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Background. To perform kinetic modelling quantification, PET dynamic data must be
acquired in short frames, where different critical conditions are met. The accuracy of recon-
structed images influences quantification. The added value of Time-Of-Flight (TOF) and Point
Spread Function (PSF) in cardiac image reconstruction was assessed.

Methods. A static phantom was used to simulate two extreme conditions: (i) the bolus passage
and (ii) the steady uptake. Various count statistics and independent noise realisations were con-
sidered. A moving phantom filled with two different radionuclides was used to simulate: (i) a great
range of contrasts and (ii) the cardio/respiratory motion. Analytical and iterative reconstruction
(IR) algorithms also encompassing TOF and PSF modelling were evaluated.

Results. Both analytic and IR algorithms provided good results in all the evaluated conditions.
The amount of bias introduced by IR was found to be limited. TOF allowed faster convergence and
lower noise levels. PSF achieved near full myocardial activity recovery in static conditions. Motion
degraded performances, but the addition of both TOF and PSF maintained the best overall
behaviour.

Conclusions. IR accounting for TOF and PSF can be recommended for the quantification
of dynamic cardiac PET studies as they improve the results compared to analytic and
standard IR. (J Nucl Cardiol 2015;22:351–63.)

Key Words: Partial volume effect Æ image reconstruction Æ myocardial perfusion imaging:
PET Æ image processing

INTRODUCTION

Myocardial blood flow (MBF) has been shown to be

an important prognostic1 and diagnostic2 parameter for

cardiovascular disease evaluation. It can be quantified

with positron emission tomography (PET) and myocar-

dial perfusion radiotracers such as 15O-water, 13N-

ammonia and 82Rb.3 New 18F-tracers are also currently

being evaluated, to expand the clinical use of this

methodology.4 Absolute MBF quantification can be

performed acquiring a dynamic scan and analysing the

tracer concentration in the blood and in the myocardial

tissue over time by means of kinetic models which

estimate the rate constants representative of the under-

lying physiological processes.3 The goodness of the

estimated parameters depends on the accuracy of acqui-

sition and reconstruction of PET images.

A dynamic perfusion PET study is constituted by

multiple frames, each with different characteristics.

Initial frames, corresponding to the arrival of the tracer

bolus in the heart, are characterised by a very high

activity and, therefore, by high count rates, high dead-

time levels and high fractions of random coincidences.

Furthermore, the fast kinetics of perfusion tracers in the

initial passage in the heart, require the use of short
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acquisition frames (e.g., *10 seconds) resulting in a

poor count statistics and, consequently, in a high noise

level in the reconstructed PET images. Conversely, in

later frames the activity extracted from the blood is

retained in the myocardial tissue and, at least for the

tracers that are metabolised with an irreversible uptake,

a steady state is reached. In such condition, the activity

in the field of view (FOV) is significantly reduced and

therefore count rates, dead-time and random coinci-

dences are much lower. Furthermore, longer acquisition

frames (20 seconds or more) can be used to increase the

count statistics for a better image quality.

Quantitative cardiac PET images are traditionally

reconstructed using analytical techniques, like filtered-

back-projection (FBP), mainly for their linearity.5 A

different option is to use iterative statistical algorithms,

like the maximum likelihood expectation maximisation

(MLEM) and its accelerated implementation, the

ordered subset expectation maximisation (OSEM).6

Iterative algorithms currently represent the standard

in qualitative oncologic imaging, thanks to their favour-

able noise properties, higher contrast and better spatial

resolution respect to the analytical ones.7-9 In dynamic

cardiac PET studies, however, they have not been

systematically introduced yet because of their intrinsic

nonlinearity and for the tendency to generate a positive

bias in cold regions, in particular when the statistics is

poor.10,11

Iterative algorithms for oncologic PET have been

recently largely improved. Modelling of the Time-Of-

Flight (TOF) information, Point Spread Function (PSF)

of the PET tomograph and more sophisticated imple-

mentations of all the corrections have been introduced.

In particular, TOF information has been shown to

improve the signal to noise ratio,12 to speed up conver-

gence13 and to make the reconstruction more robust vs

imprecise corrections.14 The PSF modelling recovers the

spatial resolution degradation and thus is able to reduce

the associated partial volume effect (PVE), that is

particularly relevant for structures with dimension \2.5

the full with at half of the maximum (FWHM) of the

PET system.15

The efficacy of OSEM with PSF modelling in

cardiac 18F-FDG studies was investigated by Le Meu-

nier et al16 who found that it improves contrast and

defects definition while reducing image noise. Another

study11 also found that PSF reduces inter-voxel vari-

ance, as well as the amount of bias in low-statistics

frames. Recently, Armstrong et al17 compared the

results obtained in 82Rb MBF quantification between

OSEM reconstructions and a reconstruction protocol

encompassing both TOF and PSF modelling (TOFPSF).

In this work, only a single setting of parameters (21

subsets, 2 iterations and 6.5 mm post-filtering) was

evaluated. The results showed an increase (*?10%) of

the quantified MBF for TOFPSF reconstructions. In

particular, it was found that the area under the curve of

the input function (IF) was lower in the TOFPSF by up

to 10%, but it was not reported whether this occurred

because of differences in the first frames, when blood is

the most radioactive compartment, or in later frames,

when radioactivity is most in the heart tissue.

The aim of this study was to investigate the

performances of such improved iterative reconstruction

(IR) techniques in PET cardiac studies, under controlled

conditions simulating different frames of a dynamic

acquisition, i.e., over a wide range of count rates,

activity distributions, statistics of acquisition and ran-

dom coincidences rate. The ultimate objective was to

assess if these algorithms could outperform the analyt-

ical ones and thus become the new standard for MBF

quantification.

MATERIALS AND METHODS

PET Scanner

All the studies have been acquired on a Discovery 690 (D-

690, General Electric Medical Systems - GEMS, Milwaukee,

USA) PET/Computed Tomography (CT) system.18 The D-690

operates in 3D mode with TOF technology. The available

reconstruction algorithms are: analytical (3D-reprojection: RP)

and iterative (3D-ordered subsets expectation maximisation:

OSEM),19 (GEMS name = VUE-point HD). With 3D-OSEM

two further options can be activated: TOF information (GEMS

name = VUE-point FX) and/or a spatial variant model of the

D-690 PSF (GEMS name = Sharp-IR).20

Experimental Phantom Measurements

Two phantoms were used: an anthropomorphic thorax/

heart static phantom and a moving phantom, shaped as the left

ventricle. It can replicate both respiratory and cardiac motion.

To simulate realistic conditions, the activity values used in the

phantom compartments were based on average patient uptakes

measured on clinical PET images, thus reproducing count rates

and random coincidences fractions typically recorded in

clinical studies.

Static Phantom Description

The thorax/heart phantom (model RH-2; Kyoto-Kagaku,

Kyoto, Japan) (30 9 20 9 21 cm3) consists of: (i) a body with

two compartments simulating the lung, (ii) an insert for the

liver, (iii) a rod to simulate the spine and (iv) a central

compartment (mediastinum) with a heart model insert (Fig-

ure 1). The myocardium has a uniform wall thickness of

10 mm. To simulate perfusion or metabolic defects, small

parallelepipeds of silicon or polystyrene can be inserted within

the myocardium wall.
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Static Phantom, First Configuration: Bolus
Passage

This study aimed to simulate the first passage of the tracer

bolus in the heart. This phase is characterised by high activities

in the ventricles, a lower activity in the mediastinum and

absent or very low activity in the myocardium.

The phantom was filled with a 18F-FDG water solution

with the following concentrations, calibrated to acquisition

start time: 175 kBq�cc-1 in the right ventricle (RV),

133 kBq�cc-1 in the left ventricle (LV) and 70 kBq�cc-1 in

the mediastinum. Activity retained in the lungs was about

7 kBq�cc-1. In order to simulate out-of-FOV activity, two

uniform phantoms (diameter = 20 cm, length = 20 cm), con-

taining 37 MBq each, were positioned outside the FOV, in

front of and behind the cardiac phantom.

In this configuration, a count rate of 2.4 Mcps was

obtained, with estimated rates for true and random coinci-

dences of 1.2 and 1.2 Mcps, respectively. The mean busy

time of each block readout was 5.6%. These figures

resemble those usually recorded in patient studies, with

peak prompt coincidences count rates between 2 and 3.5

Mcps and block-busy time comprised between 5% and

7.5%.

The phantom was positioned in the FOV centre and an

emission scan was acquired in list mode for 15 minutes. Ten

frames of 2, 5 and 10 seconds and 6 frames of 20 and

40 seconds were extracted from the list-mode file. All the

frames were independent, i.e., a single coincidence event was

not used in more than one frame. Considering the short

acquisition time compared to the 18F half-life (110 minutes),

each scan can be considered as an independent noise realisa-

tion of the same measure.

Targets of the experiment. The targets of this

experiment were the assessment of: (i) the accuracy in the

estimation of the LV activity as a function of different frame

lengths; and (ii) the amount of positive bias in the cold

myocardium region. For both targets, the associated standard

deviation (STD) was evaluated on independent noise realisa-

tions of the same scan.

Static Phantom, Second Configuration:
Steady State

The second study aimed to simulate the steady state of a

tracer with an irreversible uptake, in which the activity is

retained in the myocardial tissue.

The phantom was filled with a 18F-FDG water solution

with the following concentrations (reported activities are

calculated at acquisition start): 54 kBq�cc-1 in the myocar-

dium, 27 kBq�cc-1 in the liver, 8.6 kBq�cc-1 in the ventricles

and 7.8 kBq�cc-1 in the mediastinum. About 4 kBq�cc-1 were

retained in the lungs. Two infracted regions were simulated,

covering the full myocardial thickness: one in the apical-lateral

segment (15 9 22 9 10 mm3) and one in the mid-anterior

segment (30 9 15 9 10 mm3). A prompt coincidences count

rate of about 300 kcps was recorded, with an estimated

50 kcps count rate of random coincidences. These count rates

are in line with those recorded in 13N-ammonia patient studies,

where they decrease from about 800 kcps 2 minutes after the

injection to less than 150 kcps at the end of the 20 minutes

scan.

As in the first study, the phantom was positioned in the

centre of the FOV and an emission scan was acquired in list

mode for 15 minutes. Ten independent noise realisations of 5,

15 and 45 seconds were generated from the list mode file.

Targets of the experiment. The targets of this

study were to assess: (i) the accuracy in the estimation of the

myocardial activity and its STD for the different noise

realisations, and (ii) the quantitative ‘‘detectability’’ of the

two simulated defects.

Moving Phantom Description

To account for the heart motion, a dynamic phantom was

designed and built in our lab. It features both heart beating and

respiratory motion.21 It consists of two compartments simu-

lating the LV, and the myocardial wall. The cardiac beating is

achieved by rhythmically inflating the LV compartment. A

microcontroller drives a gear-motor with a feedback from its

position encoders. The motor acts on a piston that pushes a

Figure 1. Thorax/heart phantom: A transaxial CT slice of the phantom is shown using two
different grey window levels. The myocardium and the ‘‘liver’’ can be seen in the left image while
in the right one, the porous structure of the lungs (spongy polymers) which can absorb a radiotracer,
can be appreciated.
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water reservoir connected to the LV compartment. The

expansion of the LV results in a stretching of the myocardium.

The respiratory motion is simulated by a periodic translation

(in the cranial-caudal direction) of a moving platform on top of

which the LV phantom is positioned (Figure 2).

Moving Phantom Acquisition

To mimic dynamically varying activity contrasts, the

myocardium and the LV compartments were filled with 18F-

FDG and 13N-ammonia, respectively. Activity concentrations,

at scan start, were 380 kBq�cc-1 in the 13N compartment and

34 kBq�cc-1 in the 18F one. Eight 5 minutes acquisitions with

the phantom in motion (cardiac period: 59 bpm, respiratory

period: 4 seconds) were interleaved with 8 acquisitions with

the phantom turned off (static condition). Each acquisition was

performed in list mode and lasted 5 minutes. The same

framing scheme was used both for static and in-motion

acquisitions, in order to reproduce the count statistics usually

found in a dynamic scan study: the first scan was divided in

6 seconds frames; the four consecutive scans in 10 seconds

frames, the last three scans in 25 seconds frames. Contrasts

between the two compartments (myocardium: LV) ranged

from 1:11 to 34:1 for the moving acquisition.

The prompt count rate at the beginning of the study was

of 1,700 kcps, with an estimated random coincidences rate of

500 kcps. At the end of the acquisition, the count rate

decreased to 150 kcps, with an estimated random coincidences

rate of 2 kcps.

Targets of the experiment. The targets of this

study were to assess: (i) the response of the different

reconstruction algorithms over a wide range of contrasts

(activity ratios) between LV and myocardium; and (ii) the

effects of heart motion.

Attenuation Correction

All the PET studies were corrected for attenuation (AC) by

using CT data. A helical CT scan (120 kV, 50 mA, 0.5 seconds

rotation time, 3.75 mm slice thickness) was acquired in corre-

spondence of each static PET study while a cine-CT (120 kV,

50 mA, 0.5 second rotation time, 5 mm slice thickness, 5 sec-

onds cine duration) was performed when the phantom was in

motion. Cine-CT scans were used to reduce the probability of

mismatches between PET and CT data.22,23 For each scan, the

cine-CT images were processed to generate an average atten-

uation map to be used for the AC of the corresponding PET data.

Reconstruction Algorithms and
Reconstruction Protocols

Emission data were reconstructed with the following

algorithms:

(1) 3D-Reprojection5 (RP),

(2) Fourier Rebinning (FORE)-TOF-FBP24,25 (TOF-FBP),

(3) 3D-OSEM (OSEM),

(4) 3D-OSEM with TOF (TOF),

(5) 3D OSEM with PSF (PSF),

(6) 3D-OSEM with both TOF and PSF (TOFPSF).

The implementation details of the algorithms are reported in

‘‘Appendix.’’ Common reconstruction settings were: FOV

diameter: 300 mm, matrix size: 256 9 256, voxel size:

1.17 9 1.17 9 3.27 mm3. The analytical reconstructions

were performed using a ramp filter. IRs were performed with

18 subsets and 10 iterations. Each iteration was saved and

successively post-filtered with a transaxial Gaussian filter

with 2 mm FWHM and a moving average filter with weights

[1 6 1] in the axial direction. On the basis of the results

obtained on the static phantom (see Results section), moving

phantom data were reconstructed only with 5 iterations.

Volume of Interest (VOI) Definition

All the reconstructed phantom images were processed and

then analysed according to the protocol commonly adopted on

patient data:

Figure 2. (A) A picture of the moving phantom, on the respiratory motion platform, showing the
whole structures and the motors. (B) A CT image showing the internal structure of the phantom.
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(1) Re-orientation of the LV along its short and long axes.26

(2) Definition of a VOI in the LV to simulate the sampling of

the blood activity for Image-Derived-Input-Function

(IDIF).

(3) Definition of the myocardial VOI. The myocardial wall

was segmented in re-oriented short-axis images by means

of an elliptical model. The phantom was divided in 23

slices along the long axis; the first 8 were considered

‘‘apical’’ the others ‘‘mid’’ or ‘‘basal.’’ In the apical

slices, a spherical sampling was performed, using as a

centre the ellipsoidal model previously extracted. An

increasing number of points along the polar coordinate was

taken, as the azimuthal coordinate increased (from N = 1

to N = 30). For more basal slices, a polar sampling was

performed in each slice, using 36 samples per slice (one

every 10�). To partially reduce noise each point was

dilated to its four in-plane nearest neighbours. This

procedure was performed on the averaged image of the

longest frames, with some additional post-smoothing

applied. Given the phantom dimensions, it means that

each sampling point is farther than 4 mm from any other

two adjacent points.

Metrics Used for Performances Evaluation

The following metrics were used to quantify the algo-

rithms performances in the different VOIs.

Hot areas (i.e., LV, myocardium in the second

experiment)

(1) Ratio between activity measured in VOI and true activity

(a/atrue)

(2) Ratio between STD of the activity measured in VOI

among different noise realisations and true activity

(STD(a))/atrue)

For cold areas (i.e., defects in the second experimental

configuration, myocardium in the first one), metrics

were modified, with the use of a suitable reference,

lacking the true activity:

(1) Cold contrast (a/aREF)

(2) Ratio between STD of the activity measured between

different noise realisations and activity in the reference

(STD(a))/aREF)

RV was used as a reference in the first experimental config-

uration because it was the hottest structure in the phantom and

also a source of spill-in for the myocardium. Myocardium was

used as a reference for the two defects.

RESULTS

Static Phantom, First Configuration: Bolus
Passage

LV region (high activity—large dimension—
low PVE). All the algorithms estimated correctly the

activity in LV (within ±1.5%) for all the frame lengths.

In Figure 3, the STD of the LV activity among different

noise realisations is shown for 10 seconds frames. STD

is generally lower than 3% of the true LV activity. The

inclusion of the TOF information in the reconstruction

process, allowing for a more accurate localization of the

activity distribution, clearly reduces the variability of the

estimated activity, always below the values provided by

analytical algorithms. Conversely, the effect of the PSF

recovery in a region scarcely affected by PVE is an

increase of the variability with iterations. Results for the

other frame length are comparable, with the STD

contained in a range between 4%-6% for the 2 seconds

frames and 0.3%-0.8% for 40 seconds frames.

Myocardium region (no activity—small
dimension—high PVE). The activity measured in

the myocardium showed variations depending on the

algorithm as well as on the frame length (Figure 4A, B).

Iterative algorithms showed an increase of the estimated

activity (bias) with decreasing frame length (Figure 4A),

while analytical algorithms showed a nearly constant

value (about 3% and 3.3% of the RV activity for TOF-

FBP and RP, respectively). Both TOF and PSF contrib-

uted to a better cold contrast, leading the algorithm

TOFPSF with 5 or more iterations to the best results.

Inclusion of TOF seems the most effective, since all the

algorithm accounting for it behave well. The PSF

modelling contributes by compensating for the PVE

due to the activity spill-in from the two ventricles.

However, its convergence is slow and thus the effect

becomes evident only with more iterations (Figure 4A).

It should be noted (Figure 4B) that the inclusion of PSF

Figure 3. Standard deviation among the noise realisations of
the activity measured in the LV. The frame length was
10 seconds. In this and all the following graphs, when the x
axis shows the number of iterations, the analytical algorithms
are depicted as an horizontal line for easier visual comparison.
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modelling reduces markedly the dependence of the

convergence value with frame length. Nonetheless, the

difference between the convergence value of all iterative

algorithms was small in the frame lengths investigated.

TOFPSF had the lowest variation from 2.6% at 40 sec-

onds to 3.2% at 2 seconds. TOF, PSF and OSEM

showed variations from 3.2% to 5%, 4.5% to 5% and 5%

to 6.6%, respectively.

The STD between the noise realisations was lower

than 0.1% of the RV activity for all the iterative

algorithms at 10 seconds frame length. Analytical algo-

rithms showed higher variations: 0.35% (TOF-FBP) and

0.6% (RP).

Static Phantom, Second Configuration:
Steady State

Representative reconstructed images for two count

statistics are shown in Figure 5.

Myocardium region (high activity—small
dimension—high PVE). Results in Figure 6 refer to

the 15 seconds frames. The myocardial activity was

found to be nearly completely recovered, after 5

iterations, by the iterative algorithms accounting for

PSF (PSF and TOFPSF) (Figure 6A). This clearly shows

that for a hot target with dimension of 1 cm as the

myocardium the PSF modelling is effective in recover-

ing PVE. Conversely, iterative and analytic algorithms

not accounting for the PSF underestimated the true

activity of about 15% and 10%, respectively. The

introduction of TOF information in iterative algorithms

appears to increase the convergence rate. Algorithms

performances were equivalent at other frame lengths.

About the STD of the global myocardial VOI

among the multiple noise realisations (Figure 6B), again

the PSF modelling succeeded in providing the best

results. A possible explanation is that the PVE correc-

tion improves the activity distribution uniformity in the

myocardium, which is contaminated by the activity

(spill-in) of LV, RV and mediastinum regions. The best

results are obtained with PSF and by TOFPSF. How-

ever, it is worth noticing the tendency of the PSF and

TOFPSF curve to further increase after 10 iterations.

TOF alone was consistently better than OSEM and, in

this case, comparable with the analytic algorithms after

5 iterations.

Defects (no activity—small dimension—
high PVE). Images corresponding to a slice where both

the defects can be seen are shown in Figure 7.

Results obtained in the two cold defects closely

resemble those found in the cold myocardium in the first

configuration of this phantom. The activity measured in

the defects decreases with the iteration number. Both PSF

and TOF contribute to reduce the activity and the best

results are obtained with TOFPSF. The action of PSF is in

this case more relevant than that of TOF, due to the small

size of the defect. TOF, however, speeds up convergence.

Even in this case no particular dependence on the

frame length was noticed. The STD between the noise

realisations was the smallest with TOFPSF. TOF-FBP

showed results comparable to the iterative algorithms

(Figure 8) while RP algorithm had the highest noise

confirming that in cold regions analytic algorithms have

poor noise performances.

A summary of the results obtained in the two static

phantom configurations is reported in Table 1.

Figure 4. (A) Activity as a function of the iterations for the 10 seconds frames; (B) activity
measured in the myocardium, as a function of frame length. For the iterative algorithms at 5
iterations.

356 Presotto et al Journal of Nuclear Cardiology�
Evaluation of image reconstruction algorithms March/April 2015



Selection of the Number of Iterations

Based on the results obtained in the previous

experiments, 5 iterations were identified as a good

quantitative, qualitative and computational compromise

for the reconstruction of clinical data, in particular for

TOFPSF algorithm. The combination of TOF and PSF in

fact provides generally the best results (quantitative and

qualitative) when all the possible situations (hot and

cold) commonly encountered in cardiac perfusion stud-

ies are considered. From the computational standpoint,

the time needed for the reconstruction of 1 iteration

using the dedicated computing system of the scanner is

Figure 5. Example of reconstructed images from the second configuration (steady state) of the
static phantom. Upper row 5 seconds acquisitions. Lower row 45 seconds acquisitions. All the
iterative reconstructions are shown at 5 iterations. Left to right RP, TOF-FBP, OSEM, PSF, TOF
and TOFPSF. The same window levels are used for all images.

Figure 6. (A) Activity in the myocardium as a function of the iterations; (B) STD amongst the
different noise realisations of the myocardial activity. Data refer to 15 seconds frames.

Figure 7. Example of reconstructed images (coronal slices) from the second configuration showing
the two defects (45 seconds acquisitions, iterative reconstructions shown at 5 iterations). Left to
right RP, TOF-FBP, OSEM, PSF, TOF and TOFPSF. The same window levels are used for all
images.
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Figure 8. (A) Activity in the mid-anterior defect, as a function of the iterations; (B) STD of the
activity in the same defect as a function of the iterations. Data refer to 15 seconds frames.

Table 1. Summary of the results obtained in the two experiments using the static thorax/heart
phantom

First configuration

LV: High activity—large
dimension—low PVE

Myocardium:
No activity—small

dimension—high PVE

Activity
estimation Noise

Activity
estimation Noise

Consistency vs
frame length

Performance

ranking

Similar (1) TOF (1) TOFPSF (1) Iteratives (OSEM,

TOF, PSF, TOFPSF)

(1) TOF-FBP, RP

(2) TOFPSF (2) TOF-FBP (2) TOF-FBP (2) PSF, TOFPSF

(3) RP,

TOF-FBP

(3) TOF, RP (3) RP (see text) (3) TOF, OSEM

(see Fig. 4)

(4) OSEM (4) PSF

(5) PSF

(see Fig. 3)

(5) OSEM

(see Fig. 4)

Second configuration

Myocardium: High activity—
small dimension—high PVE

Defects: No activity—
small dimension—high PVE

Activity
estimation Noise

Activity
estimation Noise

Performance

ranking

(1) TOFPSF, PSF (1) PSF, TOFPSF (1) TOFPSF (1) TOFPSF

(2) RP, TOF-FBP (2) TOF, RP TOF-FBP (2) TOF-FBP, RP (2) TOF-FBP

(3) OSEM, TOF

(see Fig. 6)

(3) OSEM

(see Fig. 6)

(3) PSF (3) PSF, TOF

(4) TOF (4) OSEM

(5) OSEM

(see Fig. 8)

(5) RP

(see Fig. 8)

The algorithms were ranked from the best (1) to the worst (5) performance, those with similar performance were given the same
ranking.
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of about 1 minute, therefore the reconstruction of a

typical 20 frames dynamic study with 5 iterations each

require about 1 hour and a half. Five iterations were thus

used in the third experiment.

Moving Phantom: Static Condition

The results obtained with the phantom in the static

condition confirmed those found in the previous exper-

iments. When the LV was the hottest area, as in the first

configuration, its activity was correctly quantified. When

it was cold, the relative performance of the algorithms,

in regard to the myocardial wall, agreed with the second

configuration. Analytical algorithms showed a clear

trend between the recovered activity ratio (a/atrue) in the

myocardium and the true contrast. In fact, with RP and

TOF-FBP the measured activity in the myocardium

increased from 80% (LV:myocardium \ 1:5), up to

95% when the ratio was reversed (LV:myocar-

dium [ 5:1), Figure 9. A similar trend was seen also

with OSEM, but it was less pronounced. Other algo-

rithms did not show such trends. Regarding the

measured activity in the LV, a greater range of variation

across the different contrast levels was seen for all

algorithms. In particular, when the LV was the hottest

structure, it was correctly quantified, while as the

myocardium became hotter, its activity was increasingly

overestimated. In particular, with a 1:20 LV:myocar-

dium activity ratio the LV activity was overestimated by

about 3 times. In all cases, all algorithms proved to

behave linearly, with the recovered activity being

directly proportional to the true contrast.

Moving Phantom: Moving Condition

In the acquisitions with the phantom in motion, the

quantification of the LV activity was similar to the static

acquisition. It was correctly quantified when the LV was

the hottest structure and then it was progressively

overestimated as it became colder than the myocardium.

The myocardium, instead, suffered appreciably from the

influence of motion (Figure 9): when it was colder than

the LV its activity was overestimated while, when it was

the hottest structure, it was underestimated. In condi-

tions of hot myocardium (e.g., LV:myocardium \ 1:5)

the activity was distinctly underestimated as compared

to the second configuration of the static phantom and to

the static acquisition of this one. In conditions of hot LV

(e.g., LV:myocardium [ 7:1) the myocardial activity

was consistently overestimated, between 25% for TOF-

PSF and 45% for RP. TOF performed similarly to TOF-

FBP, RP and OSEM while PSF behaved similarly to

TOFPSF. While the absolute performance of the recon-

struction algorithms worsened compared to the previous

studies, the effect of motion did not modify the relative

performances of the different algorithms.

DISCUSSION

The quantification of MBF using 3D-PET, dynamic

scans and kinetic modelling is an established diagnostic

technique useful to evaluate coronary macro- and

microcirculation. It allows the evaluation of global

impairment of the hyperaemic response to stressors on

top of the localization of regional under-perfusion. The

accuracy and precision of the quantification by kinetic

modelling, however, depends on the quality of the

acquired data (i.e., scanner performances) and of the

corresponding reconstructed images. This is especially

important in cardiac dynamic perfusion studies, where a

number of critical conditions are met, like very high

count rates as well as the need to sample very short-time

intervals. Reconstruction algorithms have the possibility

to improve image accuracy by means of a correct

modelling of the statistics of photon coincidences

collection, a more precise correction for physical effects

(scatter, randoms) and the recent possibility to include

TOF information and PSF modelling in the reconstruc-

tion scheme. For this reason, we investigated the

features of different reconstruction algorithms (analytic

and iterative) that exploit all these innovations. The

parameters of the reconstruction algorithms investigated

were set to achieve the best quantitative performances

and not the best image quality (i.e., ramp filters for the

analytic algorithms, very small post-filtering for iterative

techniques, high number of iterations, etc.).

Three experiments were performed with the aim to

cover the most representative conditions commonly

found in clinical cardiac perfusion studies, after a careful

matching of the limiting factors found in patient studies.

In particular, the activity values used in the different

experiments and in the different compartments of the

phantoms were established from average patient

uptakes.

Attenuation correction was also carefully applied

accounting for the static and the motion condition of the

two phantoms used in this work. In fact, a typical

problem of cardiac studies is related to the motion of the

heart that might lead to misalignments between the

transmission (CT) and the emission (PET) data. If an

helical CT is used, like for oncology studies, artifactual

defects in the myocardial wall can be found in about

40% of the patients.27 The use of a cine-CT has been

shown to be effective in applications where respiratory

motion was involved.23 In the particular case of cardiac

studies, the use of cine-CT has been shown to be a

robust solution to the problem of mismatch.22,27 Aver-

aging techniques for attenuation correction are, in fact,
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suggested by the SNMMI/ASNC/SCCT guidelines for

cardiac PET/CT.28 This practice has the disadvantage of

an higher dose, compared to helical CT. However, such

increase can be limited, with proper optimization.

Furthermore, well-matched PET and CT data can solve

diagnostic ambiguities that arise as results of an incor-

rect attenuation correction.

Of the three experiments performed in this work,

the first one simulated the passage of the tracer bolus in

the heart. Its aim was to evaluate the accuracy in the

quantification of the LV activity and its STD over

repeated realisations that are important for the estima-

tion of the IF. The IF value at the beginning of the scan

is one of the two factors that impacts most the MBF

quantification (the other being the myocardial activity in

later frames). Its underestimation results in a propor-

tional overestimation of the MBF and vice versa.

Furthermore, since most of the activity is concentrated

in only 2 frames, it is especially important to have as

low noise as possible. The results obtained showed that

the measured activity in the LV was correctly estimated

at the statistics (frame lengths) here considered by all the

algorithms. From the variability point of view, TOF

gave the best results in terms of noise reduction. A

second target of this experiment was the assessment of

the eventual positive bias present in IRs in the cold

myocardium region. The results highlighted that it was

present, however, that its magnitude was very limited,

even in case of frames as short as 2 seconds. It was

found that PSF further reduced the amount of bias,

similarly with what was found in the field of neurol-

ogy.13 On top of this, TOF improved cold contrast at all

iterations. PSF also improved results, but it needed more

iterations. Analytical algorithms did not show any trend

with statistics and performed as well as TOF and

TOFPSF in terms of cold contrast. However, the

analysis of the noise realisations showed that they had

higher levels of noise.

The second configuration, complementary to the

previous one, was representative of the steady state

when the activity is accumulated in the myocardial

tissue. Furthermore, two defects were simulated in the

myocardium to evaluate the performances of the algo-

rithms in infarcted regions. The main objective was to

evaluate the accuracy in the quantification of the

myocardial activity, and the associated noise levels.

An underestimation of myocardial activity reflects in a

proportional underestimation of the MBF, while the

noise in the myocardial activity directly affects the

statistical error on the fitted MBF. As expected, PSF

showed the best performance in the estimation of the

myocardial activity, by recovering PVE. In this case, the

action of TOF was less effective than in the first

experiment, but it still helped in speeding up conver-

gence. Analytical algorithms performed slightly better

than OSEM and TOF, but their performances did not

match those of PSF. The recovery of the myocardial

activity given by PSF, of about 15%, is expected to be

translate in a proportional increase of the fitted MBF.

This is in accordance with the results published by

Armstrong et al,17 that reported an increase of about

*10% in the fitted MBF when using TOFPSF recon-

struction, compared to standard OSEM. The noise in the

myocardium, quantified as the STD between the noise

realisations, was minimised by PSF and TOFPSF, within

the 10 iterations considered in the work. The positive

impact of the combined action of TOF and PSF was

even more prominent in the evaluation of the two

Figure 9. Ratio between the measured and the true activity in the myocardium as a function of the
true activity ratio (contrast) between LV and myocardium. Only three algorithms are shown for
clarity. Left (A) phantom in motion. Right (B) static acquisition.
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simulated defects. TOF improved cold contrast at all

iterations, while PSF, as in the case of cold myocardium

region, improved the performances, by reducing PVE,

but only after more iterations ([5). In fact, in cold

regions convergence is slower than in high activity

regions, thus more iterations should be used to achieve

the best results. In the defects, the STD between the

noise realisations was markedly higher for RP than for

all other algorithms.

Finally, a dynamic-moving phantom simulating the

left ventricle was used to assess the performances of the

different reconstruction algorithms over a wide range of

activity ratios between LV and myocardium and whether

the motion (cardiac and respiratory) could change the

findings obtained in static conditions. Motion worsened

myocardial activity recovery, nonetheless all the algo-

rithms maintained consistent performances with that

obtained in the static experiments. In particular, movement

induced an underestimation of the myocardial activity

when the myocardium was hotter than the surrounding (i.e.,

LV) and an overestimation, when the situation reversed.

TOFPSF still provided the most correct activity values. It

was also determined that the relation between the measured

to true activity ratio and the myocardium to LV contrast

was linear in the whole investigated range. This finding is

particularly important because it justifies the partial volume

correction algorithm implemented in most software pro-

grams for kinetic modelling. These strategies, in fact,

model the activity measured in the myocardium as a linear

mixture of true myocardial activity and LV activity,29 and

fit the mixing parameter to the measured data.

The results obtained in this work are expected to be

applicable to most cardiac quantitative studies, inde-

pendently from the tracer used, whether in perfusion

studies (e.g., 15O-water, 13N-ammonia) or metabolic

tracers studies, like 18F-FDG or 11C-acetate. However,

the applicability might be limited for 82Rb, since this

nuclide has a much larger positron range, impacting PSF

modelling. A limitation of this study is that all the

experiments and reconstructions have been performed

using the Discovery-690 GEMS scanner (hardware and

software), thus the results cannot be directly generalised

to other PET/CT systems. Nonetheless, we believe that

state of the art PET systems with comparable physical

performances and similar implementation of the recon-

struction algorithms should give similar results, as

generally seen when comparing different algorithms

like OSEM, TOF and PSF implemented on different

scanners for oncological applications.

NEW KNOWLEDGE GAINED

The behaviour of different image reconstruction

algorithms (analytic and iterative) in condition of high

and low statistics was determined and they all were found to

be reliable. The amount of bias introduced by the IR

algorithms was determined and found to be limited, even

for frames significantly shorter than the ones usually

adopted in clinics. Iterative algorithms including TOF and

PSF modelling were found to outperform the others, in

terms of: (i) activity estimation for hot and cold targets, and

(ii) variability of the results (STD of the noise realisations).

CONCLUSIONS

IR (OSEM) accounting for TOF and PSF can be

recommended for the quantification of dynamic cardiac

PET studies as they improve the results compared to

analytics and standard OSEM.
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APPENDIX

The Reconstruction Algorithms

All the iterative algorithms used in this work were

provided by the scanner manufacturer. They are all

based on a 3D-OSEM algorithm, with all the relevant

corrections implemented in the iterative scheme as

Iiþ1
n ¼ Ii

nP

m

Hm;nMm

X

m

Hm;nMmPm

Mn

P

n0
Hm;n0I

i
n0 þ Am

;

where In
i?1 and In

i are the values of the nth image pixel of

the images I at the ith ? 1 and ith iteration. Pm is the

mth sinogram element, Mm is a matrix accounting for all

the multiplicative correction to be applied to the mth

sinogram element (normalisation, dead-time and atten-

uation) and A is the matrix of the additive corrections

accounting for random and scatter coincidences. The

matrix H account for the system geometry, which rep-

resent the probability for a photon emitted from the nth

image pixel to be recorded in the mth projection bin.

The PSF modelling is achieved by modifying the H

operator to H0 such that H0m;n ¼
P

k

Dm;kHk;n; where D

represents the detector response model. Note that the

PSF has been implemented as a spatially variant model

in the sinogram domain.

The iterative algorithms, including TOF, have a

basic implementation, like the OSEM counterpart, but

the events are weighted according to the TOF probabil-

ity distribution by a TOF kernel T, which estimates the

contribution from each voxel n, to the time bin t of the

projection bin m considered
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Iiþ1
n ¼ Ii

nP

m;t
Hm;nMmTn;t

X

m;t

Hm;nMmPmTn;t

Mn

P

n0
Hm;n0Tn0;tI

i
n0 þ Am;t

:

The multiplicative corrections and the PSF implemen-

tation work as in the non-TOF case while the additive

correction requires TOF to be taken into consideration

(i.e., the random coincidences are split equally between

each time bin, while the scatter distribution is time

dependent).

Scatter coincidences are iteratively estimated using

a 3D model-based scatter simulation30 that computes the

fraction of the single scatter, following a convolution

procedure is used to estimate multiple scatter, finally

scaling the results to the emission tails. For TOF

reconstruction, the same procedure is used but the

simulation account for the distribution along the tem-

poral dimension. Random coincidences are estimated

from detectors single count rates.

The RP algorithm we used was also provided by the

scanner vendor. The filters were based on what

described by Kinahan and Rogers.5 Scatter and random

coincidences were estimated with the same algorithms

as for OSEM and, subsequently, subtracted from the

sinogram.

The TOF-FORE-FBP algorithm was implemented

off-line by our group using a research-tool software

provided under a research collaboration with GEMS

which uses the same routines as in the PET scanner. The

implementation it is based on the work by Defrise et al24

for the TOF implementation of FORE and the TOF-FBP

procedure uses the same filter described by Conti et al25

to reconstruct the rebinned 2D-TOF sinograms. Scatter

coincidences were simulated in the same way of the

TOF iterative algorithms in 3D. Once estimated, scatter

and random coincidences were subtracted from the 3D-

TOF sinograms. Subsequently, the sinogram was cor-

rected for detector geometry, dead-time, normalisation

and attenuation. Finally, the 3D data were rebinned to

2D using FORE, before the TOF-FBP reconstruction.
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