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Short-term repeatability of resting myocardial
blood flow measurements using rubidium-82
PET imaging

Matthew Efseaff,a,b Ran Klein, PhD,b Maria C. Ziadi, MD,b Rob S. Beanlands, MD,

FRCPC, FACC,b and Robert A. deKemp, PhD, PEng, PPhysa,b

Background. Rubidium-82 (82Rb) PET imaging has been proposed for routine myocardial
blood flow (MBF) quantification. However, few studies have investigated the test-retest
repeatability of this method. The aim of this study was to optimize same-day repeatability of
rest MBF imaging with a highly automated analysis program (FlowQuant) using image-derived
input functions and dual spillover corrections (SOC).

Methods. Test-retest repeatability of resting left-ventricle (LV) MBF was measured in
patients (n 5 27) with suspected coronary artery disease (CAD) and healthy volunteers
(n 5 9). The effects of scan-time, reconstruction, and quantification methods were assessed with
correlation and Bland-Altman repeatability coefficients.

Results. Factors affecting rest MBF included gender, suspected CAD, and SOC (P < .001).
Significant test-retest correlations were found using all analysis methods tested (r > 0.79). The
best repeatability coefficient for same-day MBF was 0.20 mL/minute/g using a 6-minute scan-
time, iterative reconstruction, SOC, resting rate-pressure-product (RPP) adjustment, and left
atrium input function. This protocol was significantly less variable than standard protocols
using filtered back-projection reconstruction, longer scan-time, no SOC, or LV input function.

Conclusion. Absolute MBF can be measured with good repeatability using FlowQuant
analysis of 82Rb PET scans with a 6-minute scan time, iterative reconstruction, dual SOC, RPP-
adjustment, and an image-derived input function in the left atrium cavity. (J Nucl Cardiol
2012;19:997–1006.)

Key Words: Rubidium-82 PET Æ myocardial blood flow Æ myocardial perfusion imaging Æ
test-retest repeatability

INTRODUCTION

Conventional myocardial perfusion imaging (MPI)

with SPECT or PET is known to have reduced sensi-

tivity in patients with multivessel coronary artery

disease (CAD).1,2 The extent and severity of disease

can be underestimated when MPI is measured relative to

the ‘‘most normal’’ territory, which may also have

reduced perfusion if supplied by a stenotic vessel.

Advances in rubidium-82 (82Rb) PET imaging have led

to the possibility of routine quantification of myocardial

blood flow (MBF),3 which increases the ability to detect

multi-vessel disease (MVD).4 82Rb has been validated

against nitrogen-13-ammonia and microspheres, and has

been shown to measure rest and stress MBF accu-

rately.5,6 We recently reported inter- and intra-operator

variability for MBF measurement using 82Rb PET and

a highly automated analysis program.7 However,

while test-re-test data exist for flow quantification using
13N-ammonia8,25 and 15O-water9,22,23 there are limited

data regarding the test-retest repeatability using 82Rb

PET in patient studies.5,10 The purpose of this study was

to optimize the test-retest repeatability of resting 82Rb

PET MBF quantification using the FlowQuant program.

MATERIALS AND METHODS

Patient Cohort and Preparation

Thirty-six subjects were included in this study. Patients

(n = 27) with suspected CAD and healthy normal volunteers

(n = 9) underwent two successive rest scans and one
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dipyridamole stress scan. The scans were carried out in a single

visit allowing for 82Rb decay between scans. Patients were

instructed to refrain from consuming caffeine for 12 hours,

beta-blockers for 24 hours, and eating for at least 4 hours prior

to the scan.

Each patient gave written informed consent under a

cardiac PET registry study approved by the Ottawa Heart

Institute Research Ethics Board.

Image Acquisition Protocol

Three 82Rb PET scans were completed in one imaging

session using a standard protocol as described previously by

Klein et al.11 Subjects were purposely not repositioned

between scans to limit body motion, changes in heart orien-

tation, and resting hemodynamics. In brief, following a scout

scan to confirm patient positioning, a low-dose (0.4 mSv) and

fast helical (1.5 seconds) CT scan was performed at normal

end-expiration for attenuation correction of both resting 82Rb

scans. Tracer activity (10 MBq/kg) was administered from a
82Sr/Rb generator11 intravenously over a 30-second interval

using a custom infusion system,12 limiting the coincidence

dead time to less than 50 % to ensure accurate measurement of

the first-pass bolus activity. Dynamic rest data (scan 1) were

acquired over 10 minutes using a Discovery RX PET-VCT

scanner (GE Healthcare, Waukesha, MI) in 3D-mode with 15

time intervals (9 9 10, 3 9 30, 1 9 60, 1 9 120, and

1 9 240 seconds). Immediately following the end of scan 1,

a second rest 82Rb study (scan 2) was acquired to assess

repeatability. Dipyridamole (0.14 mg/kg/minute for 5 min-

utes) was infused to induce hyperemic stress, and the same
82Rb PET imaging protocol was repeated. A second low-dose

CT scan was performed for attenuation correction of the stress

scan data. After Fourier rebinning (FORE) of the 3D scan data,

dynamic images were reconstructed using filtered back-pro-

jection (FBP) with 12-mm Hann filter, and ordered subsets

expectation maximization (OSEM) with four iterations, 24

subsets, and 8-mm Hann filter.

Image Analysis

Image data were processed using FlowQuant v2.2 (Uni-

versity of Ottawa Heart Institute, ON) as reported previously.7

In brief, dynamic images were reoriented automatically into

short-axis views and the left ventricle (LV) myocardial time-

activity-curves (TAC) were measured in 568 polar map

sectors, Cmyo(t). Blood regions were placed automatically

within the left ventricle and atrium cavities to sample the

arterial input function, Ccav(t).
Standard clinical protocol settings (10 minute scan, FBP

reconstruction) were used as a baseline for comparison.

Protocol changes were investigated using eight variations of

the following three settings: (1) 6 minute scan, (2) OSEM

reconstruction, and (3) dual spillover correction (SOC) and

adjustment for the resting rate-pressure-product (RPP). The

RPP was calculated as heart-rate 9 systolic blood pressure.

Rest MBF values were adjusted for the patient-specific RPP as

MBFadj = MBF/RPP 9 RPPavg, where the average RPP value

across all the study subjects was 7,426 bpm 9 mmHg.

Quantification of MBF

Kinetic modeling. The one-tissue-compartment dis-

tribution-volume (1 comp DV) model of tracer uptake in

myocardial tissue was used to describe the 82Rb tracer kinetics13

Ct tð Þ ¼ K1e�
K1
DVð Þt � Ccav tð Þ; ð1Þ

where Ct(t) is the true myocardial tissue activity concentration, K1

is the 82Rb uptake rate in mL/minute/g, and Ccav(t) is the

concentration of arterial blood measured in the cavity region as a

function of time, and� is the convolution operator.7 Distribution

volume (DV) is the ratio of tissue and blood tracer concentrations

after the compartments reach equilibrium. At equilibrium, the net

exchange of tracer is zero and DV becomes

DV ¼ K1

k2

: ð2Þ

DV was set to a constant value (specific for each scan)

determined by fitting the unconstrained model to the normal

uptake region ([75 % max) within the polar map.

Uptake, K1, and MBF (mL/minute/g) are related by

K1 ¼ MBF� E MBFð Þ; ð3Þ

where

E MBFð Þ ¼ 1� e�
PS MBFð Þ

MBF : ð4Þ

The 82Rb extraction function, E(MBF), is a model-specific

term that accounts for nonlinear tracer extraction and the

permeability surface-area product, PS (mL/minute/g) as a

function of MBF.14,15 The PS function was previously

determined in human studies,13,16 as

PS MBFð Þ ¼ 0:63þ 0:26�MBF; ð5Þ

making K1

K1 ¼ 1� 0:77e�
0:63
MBF

� �
MBF: ð6Þ

The myocardial image concentration in each polar map sector

was modeled as

Cmyo tð Þ ¼ FBV � Ccav tð Þ þ 1� FBVð Þ � Ct tð Þ; ð7Þ

where FBV is the estimated fractional blood volume, and

(1 - FBV) was used to correct for regional partial-volume losses

in the myocardium.17 The parameters K1, k2, and FBV were

estimated with Eqs. (1) and (7) in each sector of the LV myo-

cardium, using weighted nonlinear least squares minimization

comparing the modeled with the measured myocardium TACs.

Dual SOC. Spillover from the myocardium into the LV

cavity reduces the quantitative accuracy of the image-derived

arterial input function. To improve the accuracy, a technique was

developed to estimate a pure blood signal for use as input to the

kinetic model instead of Ccav(t). The proposed method models the
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myocardium and cavity TACs as mixed partial-volume fractions

of pure blood, Cb(t) and pure myocardium Ct(t) signals.16 The

myocardium and blood pool regions are

Cmyo tð Þ ¼ FBV � Cb tð Þ þ ð1� FBVÞ � Ct tð Þ; ð8Þ

and

CcavðtÞ ¼ b � Cb tð Þ þ ð1� bÞ � Ct tð Þ; ð9Þ

where Ccav(t) is the mixed blood signal in the cavity, and b is

the partial-volume fraction of pure blood signal in the cavity

region of interest. Equations (8) and (9) can be combined to

generate the pure blood signal, Cb(t), from the measured

functions, Cmyo(t) and Ccav(t),

Cb tð Þ ¼ ð1� FBVÞ � Ccav tð Þ � ð1� bÞ � Cmyo tð Þ
b � ð1� FBVÞ � ð1� bÞ � FBV

: ð10Þ

First, the parameters K1, k2, FBV, and b were estimated using

the average LV polar map data Cmyo(t), using weighted non-

linear least squares minimization with Eqs. (1), (8), and (10) .

Then, in a second step, using the b value estimated above, the

corresponding pure blood signal Cb(t) from Eq. (10) was

substituted in place of Ccav(t) to estimate regional MBF in each

polar map sector with Eqs. (1) and (7).

Statistical Analysis

Student’s t-test and multiple factor ANOVA (with inter-

actions) were used to analyze the segmental MBF data where

appropriate. Bonferroni correction was applied to account for

multiple t-tests. The F-test was used to compare the test-retest

variance between scans. Correlation plots (Pearson’s r2) were

used to show agreement between datasets. Bland-Altman plots

were used to compare test-retest differences, to calculate the

repeatability coefficient (RPC = 1.96 9 standard deviation

(SD) of differences), and to calculate the coefficient of

variation (CV, SD/mean 9 100 %).18 Differences were con-

sidered statistically significant when P \ .05.

RESULTS

Demographics

The subject demographics and hemodynamics are

summarized in Tables 1 and 2. The age range of study

subjects was 27-76 years: 45-76 for CAD patients, and

27-60 for normal volunteers. The difference between

male and female RPP was significant, both in scan 1

and scan 2 (P \ .05). The difference in RPP between

CAD patients and normal volunteers was not signif-

icant for either scan 1 or scan 2 (P = .1). Scan 1 to

scan 2 RPP differences were also not statistically

significant (P [ .3).

Protocol Effects on MBF

Table 3 summarizes scan 1 and scan 2 MBF results

for the eight imaging protocols evaluated. Multifactor

ANOVA showed differences in male vs female

(P \ .01) and normal vs CAD patients (P \ .05) MBF

values, as well as a systematic decrease in MBF

(P \ .01) using the dual-SOC. Other parameters (recon-

struction method, scan length, scan number, and RPP

adjustment) did not have a significant effect on the mean

MBF values (P [ .18). There were significant interac-

tions of gender and disease status with RPP (P \ .01).

The population SD values shown in Table 3 were

not significantly different between test-retest scans,

reconstruction methods, scan length, or between popu-

lation subgroups, i.e., gender and disease status. After

RPP adjustment, the mean MBF remained essentially

unchanged, but the population sample SD values

decreased significantly (P \ .01) on average from 0.26

to 0.17 mL/minute/g for scan 1, and from 0.33 to

0.21 mL/minute/g for scan 2. Therefore, individual RPP

values accounted for a significant fraction (*1/3) of the

population variability in resting MBF.

Figure 1 shows a box-plot of resting scan 1 MBF by

gender with and without RPP adjustment (using

6-minute scans with OSEM reconstruction and dual-

SOC, OSEM-6-SOC). The mean MBF was *50 %

higher in females vs males in scan 1 (P \ .001) and scan

2 (P = .005). However, after adjusting for the rest-

ing RPP, the difference was no longer statistically

significant.

Test-Retest Repeatability

Table 4 shows the repeatability results for all eight

protocol variations. MBF values generally showed good

correlation between repeat scans (r2 = 0.52-0.78), and

was typically reduced after adjusting for changes in

the RPP (r2 = 0.37-0.66). On average, the OSEM-6-

SOC-RPPadj method had the lowest RPC value

(0.27 mL/minute/g) and CV (18 %), with no outliers

greater than three SD from the mean. The SOC tended to

improve the RPC and CV for OSEM reconstructions, but

the opposite was observed for FBP.

Separating the OSEM-6-SOC results into normal and

CAD patient groups, the RPC values were 0.20 and

0.31 mL/minute/g respectively (P = .3). RPP-adjusted

normal and CAD patient RPC values were 0.19 and

0.27 mL/minute/g respectively (P = .7). The test-retest

RPC was significantly smaller for reconstruction method

OSEM-6-SOC vs FBP-6-SOC (P = .005) and for SOC

OSEM-6-SOC vs OSEM-6 (P = .04), but not for scan

length or RPP adjustment (P [ .3). Using the preferred

OSEM-6-SOC protocol, RPC in males was significantly
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better than females (0.21 mL/minute/g vs 0.40 mL/

minute/g) before RPP adjustment (P \ .01) but not after

(0.21 mL/minute/g vs 0.33 mL/minute/g) (P = .07).

Figure 2 shows the correlation and Bland-Altman

plot of test-retest differences using the optimal OSEM-

6-SOC-RPPadj protocol. The plot also demonstrates the

narrow population range of mean MBF values after

RPP-adjustment (Table 3), but with similar test-retest

repeatability compared to the unadjusted values

(RPC = 0.26 vs 0.28; P = NS).

Table 1. Subject demographics

Demographics Age BMI

Males (n = 24) 55 ± 13 30.3 ± 5.3

Females (n = 12) 57 ± 12 33.7 ± 8.7

Normal volunteers (m = 6a, f = 3) 41 ± 9* 26.6 ± 3.8*

CAD patients (m = 18, f = 9) 60 ± 9 33.0 ± 6.7

Values are mean ± SD.
BMI, Body mass index (kg/m2); CAD, coronary artery disease.
* P\ .05 normal volunteers vs CAD patients.
a Two normal volunteers had high total cholesterol (TCH[5.2 mol/L) and high triglycerides (TGC[1.70 mmol/L).

Table 2. Subject hemodynamics

Hemodynamics Scan 1 Scan 2

Heart rate (bpm) 64 ± 14 65 ± 13

Systolic blood pressure (mmHg) 114 ± 17 116 ± 17

RPP (bpm 9 mmHg) 7,327 ± 2,293 7,525 ± 2,368

RPP males 6,738 ± 2,202* 6,922 ± 2,311*

RPP females 8,505 ± 2,077 8,729 ± 2,074

RPP normal volunteers 6,226 ± 1,417 6,387 ± 1,407

RPP CAD patients 7,693 ± 2,428 7,904 ± 2,518

Values are mean ± SD.
bpm, Heart-beats per minute; mmHg, millimeters of mercury; RPP, rate-pressure-product; CAD, coronary artery disease.
* P\ .05 vs females.

Table 3. Rest MBF values with and without RPP-adjustment

Reconstruction
method

Scan length
(minute) SOC*

MBF
scan 1

MBFadj
scan 1**

MBF
scan 2

MBFadj
scan
2***

FBP 10 On 0.74 ± 0.27 0.75 ± 0.18 0.76 ± 0.37 0.75 ± 0.21

FBP 10 Off 0.82 ± 0.29 0.83 ± 0.16 0.83 ± 0.36 0.83 ± 0.21

FBP 6 On 0.74 ± 0.27 0.75 ± 0.19 0.76 ± 0.33 0.76 ± 0.21

FBP 6 Off 0.87 ± 0.28 0.88 ± 0.17 0.86 ± 0.32 0.87 ± 0.20

OSEM 10 On 0.78 ± 0.25 0.79 ± 0.19 0.78 ± 0.33 0.79 ± 0.23

OSEM 10 Off 0.81 ± 0.26 0.82 ± 0.15 0.81 ± 0.36 0.82 ± 0.23

OSEM 6 On 0.76 ± 0.25 0.77 ± 0.18 0.75 ± 0.28 0.76 ± 0.21

OSEM 6 Off 0.86 ± 0.26 0.88 ± 0.18 0.86 ± 0.33 0.87 ± 0.22

MBF values are mL/minute/g, values are mean ± SD.
MBFadj are adjusted as: MBF/RPPsubject 9 RPPaverage.
SOC, Spillover correction; FBP, filtered back projection; OSEM, ordered subset expectation maximization.
* P\ .001 effect by ANOVA for all SOC on/off pairs.
** P = .01 sample variance decreased vs MBF for all scan 1 pairs.
*** P\ .01 sample variance decreased vs MBF for all scan 2 pairs.
Bold values highlight the ‘best’ or ‘preferred’ protocol based on the results
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DISCUSSION

This study evaluated the test-retest repeatability of

global resting MBF measurements with 82Rb PET. We

assessed the effect of scan length, image reconstruction

method, dual-SOC, RPP correction, gender, arterial

input function and CAD on mean blood flow, population

variance, and test-retest repeatability.

A number of the myocardial time-activity curves

(TACs) showed increasing blood activity in the last frame

of the scan (6-10 minutes). This included points sampled

in the LV myocardium, base, atrium, and cavity. Short-

ening the length of the data used in the scan from 10 to

6 minutes appeared to eliminate the noisy blood pool and

myocardium signal observed at this late time-point.

Shortening the scan could also reduce the likelihood or

severity of patient motion, which may be more common in

the final 4-minute time-frame. Our results show that a

6- vs 10-minute scan improved repeatability.

Patient body motion is a potential concern between

and during scans. To minimize radiation dose, a single rest

CT attenuation correction scan was used to correct both

rest 82Rb PET scans. Patient translational motion (x, y, z)

between scans was corrected manually using the standard

ACQC PET-CT alignment and attenuation correction

software. Small body movements within scans (i.e.,

between dynamic frames) were observable in a majority

of cases, mostly in the final 4-minute frame. Intra-scan

motion correction was not one of the goals of this study,

but it is important to recognize that patient body and

internal organ motion may decrease the repeatability and

accuracy of absolute MBF quantification.

Hemodynamic differences between males and

females were associated with significant changes in the

resting MBF measurements (*0.3 mL/minute/g). After

adjusting scan 1 MBF values for these differences in the

rest RPP, the mean change between male and female

subjects was no longer significant as shown in Figure 1.

However, when scan 1 and scan 2 data were pooled, a

significant gender difference of 0.1 mL/minute/g

remained even after RPP-adjustment. Previous studies

have reported that myocardial spillover effects (e.g.,

FBV) may bias PET measurements of MBF.19 The size of

the LV cavity, thickness of the myocardium, and there-

fore, the variable activity spillover between blood pool

and myocardium, could potentially affect the kinetic

modeling accuracy of MBF measurements in men vs

Figure 1. Notched box-plot comparison of MBF values between
male and female subjects, with and without RPP adjustment using
6-minute scan-time, OSEM reconstruction and dual-SOC. Each
bar shows the sample median (red line) and inter-quartile range,
with the notches representing 95 % confidence intervals on the
median value. Outliers (? symbols) are flow values[1.5 9 inter-
quartile range. Resting mean MBF values (circles) are signifi-
cantly higher in females vs males before adjustment for RPP (0.97
vs 0.65 mL/minute/g; P \ .001).

Table 4. Test-retest repeatability of rest MBF measurements

Reconstruction Scan time SOC r2 RPC CV Outlier r2
adj RPCadj CVadj Outlieradj

FBP 10 On 0.63 0.44 30 1 0.48 0.32 22 1

FBP 10 Off 0.78 0.33 20 1 0.65 0.26 16 0

FBP 6 On 0.52 0.46 31 2 0.37 0.36 24 2

FBP 6 Off 0.67 0.36 21 0 0.50 0.30 18 0

OSEM 10 On 0.75 0.34 22 1 0.66 0.27 18 0

OSEM 10 Off 0.74 0.37 24 1 0.63 0.29 18 1

OSEM 6 On 0.74 0.28 19 0 0.63 0.26 17 0

OSEM 6 Off 0.62 0.40 24 1 0.50 0.30 19 0

Scan time is in minutes r is Pearson’s correlation, repeatability coefficient (RPC) is in mL/minute/g, coefficient of variation (CV) is
MBF SD/mean 9 100 %.
SOC, Spillover correction; outlier, data greater than three SD from the mean; adj, RPP-adjusted; FBP, filtered back projection; OSEM,
ordered subset expectation maximization.
Bold values highlight the ‘best’ or ‘preferred’ protocol based on the results
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women. In the present study, male and female subjects did

have significantly different fractional blood volumes

(FBV = 0.33 vs 0.37; P \ .001), and LV short-axis

dimensions (56.4 vs 46.8 millimeters; P \ .001), but the

myocardium-to-blood spillover fractions (b) were not

significantly different between genders (0.86 vs 0.87;

P [ .5). Adjustment of the MBF values for differences in

FBV in addition to RPP eliminated the residual gender

difference in MBF (0.77 mL/minute/g in males and

females), suggesting that a small bias in estimation of

the FBV may account for the residual differences in MBF.

Interestingly, an inverse adjustment for LV dimension

(MBF 9 individual subject 7 population average LV

dimension) in addition to RPP, also reduced the residual

gender difference to *0.05 mL/minute/g (P = .24),

suggesting that a small physiologic effect of heart size

on MBF may also be possible. To our knowledge, this

effect has not been reported previously in CAD patients,

and may warrant further investigation.

A small cylindrical region near the base of the LV

cavity was used to sample the input function in the

present study; however, the use of a left atrium (LA)

input has also been reported.20 For comparison, two

methods with the lowest RPC were used in the present

study (Table 4: FBP-10-RPPadj and OSEM-6-SOC-

RPPadj); MBF was also evaluated with a larger LA

region to define the blood input function Ccav(t). The

mean MBF using the optimal protocol OSEM-6-SOC-

RPPadj (0.85 ± 0.33 mL/minute/g) was slightly higher

compared to the LV input function (P \ .05), but not

significantly different from the original clinical standard

value (in Table 3: FBP-10-RPPadj = 0.83 mL/minute/

g). The mean MBF using FBP-10-RPPadj with the LA

input was also similar at 0.87 ± 0.29 mL/minute/g.

Figure 3 shows the correlation and Bland-Altman

results for the most repeatable protocol (OSEM-6-SOC-

RPPadj) using the LA input function. There were

significant reductions in RPC (0.21 and 0.20 mL/min-

ute/g) and CV (13 % and 12 %) using both OSEM-

6-SOC and OSEM-6-SOC-RPPadj with the LA compared

to the LV cavity input function values shown in Figure 2

(P [ .05). However, the RPC (0.27 and 0.26 mL/minute/

g) and CV (16 % and 15 %) using FBP-10 and FBP-10-

RPPadj did not improve with the LA compared to the LV

cavity input function values.

Optimized test-retest repeatability in the present study

was 12 % using the LA blood input region and the OSEM-

6-SOC-RPPadj protocol (Figure 3). Previously, we deter-

mined that the intra-operator variability for quantification

of absolute MBF using the FlowQuant program was

approximately 6 %.7 Since all test-retest studies were

processed by the same operator in the present study, we can

conclude that approximately half of the total variabilities

may be attributed to operator interactions (required in

*10 % of cases), and the remaining half to the true test-

retest differences in measured MBF values. The test-retest

repeatability results presented in this study may not be

exactly the same as those obtained using other flow

quantification programs. However, we have demonstrated

recently21 that very similar MBF (D\ 4-12 %) and flow

reserve (D\ 8 %) values are obtained using FlowQuant

compared with two commercial software implementations

of the same 1-tissue-compartment model of rubidium

kinetics,13 suggesting that the same physiologic and gender

effects may be generalizable to MBF measurements made

using the same or similar software programs.

Table 5 shows the present study results using the LA

input with the SOC-6-OSEM protocol in comparison to

Figure 2. Correlation and Bland-Altman plot of test-retest differences in rest MBF values using
the OSEM-6-SOC-RPPadj protocol with LV input.
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previous articless that have reported rest MBF test-retest

repeatability. Manabe et al10 reported an RPC value of

0.19 mL/minute/g in young healthy subjects, similar to

the present study value (25 % of the mean MBF)

measured in normal subjects and CAD patients. Other

studies8,22–24 reported similar RPC values in either young,

healthy volunteers and in older CAD patients using several

PET tracers including 15O-water, 13N-ammonia and
82Rb. El Fakhri et al5 reported a coefficient of reproduc-

ibility of 0.45 mL/minute/g for combined rest and stress

data. The repeatability of resting 82Rb MBF in this study

using the OSEM-6-minutes-SOC protocol is among the

lowest reported in the literature.

Adjusting the individual MBF values to the popu-

lation average RPP can alter the population variance

significantly. In the present study, the normal range of

resting MBF was influenced heavily by a single patient

with a very high resting RPP. Following adjustment for

the individual scan-specific RPP, this resting MBF

outlier was corrected to a value within the population

mean ± 2 SD. Similarly, the test-retest RPCadj and CVadj

showed incremental improvement compared to non-

adjusted values. Previous studies5,10,22,23 found an

increase in population variance and RPC with RPP

adjustment. However, both Manabe et al10] and Char-

eonthaitawee et al24 reported a similar decrease in CV

when RPP adjustment was applied. This suggests that

measurements of heart-rate and blood pressure must be

performed carefully to avoid introducing additional

variability into the adjusted MBF values. In the present

study, heart-rate and blood pressure measurements were

performed immediately before and after tracer injec-

tions, and the average values were used to calculate the

scan-specific RPP.

Optimizing the repeatability of resting MBF is also

expected to have important effects on myocardial flow

reserve (MFR) measured as the ratio of stress/rest MBF.

While the present study was unable to incorporate a

second stress scan with the clinical standard adminis-

tration of aminophylline, the single stress scan was

paired with both rest scans to simulate single-session

MFR measurements. Table 6 shows the MFR results for

the two optimal LV and associated LA input protocols.

Similar to the rest MBF results, the most repeatable

MFR results were obtained using OSEM-6-SOC-RPPadj

with the LA input (RPC = 0.52) as expected. The test-

retest variance was significantly lower than the next

most repeatable protocol FBP-10 (P = .04), also using

the LA input. Figure 4 shows the MFR correlation and

Bland-Altman plots using the optimal OSEM-6-SOC-

RPPadj protocol. Neglecting the added variability that

may be expected from repeated stress scans, the RPC

values measured in the present study (22-24 %) are

much smaller than what has been reported previously in

the literature as shown in Table 7.

The present study used a 30-second constant-activity-

rate uniform infusion of 82Rb to optimize test-retest

repeatability, and to limit PET system dead-time losses

during the tracer first-pass through the heart and lungs.

Our previous investigations suggest that the precision of

MBF estimates may be further improved by using even

longer infusion intervals, e.g., 1-4 minutes, together with

the one-tissue-compartment model.26 This type of slow-

bolus-controlled infusion may be particularly advanta-

geous for MBF imaging on 3D PET systems with limited

dynamic range, where it is essential to maintain quanti-

tative accuracy at the peak count-rates encountered during

the first-pass transit of activity through the circulatory

Figure 3. Correlation and Bland-Altman plot of test-retest differences in rest MBF values using
the OSEM-6-SOC-RPPadj protocol with LA input.
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Table 5. Test-retest repeatability of rest MBF compared to previous literature

Study Tracer MBF RPC % MBFadj RPCadj %

Efseaffa 82Rb 0.85 ± 0.33 0.21 25 0.86 ± 0.31 0.20 23

Manabe et al10 82Rb 0.77 ± 0.25 0.19 24 0.99 ± 0.29 0.25 25

El Fakhri et al5b 82Rb 1.13 ± 0.19 0.45 n/a 1.18 ± 0.32 n/a n/a

Wyss et al22 15O-Water 1.22 ± 0.16 0.26 21 1.75 ± 0.37 0.58 37

Kaufmann et al9 15O-Water 0.89 ± 0.14 0.17 19 1.25 ± 0.22 0.28 22

Schindler et al8 13N-Ammonia 0.67 ± 0.19 0.26 39 n/a n/a n/a

Jagathesan et al23 15O-Water 1.03 ± 0.19 0.25 24 n/a n/a n/a

Nagamachi et al25c 13N-Ammonia 0.62 ± 0.14 0.25 39 0.62 ± 0.07 0.17 27

MBF and repeatability coefficient (RPC) are in mL/minute/g, % is the RPC/mean MBF 9 100 %.
adj, RPP-adjusted.
a Present study using LA input function, OSEM reconstruction, 6 minute scan time and SOC.
b Combined rest and stress.
c Estimated from reported results.
Bold values highlight the present study

Table 6. Rest MBF repeatability effect on stress/rest flow reserve (MFR)

Reconstruction
Scan
time SOC

Blood
input MFR r2 RPC CV MFRadj r2

adj RPCadj CVadj

FBP 10 Off LV 2.62 ± 1.04 0.84 0.83 16 2.60 ± 1.09 0.84 0.85 17

FBP 10 On LV 2.77 ± 1.02 0.84 0.83 15 2.71 ± 0.94 0.73 1.0 19

FBP 10 Off LA 2.64 ± 1.04 0.87 0.75 14 2.93 ± 2.14 0.96 0.88 15

OSEM 6 On LV 2.58 ± 0.98 0.80 0.92 18 2.53 ± 0.91 0.81 0.85 17

OSEM 6 Off LV 2.37 ± 0.92 0.73 1.00 22 2.37 ± 1.03 0.77 1.00 22

OSEM 6 On LA 2.38 ± 0.96 0.91 0.58 12 2.32 ± 0.83 0.90 0.52* 11

Myocardial flow reserve (MFR) is unitless ratio of stress/rest MBF, scan time is in minutes, r is Pearson’s correlation, repeatability
coefficient (RPC) is in mL/minute/g, coefficient of variation (CV) is MFR SD/mean 9 100 %.
SOC, Spillover correction; adj, RPP-adjusted; FBP, filtered back projection; OSEM, ordered subset expectation maximization.
* P\ .05 (0.52 vs 0.75) using FBP-10 protocol with LA input.
Bold values highlight the ‘best’ or ‘preferred’ protocol based on the results

Figure 4. Correlation and Bland-Altman plot of test-retest differences in MFR values using the
OSEM-6-SOC-RPPadj protocol with LA input.
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system. Future investigations may help in determining

potential trade-offs between accuracy and precision,

using protocols optimized for absolute MBF quantifica-

tion vs relative MPI for routine clinical use.

Statistical iterative reconstruction methods such as

OSEM used in the present study have become the de

facto standard for relative MPI with PET and SPECT.

However, there are some important nonlinear effects

that can potentially limit the accuracy of MBF quanti-

fication using OSEM or other statistical-based methods.

Compared to analytic methods such as FBP, which have

a stable and predictable linear behavior, the recon-

structed resolution and contrast recovery with OSEM

can vary spatially and dynamically, depending on the

local count-statistics and convergence properties of the

particular algorithm implementation. The accuracy of

MBF measurements using a particular imaging instru-

ment, iterative reconstruction code, and tracer kinetic

analysis should always be validated for the intended use

against an appropriate gold-standard.5,6,13

Limitations

A single stress scan was used to evaluate the effect of

resting flow values on MFR repeatability, removing a

significant source of physiologic variability that may be

expected from repeated stress measurements. Repeatabil-

ity of stress MBF measurements will be influenced by

heterogeneity of the physiologic response to dipyridamole

stress and amplified by decreased tracer extraction at

higher flows. These effects should be investigated further

to optimize the measurement of stress MBF and stress/rest

flow reserve with rubidium PET.

CONCLUSION

Resting blood flow was measured with good

repeatability in the LV myocardium using 82Rb PET;

95 % of test-retest differences were within 0.2 mL/

minute/g. The optimal imaging protocol used a 6-minute

scan, OSEM iterative reconstruction, dual-SOC, and

image-derived input function using a blood region

located in the left atrium cavity. Further prospective

studies are warranted to evaluate the test-retest repeat-

ability using this protocol at rest and stress.
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