bull’s eye plots of all recon-
structions. The non-transmural lesion, on the other hand, should only be visible in
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Figure 4.11: CNR comparison, edge-preserving prior (TV) vs non-ideal anatomical priors, calculated
on 25 noise realizations. Mean values and min/max error bars. All reconstructions are significantly
better than the edge-preserving prior (TV). The suffix -shift indicates the case where the MR is shifted
by 2 mm in the x and z direction, whereas -mism indicates the case where the MR is in a slightly
different cardiac phase relative to the PET. L1: non-transmural lesion; L2: transmural lesion.

the mean-count PMs, while it should be fully hidden in the max-count PMs, given
the fact that such plots have been generated by taking the maximum intensity over
the thickness of the LV.

The top row of Figure 4.14 illustrates what is actually obtained. In the max-
count polar maps, the healthy tissue situated close to the non-transmural lesion
is often reconstructed with decreased intensity due to PVE or to incorrect PVC.
Therefore, the bull’s eye plots will show an area of decreased activity, as if the
segment contained a fully transmural lesion. In the ideal-case scenario, however,
the better the healthy portion of the LV is reconstructed, the less we should notice
the presence of the non-transmural lesion in the max-count PM. This is the case for
the reconstructions with the MR used as anatomical prior, which is the one that
most accurately reproduces the polar map of the ground truth.

On the other hand this result, despite correct, might hide the presence of a non-
transmural lesion to the clinician’s eye. In order to overcome this inconvenience and
keep trace of the non-transmural lesion in the bull’s eye plots, the use of a mean-
count polar map is advised. The anatomical prior allows an accurate delineation of
the LV, thus avoiding errors due to incorrect definition of the LV boundaries. At
the same time, the presence of a hypo-perfused area is correctly revealed.

In both cases, the use of bull’s eye plots needs to be accompanied by a thorough
observation of the corresponding short and long axis slices, especially if anatomy-

119



TV MR-
shift

MR-
shift 
(1mm)

MR-
shift 
(2mm)

MR-
shift 
(4mm)

MR-
shift 
(6mm)

TV MR-
mism

MR-
mism1_
ph1

MR-
mism1_
ph2

MR-
mism2_
ph1

MR-
mism2_
ph2

0.2

0.4

0.6

0.8

1.0

0

0.2

0.4

0.6

0.8

1.0

0

CRC

CRCMR-perf

Figure 4.12: CRC comparison with different shifts or mismatches . Contrast recovery coefficients
(CRC) for the different cardiac regions, when different shifts (top) or mismatches (bottom) are applied
to the MR before using it as anatomical information during reconstruction. The values here presented
are the mean, maximum and minimum values over 10 shift directions per shift magnitude and over
10 noise realizations per mismatched MR, respectively. The MR-mism and MR-shift reconstructions
are the same as in Figure 4.11 (MR-shift is shifted by 2 mm in the x and z direction, MR-mism is
in a slightly different cardiac phase).

based PVC is performed during reconstruction, in order to correctly differentiate
between transmural and non-transmural lesions.

Figure 4.15 shows the mean values of the normal and lesioned regions, computed
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Figure 4.13: Effect of motion correction on CRC and CNR. The top plot shows the changes in
contrast recovery when motion compensation is fully performed (DUAL, as in dual-gated studies),
or only ECG gating is performed (ECG, one cardiac gate blurred by the respiratory motion) or if
ECG gating is performed starting from a dataset where the respiratory motion has been compensated
(ECG+R, one cardiac gate, less noisy).

on the corresponding segments of the polar maps, for 25 noise realizations.

When the max-count polar maps are used and the non-transmural lesion is
considered (top-left pane of Figure 4.15), the mean intensity of the segment corre-
sponding to the non-transmural lesion (L1) is, in the ground truth, very close to
the mean intensity of the surrounding normal tissue. As expected, this behaviour is
best reproduced when the Bowsher with a perfectly matching MR is used as anato-
mical information (light blue stripe). This is the reconstruction technique that gets
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Figure 4.14: Mean-count vs max-count Bull’s eye plots. Segmental 17-segments polar maps obtained
from the reconstructions of 1 noise realization. Left column: mean-count polar maps of a selection of
the reconstructions performed. The Bowsher reconstruction with MR is overall the most similar to
the ground truth, both in absolute and relative terms. In the right column, the max-count polar maps
for the same reconstructions are presented. Again, the Bowsher reconstruction with MR produces the
polar map with the best intensity preservation, when compared to all other reconstructions.

closest to the segmental values of the L1 and L2 in ground truth, too. All other
reconstruction algorithms artificially increase the contrast between the L1-segment
and the normal tissue, due to the incorrect recovery of the surrounding healthy tis-
sue (e.g., when the CT or the non-anatomical priors are used). The OSEM3D and
OSEM3D+RR without smoothing are extremely noisy, hence the mean segmental
values of the max-count polar maps are all over-estimated. A post-smoothing ap-
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Figure 4.15: The mean, minimum and maximum values (over 25 noise realizations) of the normal and
lesioned regions, computed on the corresponding segments of the polar maps, are compared. On the
two graphs from the top, the values computed from the max-count polar maps are illustrated. On the
two bottom graphs, the values computed from the mean-count polar maps are presented. For each
type of polar map, the top parts (first and third graph) compare the intensity of the normal region to
the intensity of the non-transmural lesion (L1), using the different reconstruction algorithms, whereas
the bottom parts (second and fourth graph) show the same information for the transmural lesion (L2).
The solid lines represent the mean values computed in the ground truth in the normal (red) and
lesioned (yellow) tissues. The light-blue stripe highlights the reconstruction algorithm (MR-perf) that
performs best in terms of similarity of the mean to the ground truth. To be noted that the mean-
count polar maps of the OSEM3D+RR, despite being a good approximation of the ground truth on
average, have very large error bars indicating that it can have very poor values for individual noise
realisations.

plied to such reconstructions preserves the contrast between normal and lesioned
segments (anyway higher than what it should be), and it underestimates the seg-
mental value for the non-transmural lesion L1.

When the transmural lesion is considered (bottom-left pane of Figure 4.15),
all MAP reconstructions behave similarly and preserve both contrast and actual
values. This is consistent with the fact that the maximum count over the thickness
is anyway zero, regardless the alignment of the anatomical information or the prior

123



used during reconstruction.

If a better representation of the ground truth values is aimed at, the use of
mean-count polar maps is recommended. In this case, the mean intensity of the
normal tissue decreases for almost all reconstruction algorithms except the Bowsher-
MR and the OSEM3D with RR. In the case of OSEM3D+RR, the computation of
a mean polar map (using the LV delineation obtained from the Bowsher(MR)-
PET) does mitigate the sharp peaks of activity at the center of the LV of the
OSEM3D+RR reconstructions, which are the Gibbs artefacts due to the process
of RR. This holds true as long as a correct delineation (in this case, the one from
the MR-based reconstructions) is used. As far as the non-transmural lesion L1
is concerned (top-right pane of Figure 4.15), the mean segmental values reflect
the mean intensity of the ground truth when both a perfectly matching MR or
edge-preserving priors are used. The use of a misaligned MR does hamper the
quantification of both normal and lesioned regions, similarly to what the use of
an HRCT does. The HRCT does not produce correct results due to the absence
of pericardium and of the lesion in the anatomical image. The transmural lesion,
again, suffers less from mismatches or incorrect lesion delineation in the anatomical
image(bottom-right pane of Figure 4.15).

These results are confirmed by the visual inspection of the polar maps. A
selection of the bull’s eye plots compared to the ground truth is on Figure 4.14.

PROOF OF CONCEPT: ANIMAL DATASET

The images resulting from the reconstruction of the animal dataset are in Figure
4.16. The overall image quality improves when using the TV prior, with a noise-
suppression and contrast-enhancement effect that is similar to the one observed in
the simulation study. The boundaries of both lesions are also more clearly defined
when using TV.

IV DISCUSSION

In the first place, it is important to emphasize the reason why a single cardiac and
respiratory PET frame, obtained by double gating the original dataset, was consid-
ered here for PVC instead of a motion-corrected PET dataset (using all available
data). Several methods to obtain motion fields with which the PET dataset could be
corrected for motion have been proposed in the past: using a dynamic CT acquisi-
tion [156], via estimation of the motion fields directly from the PET dataset [80,141]
or using motion fields derived from a truly simultaneous PET/MR acquisition [142].
In the case of a shorter scan, for example, using a single cardiac gate from a study
with motion correction would increase the fraction of the counts that are used to
create the motion-free image. However, the additional radiation burden associated
with the CT acquisition, the possibly inaccurate and non-trivial motion estimation
from the PET dataset and the non-availability of truly-simultaneous PET/MR de-
vices in most of the PET centres, made us opt for simulating the worst-case scenario
where a simple double-gating pass was applied to the PET dataset. In this way, all
PET datasets are equally noisy and are equally unaffected by possibly inaccurate
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Figure 4.16: Animal dataset: a proof of concept. OSEM3D, OSEM3D+RR and TV reconstructions
were retroactively performed on a measured animal dataset, after motion correction is applied. Both
lesions are more clearly identifiable in the TV reconstruction. From left to right: short axis, hori-
zontal and vertical long-axis views.

motion-correction issues, and a fair comparison of the MR-based and CT-based PVC
could be performed. In addition, the results obtained in the simulated, worst-case
scenario are also representative for the case where the cardiac uptake was limited,
or if the PET scan time was further reduced to optimize the clinical workflow or
to limit gross patient motion during the scan [157]. We believe that most of the
findings of this work would also apply to reconstructed PET datasets with better
statistics and/or accurately corrected for motion.

A second point of interest emerges from the analysis of the preparatory results
of this study. The correct choice of the prior parameters (weight, amount of edge-
preservation, number of neighbours considered) is the first, fundamental task that
needs to be performed before any reconstruction-based PVC. Despite cumbersome
(multiple trial reconstructions are needed, in order to find the best parameters to
be used), this step is crucial for obtaining images that represent an acceptable
compromise between intensity bias and noise suppression – and, most importantly,
that are clinically acceptable.

Once the optimal parameters for reconstruction have been found, PVC of doubly-
gated cardiac PET images with anatomical information is a delicate task that re-
quires careful evaluation. The use of anatomical information that does not highlight
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scar tissue (e.g. HRCT or MR reconstructions where the lesion-to-LV contrast is
absent) is not worth the effort and the extra radiation burden for the patient, par-
ticularly for lesion detection. If its alignment to the PET dataset was perfect, it
would effectively suppress noise and make transmural lesions clearer, provided that
the weight of the prior information was not too strong and the appropriate number of
neighbours was chosen for the reconstruction. The visibility of the non-transmural
lesions would be only marginally improved. If only anatomical information that
does not highlight the scars can be made available, the improvement in lesion con-
trast and recovery would be so marginal that its acquisition would not be worth
the effort. A non-anatomical, edge-preserving prior applied during reconstruction
would be the best alternative.

If the anatomical image does differentiate between normal and scar tissue (e.g.
via a properly chosen MR sequence), then its use is advisable for both absolute quan-
tification and improved lesion detectability. However, it is of extreme importance
to accurately align (≤ 2 mm mismatch) the anatomical and activity images before
proceeding with PVC. If such alignment is not fully achieved, the risk of artefacts
in the reconstructions is high and might compromise the diagnostic accuracy. The
anisotropic resolution of the anatomical information decreases the performances of
the MR-based PVC, particularly if the structures of interest are below the spatial
resolution of the anatomical information. However, the anisotropy of the MR does
not seem to represent a bottleneck for PVC with anatomical information, as long
as a correct alignment is achieved.

The analysis of the polar plots suggests that any of the evaluated MAP algo-
rithms would produce a fairly good preservation of lesion-to-normal tissue contrast.
The use of misaligned or shifted anatomical information is not harmful if polar maps
are used, particularly if the mismatches are reasonably small. In fact, even if the
absolute quantification of the segments might be affected by the use of the wrong
anatomy, the contrast between the lesioned segments and the normal segments is
not degraded. Therefore, for the sole purpose of identification of segments with
lesions in the Bull’s eye plots of the LV, the use of any of these MAP algorithms
would be acceptable but the anatomical information would not introduce any sig-
nificant improvement in lesion detection. The polar maps also confirm what was
previously noticed in the reconstructed images. If the anatomical information is
used, the absolute quantification of all the segments improves when compared to all
other algorithms. However, to achieve such improvements, the anatomical image
(MR) needs to be perfectly aligned to the PET dataset. In case the alignment is
disrupted, the performances of the anatomy-based reconstructions are comparable
to those of the reconstructions simply enhanced with an edge-preserving prior.

This simulation study analyses the effects of a badly aligned anatomical im-
age relative to the PET dataset for the purpose of PVC of lesions in PET cardiac
datasets. A few limitations of this study come from the ideal-case scenario we are
currently considering. First of all, we utilize a single cardiac and respiratory PET
gate, assuming that a perfect motion correction of the PET dataset is performed.
We believe that this is the best way to clearly assess the effect of the different par-
tial volume correction techniques, without confounding the effect of the motion blur
with the partial volume effect. This said, we acknowledge that the breathing and
beating motion are a tangible and cumbersome issue when cardiac datasets are of
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interest, and that in the current clinical practice there is often no time nor means to
perform a fully dual-gated PET reconstruction. For this reason, we performed an
additional simulation study where we purposely did not correct for the respiratory
motion (i.e. only ECG-gating is performed, which can be easily done in clinical
practice) and we just applied the PVC techniques on such datasets. With this ad-
ditional study, we demonstrated that the heart motions (both due to breathing and
beating) need to be corrected for in order for PVC to successfully take place. The
optimal compensation of one of the two motions would improve the noise properties
of the resulting reconstructions, in all cases. However, a further improvement in
lesion visibility can always be observed when the prior information is used. In addi-
tion, even in the best case-scenario where dual gating can be performed, sometimes
a perfect motion correction simply cannot be achieved. This can be due to delays
or imperfections in the insertion of the triggers in the PET dataset, or to gross
patient motion that can occur during the scan and is not corrected for, or to the
violated assumption of correlation between the external motion tracked by the ex-
ternal tracking devices (e.g. respiratory belts) and the internal motion of the heart,
or to the unpredictable motion pattern of a real, patient heart (e.g. deformations
occurring during the breathing), or to the too simplistic gating method used for
motion correction. In all these non-ideal situations, the gating process can only be
correct to a certain extent. If the heart does not behave as modelled by the gating
software, part of the activity will be misplaced, and any of the PVC techniques
presented would simply smooth over activity regions regardless of how well motion
correction was performed.

We believe that the PVC should to be performed only when motion, randoms,
scatter and attenuation correction are performed in the most accurate possible
way. If this was not the case, the activity distribution before PVC would not be
correct in the first place, hence any PVC technique would obviously not improve
our knowledge on the actual, underlying activity distribution (on the contrary, it
would even possibly emphasize areas of wrongly placed activity).

In this regard, it is important to discuss the need for randoms and scatter
correction. Both corrections are necessary for a correct and artefact-free estimation
of the myocardial distribution of activity. In our case, we simplify the scenario by
assuming the absence of randoms and scatter from our simulated datasets. The
results here presented would change, in the direction of a worsening of the image
bias, if these corrections were not correctly applied. An analysis of the effects of a
wrong randoms and scatter correction was out of the scope of this study. It is also
necessary to underline that this study uses a perfectly matching attenuation image
to correct for attenuation during the PET measurement. In a previous study [144],
we proved that the use of a mismatched attenuation image can affect the subsequent
PVC of the PET dataset with anatomical information in two ways. Firstly, the use
of a mismatched attenuation correction can create fake, hypo-active areas in the
LV depending on the direction and the amount of the displacement of the AC CT
relative to the PET dataset. This could result by itself in errors in the quantification
of the (lesions in the) LV. In addition, the correction of the PET dataset with a
mismatched attenuation image can mislead the registration of the anatomical image
for PVC to the activity image. This, in turn, would result in wrong PVC (as in
one of our simulated cases where the anatomy is mismatched relative to the activity
image). Therefore, the results presented in this work have to be considered as the
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best-case scenario, where the attenuation map used does not hamper the registration
nor the quantification and image quality.

Investigating ways to improve the alignment between the PET and the anatomi-
cal dataset was out of the scope of this work. In the cases where the PET and the
anatomical images are slightly misaligned, a registration of the anatomical infor-
mation to the PET datasets might mitigate the issue, but the registration process
is not straightforward. Rigid-registration algorithms normally have an accuracy of
3-4 mm if inter-modality registration is performed [69]. However, we here observed
that these mismatch values are not acceptable if the PET dataset needs to be recon-
structed with anatomical information. The use of non-rigid registration to correct
for small deformations, despite appealing, appears difficult due to the often high
level of noise in the PET dataset. One possible solution would be to correct the
PET dataset with an edge-preserving prior first, then align it to the anatomical
information image of choice and, once a correct alignment is achieved, proceed with
a new reconstruction of the PET dataset with the help of anatomical information.
We briefly investigated this alternative, but the first results obtained did not rep-
resent an improvement to the reconstructions with the original misalignment (not
shown). A more in-depth investigation will be needed, to find the optimal registra-
tion algorithm and parameters that could lead to a more encouraging result in this
direction.

Finally, we would like to conclude with a comment on the feasibility of the
acquisition of gated anatomical information of sufficient quality for PVC. As for the
acquisition of an HRCT, while hybrid PET/CT devices do not have the necessary
resolution for obtaining CT images for PVC, dedicated CT scanners with high
spatial and temporal resolution are nowadays part of the clinical practice. With
these scanners, it is possible to obtain a ’frozen’ image of the heart in a specific
cardiac and respiratory phase, with a very low radiation burden for the patient [65].
When the patient requirements asked by the developers of such scanners are met
(e.g. the heartbeat of the patient has to be below 70 bpm for optimal image quality),
the images obtained with these dedicated CT devices are suited for PVC of healthy
(non-lesioned) cardiac tissue. However, the usage of separate or dedicated HRCT
scanners for the acquisition of anatomical images for cardiac PVC seems impractical
for several reasons. Firstly, in a HRCT, the lesions are not well visible, thus limiting
the applicability of the PVC method using HRCT to a better recovery of healthy
tissue. Secondly, the fact of moving the patient from one scanner (the PET/CT) to
the other (HRCT) for the acquisition of the anatomical information could increase
the chances of small motions and deformations of the heart between the two scans,
which would in turn increase the chances of incorrect PVC. This would be an issue
both for the use of a dedicated HRCT and MR scanner. Additionally, for what
dedicated MRI scanners are concerned, the acquisition of images with sufficient
temporal and spatial resolution for PVC would be problematic, due to the limited
allocated time for such scans. For all these reasons, great interest goes in the
recent development of integrated, truly simultaneous PET/MR devices, which we
believe could foster the application of anatomy-based PVC techniques in the clinical
practice. The use of these scanners would allow the acquisition of an MR image of
sufficient resolution, as its acquisition could be performed simultaneously with the
PET scan (and, therefore, last at least several minutes). Moreover, the problem
of moving the patient from one scanner to the other (or, even worse, to scan the
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patient on two different days, for the PET and the MR scan separately) would
be fully avoided. Navigators, self-navigated methods and acceleration methods
for obtaining MR images with a good temporal resolution, accurately corrected
for the periodic cardiac motion and with less motion artefacts (e.g. ghosting) are
successfully being used nowadays and are under continuous improvement [158,159].
We believe that the ongoing research in the field of simultaneous PET/MR (which
includes solving the problem of attenuation correction of the PET datasets, using
only the MR or the PET information [160]) would not only be useful for improved
diagnosis, but it could be the only clinically feasible way to apply anatomy-based
PVC on cardiac (and potentially other non-brain) PET datasets.

V CONCLUSIONS

The aim of this work was to assess the performances of edge-preserving priors for the
purpose of lesion detection in cardiac 18F-FDG PET, in comparison with anatomy-
based priors. We also aimed at highlighting the possible risks of anatomy-based
PVC on lesion detection and quantification, which occur when the anatomical image
is mismatched or shifted when compared to the corresponding PET dataset, and at
comparing MR-based and CT-based PVC on lesion quantification.

This study concludes that, as far as lesions are concerned, the use of anatomical
information in the form of HRCT is not worth the acquisition and use, as it only
marginally improves the noise properties of the images at the price of reduced con-
trast recovery of the lesions and of an increased radiation burden for the patient.
The quantitative evaluations (bull’s eye plots, CRC, RC, profiles) show that its
performances are equal or inferior to a well-tuned edge-preserving prior. If an MR
image acquired with a sequence that well differentiates between the various tissue
types is available, and its alignment to a previously reconstructed PET image is
optimal (≤ 2 mm), the recovery and visibility of the lesions does improve when
a new, anatomy-based PET reconstruction using such well-aligned anatomical in-
formation is performed. However, great care needs to be taken in choosing the
correct set of parameters for reconstruction and in verifying the correct alignment
of the two datasets. If the correct alignment between the anatomical and the PET
dataset is in doubt and cannot be otherwise improved, it is recommended to proceed
with a non-anatomical prior (e.g. TV) applied during reconstruction. This is also
recommended when only the bull’s eye plots are of interest.
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5 PARTIAL VOLUME AND MOTION

CORRECTION IN CARDIAC PET:

FIRST RESULTS FROM AN IN VS

EX VIVO COMPARISON USING

ANIMAL DATASETS.

Manuscript in preparation.

Abstract

In a previous study on ex vivo, static cardiac datasets, we investi-
gated the benefits of performing partial volume correction (PVC) in car-
diac 18F-FDG PET datasets using either anatomical or non-anatomical
prior information during reconstruction.

In this study, we aim at extending the findings obtained from the
ex vivo study by applying the previously selected, non-anatomical PVC
technique to in vivo cardiac datasets either uncorrected (static) or cor-
rected for the cardiac and respiratory motion. The objective of this
study is to highlight differences in the absolute or relative quantification
between the static and the motion-corrected in vivo reconstructions, by
comparing them to the ground truth data provided by a corresponding
ex vivo dataset. Ex vivo scans of the excised sheep hearts were per-
formed on a small-animal PET scanner (Siemens Focus 220, microPET)
to provide such high-resolution reference data unaffected by respiratory
and cardiac motion.

The results of this study show a different activity pattern between
the ex vivo and the in vivo datasets, hence making it hard to accurately
correlate their relative tracer uptake. The additional increase of FDG
uptake between the in vivo and the reference scans hampers a purely
absolute correlation of the tracer uptake between the ex and the in vivo
datasets. We provide a possible explanation for and take into account
such increase of activity by analyzing the dynamic left-ventricular total
uptake. Afterwards, a comparison of the absolute activity concentra-
tions of the in vivo and ex vivo reconstructions is attempted.

Despite providing a first indication on the usefulness of motion-
correction for absolute quantification, further experiments and improved

131



motion correction algorithms are needed to strengthen the conclusions
drawn here and to guarantee their transferability to human studies.

I INTRODUCTION

The characterization of cardiac pathologies by means of positron emission tomogra-
phy (PET) is progressively increasing [14]. In recent years, it has been hypothesized
that hemodynamic or mechanical indicators of the cardiac workload collected from
a patient (e.g. pressure or echocardiographic measurements) can be correlated to
specific uptake patterns identifiable by means of 18F-FDG PET [11]. If such corre-
lation was proven, PET images could have the potential to offer, in a non-invasive
fashion, parameters useful to improve the assessment of the progression and the
severity of cardiac pathologies, or to better predict the responsiveness of patients
to the planned therapeutical programme (e.g. cardiac resynchronization therapy).

Regional differences in myocardial FDG uptake have been observed in the past
[19]. However, the inhomogeneous regional wall thickness in remodelled hearts
might cause a different apparent uptake within the reconstructed heart images due
to the limited spatial resolution of the PET system. In addition to the blurring
introduced by the spatial resolution of the PET scanner, the motion of the heart
which occurs during the entire PET examination, due to the heartbeat and to
the breathing motion to which the heart is indirectly subject, introduces further
blurring in the final image and causes additional uncertainty on the estimated tracer
distribution.

In a recent study [161], we investigated the usefulness of partial volume cor-
rection (PVC) techniques during reconstruction of cardiac datasets in a simplified
scenario where no motion affected the datasets. While the addition of anatomical
side information for the reconstruction of cardiac datasets did not appear to be
essential neither for the absolute nor for the relative quantification of the tracer
uptake in the left ventricle (LV), other techniques (edge-preserving priors) which
do not make use of additional anatomical information were shown to be effective in
improving the noise characteristics of the reconstructed PET datasets, while dealing
with the artefacts that occur when modelling the resolution during reconstruction.

Additionally, several studies have highlighted the necessity of motion correction
techniques for the improved reconstruction of cardiac datasets [162,163]. However,
the comparison of the obtained, motion-corrected datasets against a ground truth
has not been performed yet. All previous studies perform a comparison between
motion-corrected and static reconstructions, based on the changes in indicators
such as wall thickness, ejection fraction or cavity volume [81, 164]. Additionally,
we explore the combination of motion-correction and of partial volume correction
techniques for the reconstruction of cardiac datasets acquired on a clinical PET/CT
scanner.

The aim of this work is to utilise the available in and ex vivo animal datasets to
investigate the optimal motion correction and reconstruction workflow for cardiac
PET studies.
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II METHODS

Thirteen Swifter x Charolais cross-breed female sheep with body weight 38 ± 3 kg
were used for these experiments and subjected to the same pacing and imaging pro-
cedure. Each animal had a pacemaker implanted, which was set to pace the heart
at 180 beats per minute during 8 weeks to achieve dilated asymmetric cardiomy-
opathy [128]. At 8 weeks, the remodelling of the heart reached a plateau and the
imaging protocol was started. For all imaging procedures and measurements, the
pacemaker of the sheep was set to a fixed heart rate of 110 beats per minute and
the animals were anaesthetised with isoflurane and mechanically ventilated with an
endotracheal tube.

ACQUISITION OF THE ANIMAL DATASETS

Each of the animals went through euglycemic-hyperinsulinemic clamping to maxi-
mize glucose uptake in the heart [28]. Once steady-state was achieved, each sheep
was injected with 18F-FDG and a PET scan of 30 minutes was performed (in vivo
scan) 30 minutes post-injection on a clinical PET/CT scanner (Siemens Biograph
16, Hirez). The mean activity at the beginning of the in vivo scans was 310,5
(range: 109-477) MBq. During this scan, the respiratory and cardiac motion of the
animals were recorded with an Anzai AZ773V respiratory belt and an ECG tracking
device, to later enable motion correction of the in vivo datasets. An attenuation
correction (AC) CT was acquired in a fixed cardiac and respiratory phase. This
was achieved by disconnecting the endotracheal tube for the duration of the AC
CT and by retrospectively gating the acquired CT for cardiac motion. Another AC
CT was obtained in a fixed respiratory phase, using the same procedure as above,
and no cardiac gating. After the scan, each sheep was sacrificed under isoflurane
anaesthesia with intravenous 160 mg/kg pentobarbital and 50 ml of saturated KCl.
The mean time elapsed between the end of the in vivo scan and the sacrifice, cal-
culated on 8 sheep datasets for which the approximate sacrifice time was available,
was 21 minutes (min:15/max:32 minutes). The heart of each sheep was explanted
immediately after sacrifice. Each heart was filled with a low-attenuating, hardening
polyurethane foam and subsequently underwent several (ex vivo) scans. Once the
foam was solid, a 15-minute PET scan on a small-animal PET scanner (Siemens Fo-
cus220 microPET) was performed, followed by a 20-minutes PET scan of the same
heart on the clinical PET/CT Hirez scanner. A high-dose, high-resolution (HR)CT
was also acquired on the clinical PET/CT scanner for each of the ex vivo hearts. It
was used both for attenuation correction (AC) and as anatomical information for
both the microPET and the Hirez ex vivo datasets.

MOTION CORRECTION OF THE IN VIVO DATASETS

The acquired in vivo animal PET datasets were corrected for motion using a phase-
based gating approach [165]. This approach was chosen to be consistent with the
algorithm used by the scanner. Additionally, for the kind of datasets available
(very regular beating and breathing rate and amplitudes, due to the mechanical
ventilation and the pacing imposed to each animal), phase-based gating represents
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a straightforward yet reliable way to correct for both the beating and breathing
motion. The datasets were either not corrected for motion (static datasets), or
corrected for both cardiac and respiratory motion (dual-gated). In the latter case,
the dataset was split into 5 respiratory and 10 cardiac gates. The gating was
performed using in-house software which produced as output small list-mode files,
each of which contained the events collected in one particular cardiac and respiratory
phase. Each list-mode file was rebinned into a sinogram which was then used for
further reconstruction. Due to the very low counts obtained after dual-gating of the
in vivo datasets, two of the sheep datasets were not considered for the subsequent
analysis.

RECONSTRUCTION OF THE DATASETS

EX VIVO, GROUND-TRUTH DATASETS

Given that the purpose of this study was to investigate correction methods against
a ground-truth dataset, reconstructions of the microPET ex vivo hearts were per-
formed. A maximum-a-posteriori (MAP) algorithm which combined resolution
modelling and the aligned HRCT as anatomical information (Bowsher prior in its
asymmetrical formulation [62]) was used. A weight (w) of 50 and 9 neighbours (n)
out of an 18-voxels spherical neighbourhood were used for the Bowsher reconstruc-
tion of the microPET dataset, as they resulted in the best performances (minimiza-
tion of the bias and the noise) when compared to a simulated ground truth (not
shown). Attenuation correction of the ex vivo dataset was also performed using the
HRCT, duly converted to 511 keV attenuation values before usage. The initial voxel
size of the microPET reconstructions was 0.47452 x 0.796 mm3, subsequently re-
sampled to match the voxel size of the Hirez reconstructions (1.35x1.35x1.35 mm3).

GATED AND STATIC IN VIVO RECONSTRUCTIONS

The algorithms that were used to reconstruct the dual-gated activity sinograms
were chosen based on our previous study on PVC of the ex vivo datasets:

• a 3D OSEM algorithm with resolution recovery (OSEM3D+RR), with and
without Gaussian post-smoothing, was chosen to corroborate the findings of
the ex vivo study which indicated the necessity of further PVC for accurate
absolute quantification of the tracer uptake. As in the previous work, resolu-
tion recovery was achieved by modelling the resolution of the camera with a
Gaussian smoothing kernel, applied in the sinogram space, whose full-width
at half-maximum (FWHM) corresponds to the scanner’s spatial resolution.
Where Gaussian post-smoothing was performed, we used a spatially-invariant
Gaussian kernel with FWHM = 5 mm in the three directions.

• a MAP algorithm using an edge-preserving prior (TV [57]) applied during
reconstruction was used as a way to regularize the reconstructions and produce
a more reliable representation of the activity distribution. In fact, the TV
prior proved effective in mitigating the Gibbs artefacts and the noise that
affect the reconstructions with RR. The TV reconstructions were performed
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using β = 0.005 as weight of the prior. This value was chosen based on a
previous optimisation study, where it proved to produce clinically acceptable
images with improved noise properties [139]. Additionally, we verified that
such choice yielded visually acceptable reconstructions also for the current
datasets.

In-house developed software was used to perform reconstruction of all the dual-
gated datasets with a distance-driven projection method. The voxel size of the
reconstructed PET images was set to 1.353 mm3. The iteration scheme consisted
of 3i42s (i: iterations, s: subsets), followed by 2i24s and 2i1s.

The static reconstructions were obtained using in-house developed software
which attempted to reproduce as closely as possible a typical clinical reconstruction.
A ray-tracing projection method without resolution recovery was used. The voxel
size was set to 2.66 × 2.66 × 2 mm and 4 iterations × 8 subsets were chosen.

The breath-hold, cardiac-gated CT was used for the attenuation correction of
all the aforementioned reconstructions. Scatter and randoms were also modelled
during the reconstruction of these datasets, using the scatter and random estimates
provided by third-party software (e7-tools, Siemens, Knoxville).

DYNAMIC IN VIVO RECONSTRUCTIONS

Our study analyses 18F-FDG PET reconstructions obtained from datasets acquired
either 30 minutes post-injection (in vivo datasets) or after the sacrifice of the animal
(ex vivo datasets), which in turn occurred about 1.5 hours after tracer injection.
Previous studies have documented a steady increase of FDG tracer uptake in the LV
up to 3 hours after patient injection [166]. Hence, we verified whether the datasets
used in this study were affected by such dynamic increase and we proposed a method
to scale the microPET activity accordingly.

Dynamic reconstructions of the available in vivo datasets were performed to
this end. The original, ungated listmode was divided into 6 frames of equal length
(5 minutes/frame), which were individually reconstructed using a distance-driven
projection method, resolution modelling in the sinogram space, the same iteration
scheme as for the dual-gated reconstructions and a voxel size of 2 mm in the three
directions. Decay correction of each of the dynamic frames was performed to the
beginning of the in vivo scan.

IMAGE POST-PROCESSING: POLAR MAPS (OR
BULL’S EYE PLOTS)

17-segments polar maps (PMs) or bull’s eye plots of the LV were created according
to the guidelines of the American Heart Association [167] to evaluate the relative
and absolute activity distributions in comparison to the ground truth. The use of
polar maps allowed to align the corresponding LV regions of the in vivo and ex
vivo reconstructions without the need for a non-rigid registration between the two
datasets. Additionally, polar maps are a commonly used tool to assess the tracer
uptake in nuclear medicine studies.
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MAX-COUNT POLAR MAPS

For each of the gated and static reconstructed datasets and for the ground truth,
the bull’s eye plots were created as described in [168]. The delineation of the LV
was automatically performed by in-house software. Max-count polar maps were
generated by taking the maximum value over the LV thickness at each radial and
longitudinal position, within the automatically-defined endocardial and epicardial
contours. A fixed distance of 1.6 cm was imposed between the endocardial and the
epicardial contours, to fully encompass the LV wall (thus including, e.g., the entire
papillary muscles).

MEAN-COUNT POLAR MAPS, TOTAL ACTIVITY AND SCALING
FACTOR

Additionally, mean-count polar maps were generated for all datasets (gated, static,
dynamic, ground-truth) by taking the mean value over the LV thickness at each
radial and longitudinal position, within the automatically-defined endocardial and
epicardial contours. Corresponding volumetric polar maps were also obtained. The
multiplication and subsequent summation of all corresponding voxels of the mean-
count polar maps and the volumetric polar maps generated the total LV activity
for each of the reconstructions. A fixed distance of 1.6 cm was imposed between the
endocardial and the epicardial contours, in order to fully encompass the LV while
excluding as much as possible the influence of the left-ventricular blood pool and of
the right ventricle from the computation of the total activity. Other thicknesses were
evaluated to delineate the LV (0.8, 1.2, 2.0 and 2.6 cm), but they were discarded
given that they would either exclude parts of LV (if too thin) or include too much
of the RV for the subsequent calculation of the polar maps.

The total activity of all 6 dynamic reconstructions was plotted against time,
together with the total LV activity computed from the ground-truth dataset and
the extrapolated total activity at sacrifice time – in turn obtained by applying a
logarithmic fit to the dynamic reconstructions, which we expected would be rep-
resentative of a biological process such as cardiac LV activity increase. A paired
t-test was performed between the extrapolated total activity at sacrifice time and
the computed total activity on the microPET reconstructions, to test the efficacy
of the logarithmic estimation.

The logarithmic fit is used to extrapolate the LV activity at sacrifice, so that
we could compare this value to the microPET value and exclude any increases of
activity between the sacrifice and the microPET scan. However, due to the fact that
all the in vivo datasets (both gated and ungated) contain data spanning over the
30 minutes, they all comprise a portion of the dynamic activity increase (which is
not corrected for). Thus, their mean LV activity is always higher than the mean LV
activity at the beginning of the scan. As a consequence, the microPET LV activity
needs to be scaled to the activity of one of these reconstructions (and not to the be-
ginning of the scan), to be able to compare the absolute values of the microPET with
those of the in vivo images of interest. A scaling factor was therefore computed
by dividing the total LV activity of the static reconstruction of the in vivo data
by the total LV activity of the corresponding microPET reconstruction (statscale).
The static reconstruction was chosen as a reference in order not to bias the results
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towards the dual-gated or partial-volume corrected reconstructions – which are the
subject of evaluation.

DATA ANALYSIS

The max-count polar maps of corresponding ex vivo and in vivo datasets were
compared based on their absolute activity differences and on the relative activity
distribution.

For the relative quantification, the mean, volume-weighted activity concentra-
tions of the septal (S, segments 8 and 9) and lateral (L, segments 11 and 12) segments
of each polar map were computed, and the S/L ratio within each polar map was cal-
culated as it represents a common measure of regional heterogeneity [169,170]. Ad-
ditionally, Bland-Altman plots were computed between the max-count polar maps
of the ground truth and all the in vivo reconstructions, both normalized to their
respective maximum value, and the bias and limits of agreement were reported as
in [171]. In so doing, we were able to globally highlight whether the differences in
the relative myocardial uptake were relevant or negligible. The analysis of the mean
bias per segment, over the entire animal cohort, allowed us to pinpoint if and which
(set of) segment(s) was particularly responsible of the observed differences.

For the absolute comparison, the scaling factor (as described in the previous
section) was applied to the ground-truth datasets prior to any further comparison.
Bland-Altman plots were computed between the max-count polar maps of the so-
scaled ground-truth and all the in vivo reconstructions, and the bias and limits
of agreement were reported. The segments in the Bland-Altman plots were color-
coded based on the human vascular regions to which they belong [167], in order
to verify whether an increased or decreased bias in any of these regions could be
observed.

III RESULTS

RELATIVE QUANTIFICATION

As for the relative tracer distribution, the results (Figure 5.1) indicated a similar
S/L ratio for all the in vivo reconstructions for each sheep, regardless the motion
correction applied (green, blue, red bars). The comparison with the S/L ratio
extracted from the ground truth datasets (orange bars) highlighted a small but
significant (p = 0.0004) disagreement.

We attempted to investigate the reasons of such discrepancy further. The ob-
servation of the normalised polar maps by means of the Bland-Altman plots shed
some light into the location of the differences in the activity distribution between
the in vivo and the ex vivo datasets. The Bland-Altman plots obtained from the
normalized max-count polar maps of the dual-gated TV (similar for OSEM3D+RR,
thus omitted) and the static reconstructions are on Figure 5.2. We can observe that
the differences between the normalized microPET and the normalized in vivo polar
maps are overall relatively small (less than 20%) and that the bias is in all cases
small. The analysis of the bias per segment revealed a particularly positive bias for
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Figure 5.1: Septum-to-lateral ratio for the analysed sheep. The S/L ratio extracted from the ex vivo
microPET polar map (orange column) is compared to the S/L ratio computed on the in vivo datasets
corrected with different motion correction techniques. Max-count polar maps were used in all cases.
The error bars represent the standard deviation of the S/L ratios of the dual gated reconstructions
over all gates.

the segment 3 (0.219621) and a negative bias for segment 11 (-0.118650), when the
static reconstructions are considered. As for the dual-gated TV reconstructions, a
particularly positive bias is observed for segments 3 (0.166982) and 9 (0.108928),
which could explain why the S/L ratios illustrated in Figure 5.1 show discrepancies.
Figure 5.3 visually reports on the mean bias and standard deviation per segment,
over the entire animal cohort, and allows us to visualize the aforementioned seg-
ments – which are most responsible of the observed differences.

The decreased activity, particularly of the infero-lateral segments, is visible even
when visually comparing the ground-truth and the in vivo polar maps, as Figure
5.4 shows.

DYNAMIC LV UPTAKE AND SCALING FACTOR

As for absolute quantification, the reconstruction of the 5-minutes dynamic frames
of the in vivo PET scan confirmed that an increase of the total activity uptake
in the LV was present in our sheep cohort. Each plot of Figure 5.5 shows the
activity of the dynamic reconstructions, the extrapolated activity at sacrifice time
and the microPET activity for each sheep. The logarithmic fit was optimal for all
animals (mean R2 > 0.95). The extrapolated sacrifice value matches well with the
calculated total microPET activity (p-value of the paired t-test between the total
extrapolated activity at sacrifice and the total microPET activity: p = 0.24 ≥ 0.05),
thus confirming that the dynamic increase was most likely present only during the
portion of the experiment where the animal was alive.
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Figure 5.2: Bland-Altman plots for the normalized max-count polar maps. Top pane: TV (dual-
gated, end-diastolic gate), bottom pane: static (ungated) reconstructions against the ground truth
(microPET). The segments are color-coded based on the quadrant they belong to (septum, lateral,
anterior or posterior). Additionally, the segments belonging to the basal, middle, apical and apex
rings have each different symbols.
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Figure 5.3: Polar plots visually indicating the mean bias and the mean standard deviation of the
differences obtained by subtracting the normalized in vivo reconstructions (top pane: static, bottom
pane:TV) from the normalized microPET polar maps. Average values over all animals.

ABSOLUTE QUANTIFICATION

The mean statscale factor computed over all sheep was 0.84. Using the statscale
factor (calculated individually for each animal) to scale the microPET down and to
account for such dynamic increase, we plotted the Bland-Altman plots for all sheep.
In Figure 5.6, the Bland-Altman plots for the dual-gated, TV and OSEM3D+RR
reconstructions and the static reconstructions are reported. We can appreciate a
decrease in bias when the TV reconstructions are used (1.25 vs 2.7 when static
reconstructions are used instead), as well as a narrowing of the limits of agreement
(2.7 for TV vs 3.3 for the static reconstructions).

From the same figure, we notice a drop in bias when the OSEM3D+RR recon-
structions are considered. This is to be expected, since the such reconstructions
are characterized by overshoots of activity which produce an overestimation when
compared to the microPET. However, the bias that is obtained is, in absolute value,
similar to the one obtained when the TV reconstruction is used instead. This can be
attributed to the suboptimal choice of the scaling factor. Figure 5.7 visually shows
the reason of this results. If the max-count polar maps are computed for each sheep
and for each cardiac gate at end-expiration, and the mean of each of these polar
maps is then calculated (similarly to the procedure in [161]), we can observe that

140



1879

4138

1132 1792 1807

4244 4238

1840 1886

1869 1926

Figure 5.4: For each sheep, the max-count polar map of the microPET reconstruction (left side for
each pair of images) is visualized next to the max-count polar map of the TV, in vivo reconstruction
(end-expiration, end-diastolic gate). In several sheep, the decrease in the infero-septal portion is
clear when the in vivo reconstructions are considered (regardless of the motion correction algorithm
that is applied).

the downscaled microPET lies in between the OSEM3D+RR and the TV curves.
The red arrows on the same figure indicate which gate has been used for the cal-
culation of the Bland-Altman plots of Figure 5.6, and confirm the obtained bias.
Additionally, we can observe that the ranking of the algorithms (OSEM3D+RR
is higher than the TV, which is in turn higher than the static reconstruction) is
similar to what previously reported on in previous studies [161].

IV DISCUSSION AND CONCLUSION

The use of the microPET datasets for the accurate quantification of PET images
and as ground truth for the validation of PVC and motion correction techniques on
cardiac datasets is conceptually interesting but not free from drawbacks.

Firstly, the microPET datasets were scanned about an hour after the end of the
in vivo scans. A limitation of this study was that the sacrifice was not performed
immediately after the scan, but had to be done in a dedicated room at the other
side of the hospital. Hence, no scans could be performed during the time between
the end of the in vivo scans and the sacrifice of the animal, thus making it hard to
predict the LV FDG uptake for each animal over time. The reconstruction of the
dynamic frames of the acquired in vivo datasets were, however, useful for estimating
a trend of LV FDG uptake over time. The obtained curves, for each of the analysed
animals, corroborated those of a previous study which observed increased LV FDG
uptake up to 3 hours after tracer injection [166].
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Figure 5.5: Total LV activity for all sheep datasets (one animal per color). The first 6 time points
represent the total LV activity in the polar maps of each dynamic reconstruction of the in vivo dataset.
The activity at sacrifice is extrapolated based on the logarithmic trendline that fit the dynamic points.
The last point is the total LV activity computed from the polar map of the ex vivo (microPET)
dataset. All reconstructions have been corrected for decay to the beginning of the in vivo scan before
the computation of the activities.

A method to correlate the microPET and the in vivo absolute values was pro-
posed in this work, which downscaled the total activity of the LV of the microPET
reconstructions to match the total reconstructed LV activity of the in vivo datasets.
We scaled the microPET using the total activity of the static reconstructions, in
order not to bias the conclusions towards one of the algorithms we wanted to evalu-
ate. Despite all efforts to calculate the scaling factor in a sensible way, the use of a
scaling factor is not ideal when absolute quantification is aimed at, as there is always
a risk of under- or over- scaling the ground-truth and therefore biasing all results
towards one or the other reconstruction algorithm. For example, a smaller scale
factor applied to the microPET datasets could favour the max-count polar maps
of the reconstruction algorithms that overestimate the activity concentration (e.g.
OSEM3D+RR with associated Gibbs artefacts), while a heavier downscaling of the
microPET values would bias the results towards the algorithms that underestimate
the activity (e.g. the static reconstruction).
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in this graph. One mean value per gate is represented. The red arrows are placed in correspondence
to the end-diastole gate, based on which the Bland-Altman plots in this work have been computed.
the microPET was here downscaled with statscale.

Given the previous limitations, we anyway attempted to correlate the tracer up-
take in the motion-corrected and static datasets to the tracer uptake of the scaled ex
vivo ground truth. While the Bland-Altman plot shows an improvement when mo-
tion correction is applied to the datasets, a similar bias (absolute value) is however
observed for the TV and the OSEM3D+RR reconstruction – which could indeed
make us suspect a suboptimal choice of the scaling factor. However, the graph
showing the mean activity computed on the max-count polar maps of the in vivo
reconstructions shows a ranking that is similar to what was observed in a previous
study on ex vivo datasets, where the OSEM3D+RR over-estimated the total activ-
ity and the TV was the closest to the ground truth [161]. As a consequence, from
the sole analysis of such graph and the comparison of the in vivo reconstructions,
the motion correction of the datasets appears to be beneficial.

We additionally correlated the relative distribution of activity within the LV of
the in vivo and the ex vivo datasets, to assess whether the regional activity distri-
bution (e.g. the S/L ratios) would be affected by the different motion correction
techniques. We observed that the use of either reconstruction, both with and with-
out motion correction, did not greatly change the activity distribution within the
in vivo sheep hearts nor improved the similarity to the ground-truth. This can be
explained by the fact that, in the analysed sheep, a similar blurring affected both
the septum and the lateral wall due to respiration, and the differences in wall thick-
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ness were not so pronounced to determine a stronger blurring on one or the other
side of the LV wall due to the partial volume effect. The analysis of the Bland-
Altman plots on the normalized polar maps confirmed such visual observation and
revealed an overall good similarity of the in vivo polar maps to the ground truth.
Some segments, in the infero-septal and infero-lateral portion of the LV, revealed
however bigger discrepancies in the activity distribution within the LV, when the
in vivo and the ex vivo scans are compared. This could be partially explained by
the different shape and size of the ex vivo and the in vivo datasets, which could
affect the reorientation and accurate alignment of the datasets needed prior to the
creation of the polar maps. Additionally, the filling of the ex vivo hearts with the
polyurethane foam might have stretched and possibly modified the relative activity
distribution in some of the datasets. Another possible explanation of this change
in activity distribution is that the sacrifice of the sheep using KCl determined a
sudden and unexpected shift of tracer uptake in the heart. However, none of these
hypotheses could be confirmed with the available sheep datasets. Due to this unex-
pected behaviour, the comparison of the S/L ratios computed from the ex vivo and
the in vivo datasets was affected, an this could also partly justify the differences in
absolute quantification observed in this study.

Further experiments, both on animal and on human datasets, would be needed
to confirm the results obtained in this work. The animal experiments should feature
an additional scan at sacrifice, to be able to clarify whether the total reconstructed
activity is indeed following a logarithmic increase and to more accurately estimate
a scaling factor for the ex vivo datasets. Human experiments would be additionally
needed to clarify whether the use of motion correction is as irrelevant as in sheep
for relative LV quantification. A comparison of the non-corrected vs the motion-
corrected reconstructions of animal and human datasets would be valuable to clarify
this point. However, at present, all available human datasets showed a very irregular
breathing pattern (acquired via a respiratory tracking system), with baseline drifts
and sudden amplitude changes which made it impossible to use to perform accurate
motion correction, without having to throw away a significant amount of the data.
Improved motion correction techniques should be implemented in the first place,
to allow an event-by-event motion correction such that the motion-corrected vs the
static reconstructions could be analysed.
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Why 18F-FDG for cardiac PET imaging?
The use of PET for the diagnosis and follow-up of cardiac diseases is of increasing
interest [14], in spite of the conceptual and practical challenges that it presents. One
of the first elements that needs to be taken into account is that different cardiac
pathologies can alter the underlying substrate utilization, thus making even the
choice of the radioactive tracers non trivial. 18F-FDG has been considered since
decades the tracer of choice for assessing hibernating myocardium and ischemia,
where a switch to glucose uptake is present and known. In these cases, 18F-FDG
becomes the best way to assess myocardial glucose metabolism and therefore in-
fer energetics. In the past years, the use of 18F-FDG for the evaluation of other
pathologies (in particular non-ischemic cardiomyopathies) has been explored with
encouraging results [11, 172, 173]. Additionally, myocardial dysfunction (e.g. non-
ischemic dilated cardiomyopathy) can be correlated with a change in metabolism
towards the utilization of an increased amount of glucose [174], and early studies on
18F-FDG uptake in left-bundle branch block (LBBB) demonstrated that 18F-FDG
is a good marker to show changes pre and post CRT [12]. Despite other tracers,
e.g. 11C-acetate, are generally considered a better way to assess myocardial energet-
ics and oxygen consumption, the use of 18F-FDG – especially in combination with
perfusion tracers – might help to shed light and discriminate into the metabolic
pathways behind an underlying pathology, thus possibly helping to e.g. understand
why CRT fails or succeeds.

In addition to all the aforementioned rationale, and provided that the animals
used in this work were induced non-ischemic, LBBB-like cardiac remodeling with a
dual-chamber electrical stimulation, other reasons – more connected to our specific
experimental setup – led us to select and utilize 18F-FDG in the course of this
work. Firstly, the use of euglycemic-hyperinsulinemic clamping has been proven
to enhance myocardial glucose uptake, thus ensuring appropriate tracer uptake in
the current experimental conditions and enhanced quality of 18F-FDG-PET images
with a clinically acceptable dose. Additionally, opposite to tracers with a very short
half-life and a rapidly changing dynamics, 18F-FDG allows for the acquisition of a
stable frame of sufficient length to successfully apply motion correction techniques
and retaining at the same time a sufficient amount of counts. In the context of
our animal experiments, where the acquisition of ex vivo datasets was also foreseen,
using a tracer with a short half-life would not have provided a sufficient amount
of counts several hours after tracer injection, while this was easily achieved with
18F-FDG.

Independent of the animal model and biological question that one wants to
address, however, we believe that the techniques developed in this work can be
applicable to other tracers, both for perfusion and metabolism, and particularly for
those whose half-life is sufficiently long and which reach a stable plateau phase.

For all the aforementioned reasons, 18F-FDG was chosen as a representative
tracer for this work. The indicators extracted from cardiac FDG-PET images could
corroborate and emphasize the findings obtained from other techniques (e.g. pres-
sure measurements) and imaging modalities (e.g. echocardiography) [11]. If a corre-
lation between the severity of certain myocardial diseases and the patterns observed
in 18F-FDG-PET was strongly proven, the values extracted from the resulting PET
images could be eventually used as indicators of myocardial workload. However, at
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present, the limited spatial resolution of the PET system, together with the motion
that inevitably occurs during any cardiac PET examination, raises questions on the
quantitative accuracy of PET images for this purpose.

Challenges in myocardial 18F-FDG PET
In this project, partial volume correction performed during reconstruction was eval-
uated as a means to guarantee exact quantification and regional distribution of the
left ventricular uptake, in combination with motion correction techniques. In the
past decade, several algorithms have been presented for the enhanced reconstruc-
tion of PET datasets, among which some that made use of additional anatomical
information during reconstruction [54,61,96]. In those works, the use of prior infor-
mation had shown extremely promising results in brain, thus leading us to explore
its applicability to other anatomical districts. The objective of this work was the as-
sessment and comparison of such advanced image reconstruction techniques (with
and without the additional use of side anatomical information) in simulated and
animal studies, in order to pinpoint the algorithm that produces the most accurate
relative and absolute quantification of regional activity in cardiac PET images.

Behind the partial volume correction of cardiac PET datasets, the simultaneous
consideration of several additional aspects is needed to produce sensible results.
Attention to the attenuation correction, image alignment and motion correction is
also of primary importance, if quantitatively informative images are aimed at.

Additionally, the evaluation of the improvements introduced by novel recon-
struction and motion-correction techniques against a measured, realistic ground
truth dataset was so far unexplored, as most of the previous studies investigated
the introduced benefits by evaluating, e.g., the reduction in calculated wall thick-
ness or ejection fraction in comparison to phantoms or un-gated patient studies
(e.g. [81, 164]).

In this work we answer some of the questions that are raised when partial volume
correction of cardiac PET datasets is aimed at.

Attenuation correction
The problem of attenuation correction of cardiac datasets has already been explored
previously in literature. In particular, several studies have analysed the best way
to correct a motion-blurred PET, in order to avoid artefacts due to the different
temporal resolution of the PET and the CT dataset for AC [38–40]. To our knowl-
edge however, the opposite issue (i.e. how to best correct a motion-corrected PET
for attenuation) had not been thoroughly investigated so far, even though it is of
fundamental importance for accurate myocardial quantification.

We explored the role of attenuation correction for gated myocardial PET images,
not only for the optimal left-ventricular quantification but also to avoid the intro-
duction of attenuation-derived artefacts in the final PET reconstruction (Chapter
1). This, in turn, could hamper the registration of the anatomical image to the PET
datasets for subsequent partial volume correction. We observed that the use of an
attenuation map that is acquired in a different cardiac phase (but in the same, fixed
respiratory position) with respect to the PET gate produced acceptable results and
is practically achievable in a clinical setting. Conversely, the use of an attenuation
map that is mismatched with respect to the respiratory phase of the PET is not
recommended, as it can generate artefactual hypo-perfused areas in the heart as
well as other artefacts that might hamper a subsequent image registration. This
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can happen, for example, if the patient inspires too much when requested to hold
his/her breath, or when the attenuation map is acquired at end-inspiration but the
reconstructed PET phase is at end-expiration, to maximise the amount of counts
used for that reconstruction (e.g. when optimal gating strategies are considered).

The definition of the optimal attenuation correction strategy for dual-gated stud-
ies was helpful in the refinement of the protocol used for the acquisition of the
subsequently measured animal datasets.

Finding the optimal reconstruction
Chapter 3 describes the validation of the partial volume correction techniques
against the ground truth image produced by the microPET scans, using the ex
vivo datasets. As mentioned earlier, the study aimed at assessing the possible
benefits of partial volume correction techniques, with or without the use of side
anatomical information, in the simplified case where no motion affects the measure-
ments. The results of this study showed that the relative distribution of activity
remained unchanged within the left ventricle of the available datasets, no matter the
reconstruction algorithm that is used. However, the comparison of the absolute dis-
tributions of the tracer uptake showed the superiority of the regularised (either with
anatomy-based or with non-anatomical priors) reconstructions against the standard
reconstruction algorithms, both in terms of overall recovery of absolute values and
in terms of stability against the way to construct the polar maps. Although the
use of anatomical priors did not yield added value for left ventricle quantification,
it did result in a better rendering of the smallest features in a PET image, such as
the right ventricle. The study in Chapter 3 gives a first indication on the potential
role of the anatomical side information for this purpose.

It is worth mentioning that in this chapter, as well as in several others, a re-
gional comparison using polar maps is performed instead of a voxel-vise comparison
of the available reconstructions. Surely, a voxel-wise comparison would be possibly
the best and most precise way to compare two datasets. However, the benefit of
a very accurate voxel-wise quantification would not be reflected into a compara-
ble practical benefit in the clinical routine, at least in the first instance. Firstly,
a reconstruction-based comparison would be beneficial only for the assessment of
absolute quantification of activity, as for relative quantification it is difficult to pin-
point reproducible landmarks which delineate e.g. the septum and the lateral wall.
Secondly, a registration is involved in all comparison, thus questioning the exactness
of the voxel-wise comparison. Thirdly, most of the nuclear medicine applications
for cardiac imaging – including the ones that were aimed at in the broader scope of
our experiments (i.e. correlating metabolic parameters to myocardial workload) –
rely on a region-based analysis. The polar maps are the most common tool to assess
regional metabolic variability, to compare it to myocardial perfusion maps and to
put it in relationship with other mechanical indicators (e.g. pressure-volume area
values as a measure of myocardial workload). To additionally ensure consistency
with previous literature and to verify whether we could obtain comparable results,
we decided to use polar maps in most of this work.

In Chapter 4 we sought to explore, in parallel, the usefulness of prior informa-
tion for the recovery of myocardial lesions. In fact, together with the assessment of
regional inhomogeneities in left ventricular uptake, the accurate knowledge of the
extent and residual activity of an ischemic area can be of interest to nuclear cardi-
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ologists. We decided to perform a simulation study instead of utilizing the available
in vivo datasets, as the use of simulations allows a better control over the generated
motions and mismatches. Additionally, an animal model with (non-transmural) le-
sions was not available at the time the study was performed, but the effects of PVC
on this kind of datasets was also of interest for future applications. Finally, the
use of simulations guaranteed that the amount of activity that should be expected
is homogeneous and constant in well-specified myocardial regions. This simulation
study on the lesion quantification was combined with an analysis of the effects of
misalignment between the anatomical image and the PET image. The results of
this study highlight the deleterious effects of using side anatomical information that
is misaligned of more than 2 mm with respect to the PET image, and suggest the
use of a milder but less risky edge-preserving prior in case such optimal alignment
cannot be guaranteed. The need for an accurate alignment of the anatomical and
the emission datasets, highlighted in this work, might be of interest also outside
of the scope of cardiac examinations. For example, brain studies could suffer from
the same issues, if motion occurred between the acquisition of the PET and of the
anatomical image for partial volume correction (e.g. the patient’s head slightly
moved).

In vivo vs ex vivo experiments
The elements collected and the results obtained in the previous studies allowed
us to proceed to the last part of this work, whose objective was to correlate the
activity concentrations of and the figures-of-merit extracted from the ground truth
(microPET) dataset to those obtained from the corresponding in vivo PET datasets.
The correction for motion of clinical, cardiac PET datasets, in the attempt to
obtain quantitative images with reduced noise levels, was already subject of previous
investigations [22, 76]. However, to our knowledge, none of the previous studies
focused on accurate image quantification and aimed at reconstructions with fine
spatial, on top of temporal, resolution. Additionally, these studies did not compare
their findings to a ground-truth.

We explored this topic in Chapter 5. The correlation between the in vivo and the
ex vivo datasets encountered a first difficulty in the increase of cardiac uptake during
the scans, which made it harder to compare in absolute terms the microPET activity
concentrations to the mean in vivo uptake. The resulting FDG datasets were not
a pure static description of FDG uptake, but included un-modelled effects such as
tracer dynamics and anesthesia, which complicated our initial plan to compare in-
and ex- vivo activity concentrations more than initially expected. Unfortunately,
the techniques available at present did not allow us to perform dual-gated, dynamic
reconstructions as this would retain a too small fraction of counts/frame, thus we
had to assume a steady state (also in agreement with clinical protocols, where the
time of scanning is between 30 and 60 minutes post-injection). Performing the
acquisition later, assuming a plateau of the uptake is obtained, would have been
an option if anaesthesia was not required. In fact, the administration of prolonged
of anaesthesia may exert negative effects on the cardiac physiology. The chosen
in vivo scan time was therefore a compromise between these two opposing needs,
together with choosing it as reflective of the actual clinical work flow.

A correction of the offset between the LV activity of the microPEt and the in vivo
datasets was proposed and, with that, the evaluation of the different motion correc-
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tion algorithms in comparison to the ground truth was carried out. The results on
the available cohort showed an improvement in absolute quantification when correc-
tion for the cardiac and the respiratory motion is performed before reconstruction.
The relative quantification, i.e. the assessment of regional (in)homogeneity in the
in vivo datasets when compared to the ex vivo ground truth was also evaluated.
Similarly to what happened with the comparison of anatomical and non-anatomical
priors, the use of motion correction algorithms before reconstruction did not sig-
nificantly hamper the assessment of myocardial relative uptake, nor changed the
conclusions that might be drawn from an un-gated myocardial study. Despite the
few limitations of this animal study, among which also a small sheep cohort and
the basic motion-correction algorithm used, the work gives a first indication on the
usefulness of motion correction in combination with resolution modelling at least
for what absolute quantification of activity is concerned. The motion correction
does not seem to be a significant source of errors when only the relative distribution
of activity is needed.

Advantages and pitfalls of the used animal model
The rationale behind the acquisition of animal datasets was both to validate the
definition of a controllable model of left-ventricular remodelling using sheep, and to
obtain realistic cardiac datasets in controlled conditions that could be used for the
validation and the testing of the different partial volume correction techniques.

Such designed animal model, despite useful for providing the first datasets for
testing the selected reconstruction and motion correction techniques, was however
not fully optimal to demonstrate the potential impact of partial volume correction
on cardiac datasets. The expected thinning of the septal wall, which should have
reached a minimum thickness of 4-5 millimetres (or lower) for the PVEs to be evi-
dent and for the PVC to make a significant difference in the reconstruction outcome,
was instead not as pronounced. Echocardiographic measures for the whole available
animal cohort revealed an average thickness of 9.8 mm for the septum and 11.0 mm
for the lateral wall (both evaluated at end-diastole), thus minimizing the potential
benefits of PVC techniques applied to our datasets. However, from both the sim-
ulation study of Chapter 4 and the ex vivo study of Chapter 3, it emerged that
anatomy-based PVC techniques can yield substantial improvements when thinner
regions are considered. This could be the case, for example, of non-transmural le-
sions or naturally thin regions of the heart, such as the apex or the right ventricle.
In the light of these findings, an animal model featuring a non-transmural scar or an
extremely pronounced asymmetrical wall thinning could have been probably more
effective to clearly assess the benefits introduced by the proposed PVC techniques.

In the second place, a mention to the use of anaesthesia in our experimental an-
imal setup is necessary. Previous studies on small animals have already pointed out
an effect of isoflurane on myocardial tracer uptake [175], thus leaving the question
open on whether the reported absolute concentration values are representative of
the actual myocardial uptake had the animal been scanned awake. This is surely a
limitation of the current experimental setup which, however, could not been avoided
with the available instrumentation. Most large animal studies using PET, MR or
CT require general anaesthesia, which reduces overall animal motion and provides
better control of respiration. Performing the same experiment without the use of
anaesthesia would have been logistically infeasible. Even though the administration
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of anaesthesia might affect the reported absolute activity concentration values, it
would anyway not modify the effectiveness of PVC techniques or the comparison
with the corresponding ex vivo hearts. Additionally, we would also expect the effect
of anaesthesia to globally affect cardiac physiology, so the comparison of regional
distributions would still hold true.

An interesting feature of the available datasets was the availability of ground-
truth datasets. The measurement of cardiac tracer uptake with the aid of the
microPET was justified by the superior spatial resolution of this imaging system.
This, in turn, led us to consider the microPET reconstruction image as a reliable
ground truth, that is to say an ideal partial volume- free dataset which retained a
realistic cardiac shape. Additionally, the ex vivo datasets acquired on the microPET
scanner seemed to represent the best way to validate the chosen partial volume
correction techniques without the results being obfuscated by a possibly imprecise
motion correction. Against our initial expectations, after analysis we found that the
procedures we were using to reconstruct the PET datasets were sub-optimal and the
resulting images as such were not ideal as a ground truth. For example, some of the
clinical ex vivo datasets did not fully resemble the activity distribution of the pre-
clinical image, no matter which partial volume correction technique was chosen.
An investigation of the causes of such behaviour resulted in what is highlighted
in Chapter 2. The large, non-conventional shape of the ex vivo hearts causes an
unforeseen scatter behaviour in the microPET datasets. This is emphasized by
the small size of the bore of the microPET, which led the scattered activity to be
(erroneously) estimated within the heart walls, thus changing in some cases the
relative tracer distribution. Additionally, the study in Chapter 2 highlighted the
need for a decent and appropriately histogrammed attenuation map from which
the scatter is estimated. If this is not the case, overestimation of the scatter (and,
therefore, mis-quantification) can occur. The correction of the microPET datasets
both for attenuation and for scatter greatly improved the similarity of the clinical
and pre-clinical activity distributions, thus encouraging us to pursue on the idea of
comparing the myocardial uptake in such ideal, motion-free scenario. The results
obtained in Chapter 3 were made possible thanks to these improvements.

Despite the potential of the microPET datasets, we acknowledge the presence of
a few pitfalls of the experimental procedure which hampered the final comparison of
the ground-truth datasets to the in vivo datasets. Two main aspects are responsible
for such non-ideal outcome. Firstly, the planned experimental setup accounted for
an in vivo scan of the available animals and their subsequent sacrifice and heart
explant to obtain the ground truth dataset. However, due to the hospital regulations
and experimental logistics, the sacrifice of the animal and heart extraction did not
happen immediately after the end of the in vivo scan (but about 20 minutes after
it). Therefore, the accumulation of FDG in the left ventricle between the end of the
scan and the sacrifice was unknown, leading to uncertainties when the LV activity
of the ex vivo and the in vivo LV activities needed to be compared in absolute
terms. Secondly, the scan of an explanted heart filled with foam is different from
the scan of a heart enclosed in the thoracic case and fully surrounded by attenuating
and scattering tissues. The filling of the ex vivo hearts with the polyurethane foam
was not strictly regulated, thus resulting in a few cases where the cavity was over-
injected and a thinner wall was obtained. The deformation of the structures caused
by such over-filling could be one of the reasons why the activity distribution of the
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in vivo and ex vivo datasets did not completely match in our analysis (Chapter
5). Additionally, not only does the use of an explanted heart remove the effects
of motion, but it also simplifies the attenuation and scattering conditions – both
of which are known to cause mis-quantification. A better approach to gradually
achieve an ideal ground-truth would have been to stop the heart and the respiration
in the sheep immediately after the end of the in vivo scans, to scan the entire sheep
in these conditions (so that the attenuation and scatter effects are unchanged, and
only the motion is removed), and only then to extract the heart, perform the ex
vivo scans and all the subsequent comparisons. By proceeding this way, we could
have achieved more control both over the dynamic LV uptake and over the other
non-ideal conditions that occur when the heart is in its natural setting.

Finally, even though we eventually concluded that the use of a well-tuned non-
anatomical prior produces results similar to a well-tuned anatomy-based prior, a
mention to the choice of the imaging modality to obtain the anatomical information
for PVC for cardiac datasets is needed. The extremely promising specifications of
the dual-headed Siemens Somatom Definition Flash CT system made us initially
rely on such scanner to obtain images with sufficient spatial and temporal resolution
for potential anatomy-based PVC of our in vivo datasets. However, the heart beat of
the animals used in this work (110 bpm) was too high for a correct reconstruction
of the datasets coming from this scanner, resulting in most cases in anatomical
images that were a patchwork of several cardiac phases, none of which fully matched
the emission dataset. Additionally, during the course of the analyses we observed
that CT does not highlight the differences between the healthy tissue and scarred
myocardial tissue, as they have an almost identical linear attenuation coefficient.
This is not ideal when partial volume correction and lesion detection are aimed at.
Therefore, the use of CT for PVC was discarded in the course of this work, unless no
lesions and no motion were present in the datasets. Due to the enhanced soft tissue
contrast and to the ability to discriminate between healthy and scarred myocardium,
the use of specific gated MR sequences would be advisable instead, particularly if
an animal model of non-transmural myocardial infarction was considered.

Clinical applications
The information gathered thanks to the studies of this work can be of use when
clinical applications of cardiac PET are considered. With these regards, two studies
have been started in the scope of a broader project investigating the relationship
of myocardial metabolism to other mechanical or hemodynamic parameters. In
both studies, the application of motion-correction and edge-preserving prior infor-
mation will help to further corroborate the results of this work. Firstly, a patient
study aiming at diagnosing in a non-invasive way the effects of cardiac remodelling
and cardiac resynchronisation therapy was commenced. Patients with heart failure
with decreased ejection fraction and myocardial dissynchrony were enrolled in a
multicenter study. In this project, it was proposed to select candidates for CRT im-
plantation based on inhomogeneities present in the dyssynchronous failing hearts.
In fact, previous studies have indicated that different parameters related to the func-
tional status of the septum are diminished in dyssynchrony. We hypothesized that
patients with left ventricular dissynchrony will show characteristic uptake patterns
in glucose metabolism and myocardial perfusion, which would allow the identifica-
tion of those patients that suffer most from dissynchrony and that could be the best
candidates for CRT. At the moment of writing this dissertation, about 20 patients
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have been through the scanning process and their datasets are ready to be analysed.
However, a clear limitation of the available motion correction and motion extrac-
tion algorithms has already emerged. In fact, as already demonstrated in previous
literature, baseline drifts and sudden changes in breathing patterns have been ob-
served in the majority of the acquired datasets. These events had a high occurrence
rate during our patient acquisitions, and no available motion correction technique
can be applied without the risk of wrongly correcting for motion or throwing away
too much data. Enhanced methods are needed to more accurately correct for the
irregular respiratory motion that affects the datasets, and their development should
be a priority before any further investigation can be done. In fact, the application
of any partial volume correction technique on datasets where residual motion blur
is present would be conceptually wrong. The use of data-driven methods to both
free the clinical work flow from the time-consuming set-up of the respiratory belt
and to extract a possibly more accurate respiratory trace is particularly interesting
and should be the subject of further analyses. Nevertheless, this will not be the
final solution if the drift and the irregular breathing is real. A way to extract the
motion displacements of the heart during the whole duration of the scan, and to
later on apply those displacements to the list-mode dataset to correct for motion,
should be also investigated.

The second study that has been initiated stemmed from the observation of in-
creased papillary muscle uptake in the available animal datasets. Such occurrence
was proven to be significantly correlated to the sphericity of the heart, which is
an indicator of dilated cardiomyopathy. These findings might have direct implica-
tion on the importance of papillary muscle preservation during cardiac surgery. A
study assessing the relationship between papillary muscles and cardiac dilatation
on sheep datasets is currently ongoing [176]. The use of motion and partial volume
correction (edge-preserving) techniques will be encouraged, to recover the activity
concentration of the papillary muscles more accurately.

Future perspectives
Firstly, this study is a starting point in the process of estimation of absolute my-
ocardial uptake, but achieving a truly physiological quantification in nmol/g/min is
not yet reality – at least with the current experimental setup. The absolute quan-
tification in these terms requires kinetic modelling of the tracer uptake, which is
nowadays not clinical routine. This was also out of the scope of this study, where
more emphasis was put on the gating and on the changes occurring in the steady-
state condition if the various reconstruction methods were used. The currently
available tools did not allow us to reconstruct dual-gated dynamic images with suf-
ficient quality, even though this would have been the best approach to both achieve
absolute quantification in nmol/g/min and to avoid the confounding effects due
to the dynamic uptake mentioned earlier. A different approach to correct for the
cyclical heart motions (e.g. by applying an event-by-event, list-mode based motion
correction), might at the same time be the way to both improve the image quality
of the static reconstructions (by using all the events in one respiratory cycle) and
to perform kinetic modelling using PV corrected images with sufficient amount of
counts per frame. With these regards, we see the potential impact of the presented
PVC techniques in the attempt to improve the kinetic parameters’ estimation. To
present, some methods exist which estimate the spill-in and spill-out effects in PET
based either on a corresponding anatomical image or to parametric models. How-
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ever, they have been reported to be acceptable but not fully reliable. For example,
the performance of the available methods can often differ for e.g. septum and lateral
wall, as for the septum the left and right ventricular blood pool functions are avail-
able (thus enabling an accurate estimate of the PVE), whereas there is no easy way
to estimate spill-in and spill-out between the wall and the region outside the heart
for the lateral wall. An interesting extension of this work would be the application
of the presented MAP approaches for PVC to dynamic imaging and to compare
the kinetic parameters estimation to that performed using the traditional (or no)
approaches for the estimation of partial volume effects.

The combined use of PET/MR could offer additional ways to exploit the anato-
mical information coming from the MR section of the imaging protocol. With these
regards, the recent advances in hybrid devices that combine a PET and an MR
module is a promising field, if anatomy-based partial volume correction is aimed
at. While the currently available hybrid PET/CT devices fail in delivering accurate
temporal and spatial resolution in thoracic studies, the use of simultaneous gated
MR sequences in combination with motion-corrected PET could effectively over-
come this shortcoming. Additionally, if the acquisitions were truly simultaneous,
the use of the anatomical MR information should be less subject to mismatches
due to patient transfers or motion, which could otherwise easily occur when the
anatomical information was acquired on a dedicated CT or MR scanner. However,
the use of anatomical priors might have a realistic future only if truly simultaneous
systems are used, provided that the technical advances in MRI imaging manage
to reduce the geometrical distortions and artefacts that nowadays still affect the
MR measurements. For example, this translates into the acquisition of an MR se-
quence in a ”frozen” state with a sufficiently high resolution, in 3D, and within a
time compatible with the clinical routine. This is, however, still a relatively young
and open research topic [67, 177]. In parallel, the development of accurate motion-
correction techniques is of higher priority. List-mode motion correction techniques
are particularly interesting with these regards, as they could simultaneously solve
the problem of noisy PET frames and of motion blurring, with minimal discomfort
for the patient.

As a final future perspective, the use of anatomical information on simultaneous
PET/MR acquisitions should be explored in comparison to motion-corrected acqui-
sitions on a time-of-flight (TOF) PET scanner. In fact, very recent studies have
evaluated the performances and the added value of TOF information in combina-
tion with resolution modelling during iterative reconstruction of cardiac datasets,
finding substantial improvements in lesion detection and recovery of the activity val-
ues when both are considered [178, 179]. It would be interesting to verify whether
anatomy-enhanced PET reconstruction would still outperform TOF-based PET re-
construction, or whether the technological advancement introduced by TOF-PET
could avoid the need to acquire high resolution anatomical side information (with
all the issues that come with it, including more time consuming acquisitions, neces-
sity of additional trained technologists to perform the scans, risks of misalignments,
. . . ).

Conclusion
Partial volume correction on cardiac PET datasets requires the simultaneous con-
sideration of multiple aspects to produce sensible results. Not only does cardiac
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PET imaging require advanced image reconstruction methods, but attention to the
attenuation correction and to motion correction is also of primary importance, if
quantitatively informative images are aimed at.

The conclusions that can be drawn from this project take into account not only
the strictly technical outcome, but also the technological and logistical limitations
faced in the current clinical practice. All in all, for left ventricular quantification,
the use of an edge-preserving prior (e.g. TV) is regarded as the preferred choice
not only for easiness of acquisition and implementation, but also because it yields
quantitatively and qualitatively reasonable reconstructions, closer to the true ac-
tivity distribution than the sole modelling of the resolution, without any risk of
obtaining the wrong quantification due to residual misalignments of the anatomical
and the emission datasets. The use of anatomical information is not recommended
with the currently available instrumentation, unless truly simultaneous anatomi-
cal/emission scanning systems are used and the smallest structures of the heart are
of interest. Once simultaneous systems will be fully integrated in the clinical routine,
the use of anatomical information would be less prone to the artefacts connected
to misalignment. If all remaining technical pitfalls of simultaneous hybrid systems
were eventually accounted for, the benefits of using anatomy-based reconstruction
methods for the PET datasets would certainly outperform the ones obtained with
the use of a simple edge-preserving prior when lesion, volume delineation and small
structure quantification are of interest. This project also indicates that motion cor-
rection of the datasets is useful for accurate absolute quantification of the tracer
uptake.
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