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Purpose. We appraised the feasibility of left ventricle (LV) function assessment using gated
first-pass 18F-FDG PET, and assessed the concordance of the produced measurements with
equilibrium radionuclide angiography (ERNA).

Materials and Methods. Twenty-four oncologic patients benefited from 99mTc-labeled red-
blood-cell ERNA, in planar mode (all patients) and using SPECT (22 patients). All patients
underwent gated first-pass 18F-FDG cardiac PET. Gated dynamic PET images were recon-
structed over 1 minute during tracer first-pass inside the LV and post-processed using in-house
software (TomPool). After re-orientation into cardiac canonical axes and adjustment of the
valves plane using a phase image, pseudo-planar PET images obtained by re-projection were
automatically segmented using thresholded region growing and gradient-based delineation to
produce an LV ejection fraction (EF) estimate. PET images were also post-processed in fully-
tomographic mode to produce LV end diastole volume (EDV), end systole volume (ESV), and
EF estimates. Concordance was assessed using Lin’s concordance (ccc) and Bland-Altman
analysis. Reproducibility was assessed using the coefficient of variation (CoV) and intra-class
correlation (ICC).

Results. Pseudo-planar PET EF estimates were concordant with planar ERNA (ccc = 0.81,
P < .001) with a bias of 0% (95% CI [2 2%; 3%], limits of agreement [2 11%; 12%]).
Reproducibility was excellent and similar for both methods (CoV = 2 ± 1% and 3 ± 2%,
P = NS; ICC = 0.97 and 0.92, for PET and ERNA, respectively). Measurements obtained in
fully-tomographic mode were concordant with SPECT ERNA: ccc = 0.83 and bias = 2 3 mL
for LV EDV, ccc = 0.92 and bias = 0 mL for LV ESV, ccc = 0.89 and bias = 2 1% for LV EF
(all P values < .001 for ccc, all biases not significant).

Conclusions. Gated first-pass 18F-FDG PET might stand as a relevant alternative to ERNA
for LV function assessment, enabling a joint evaluation of both therapeutic response and
cardiac toxicity in oncologic patients receiving cardiotoxic chemotherapy. (J Nucl Cardiol 2019)
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Abbreviations
LV Left ventricle

RV Right ventricle

EDV End-diastole volume

ESV End-systole volume

EF Ejection fraction

ERNA Equilibrium radionuclide angiography

SPECT Single photon emission computerized

tomography

INTRODUCTION

Left ventricle (LV) function assessment plays a

critical role in baseline and follow-up assessment of

patients with LV systolic1 or diastolic2 dysfunction, or

receiving cardiotoxic chemotherapy.3 Standard LV

function assessment based on the estimation of end

diastole volume (EDV), end systole volume (ESV), and

ejection fraction (EF) can be achieved using various

non-invasive imaging techniques including echocardio-

graphy, cardiac magnetic resonance (CMR), and

isotopic techniques. Gated equilibrium radionuclide

angiography (ERNA), using either planar techniques or

single photon emission computerized tomography

(SPECT) and 99mTc-labeled red blood cells, has long

proven to be a valuable and reproducible technique for

cardiac function evaluation.4–7 Owing to its cost-effec-

tiveness, simplicity, and high reproducibility, planar

ERNA stands as the gold-standard for iterative LV EF

assessment in adults.8 SPECT ERNA allows both LV

volume and EF estimation and has been thoroughly

validated against CMR.5–7

First-pass radionuclide angiography using 99mTc-

labeled agents has been extensively employed for LV

and right ventricle (RV) function analysis.9 The steadily

increasing use of PET in clinical routine reinforces the

motivation to develop first-pass PET methods for

cardiac function evaluation.10–12 Recent studies have

highlighted the feasibility of LV function assessment

using 15O-water PET and demonstrated the concordance

of the produced estimates with those obtained using

either CMR13,14 or myocardial perfusion SPECT.15 As a

rule of thumb, the proposed methods are readily trans-

posable to first-pass PET using any tracer, since the first-

pass of the tracer through cardiac cavities provides -at

least over a given time range- a set of vascular images

that indirectly reflects cardiac function. Nowadays, the

most employed PET tracer in clinical routine is 18F-

FDG, owing to its numerous indications in oncology and

cardiology. The development of LV function assessment

using first-pass 18F-FDG PET would substantially

expand the diagnostic information provided by routine

18F-FDG PET explorations. By obviating the need for

ERNA, it would also allow for higher patient comfort

and lower received dose. Todica et al described LV

volume and function measurements in healthy rats using

gated first-pass 18F-FDG PET without significant differ-

ence compared to CMR in terms of ejection fraction.16

To our knowledge, no such measurements have been

performed in humans to date.

TomPool is a free software developed in Montpel-

lier University Hospital designed for semi-automated

post-processing of equilibrium blood-pool SPECT

images. It relies on a watershed immersion algorithm

for ventricle segmentation and a deformable reference

model for time-activity curve fitting.17–19 It has previ-

ously been validated against CMR for LV and RV

function assessment.5 In a recent study, it was adapted to

first-pass PET data post-processing and allowed to

produce LV volume and function estimates using first-

pass 15O-water PET that were in close agreement with

those provided by gated myocardial perfusion SPECT.15

The present work aimed to investigate the feasibil-

ity of LV volume and function measurements using

gated first-pass 18F-FDG PET, in both pseudo-planar and

fully-tomographic post-processing settings, and to com-

pare the produced volume and function estimates with

those obtained using gated ERNA in both planar and

SPECT modes.

MATERIALS AND METHODS

Patients

Twenty four patients aged 55 ± 13 years (range 23-

74 years, 13 men and 11 women) were prospectively recruited

from the outpatients of the Nuclear Medicine Department at

Montpelier University Hospital from December 2017 to

November 2018. Included patients were referred for both
18F-FDG PET and ERNA in routine condition. 18F-FDG PET

was performed for baseline or follow-up assessment of their

cancer (18 malignant lymphomas, 4 breast cancer, 1 ovarian

malignancy, and 1 cystic adenoid carcinoma). ERNA was

performed for baseline or follow-up assessment of LV EF

during cardiotoxic chemotherapy. The mean delay between
18F-FDG PET and ERNA was 6 ± 6 days (range 1-21 days).

None of the recruited patients had documented cardiac disease.

The study was approved by the Local Ethics Committee and all

patients gave written informed consent.

Gated Equilibrium Radionuclide
Angiography Acquisition and Analysis

Acquisition and post-processing parameters were set

according to the international guidelines for ERNA.20,21 After

in vivo labeling of red blood cells using 812 ± 35 (range 751-

913) MBq of 99mTc-pertechnetate, ERNA acquisitions were
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carried out using a dual-head Siemens Intevo camera equipped

with low-energy high-resolution parallel-hole collimators.

ECG gating used 16 time samples and a 10% R-R interval

acceptance window.

Planar acquisitions were performed over 7 minutes in the

standard 35� left-anterior-oblique direction. Planar images were

sampled on a 64 9 64 matrix with a pixel size of 3.6 mm, and

post-processed using the manufacturer’s dedicated software.

The LV was automatically segmented using gradient-based

delineation. Background noise subtraction was applied using a

region of interest positioned bottom-left to the LV. Manual

adjustment of the automated segmentation mask and back-

ground region position was performed whenever necessary.

SPECT acquisitions were performed using 32 projections

per head and 20 second per projection. SPECT images were

reconstructed using the manufacturer’s specifications (3D

OSEM, 4 subsets, 6 iterations, 9 mm Gaussian post-filtering),

without attenuation and scatter correction. Images were sam-

pled using 6.6 mm isotropic voxels. SPECT data were post-

processed using in-house software TomPool17–19 to produce

estimates of LV EDV, ESV, and EF.

Gated First Pass 18F-FDG PET Acquisition
and Analysis

Cardiac PET acquisitions were performed using a Siemens

Biograph mCT Flow scanner in time-of-flight mode, following

IV injection of 3.5 MBq�kg-1 of 18F-FDG (246 ± 58 MBq,

range 152-350 MBq). A transmission CT scan was obtained

prior to PET for attenuation correction purpose (CT-AC).

Emission list-mode data were acquired over 5 minutes starting

from the IV injection of the tracer to the arm. After correction for

random coincidences, scatter, and dead time, PET data were

reconstructed twice. First, a dynamic sequence (30 frames of

10 seconds each) was obtained that allowed to identify the

starting point for gated reconstructions. That starting point was

set as the time at which a significant activity was seen inside the

LV. A second image reconstruction was then performed over the

first-pass time range using CT-AC 3D OSEM (21 subsets, 3

iterations) with 8-interval gating. The first-pass time range was

either set to 1 or 3 minutes. Final image matrices were sampled

on a 128 9 128 9 74 grid with 3 mm cubic voxels. 3D

Gaussian post-filtering was applied using an 8 mm kernel for

pseudo-planar image extraction, and a 15 mm kernel for fully-

tomographic post-processing. A representative example of gated

first-pass PET-CT images is shown in Figure 1. Gated first-pass

blood-pool images were then post-processed using in-house

software (TomPool) that was originally designed for ERNA and

adapted for first-pass data analysis.A complete description of the

algorithm can be found in.15,17–19

Regarding pseudo-planar image extraction, the workflow

was as follows (see Figure 2). PET images were re-oriented into

cardiac canonical axes using horizontal long axis then vertical

long axis (VLA) views.VLA imageswere then summedalong the

left-right direction in order to compute aVLAphase image,which

is a parametric map of the time of end-systole (pixel color codes

the gating interval forwhich the pixel activity is the lowest). Since

the volume changes of the ventricles occur in phase opposition

compared to those of the atria, the valve plane (i.e., the separation

betweenventricular and atrial activity) could be easily located and

manually positioned using the VLA phase image. Next, the

activity located in front of the valve plane was summed along the

antero-posterior direction to produce pseudo-planar images that

reflect only ventricular activity. Last, automated segmentation of

the LV on pseudo-planar images using thresholded region

growing (with gradient-based LV/RV delineation) allowed to

build an LV time-activity curve from which LV EF was inferred.

Manual refinement of the produced contours was performed

whenever necessary. Background noise subtraction was applied

using a square region of interest of 5 pixels automatically

positioned at a 24 mmdistance left to the LV. Thresholds ranging

from 40% to 70% were tested in order to determine the optimal

threshold value with respect to planar and SPECT ERNA.

Regarding fully-tomographic post-processing, a four-di-

mensional immersion algorithm was run that produced a

partition of the gated images into 4D regions centered on local

intensity maxima. Each region was then assigned either to the

LV, RV, or extra-ventricular structures depending on the

relative position of its barycentre with respect to the reference

planes (septum and valve planes). The LV segmentation mask

was obtained using a thresholding method at a fixed percentage

of the 4D maximal intensity value inside the regions belonging

to LV. Thresholds ranging from 50% to 70% were tested in

order to determine the optimal threshold value. LV volumes

were computed using a count-based method in which the

volume of each voxel was normalized by the ratio of its

intensity to the LV maximal intensity. Ventricular ejection

curves were fitted to the 8 time samples using a deformable

curve model that allowed to estimate LV EDV, ESV, and EF.19

Statistical Analysis

Continuous variables are expressed as mean ± standard

deviation (min-max range). Parameters obtained using pseudo-

planar PET were compared to those given by planar and

SPECT ERNA. Parameters obtained using fully-tomographic

PET were compared to those given by SPECT ERNA.

Concordance and correlation between LV volume and function

given by gated first-pass PET and those given by ERNA were

assessed using Pearson’s correlation coefficient (R), Lin’s

concordance correlation coefficient (ccc), and Bland-Altman

analysis. Difference between homologous variables was char-

acterized using a paired Student’s t-test after checking data

sample normalcy using the Kolmogorov-Smirnov test. Planar

ERNA and pseudo-planar PET data were post-processed in a

blinded fashion by 3 independent nuclear medicine specialists

in order to assess the reproducibility of the LV EF measure-

ments using the intra-class correlation (ICC) coefficient and

the coefficient of variation (CoV).

RESULTS

Dosimetry

Effective dose was 5.7 ± 0.2 (range 5.3-6.4) mSv

for ERNA. Regarding PET-CT acquisition, total
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effective dose for the standard acquisition was

11.0 ± 3.2 (range 6.5-17.2) mSv (mean dose 4.7 mSv

for 18F-FDG and 6.3 mSv for chest-abdomen-pelvis

CT). Additional effective dose due to cardiac CT was

3.8 ± 1.0 (range 1.7-5.4) mSv.

Pseudo-planar PET

The optimal first-pass time range (either 1-minute

or 3-minutes) was first assessed against planar ERNA as

the reference. Visually, pseudo-planar images obtained

using a first-pass time range of 1-minute had higher LV-

to-background contrast than 3-minutes images (see

Online Figure 1) due to substantial myocardial and

hepatic uptake on 3-minutes images. Quantitatively, 1-

minute LV EF estimates showed higher concordance

with planar ERNA estimates than 3-minutes estimates

(optimal Lin’s concordance 0.82 and 0.63 respectively,

see Online Table 1 and Online Figure 2 for details).

Manual adjustment of the LV automatic segmentation

was necessary in 2/24 cases for planar ERNA, in 1/24

case for 1-minute pseudo-planar PET, and in 7/24 cases

for 3-minutes pseudo-planar PET As such, 1-minute was

considered as the optimal first-pass time range and all

the results presented in the sequel are related to 1-minute

PET images.

The best concordance and lowest bias of pseudo-

planar PET with planar ERNA and SPECT ERNA was

achieved using 50% and 65% segmentation thresholds

respectively. Figure 3 shows the scatter plots and Bland-

Altman diagrams assessing the concordance between

LV EF obtained using pseudo-planar PET and planar

(top) and SPECT (bottom) ERNA. With respect to

planar ERNA, using a 50% threshold, Lin’s concordance

was 0.81 (P\ .001) and bias was 0% (not significant,

95% CI [- 2%; 3%], limits of agreement [- 11%;

12%]). As demonstrated by the Bland-Altman diagram,

there was a moderate albeit significant trend towards an

underestimation of low EFs and overestimation of high

EFs using pseudo-planar PET. With respect to SPECT

ERNA, using a 65% threshold, Pearson’s correlation and

Lin’s concordance were both 0.75 (P\ .001) and bias

was 0% (not significant, 95% CI [- 4%; 4%], limits of

agreement [- 17%; 18%]).

Planar ERNA LV EF reproducibility was charac-

terized by a CoV of 3 ± 2% (range [0; 10%]) and an

ICC coefficient of 0.92. Pseudo-planar PET (50%

threshold) LV EF reproducibility was characterized by

Figure 1. Representative gated first-pass 18F-FDG PET-CT images. Images were reconstructed
from gated list-mode data over 1 min during the first-pass of the tracer inside the LV (8-interval
gating, 15 mm Gaussian post-filtering). Images are shown in horizontal long axis, vertical long
axis, and short axis. Time frames are swept from top to bottom then left to right.
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a CoV of 2 ± 1% (range [0; 6%]) and an ICC coefficient

of 0.97. No statistical difference was found between the

CoV obtained in planar ERNA and those obtained in

pseudo-planar PET.

Fully-tomographic Post-processing

LV delineation using a 60% segmentation threshold

yielded the highest concordance and lowest bias of first-

pass PET with SPECT ERNA in terms of LV EDV,

ESV, and EF (see Online Table 2 for details). Figure 4

shows the scatter plots and Bland-Altman diagrams

assessing the concordance between LV EDV, ESV, and

EF (from left to right) obtained using fully-tomographic

PET and SPECT ERNA. Lin’s concordance was 0.83 for

LV EDV, 0.92 for LV ESV, and 0.89 for LV EF (all P

values\ .001). Bias was - 3 mL (not significant, 95%

CI [- 7; 1] mL, limits of agreement [- 20; 14] mL) for

LV EDV, 0 mL (not significant, 95% CI [- 2; 2] mL,

limits of agreement [- 9; 9] mL) for LV ESV, and

- 1% (not significant, 95% CI [- 4%; 1%], limits of

agreement [- 12%; 10%]) for LV EF.

Figure 5 shows a representative example of SPECT

ERNA (left) and first-pass PET (right). From top to

bottom are displayed the 3D segmentations (raw vol-

umes and parametric surface rendering) at end diastole

and end systole, and the LV time-activity curves. Cine

gated images are provided as supplemental material (see

Online Figure 3).

Figure 2. Workflow for LV EF estimation using pseudo-planar PET images. PET images are re-
oriented into canonical axes using horizontal long axis (A) then vertical long axis (B) views. VLA
images are then summed along the left-right direction in order to compute a VLA phase image (C)
that allows to manually position the valve plane (highlighted vertical line). Next, the activity
located in front of the valve plane is summed along the anterior-posterior direction to produce
pseudo-planar images of ventricular activity (D). Last, automated segmentation of the LV on
pseudo-planar images using thresholded region growing and gradient-based delineation allows to
build an LV time-activity curve (E).
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DISCUSSION

In the present study, we assessed the feasibility and

relevance of LV EF and volume measurements from

gated first-pass 18F-FDG PET. First-pass PET images

were post-processed in both pseudo-planar and fully-

tomographic modes. The motivation to develop a

pseudo-planar approach was based on the fact that,

owing to its high reproducibility, planar ERNA stands as

the gold-standard isotopic method for iterative LV EF

evaluation and detection of drug-induced cardiac toxi-

city.21,22 Besides, pseudo-planar post-processing is

much more practical in terms of post-processing time

(less than one minute compared to several minutes for

the fully-tomographic approach), making it readily

implementable in clinical routine. As such, pseudo-

planar techniques based on re-projection of SPECT data

have already been developed using standard and dedi-

cated cameras.23–25

Figure 3. Comparison between LV EF estimates obtained using pseudo-planar gated first-pass
PET images and (left) planar and (right) SPECT ERNA. Top: scatter plots. The dotted lines indicate
the perfect identity. The dashed lines stand for the linear regression. Bottom: Bland-Altman
diagrams. The dotted lines indicate the mean difference (grayed is the 95% confidence interval) and
the plain lines the 95% limits of agreement. The dashed line stands for the linear regression (not
shown if not significant). R Pearson’s correlation; ccc Lin’s concordance correlation coefficient.
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To our knowledge, this is the first proof of concept

for LV function assessment using first-pass 18F-FDG

PET in humans along with a post-processing workflow

compatible with patient throughput in nuclear medicine

labs. In this context, the use of the routine tracer 18F-

FDG appears crucial since previous attempts to asses LV

function using first-pass PET methods relied on 15O-

water or 15O-labeled carbon monoxide which are

restricted to institutions equipped with an on-site

cyclotron.13–15,25 In a patient viewpoint, there are

mainly two expected benefits from 18F-FDG PET-based

LV function assessment. First, it allows to evaluate both

disease extension (or therapeutic response) and LV

function in a single examination. Second, it enables a

moderate albeit significant reduction in terms of effec-

tive dose (3.8 mSv for cardiac CT vs 5.7 mSv for

ERNA). At our institution, a large proportion of patients

addressed for concomitant 18F-FDG PET and ERNA are

affected by hematologic malignancies. In these often

young patients for whom a long follow-up including

repeated isotopic explorations is required, dosimetric

considerations are of critical importance.26

Dynamic PET acquisitions were performed over

5 minutes in order to estimate the optimal time range for

first-pass image extraction. Due to substantial myocar-

dial uptake (with respect to vascular activity) from the

first minutes following tracer injection,27 the PET

images with the higher LV-to-background contrast were

those obtained using a short first-pass time range of

1 minute. Although the kinetics of 18F-FDG myocardial

uptake is known to be highly variable and dependent

upon fasting state and plasma glucose and insulin

levels,28 myocardial uptake was negligible on 1-minute

images in all of our patients. Owing to that high contrast,

the absence of splenic uptake interfering with back-

ground correction, and the cancelation of atrial activity

on the short-axis images obtained by re-projection, the

LV EF estimates produced by the pseudo-planar method

Figure 4. Comparison between LV EDV, ESV, and EF estimations obtained using gated first-pass
PET and SPECT ERNA. Top: scatter plots. The dotted lines indicate the perfect identity. The
dashed lines stand for the linear regression. Bottom: Bland-Altman diagrams. The dotted lines
indicate the mean difference (grayed is the 95% confidence interval) and the plain lines the 95%
limits of agreement. R Pearson’s correlation, ccc Lin’s concordance correlation coefficient.
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showed favorable inter-operator reproducibility (mean

CoV 2%). The variability of planar ERNA LV EF

measurements was slightly higher (mean CoV 3%) and

similar to that reported in the literature.29,30 Using an

adapted segmentation threshold at 50% of the global

maximal LV activity on pseudo-planar images, there

was an excellent agreement between the two methods

(no significant bias, limits of agreement around ± 10%).

Importantly, considering the reference cutoff at 50% to

detect LV dysfunction in patient receiving cardiotoxic

therapies,8 all patients were identically classified using

planar ERNA and pseudo-planar PET (22 normal and 2

altered LV EF). It has however to be noted that a trend

towards a proportional bias is observed on the Bland-

Altman diagram. The mean bias was not significant

because the optimal segmentation threshold was set so

as to maximize the concordance between planar ERNA

and pseudo-planar PET EF estimates. The proportional

bias may be explained by the fact that pseudo-planar

PET post-processing allows to exclude atrial activity by

Figure 5. Representative example of SPECT ERNA (left) and first-pass PET (right) in patient #11
(male, 72 years, baseline assessment in a follicular lymphoma). From top to bottom are shown the
3D segmentations (raw volumes and parametric surface rendering: left ventricle in red, right
ventricle in blue, extra-ventricular structures in green) at end diastole and end systole, and the LV
time-activity curves.
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re-projecting only ventricular activity. Using planar

ERNA, atrial activity may overlap ventricular activity,

leading to relative EF under-estimation especially at

high EF values.

Concordance of pseudo-planar LV EF estimates

with those provided by SPECT ERNA was moderate,

especially for high EF values (limits of agreement

around ± 20%). Nevertheless, Pearson’s correlation

(R = 0.75) was similar to that reported in the literature

between planar ERNA and SPECT ERNA processed

using standard commercial software.31

Although 16-interval gating is recommended for

planar ERNA and sometimes preferred for SPECT

ERNA,24,25 it has been shown that LV EF estimates

obtained using 8-frame gated SPECT ERNA do not

significantly differ from those obtained using 16-frame

gating 32 and are concordant with CMR measurements.5

In our study, gated PET data were sampled using 8

frames/cycle. This was primarily motivated by the

inherent low-count nature of short duration first-pass

data, and in line with previous studies exploring the

feasibility of first-pass PET LV EF assessment.13–16

The fully-tomographic post-processing of first-pass

PET data provided LV assessment that was highly

concordant with SPECT ERNA measurements in terms

of LV EDV, ESV, and EF. Volume measurements relied

on a count-based approach assuming a uniform activity

distribution inside the LV. This method is supposed to

account for signal blurring at the ventricle edges due to

partial volume effect and motion artifacts. When passing

from equilibrium to first-pass imaging, the uniformity

assumption was reasonably maintained for what con-

cerns the LV since tracer dilution in blood flow was

sufficient downstream the pulmonary circulation.33 The

optimal threshold value for LV segmentation was found

to be 60%, which is higher than the optimal threshold

previously reported using first-pass 15O-water PET.15

The discrepancy between the two threshold values was

likely due to a better resolution and contrast in 18F-FDG

images compared to 15O-water images (smaller positron

range, slower tracer diffusion to the myocardium) and to

the different gold-standards employed (ERNA vs

myocardial perfusion SPECT). Although feasible using

first-pass PET methods,15 right ventricle (RV) analysis

was not performed because it was beyond the scope of

the present study and because gold-standard assessment

of RV function was not available in our cohort.

Last, the technique presented in the present study

should be feasible and relevant in the frame of cardiac

PET for which a hypoglycemic regime and/or a eug-

lycemic hyperinsulinemic clamp is usually performed.

Indeed, in either case myocardial uptake is expected to

be negligible during the first minutes post-injection that

are exploited for first-pass blood-pool analysis.34

NEW KNOWLEDGE GAINED

This study demonstrates that LV function assess-

ment is feasible using gated first-pass 18F-FDG PET-CT,

yielding higher patient comfort and lower total dosime-

try. First-pass PET images are mineable using either

pseudo-planar or fully-tomographic approaches. The

latter provides a complete characterization of LV

functional parameters (including volumes and EF) that

is in good agreement with SPECT ERNA assessment.

The pseudo-planar workflow yields reproducible LV EF

estimates that are highly concordant with planar ERNA

measurements. Its implementation should easily fit

within a clinical routine framework.

CONCLUSION

Gated first-pass 18F-FDG PET might stand as a

relevant alternative to ERNA for LV function assess-

ment, enabling a joint evaluation of both therapeutic

response and cardiac toxicity in oncologic patients

receiving cardiotoxic chemotherapy.
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