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Abstract

PET is an established modality for myocardial perfusion imaging (MPI) which enables 

quantification of absolute myocardial blood flow (MBF) using dynamic imaging and kinetic 

modeling. However, heart motion and Partial Volume Effects (PVE) significantly limit the spatial 

resolution and quantitative accuracy of PET MPI. Simultaneous PET-MR offers a solution to the 

motion problem in PET by enabling MR-based motion correction of PET data. The aim of this 

study was to develop a motion and PVE correction methodology for PET MPI using simultaneous 

PET-MR, and to assess its impact on both static and dynamic PET MPI using 18F-Flurpiridaz, a 

novel 18F-labeled perfusion tracer. Two dynamic 18F-Flurpiridaz MPI scans were performed on 

healthy pigs using a PET-MR scanner. Cardiac motion was tracked using a dedicated tagged-MRI 

(tMR) sequence. Motion fields were estimated using non-rigid registration of tMR images and 

used to calculate motion-dependent attenuation maps. Motion correction of PET data was achieved 

by incorporating tMR-based motion fields and motion-dependent attenuation coefficients into 

image reconstruction. Dynamic and static PET datasets were created for each scan. Each dataset 

was reconstructed as (i) Ungated, (ii) Gated (end-diastolic phase), and (iii) Motion-Corrected 

(MoCo), each without and with point spread function (PSF) modeling for PVE correction. 

Myocardium-to-blood concentration ratios (MBR) and apparent wall thickness were calculated to 

assess image quality for static MPI. For dynamic MPI, segment- and voxel-wise myocardial blood 

flow (MBF) values were estimated by non-linear fitting of a 2-tissue compartment model to tissue 

time-activity-curves.

MoCo and Gating respectively decreased mean apparent wall thickness by 15.1% and 14.4% and 

increased MBR by 20.3% and 13.6% compared to Ungated images (P<0.01). Combined motion 

and PSF correction (MoCo-PSF) yielded 30.9% (15.7%) lower wall thickness and 82.2% (20.5%) 

higher MBR compared to Ungated data reconstructed without (with) PSF modeling (P<0.01). For 

dynamic PET, mean MBF across all segments were comparable for MoCo (0.72±0.21 
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mL/min/mL) and Gating (0.69±0.18 mL/min/mL). Ungated data yielded significantly lower mean 

MBF (0.59±0.16 mL/min/mL). Mean MBF for MoCo-PSF was 0.80±0.22 mL/min/mL, which was 

37.9% (25.0%) higher than that obtained from Ungated data without (with) PSF correction 

(P<0.01).

The developed methodology holds promise to improve the image quality and sensitivity of PET 

MPI studies performed using PET-MR.

I. INTRODUCTION

Myocardial perfusion imaging (MPI) is a robust approach to diagnosing obstructive 

coronary artery disease and quantifying the extent and severity of myocardial ischemia. Over 

the last several years, PET has been increasingly used for MPI due to its superior image 

quality compared to that of SPECT as well as its ability to quantify myocardial blood flow 

(MBF) and myocardial flow reserve (stress/rest MBF) using dynamic imaging and tracer 

kinetic modeling (Klein and Beanlands, 2010). PET measures of MBF and MFR have been 

shown to be very sensitive for assessing micro-vascular function and dysfunction in-vivo 
(Schindler et al., 2010; Gewirtz et al., 1997; Parkash et al., 2004; Dayanikli et al., 1994).

The most commonly used PET perfusion agents are 82Rb and 13NH3. However, the high 

positron range of 82Rb (~7.5 mm) and short half-life (76 sec) result in images with relatively 

low spatial resolution and high noise (Klein and Beanlands, 2010). 13NH3, which has a 

shorter positron range and longer half-life, yields images with higher quality than 82Rb but 

requires an on-site cyclotron, which limits its clinic use. Recently, a new 18F-labeled 

perfusion tracer, 18F-Flurpiridaz (Lantheus Medical Imaging, North Billerica, MA), was 

introduced and is currently being evaluated in phase-III clinical trial. The long half-life and 

short positron range of 18F translate into PET images with higher resolution and better noise 

properties (Berman et al., 2012). Furthermore, 18F-Flurpiridaz has a high extraction fraction 

(>90% (Huisman et al., 2008)), making it an attractive flow tracer (Nekolla et al., 2009). 

Phase-III clinical trial results showed better diagnostic performance than SPECT MPI 

(Berman et al., 2013). Heart motion and partial volume effects (PVE), however, are two 

major sources of image degradation in PET MPI which may significantly limit the high-

quality imaging potential of 18F-Flurpiridaz (Slomka et al., 2015; Erlandsson et al., 2012). If 

these effects are not corrected for, the superiority of PET over SPECT for MPI may not be 

fully realized.

While the intrinsic resolution of modern whole-body PET scanners is ~4–5 mm, in practice, 

due to unavoidable physiologic motion, this resolution cannot be achieved when imaging the 

heart. The fact that the heart moves in the centimeter range during breathing (Boucher et al., 
2004) and cardiac beating (O'Dell et al., 1995) makes motion the most significant source of 

resolution deterioration in PET MPI, causing substantial errors in the activity measured in 

the myocardium (Dinges et al., 2013). Gating, which is frequently used to mitigate blurring 

in static PET MPI, is challenging to be applied to dynamic PET due to the noise increase 

associated with rejecting data in already low-count temporal frames. In fact, to the best of 

our knowledge, no studies have reported on the use of gating in dynamic PET MPI. 

Furthermore, besides blurring, motion may cause misregistrations between the PET 
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emission data and the attenuation map, especially with sequential PET-CT. Emission/

attenuation maps misalignments may cause confounding image artifacts as well as 

quantitation biases in the reconstructed PET activity distributions (Loghin et al., 2004; 

Gould et al., 2007; Pan and Zaidi, 2013). Finally, the PVE, which results from the scanner’s 

finite point spread function (PSF), further reduce image resolution, signal-to-noise-ratio 

(SNR) and quantitative accuracy. The myocardium, which is typically ~1 cm thick and 

whose thickness changes with cardiac contraction/expansion and varies with location is an 

organ particularly prone to PVE (Erlandsson et al., 2012).

Recently, hybrid PET-MRI scanners have become available commercially. The combination 

of high-resolution anatomical MR information and high-sensitivity PET molecular 

information offers promising opportunities for imaging the cardiovascular system (Ratib et 
al., 2013). For instance, PET-MR makes it possible to interrogate, in a single scanning 

session, myocardial viability using MRI of the late gadolinium enhancement and perfusion 

using PET MPI. Furthermore, unlike CT, MRI requires no ionizing radiation and produces 

images with high spatiotemporal resolution and excellent soft-tissue contrast, which makes it 

ideal for measuring organ motion. In particular, MR tagging has been shown to be accurate 

at measuring regional left ventricular motion and contractility (Garot et al., 2000). MR-

derived motion fields can in turn be used to calculate motion-dependent attenuation maps 

and modeled inside PET reconstruction to compensate motion without penalizing SNR 

(Petibon et al., 2014; Ouyang et al., 2014; Fürst et al., 2015; Huang et al., 2015). To correct 

for PVE and further improve image spatial resolution and SNR, the PSF can be modeled 

during image reconstruction as well (Panin et al., 2006). The goal of this study was to 

develop and evaluate the impact of a motion and PSF correction methodology on both static 

and dynamic 18F-Flurpiridaz MPI using simultaneous PET-MR.

II. MATERIALS AND METHODS

1. Animal preparation

Two healthy domestic pigs (weight = 28 – 30 kgs) anesthetized with telazol were scanned on 

the Siemens Biograph mMR, a whole-body simultaneous PET-MR scanner. A catheter was 

placed in the ear vein of each animal for radiotracer injection. During the scan, anesthesia 

was maintained by means of a continuous infusion of isoflurane through an intubation tube. 

Animals were positioned feet-first supine on the scanner’s bed with a flexible surface coil 

placed on the chest. These procedures were approved by Institutional Animal Care and Use 

Committee at Massachusetts General Hospital.

2. Data acquisition

Figure 1 A depicts the timeline of the PET-MR data acquisition. First, an attenuation map 

was acquired using the vendor’s supplied Magnetic Resonance based Attenuation Correction 

(MRAC) protocol. MRAC uses a 2-point Dixon sequence (Coombs et al., 1997) to obtain 

water and fat volumes, which are in turn processed to obtain a segmented 4-tissue classes 

(air, lungs, fat and other tissues) PET attenuation map (Martinez-Moller et al., 2008). A 13-

min PET list-mode acquisition started simultaneously with MRAC. A bolus injection of ~7–

8.0 mCi of 18F-Fluripiridaz was made shortly after starting list-mode acquisition. The total 
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number of prompts and delayed coincidences acquired in each dynamic MPI PET scan were 

respectively 1.95 × 109 and 1.36 × 109 for animal 1, and 1.34 × 109 and 0.92 × 109 for 

animal 2. To measure cardiac beating motion, multiple tagged MR (tMR) acquisitions were 

initiated shortly after radiotracer injection using a dedicated pulse sequence, referred to as 

NAV-tMR. The NAV-tMR sequence works as follows (Figure 1 B): when an R-wave is 

detected by ECG, a pencil-beam navigator (‘NAV’) is acquired and the diaphragm position 

is calculated. Next, the tagging module, 1-1 SPAtial Modulation of Magnetization (SPAMM 

(Axel and Dougherty, 1989)), is applied. SPAMM uses a special sequence of non-selective 

RF excitation pulses and gradients to spatially modulate the magnetization of all spins inside 

the MR FOV in a sinusoidal pattern, causing a series of parallel stripes in the image which 

deform as a result of the contraction and expansion of the myocardium. SPAMM is followed 

by the acquisition of Gradient Recalled Echo (GRE) data in 10 cardiac phases covering the 

duration of each R-R interval. The following acquisition parameters were used: TE=1.97 ms, 

TR=56 ms, flip angle=6°, in-plane resolution=2.3 × 2.3 mm2, slice thickness=8 mm, and tag 

line distance=8 mm. Due to swine’s specific upper thorax anatomy, respiration causes little 

heart motion and therefore, only cardiac beating motion tracking and correction were 

performed in this study. However, even though we neglected the effects of respiratory 

motion in subsequent PET data analysis, respiratory gating is important during tMR data 

acquisition due to the fact that even small respiration-induced heart displacements or 

respiratory motion of other organs (e.g. liver or belly) within the MR imaging plane may 

cause ghosting artifacts which will affect the entire image and ultimately corrupt the tMR 

data. In this work, respiratory gating for tMR was performed by only keeping the data 

acquired at end-exhalation based on the diaphragm position calculated by the navigator. The 

acquisition time for one NAV-tMR scan was ~90 seconds. Three NAV-tMR scans with 

orthogonal tagging directions were performed sequentially to measure 3D motion.

3. Data post-processing

The flowchart depicted in Figure 1 C summarizes the main post-acquisition data processing 

steps for PET and MR data. First, for each cardiac phase, the tMR volumes for all the 

tagging directions were resampled on the same spatial grid and summed. A non-rigid B-

spline image registration (Chun and Fessler, 2009) algorithm was applied to the summed 

tMR volumes to estimate cardiac motion fields, which are the 3D motion vector volumes, 

between all the cardiac phases and a chosen reference phase. End-diastole was selected as 

the reference phase because it is the longest phase in which the myocardium remains static.

The resulting 4D cardiac motion model was then used for two purposes. First, we used it to 

compute motion-dependent attenuation maps to compensate for motion-induced emission/

attenuation misregistrations during PET reconstruction. Because the MRAC pulse sequence 

does not permit cardiac-gated acquisitions and consequently, the acquired attenuation map 

corresponds to an average cardiac position, we first non-rigidly registered the in-phase 

Dixon MRI volume to the tMR volume in the reference phase and then applied the resulting 

transformation to the MRAC attenuation map to transform it to end-diastole. The motion 

fields were then used to deform the resulting attenuation map to all the other cardiac phases. 

Image registration between the in-phase Dixon volume and the tMR volume was performed 

using a B-spline registration algorithm which optimizes a cost-function comprised of a 
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mutual-information based data consistency term and a topology preserving regularization 

term (Chun et al., 2012). The regularization parameter which controls the strength of the 

regularization function in the cost function optimized during image registration was chosen 

empirically. Figure 2 illustrates the performance of the proposed 4D mu-map calculation 

technique. As expected, the original motion-averaged in-phase Dixon MRI volume is not 

well registered to the reference tMR volume at end-diastole due to motion blurring (see 

Figure 2 B). As illustrated on Figure 2 C, the non-rigid registration procedure greatly 

improves the spatial alignment between both image volumes. The end-diastolic attenuation 

map, calculated by warping the original attenuation map with the obtained transformation, 

likewise depicts heart wall contour that match well with that of the reference tMR volume 

(see Figure 2 E). Warping of the obtained end-diastolic attenuation map with the tMR-based 

motion fields allows producing one attenuation map for each cardiac phase, for instance end-

systole, as illustrated on Figure 2 F. This procedure ensures that the emission and attenuation 

distributions will be consistent at all times during motion compensated PET reconstruction. 

The final 4D attenuation map fed to the reconstruction program was obtained by 

incorporating the static attenuation components (e.g. scanner table, MR body coil) to the 

motion-dependent attenuation map. The motion fields were also modeled inside the PET 

reconstruction process to correct the PET emission distribution for motion, as detailed in the 

next section. First, each motion field was transformed to a tri-linear interpolation based 

image warping operator M1→m ∈ ℝJ×J (where ‘1’ denotes the reference end-diastolic phase, 

m ∈ [1 … M] an arbitrary cardiac phase and J is the total number of image voxels) for 

incorporation inside the forward PET model. The inverse motion transformation (i.e. based 

on the inverse motion fields) was used as an approximation for the transpose motion warping 

operator  (Li et al., 2006; Feng et al., 2015; Furst et al., 2015). The inverse motion 

fields were calculated using 3D interpolation of the estimated B-spline registration based 

motion fields. As recently demonstrated by Feng and colleagues (Feng et al., 2015), more 

accurate results can be obtained when the warping operator is activity-preserving. In this 

study, activity preservation was achieved using the tri-linear interpolation operator with an 

additional multiplication by the Jacobian determinant of the estimated transformations 

(Dawood et al., 2013). The last 3-min of list-mode data were used to for image quality 

evaluation of static MPI. For dynamic MPI, the first 10-min list-mode data after injection 

were grouped temporally into a series of 29 frames (12×5s, 8×15s, 4×30s and 5×60s) for 

dynamic image reconstruction followed by kinetic modeling for MBF quantification.

4. Image reconstruction

The PET coincidence events in the static and dynamic MPI datasets were binned into 10 

cardiac phases using the fractional time delay relative to corresponding ECG R-wave 

triggers. Then, the events in each time frame and cardiac phase were re-binned into fully-3D 

sinograms (span=11, maximum-ring-difference=60). The forward model which links the 

expected PET prompt sinogram data in time frame ti and cardiac phase m ∈ [1‥M], noted 

, to the motion-corrected activity distribution ρ(ti) ∈ ℝJ to be estimated during 

reconstruction, is given by:
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where  and  ∈ ℝI are sinograms containing respectively the expected 

number of prompt, scattered, and random coincidences, M1→m ∈ ℝJ×J is the tMR-based 

motion warping operator that deforms the PET activity distribution in the reference phase to 

phase m, G ∈ ℝi×J is the forward-projection operator (implemented here using Siddon’s 

algorithm (Siddon, 1985)), B ∈ ℝI×I is a matrix that models the 2D PSF blurring effects in 

the sinogram space measured using multiple 18F point sources as detailed in (Petibon et al., 
2014), S ∈ ℝI×I is a diagonal matrix containing the line-of-response sensitivity coefficients, 

Am ∈ ℝI×I is a diagonal matrix containing the attenuation coefficients in each sinogram bin 

and motion phase m obtained by forward-projection of the motion-dependent attenuation 

map, and ΔDm(ti) is a scalar equal to the relative duration of phase m in dynamic frame ti. 
Scattered coincidences sinograms were estimated using the single scatter simulation method 

(Watson, 2000). Random coincidences sinograms were estimated by Gaussian smoothing of 

the sinograms of delayed coincidences. To accelerate reconstruction while keeping low 

noise/bias in the estimates, the distributions of random and scattered coincidences were 

assumed to be independent of motion and were estimated using all the data detected in each 

time frame, regardless of motion phases.

Based on the above forward model, we used the ordered subset expectation maximization 

(OSEM) algorithm (Hudson and Larkin, 1994) to iteratively estimate the motion-corrected 

PET image for each frame:

where ym(ti) is the sinogram of prompt coincidences detected in frame ti and motion phase m 
and 1I is a column-vector with all ones.

The static and dynamic datasets were reconstructed as (i) Ungated, (ii) Gated, and (iii) 

Motion-Corrected (MoCo). Ungated images were obtained by reconstructing all PET 

coincidences in each frame, regardless of motion, using a standard OSEM algorithm with 

attenuation and LOR sensitivity corrections. Gated images were reconstructed by using only 

the events detected at end-diastole (~20% of events in each frame) using the same OSEM 

reconstruction. MoCo images were obtained by reconstructing all events in each frame using 

the algorithm described above. All methods were applied both with and without PSF 

modeling. Reconstructions were performed on a 2-mm isotropic voxel grid. Eight angular 

subsets were used for all OSEM reconstructions. For each reconstruction method, the 

number of iterations was chosen so that the average activity in the whole myocardium had 

converged in every frame. For ungated datasets, convergence of activity values in the 

myocardium was reached on average using 5 iterations in the early low count frames and 10 

iterations in the later high count frames. Gated reconstructions required a smaller number of 

iterations for achieving convergence (3 for the early frames and 8 for the later frames, on 

average). PSF reconstructions, which are known to converge slower, required 4 more 

iterations on average to achieve convergence. A 3-mm FWHM 3D Gaussian filter was 

applied to each image post-reconstruction. Images were reoriented into the short-axis view.
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5. MBF quantification

Kinetic modeling of dynamic PET was performed to estimate segment- and voxel-wise MBF 

maps. For segment-wise analyses, the myocardium was divided into 17 segments based on 

the American Heart Association model (Cerqueira et al., 2002). The kinetics of 18F-

Flurpiridaz in the myocardium were modeled by a previously validated two-tissue 

compartment model (Nekolla et al., 2009), whose compartments are the free cellular space 

and the metabolic space, with tracer concentrations, CF(t), and CM(t), respectively, and 

kinetic rate constants K1, k2, k3 and k4. Since only the first 10 minutes of dynamic PET data 

were used for MBF estimation and because 18F-Flurpiridaz binds to MC-1 and shows very 

high retention, k4= 0 was assumed for the duration of the study. We also fixed k3 at a 

nominal value (k3 = 0.06 min −1) to improve stability of the estimated kinetic parameters, as 

proposed by Alpert et al (Alpert et al., 2012). Whole-blood TACs were obtained using 

cylindrical volumes-of-interest (VOI) (~1×1×2cm3) centered in the basal portions of the left 

ventricle (LV) and right ventricle (RV) blood-pools in the Ungated images. The LV (RV) 

VOI was located approximately ~2cm (~1cm) away from the endocardium surface. The 

image-derived plasma input function CP(t) was obtained by transforming the whole-blood 

LV TAC to plasma TAC using a plasma to whole-blood tracer concentration coefficient 

calculated from arterial blood measurements performed in 12 pigs (Guehl et al., 2015). No 

correction for metabolites was performed. Myocardial PET TACs were then fitted to the 

following model:

where CLV(ti) (CRV(ti)) is the LV (right ventricle (RV)) whole-blood TAC and  is 

the fractional spillover from LV (RV) in segment/voxel j. The fractional spillover terms 

 account for the contamination of myocardial TACs by activity from the left and 

right ventricles due to the limited PET spatial resolution. The fractional spillover terms were 

estimated during the curve fitting step together with the kinetic model parameters K1 and k2. 

The Levenberg-Marquardt algorithm was used for curve-fitting. MBF was then calculated as 

 (Nekolla et al., 2009). Since the first-pass extraction fraction 

of 18F-flurpiridaz is very high and almost unchanged at high flow rates, no correction for a 

flow-dependent extraction fraction was used (Nekolla et al., 2009).

6. Image quality assessment

Image quality of static MPI was assessed by calculating myocardium-to-blood concentration 

ratio (MBR) for each segment using MBRj = 〈M〉j/〈B〉, where 〈M〉j is the average activity in 

segment j and 〈B〉 is the average activity in the LV blood-pool in each image volume. 〈B〉 
was computed using the cylindrical LV VOI previously defined for calculation of MBF (see 

section II.5). We also estimated the wall thickness using profiles oriented along the inferior-

superior direction in six different short-axis slices taken in basal, mid and apical regions. 

The wall thickness was defined as the FWHM of each profile (Slomka et al., 2015; Le 

Meunier et al., 2011).
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III. RESULTS

Figure 3 shows the same tMR axial slice taken in the end-diastolic and end-systolic phases 

along with the estimated motion fields between the two phases. The estimated range of 

myocardial wall displacements (mean ± standard deviation) between the end-diastolic and 

end-systolic phases was 4.69 ± 1.45 mm (max = 8.57 mm) in animal 1 and 4.21 ± 2.05 mm 

(max = 10.46 mm) in animal 2.

Figure 4 depicts static 18F-Flurpiridaz images obtained using all methods in animal #1. The 

σ values were calculated as the ratio in % between the standard deviation and the mean of 

the activity values inside a large volume of interest chosen in the animal’s liver (not visible 

in the chosen slices) to quantify the level of noise in each PET volume. Yellow arrows point 

to a papillary muscle in the LV, which is barely visible in the Ungated images. In contrast, 

MoCo made it possible to resolve the papillary muscle, indicating a greater apparent 

resolution in the LV. Likewise, Gated images had visibly higher resolution than the Ungated 

images albeit with much higher noise. By reducing PVE, PSF modeling increased activity 

recovery in the myocardium for all methods, particularly in the thin basal anterolateral and 

inferolateral walls, which could not be resolved well without PSF modeling (white arrows in 

Figure 4). As expected, PSF modeling reduced image noise level (i.e. lower σ) compared to 

no PSF modeling.

Figure 5 shows polar maps and bar plots of MBRs for both animals. MoCo and Gating 

respectively increased MBR by 20.3% and 13.6% (average over the two animals) compared 

to the Ungated images (all P<0.01). Likewise, PSF modeling substantially increased MBR 

when incorporated into the reconstruction, as a result of reduced activity spillover effects 

from the myocardium to the blood pools. MoCo-PSF yielded MBR respectively 82.2% and 

20.5% higher (average over the two animals) to that obtained in the Ungated images 

reconstructed without and with PSF modeling (all P<0.01). MoCo-PSF also visibly 

improved uniformity of MBR across the myocardium compared to all other methods (see 

Figure 4 and Figure 5).

Figure 6 depicts wall thickness values measured for both animals. The mean apparent 

myocardial wall thickness for MoCo (10.6±1.1 mm) was similar to that measured in the 

Gated images (10.7±1.2 mm) (P=N.S), and was significantly lower than that obtained in the 

Ungated ones (12.5±1.5 mm) (all P<0.01). Mean wall thickness for MoCo-PSF (8.6±1.3 

mm) was 30.9% (15.7%) lower than that measured in the Ungated data reconstructed 

without (with) PSF modeling (all P<0.01).

Figure 7 shows short-axis basal voxel-wise MBF maps obtained for both animals. MoCo 

yielded substantially higher MBF values than Ungated data, particularly in the septal, 

inferior and inferolateral walls. Likewise, Gated data yielded higher MBF in the same areas, 

albeit with increased voxel-wise MBF variability. PSF modeling further increased MBF 

estimates as compared to no PSF modeling, particularly for MoCo-PSF, while reducing 

voxel-wise MBF variability.

Figure 8 shows segment-wise MBFs estimated for both animals. MoCo and Gating had the 

most impact in the basal and mid portions of the inferior, septal and inferolateral walls, 
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yielding noticeably higher MBF in these regions compared to Ungated data. The mean MBF 

across all segments and both animals was 0.72±0.21 mL/min/mL for MoCo, which was 

22.0% higher than that obtained using Ungated (0.59±0.16 mL/min/mL) (P<0.01). Gated 

data yielded slightly lower mean MBF (0.69±0.18 mL/min/mL) than MoCo. Gated-PSF 

yielded similar MBF (0.72±0.16 mL/min/mL) to MoCo (P>0.1). Mean MBF obtained with 

MoCo-PSF was 0.80±0.22 mL/min/mL which was higher by 25% (35%) compared to 

Ungated reconstructions performed without (with) PSF modeling (all P<0.01). Table 1 

summarizes mean MBF values for both animals measured in anterior, septal, inferior and 

lateral wall segments. MoCo and Gating had the most impact in the inferior and septal walls 

where the resulting MBFs were higher by 22% and 29% (MoCo) and 14% and 18% 

(Gating), respectively, than MBFs estimated using Ungated data (all P<0.01).

IV. DISCUSSION

The goal of this study was to evaluate the impact of motion and PVE correction on 18F-

Flurpiridaz PET MPI using simultaneous PET-MR. Previous studies have addressed motion 

correction in static cardiac PET-CT for perfusion (Slomka et al., 2015) and viability (Lamare 

et al., 2014; Le Meunier et al., 2011) applications, as well as rigid respiratory motion 

correction in dynamic cardiac PET-CT (Yu et al., 2016). To the best of our knowledge, this is 

the first study to investigate the impact of MR-based PET motion correction as applied to 

dynamic PET MPI for quantification of regional MBF using simultaneous PET-MR.

We used tagged-MRI to measure cardiac motion, which is widely accepted as the reference 

technique for wall motion measurement. We used the motion fields to calculate motion-

dependent attenuation coefficients and incorporated this information into the PET 

reconstruction, along with PSF modeling, to correct images for motion and PVE 

simultaneously while preserving SNR. We found that motion correction improved apparent 

image resolution, reduced wall thickness, and increased MBR and MBF compared to 

conventional Ungated reconstructions. Combined motion and PSF correction further 

improved image quality.

We did not know the true activity concentration in the myocardium nor the true MBF values, 

which prevents us from comparing the bias obtained with each technique. However, the 

Gated data can be considered as the ‘motion-free’ reference, albeit with high noise. Overall, 

we found that even though the measured wall thickness, MBR and MBF were close for 

Gated and MoCo images, MoCo yielded slightly higher MBR and MBF than Gated. Such 

differences may be explained by the limitations of iterative algorithms such as OSEM, which 

are known to introduce biases - underestimation (overestimation) of activity in hot (cold) 

regions - in images reconstructed with very low-count datasets (Walker et al., 2011; Reilhac 

et al., 2008).

Although the RV papillary muscle is more discernible in the MoCo images than in the 

Ungated images (see green arrows in Figure 4 A), Gating however does outperform MoCo 

in this area of the heart, suggesting that the tMR motion fields estimated in the RV were not 

very accurate. This lower accuracy most likely owes to our tMR data acquisition protocol 

which was optimized for LV motion tracking and utilized an 8 mm SPAMM tag line spacing 
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distance. Indeed, since the RV of these animals is very thin (<6 mm, which is thus thinner 

than the tag line spacing distance), the tMR-based motion fields estimated along the 

direction in which the RV is the thinnest may not be very accurate. This may explain why 

MoCo performs worse than Gating in the RV, while still showing improved spatial resolution 

relative to Ungated data. To capture more accurate RV motion using tMR, a smaller tag line 

distance (e.g. 2 or 4 mm) and a higher tMR data spatial resolution (e.g. 1×1mm2 in plane 

resolution) may be needed.

We used a VOI in the LV blood-pool to obtain the image-derived arterial input function. It 

might appear natural to derive the input function from the Ungated, Gated, and MoCo 

dynamic data separately for kinetic analysis of corresponding datasets. However, we chose 

to use a common input function derived from the Ungated images for kinetic modeling of all 

datasets. As illustrated in Figure 9, MoCo and Ungated yielded almost undistinguishable LV 

TACs. In comparison, Gated data seemed to overestimate the activity in the blood-pool, both 

in the early and late time frames, which may be explained by the aforementioned limitations 

of OSEM in very low-count scenarios.

As can be seen in Figure 7, overall lower MBF values were obtained in the anterolateral wall 

compared to the rest of the myocardium for both animals. Also, MoCo and Gating alone (i.e. 

without PSF modeling) had relatively little impact in that area of the myocardium. However, 

noticeably higher MBF values were obtained when using the PSF reconstructions (white 

arrows in Figure 7). This is particularly visible with the MoCo-PSF reconstruction in Animal 

1 (Figure 7 A) which in fact seems to restore the shape of the anterolateral wall. This 

suggests that the lower MBF values estimated with the non PSF reconstructions are likely an 

artifact caused by strong PVE, due to the thinner anterolateral wall in the chosen slices.

While all methods depicted substantial inter-segment MBF variability, as illustrated by both 

the polar maps and standard deviation bars in Figure 8, motion correction yielded overall 

larger MBF spatial heterogeneity across the myocardium than that obtained with Ungated 

and Gated reconstructions. This might seem counter intuitive, at a first glance, however. 

Indeed, even though the underlying physiologic mechanism is not fully understood yet, it is 

well established and documented that resting MBF shows significant spatial heterogeneity in 

normal animals and humans, as assessed by both microspheres and PET (e.g. (King et al., 
1985; Chareonthaitawee et al., 2001)). In their study, Chareonthaitawee and colleagues 

performed H2
15O dynamic PET measurements on 169 normal volunteers to characterize the 

heterogeneity of resting MBF in normal humans (Chareonthaitawee et al., 2001). They 

found that MBF varies considerably within subjects (average coefficient of variation = 24 %) 

and that different heart regions (e.g. inferior vs. anterior wall) exhibit significantly different 

MBF. Furthermore, as demonstrated by Bassingthwaighte and colleagues (Bassingthwaighte 

et al., 1989), the spatial heterogeneity of regional MBF exhibits fractal properties and in fact, 

the measured heterogeneity in MBF distribution increases with increasing spatial resolution 

of the measurements. Therefore, one may argue that the motion correction method, which 

provides higher spatial resolution and SNR compared to the other reconstruction methods, 

may perhaps reveal patterns of MBF heterogeneity across the heart that cannot be fully 

characterized using blurred Ungated or low-SNR Gated dynamic PET measurements. 
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However, since we have not performed microsphere measurements in this work and 

therefore the true MBF values are unknown, this observation is merely a hypothesis.

We ignored respiratory motion in these studies because pig’s breathing pattern induces 

negligible heart motion. In a clinical patient study, however, both cardiac and respiratory 

motion correction would be needed. Because the respiratory motion of the heart is less 

complex than cardiac beating, tagging may not be required for respiratory motion 

measurement. Fast radial “stack-of-stars” MR sequences could be used for that purpose 

because they offer flexible retrospective binning of the MR data into motion phases (Grimm 

et al., 2015; Huang et al., 2013; Dutta et al., 2015). Respiratory motion phases can be 

tracked using external sensors (e.g. bellows) or MR navigators.

We used the attenuation map obtained by the MRAC protocol for all PET reconstructions. It 

is however well-known that segmentation-based methods such as MRAC introduce bias in 

the reconstructed PET images. We have previously shown that the resulting bias for a given 

patient scan can be unacceptably large in lung and bone regions because the density 

variations within these regions are high. However, we have found such method yields 

acceptable bias when imaging soft-tissue organs such as the myocardium (Ouyang et al., 
2013).

During the experiments, a MR surface coil was used to receive signals. However, the 

attenuating effects of the coil were not accounted for during the PET reconstruction. 

Previous studies have shown that large bias near the surface coil panels can be found if such 

correction is not performed (Ouyang et al., 2014). Since the mid/apical anterior wall of the 

myocardium is adjacent to the sternum and the rib cage in these animals, the distance 

between the heart wall and the surface coil panels may be only a few cm (in our case, ~2.5 

cm in animal 1 and ~3 cm in animal 2). As a consequence, one may expect the surface coil 

panels to impact the activity estimated at least in the anterior wall. However, since the same 

bias affects all reconstructed volumes, the comparison between reconstruction methods and 

the conclusions drawn in this work remain valid. In order to include the surface coil in the 

overall attenuation map, several MR markers such as wired or wireless micro coils (Huang 

et al., 2014b; Huang et al., 2014a), can be attached to the surface coil to track its location 

and shape during the acquisition.

V. CONCLUSION

We have developed a methodology for tackling both issues of cardiac motion and PVE for 

PET MPI using simultaneous PET-MR. We investigated its impact on both static and 

dynamic 18F-Flurpiridaz PET MPI. Compared to the conventional Ungated method, we have 

demonstrated improved image resolution and overall higher MBF values throughout the 

myocardium. This methodology holds promise to improve the image quality and sensitivity 

of PET MPI studies performed using PET-MR.
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Figure 1. 
A: Acquisition protocol for PET MPI studies using simultaneous PET-MR. B: Diagram of 

the NAV-tMR sequence for cardiac motion measurement. C: PET and MRI post-acquisition 

data processing steps.
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Figure 2. 
Calculation of the motion-dependent attenuation map in animal 1. Same transverse slice 

taken in A: the reference tMR volume (end-diastole), B: the original (i.e. “motion 

averaged”) in-phase Dixon MR volume, C: the in-phase Dixon MR volume registered to A, 

D: original (“motion averaged”) attenuation map, E: the attenuation map at end-diastole 

(obtained by warping D with the spatial transformation obtained in C, and F: the attenuation 

map at end-systole (obtained by warping E with the tMR-based cardiac motion fields). The 

dotted green line in each panel depicts the heart wall contour delineated in the reference end-

diastole tMR volume. Motion blurring is visible in the original in-phase Dixon MRI volume 

(yellow arrow in B) which propagates to the attenuation map (yellow arrow in D). In 

contrast, the end-diastolic attenuation map (E) obtained using the proposed data processing 
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method is well aligned to the reference tMR volume. Red arrows in F illustrate the 

amplitude of motion between end-diastole and end-systole.
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Figure 3. 
Same transverse tagged MRI slice from animal 1 taken at A: end-diastole and B–C: end-

systole. The yellow arrows in C depict the motion fields estimated between the end-diastolic 

and end-systolic phases.
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Figure 4. 
18F-Flurpiridaz PET MPI images from animal 1 in A: short- and B: long-axis orientation. 

Images were reconstructed as Ungated, Gated and MoCo, each without and with PSF 

modeling.
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Figure 5. 
Polar maps and bar plots of MBR calculated in 17 heart segments for A: animal 1 and B: 

animal 2.
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Figure 6. 
Bar plots of wall thicknesses for A: animal 1 and B: animal 2.
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Figure 7. 
Short-axis basal MBF maps obtained for A: animal 1 and B: animal 2.
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Figure 8. 
Polar maps and bar plots of MBF calculated in 17 heart segments for A: animal 1 and B: 

animal 2.
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Figure 9. 
LV blood-pool TACs obtained in Animal 1 using all the reconstruction methods
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