
ORIGINAL ARTICLE

New approach for quantification of left
ventricular function from low-dose gated
bloodpool SPECT: Validation and comparison
with conventional methods in patients

Yi-Hwa Liu, PhD,a,b,d,e Ramesh Fazzone-Chettiar, BS,b Veronica Sandoval, BS,b

Vera Tsatkin, MS,b Edward J. Miller, MD, PhD,a,b,c and Albert J. Sinusas, MDa,b,c

a Section of Cardiovascular Medicine, Department of Internal Medicine, Yale University School

of Medicine, New Haven, CT
b Department of Nuclear Cardiology, Heart and Vascular Center, Yale New Haven Hospital, New

Haven, CT
c Department of Radiology and Biomedical Imaging, Yale University School of Medicine, New

Haven, CT
d Department of Biomedical Engineering, Chung Yuan Christian University, Taoyuan, Taiwan
e Department of Biomedical Imaging and Radiological Sciences, National Yang-Ming University,

Taipei, Taiwan

Received Apr 8, 2019; accepted Jul 3, 2019

doi:10.1007/s12350-019-01823-8

Background. Planar equilibrium radionuclide angiocardiography (ERNA) has been used as
the gold standard for assessment of left ventricular (LV) function for over three decades.
However, this imaging modality has recently gained less favor due to growing concerns about
radiation exposure. We developed a novel approach that involves integrating short axis slices of
gated bloodpool SPECT for quantification of LV function with improved signal-to-noise ratio
and reduced radioactive dose while maintaining image quality and quantitative precision.

Methods. Twenty patients referred for ERNA underwent standard in vitro 99mTc-labeling
of red blood cells (RBC), and were initially imaged following a low-dose (* 8 mCi) injection
using a dedicated cardiac SPECT camera, and then had planar imaging following a high-dose
(* 25 mCi) injection. Four different quantification methods were utilized to assess the LV
function and were compared for quantitative precision and inter-observer reproducibility of
the quantitative assessments.

Results. The Yale method resulted in the most consistent assessment of LV function
compared with the gold standard high-dose ERNA method, along with excellent inter-observer
reproducibility.

Conclusions. The new low-dose 99mTc-RBC imaging method provides precise quantifica-
tion of LV function with a greater than 67% reduction in dose and may potentially improve
assessment of regional function. (J Nucl Cardiol 2021;28:939–50.)
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Abbreviations
CZT Cadmium zinc telluride

EDV End-diastolic volume

EF Ejection fraction

ERNA Equilibrium radionuclide angiography

ESV End-systolic volume

PFR Peak filling rate

QBS Quantitative bloodpool SPECT

RBC Red blood cell

SPECT Single-photon emission computerized

tomography
99mTc Technetium-99m

INTRODUCTION

Planar equilibrium radionuclide angiocardiography

(ERNA) has been used for the assessments of left

ventricular (LV) volumes, ejection fraction (EF), and

peak filling rate (PFR) for over three decades with high

accuracy and precision in patients with known or

suspected heart disease.1-8 However, conventional pla-

nar ERNA has recently gained less favor due to the

growing concerns of radiation exposure to patients and

improvements in quantitative echocardiography. While

new single-photon emission computerized tomography

(SPECT) cameras equipped with solid-state detectors

and pinhole collimators allows for low-dose imaging,

these high-sensitivity SPECT cameras with improved

resolution are not capable of acquiring traditional planar

ERNA images, which was the established gold standard

nuclear cardiac imaging method for assessment of the

LV function. Recently, the LV volumes, EF, and PFR

can be quantified from three-dimensional (3D) gated

bloodpool SPECT with reasonable accuracy and preci-

sion based on the LV geometry, whereas the edges of

LV cavity used for calculation of the LV volumes need

to be predetermined via 3D image segmentation algo-

rithms. The LV function quantification incorporated

with the complex 3D segmentation may also suffer from

suboptimal reproducibility due to the effects of image

reconstruction parameters and variabilities of the LV

edges derived from 3D gated bloodpool SPECT with

limited image resolution.9,10 Alternatively, Wells et al.11

proposed a quasi-2D ERNA scheme by forwardly

projecting 3D bloodpool SPECT to mimic the left

anterior oblique (LAO) view of planar ERNA from

which the end-diastolic LV volume (EDV) and EF can

be calculated using Massardo’s method.12 While this

LAO projection approach has a merit of mitigating the

limitation of pinhole collimation, the selection of a

‘‘best’’ LAO view to visually separate the LV from the

right ventricle (RV) is a challenging manual process

which is very operator-dependent, causing another

variation in ERNA quantification.

In the present study, we propose a novel semi-

automatic approach to forwardly integrating (summing)

the short axis (SA) slices, rather than the LAO view,

from electrocardiographic (ECG)-gated 3D bloodpool

SPECT images to generate quasi-2D planar ERNA and

using a ERNA quantification method newly developed

and previously validated in phantoms.13 The new

method was compared with three other conventional

quantification methods for assessments of EDV, end-

systolic volume (ESV), LVEF, and PFR in patients

undergone both high-dose 2D planar ERNA and low-

dose 3D gated bloodpool SPECT.

MATERIALS AND METHODS

Subjects and Red Blood Cell Labeling

Twenty patients (12 males, Age: 65 ± 8 year, Weight:

82 ± 21 kg, BMI: 28 ± 6 kg/m2) were randomly selected from

the Cardiovascular Imaging Lab at the Yale New Haven

Hospital, New Haven, CT for this study. Red blood cells

(RBC) from these patients were labeled in vitro with 99mTc

sodium pertechnetate (25 to 30 mCi) using the FDA-approved

ULTRATAG� RBC kit (Mallinkcrodt Inc., St Louis, MO).

The study protocol was adapted from the standard nuclear

cardiac imaging protocols used in the Yale clinical cardiovas-

cular imaging lab and was approved by Yale Institutional

Review Board.

Three-Dimensional Bloodpool SPECT
and Two-Dimensional Planar ERNA Imaging

Approximately 30 min post the RBC labeling process,

patients were initially injected with approximately 8 mCi

(low-dose) of 99mTc-labeled RBCs and were imaged for 6 min

using a dedicated cardiac SPECT camera (Discovery NM

530c, GE Healthcare, Milwaukee, WI) equipped with 19

cadmium zinc telluride (CZT) detectors each being collimated

with a tungsten pinhole collimator of 5 mm in diameter. All

pinhole images were ECG-gated with 16 bins within the R–R

intervals and were reconstructed using ten subsets and two

iterations of the ordered subset expectation maximization

algorithm with a matrix size of 70 9 70 and pixel size of

4 9 4 mm2. Immediately after the low-dose ECG-gated

bloodpool SPECT imaging, patients were injected with an

additional 17 mCi of remaining 99mTc-labeled RBCs to

acquire high-dose (approximately 25 mCi) 2D planar ERNA

using a different gamma camera equipped with conventional

Sodium Iodide (NaI) detectors and low-energy/high-resolution

parallel-hole collimators (MPS, GE Healthcare, Milwaukee,

WI). The conventional 2D planar ERNA scans were ECG-

gated with 24 bins within the cardiac cycle and were acquired

for 10 min at the LAO position providing best RV and LV

See related editorial, pp. 951–954

940 Liu et al. Journal of Nuclear Cardiology�
New quantification of left ventricular function May/June 2021



separation using a matrix size of 64 9 64 and pixel size of

4.8 9 4.8 mm2.

Generation of 2D Planar ERNA from 3D
Gated Bloodpool SPECT

For each patient, two sets of quasi-2D planar ERNA were

created from the ECG-gated bloodpool SPECT images. One

set was generated by forwardly projecting the transaxial slices

of ECG-gated bloodpool SPECT at the LAO view using

commercial multigated software (Xeleris, GE Healthcare,

Milwaukee, WI), while the other set was created from the

SA slices of the ECG-gated bloodpool SPECT using the new

approach illustrated in Figure 1. In brief, our algorithm for

generating the quasi-2D ERNA for each ECG-gated bin

includes five major steps as summarized below13:

(a) define the LV cavity regions automatically from the SA

slices of gated bloodpool SPECT and detect the maximal

counts in the LV regions slice-by-slice;

(b) perform 1D Gaussian fitting to the sequence of the

maximal counts determined above;

(c) calculate the first apical (S1) and last basal (SNS) SA slices

used for generating the quasi-2D ERNA based on statistics

of the Gaussian curve generated in Step (b) as

S1 ¼ Sm� a � r; ð1Þ

SNS ¼ Sm þ b � r; ð2Þ

where Sm represents the slice number at the peak of the

Gaussian curve, r is the standard deviation (SD) derived from

the 1D Gaussian fitting, and a, b denote the over-relaxation

parameters for optimization of the first and last SA slice

selections, respectively;

Ff(s, t), s = S1(t), SNS(t); t = T1, T16 
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Figure 1. Illustration of generating quasi-2D planar ERNA from the short axis slices of gated
bloodpool SPECT images. The first (S1), last (SNS) slices and the total numbers of the short axis
SPECT slices (NS= SNS - S1?1) used in the summing procedure were determined empirically via
Gaussian fitting of the maximal counts (overlay pixels shown in black dots) being detected
automatically from each of the short axis SPECT slices. ED, end-diastole; ES, end-systole; r,
standard deviation derived from the Gaussian fitting; LV, left ventricle; RV, right ventricle; Sm, slice
number at the peak of the Gaussian curve.
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(d) calculate the total number of SA slices used in the

generation of quasi-2D ERNA as

NS ¼ SNS � S1 þ 1; ð3Þ

and

(e) integrate (sum) the total numbers (NS) of gated bloodpool

SA slices determined in Step (d) for all 16 ECG-gated bins

to generate a sequence of quasi-2D ERNA for EDV, ESV,

LVEF, and PFR calculations.

The over-relaxation parameters in Eqs. (1) and (2) above

were adapted from our previous phantom study13 and were

determined empirically as a = 1.5 and b = 1.0 for the present

patient study.

Table 1. Description of the four different methods

Method 1

(M1)

High-dose 2D ERNA (the ‘‘gold standard’’ used for comparisons in the current study) acquired in

the standard LAO view using a conventional planar camera equipped with NaI detectors and

quantified using GE-Xeleris software (Count-based 2D approach)

Method 2

(M2)

Low-dose quasi-2D ERNA in the LAO view forwardly projected from 3D bloodpool SPECT

acquired using a dedicated cardiac SPECT camera equipped with CZT detectors and quantified

using GE-multigated software (Count-based 2D approach)

Method 3

(M3)

Low-dose quasi-2D ERNA integrated from the short axis slices of 3D bloodpool SPECT acquired

using a cardiac-dedicated SPECT camera equipped with CZT detectors and quantified using the

new Yale software (Count-based 2D approach)

Method 4

(M4)

Low-dose full 3D bloodpool SPECT acquired using a dedicated cardiac SPECT camera equipped

with CZT detectors and quantified using the QBS software (Geometry-based 3D approach)
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Figure 2. Mean EDV (A), ESV (B), LVEF (C), and PFR (D) quantified using four different
methods (M1 to M4). *P\ 0.017, M2 to M4 vs M1.
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Calculations of EDV, ESV, LVEF, and PFR
from 2D Planar ERNA

The EDV was calculated from the conventional 2D (high-

dose) ERNA and forwardly projected 2D (low-dose) ERNA

using commercial software (Xeleris, GE Healthcare, Milwau-

kee, WI). Also, the quasi-2D ERNA integrated from the

bloodpool SPECT SA slices was quantified using the new Yale

method developed for the present study,13 in which the EDV

were calculated as

EDV ¼ R�M3 � NS; ð4Þ

where M represents the pixel size (cm) of quasi-2D ERNA, R
is the ratio of the total counts to the maximal counts derived

from the region of interest (ROI) of the LV in the quasi-2D

ERNA, and NS is obtained from Eq. (3).12,13 The LV ROI

above and background in the end-diastole (ED) and end-sys-

tole (ES) were determined semi-automatically using a region-

growing algorithm adapted for this study13 and the LVEF was

calculated based on the background-corrected counts derived

from the ED and ES ROIs as

LVEFa ¼
CountsED � CountsES

CountsED
� 100%: ð5Þ

The ESV and PFR were calculated from the background-

corrected count profiles with a 4-homonic smoothing

process.14

Calculations of EDV, ESV, LVEF, and PFR
from 3D Bloodpool SPECT

The EDV, ESV, LVEF, and PFR were also calculated

from 3D gated bloodpool SPECT images using commercial

quantitative bloodpool SPECT (QBS) software (Cedar Sinai,

Los Angeles, CA). The 3D edges of LV cavity were deter-

mined directly from the 3D ECG-gated bloodpool SPECT

images5,15-20 and the EDV and ESV were calculated based on

the LV edges determined by the QBS software mentioned

above. The PFR was derived from the slopes of LV volume

curves within the cardiac cycle and the LVEF was calculated

by

LVEFb ¼
EDV� ESV

EDV
� 100%: ð6Þ

Comparisons of EDV, ESV, LVEF, and PFR
and Evaluation of Inter-observer
Reproducibility

The EDV, ESV, LVEF, and PFR quantified from (a) low-

dose (* 8 mCi) forwardly projected LAO ERNA using GE-

multigated method denoted by Method 2 or M2, (b) low-dose
quasi-2D ERNA using the Yale method termed as Method 3 or
M3,13 as well as from low-dose full 3D gated bloodpool

SPECT using (d) Cedar Sinai-QBS denoted by Method 4 or
M4,17 were compared to those quantified from high-dose
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Figure 3. Linear correlations between EDVs quantified via M2 vs M1 (A), M3 vs M1 (B), M4 vs
M1 (C), and estimation difference of EDVs quantified via M2 to M4 vs M1 (D). — line of identity;
... linear regression line.
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(* 25 mCi) LAO planar ERNA (gold standard for this study,

termed as Method 1 or M1) using conventional GE-Xeleris

software. The four different methods mentioned above are

reiterated in Table 1. The EDV, ESV, LVEF, and PFR were

further quantified by two different operators using the Yale

method to assess inter-observer reproducibility of the quanti-

tative data.

Statistical Analysis

Data were expressed as mean ± SD. Paired t test with

Bonferroni corrections was used for the assessment of differ-

ence between two measures. P\ 0.017 (3 pair comparisons)

was considered statistically significant between two measures.

Analyses of linear regression and estimation difference

between two measures were utilized to assess agreements

between the quantitative data. Bland–Altman plots21 were used

to assess agreements of two quantitative measures resulted

from two different quantification methods and to evaluate

inter-observer reproducibility of the quantitative data pro-

cessed by two different operators.

RESULTS

Precisions of EDV, ESV, LVEF, and PFR
Quantified via Four Different Methods

The EDV, ESV, LVEF, and PFR quantified from

high-dose 2D planar ERNA (* 25 mCi, gold standard

for this study) and from low-dose (* 8 mCi) forwardly

projected LAO SPECT ERNA, quasi-2D SA SPECT

ERNA, and full 3D SPECT ERNA using four different

quantification methods are shown in Figure 2. As seen,

the EDV, ESV, LVEF, and PFR quantified using Yale

method (M3) are similar to those calculated from the

high-dose 2D planar ERNA (P = ns). However, the

EDVs and ESVs quantified using the other two methods

(M2 and M4) are significantly smaller than those

quantified with M1 (Figure 2A, B). The LVEFs quan-

tified from the low-dose 3D SPECT ERNA using the

QBS software (M4) are significantly higher than those

quantified from the high-dose 2D planar ERNA
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(Figure 2C), whereas PFRs calculated using all four

methods are similar (Figure 2D).

Evaluations of Linear Correlations
and Differences in EDV, ESV, LVEF, and PFR
Assessments

Figures 3, 4, 5, and 6 show the linear regressions

and estimation differences in comparisons of the EDV,

ESV, LVEF, and PFR quantified via the four methods

(M1 to M4) in which the parameters (EDV, ESV, LVEF,

and PFR) quantified using M2 to M4 were compared

with those quantified using the gold standard M1. The

correlations of EDVs calculated via M2 to M4 vs M1 are

similar, the correlation coefficients (R2) ranged 0.56 to

0.68, as demonstrated in Figure 3A to C, whereas the

Yale method (M3) resulted in the smallest mean

estimation difference of EDV (Figure 3D). Similar

patterns of the quantitative results are also observed in

the comparisons of ESV and LVEF (Figures 4 and 5).

Notice that the mean difference of LVEFs calculated via

M4 vs that via M1 is markedly greater as compared to

the other 2 methods (M2 to M3). In comparisons of the

PFRs calculated via M2 to M4 vs M1, the correlations

and mean estimation differences are similar as seen in

Figure 6. Bland–Altman plots for the assessments of

agreement between the Yale Method (M3) and the

conventional gold standard method (M1) for the quan-

tifications of EDV, ESV, LVEF, and PFR are

demonstrated in Figure 7. As shown, the mean differ-

ences in EDV (1.2 mL), ESV (4.71 mL), LVEF (-

0.6%), and PFR (0.06 EDV/s) are all small between the

two methods.

Evaluation of Inter-observer
Reproducibility for EDV, ESV, LVEF, and PFR
Quantified via Yale Method

Figures 8 and 9, respectively, show the linear

regression and Bland–Altman plots for the analyses of

inter-observer reproducibility for the EDV, ESV, LVEF,

and PFR quantified by Operator 1 (O1) and Operator 2

(O2) using the Yale method (M3). The correlations of

EDVs (Figure 8A), ESVs (Figure 8B), LVEFs
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(Figure 8C), and PFRs (Figure 8D) quantified by O1

and O2 are excellent (R2[ 0.9) and the linear regression

lines are close to the line of identity as seen in Figure 8.

The mean differences of EDV (- 2.75 mL), ESV (-

3.09 mL), LVEF (1.95%), and PFR (0.14 EDV/s)

quantified by O1 and O2 using the Yale method (M3)

are minimal as demonstrated in Figure 9.

DISCUSSIONS

We have developed a new method for quantification

of the LV function from low-dose short axis slices of

ECG-gated bloodpool SPECT. With the new method,

the radiation dose can be reduced considerably at least

by 67% from * 25 mCi to * 8 mCi. The new method

incorporated with the quasi-2D ERNA images being

integrated from the short axis slices of 3D bloodpool

SPECT outperforms the other conventional methods for

quantification of the EDV, ESV, and LVEF.

Merit of Using the Short Axis Slices
of Bloodpool SPECT to Generate Quasi-2D
ERNA

In the current study, we utilized the SA rather than

LAO view of ECG-gated bloodpool SPECT images to

generate a sequence of quasi-2D ERNA for quantifica-

tion of the LV function because in practicality the SA

slices are usually well aligned along the long axis of the

LV post SPECT reconstruction and slice reorientation

processes. As such, the LV can be clearly separated from

the RV and other extracardiac organs in the SA slices.

We believe that the use of the short axis rather than

transaxial slices of 3D gated bloodpool SPECT to

generate the quasi-2D ERNA has a substantial merit of

circumventing the selection uncertainty and variability

for a ‘‘best’’ LAO view from the forwardly projected

transaxial slices.11
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Discrepancy in EDV, ESV, and LVEF
Assessments Using 2D ERNA vs Full 3D
gated Bloodpool SPECT

We noticed in the present study that the EDV and

ESV calculated via the geometry-based quantification

method (M4) from full 3D ECG-gated bloodpool

SPECT were lower (Figure 2A, B) and LVEF was

higher (Figure 2C) than those quantified from the

conventional 2D ERNA (M1). Thus, the values of

EDV, ESV, and LVEF may not be inter-changeable

between the values calculated from the quasi-2D ERNA

and full 3D gated bloodpool SPECT.10,22 Also, note that

we used the high-dose 2D ERNA as the gold standard

for those comparisons because the 2D ERNA technique

has been used in clinical practice over 30 years and the

quantitative analyses of the LV function parameters (LV

volumes and LVEF) are highly reproducible and thus are

well accepted in nuclear cardiac imaging community.

Clinical Implications of Precise EDV
and LVEF Quantification from ERNA

While LVEF is the most common index of the LV

function used in clinical practice,23 the index of LV

volumes has drawn an increased attention in clinical

trials.2 Previously study by Solomon et al. showed that

patients with critical myocardial infarction had a marked

increase in EDV and decrease in LVEF particularly for

patients with heart failure.24 Although echocardiography

remains a non-invasive imaging modality of choice for

evaluation of the LV function due to its broad avail-

ability and relatively low cost in clinical use, the

quantification of EDV and LVEF from 2D echocardio-

graphy may suffer from low reproducibility in the

assessment of EDV and LVEF. While 3D real-time

echocardiography has recently become a clinically

feasible method for assessing the EDV and LVEF, this

3D imaging modality is not widely available.

In contrast, ERNA has been a well-established non-

invasive technique over three decades for evaluations of

the RV and LV functions with extremely reliable and

reproducible quantification of EDV and LVEF.6,7,14,25

Unlike echocardiography which predominately relies on

the geometrical changes in the LV to calculate the LV

volumes, ERNA takes advantage of radionuclide count

changes in the LV to estimate the LV volumes. In the

new method introduced herein, we further adopted a

semi-automated region-growing algorithm to determine

the count-based region changes in the LV during the
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cardiac cycle rather than the operator-defined LV ROIs

used in 2D or 3D echocardiography and other conven-

tional radionuclide imaging methods. The less operator-

dependent region-growing algorithm associated with the

geometry-independent scenario used in our methods has

resulted in extraordinary precision and reproducibility in

the quantitative assessments of EDV, ESV, LVEF, and

PFR. Ultimately, we believe that the excellent reliability

of the new quantitative approach introduced herein may

also enhance one’s confidence in the EDV assessment

and further strengthen our understanding of the impact

of LV remodeling changes in heart failure patients.23,26

STUDY LIMITATIONS

As aforementioned, we used high-dose 2D ERNA

as a gold standard for the comparisons performed in the

present study since this imaging technique has been well

established and the highly reliable and reproducible

quantitative LV volumes and LVEF have been well

accepted for over three decades in the nuclear cardiac

imaging community. For comparisons of quantitative

accuracy of the LV volumes, however, a true gold

standard, such as that derived from cardiac magnetic

resonance imaging, may be required to reduce potential

bias in the comparisons. Nevertheless, we do not expect

much variation in the quantitative accuracy and preci-

sion of the LV volumes for the present as well as future

patient studies since our methods for the quantification

of LV volumes have been validated in our previous

phantom study.13 Finally, we also recognize that the

number of patients selected for the current study may be

limited although the 20 patients selected had reasonably

high image quality and a wide range of LV volumes and

LVEFs adequately for a reliable comparison.

NEW KNOWLEDGE GAINED

The present patient study demonstrates that the

novel scheme of using the short axis slices of ECG-gated

SPECT bloodpool images associated with the region-

growing approach evidently improves the precision and

reproducibility for the assessment of LV function. The

new Yale ERNA quantification method can be used

reliably to assess the LV volumes within the entire

cardiac cycle, leading to exceedingly precise and repro-

ducible quantification of the LV function.

EDV Quan�fied by O1 (mL)

)L
m(

2
O

yb
deifitnau

Q
VDE

A

ESV Quan�fied by O1 (mL)

ES
V 

Q
ua

n�
fie

d 
by

 O
2 

(m
L)

B

LVEF Quan�fied by O1 (%)

)
%(

2
O

yb
deifitnau

Q
FEVL

C D

y = 1.0665x - 10.339
R² = 0.9687

N = 20

0
20
40
60
80

100
120
140
160
180

0 20 40 60 80 100 120 140 160 180

PFR Quan�fied by O1 (EDV/sec)

PF
R 

Q
ua

n�
fie

d 
by

 O
2 

(E
DV

/s
ec

)

y = 1.0063x - 3.4708
R² = 0.98

N = 20

0

20

40

60

80

100

120

0 20 40 60 80 100 120

y = 0.9037x + 6.9837
R² = 0.9159

N = 20

0
10
20
30
40
50
60
70
80

0 20 40 60 80

y = 0.9084x + 0.3668
R² = 0.906

N = 20

0

1

2

3

4

5

0 1 2 3 4 5

Figure 8. Linear correlations between EDV (A), ESV (B), LVEF (C), and PFR (D) quantified by
O1 and O2 using M 3. — line of identity; ... linear regression line.

948 Liu et al. Journal of Nuclear Cardiology�
New quantification of left ventricular function May/June 2021



CONCLUSIONS

The new method has a potential of providing higher

quantitative precision and reproducibility for EDV,

ESV, and LVEF assessments than other conventional

methods. Quantification of the LV function from high-

sensitivity solid-state SPECT with the new method

allows for at least two-third of radioactive dose reduc-

tion while maintaining high reliability and

reproducibility for quantitative assessments of the LV

function.
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