www.sciedu.ca/jbgc

Journal of Biomedical Graphics and Computing, June 2012, Vol. 2, No.1

ORIGINAL RESEARCH

Comparison between 1-compartmental and
2-compartmental model in calculation of
myocardium blood flow in 82Rb
PET imaging
Karin Knesaurek, Josef Machac
Division of Nuclear Medicine, the Mount Sinai Medical Center, New York, USA
Correspondence: Karin Knesaurek. Address: Division of Nuclear Medicine. Box 1141. One Gustave Levy Place, New York,
NY, 10029, USA. Telephone: 12-122-419-368. Fax: 12-128-312-851. E-mail: karin.knesaurek@mountsinai.org
Received: November 8, 2011
DOI: 10.5430/jbgc.v2n1p39

Accepted: December 28, 2011
Published: June 1, 2012
URL: http://dx.doi.org/10.5430/jbgc.v2n1p39

Abstract
Objective: To the best of our knowledge, no comparison between 1-compartmental (1cm) and 2-compartmental (2cm)
models in calculation of myocardium blood flow (MBF) and coronary flow reserve (CFR) in 82Rb PET imaging has been
performed. We present our results of comparing 1cm and 2CM in 82Rb myocardial PET imaging.
Methods: Twenty nine patients, mean age 58±9.5 years (mean±standard deviation), were imaged at rest and pharmacological stress, following an i.v. injection of 1850 MBq of 82Rb each. A GE DLS PET-CT+16 scanner was used in this
study. All images were acquired in 2D mode. For each study, 50 frames were acquired. The time per frame was 5sec
between 0-3 min, 15sec between 3-5 min and 30 sec between 5-8 min. MBF was calculated by using 1cm and 2cm. The
results for global and regional left circumflex artery (LCX), left anterior artery (LAD) and right coronary artery (RCA),
rest and stress MBF, and CFR values obtained by 1cm and 2cm were compared by using Bland and Altman method. The
reproducibility coefficient was calculated as 1.96 times the standard deviation (SD) of the differences between 1cm and
2cm values.
Results: The global rest MBF values, expressed as mean± SD, for both 1cm and 2cm were very similar (0.74 ± 0.17 vs.
0.73 ± 0.17 mL/min/g), and reproducibility was good, 0.12 mL/min/g (16.3% of the mean). The same held true for the
1CM and 2CM stress global MBF values (1.71 ± 0.54 and 1.73 ± 0.50 mL/min/g) with good reproducibility of 0.25
mL/min/g (14.4% of the mean). The regional, LCX, LAD and RCA rest and stress MBF values, obtained by 1cm and 2cm,
were marginally reproducible, i.e., 50% or more of the mean. The global CFR values for both 1cm and 2cm were very
similar (2.44 ± 0.84 vs. 0.2.44 ± 0.89), and reproducibility was good 0.34 (14.1% of the mean).
Conclusions: The MBF and CFR global rest and stress values obtained by 1cm and 2cm were close and reproducible.
However, the regional LAD, RCA and LCX rest and stress MBF values showed marginal reproducibility. Limited
regional MBF reproducibility may be caused by sampling error and/or cardiac and breathing motion. We believe that the
reproducibility of regional values can be improved by data smoothing and motion gating.
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1 Introduction
Over the past decade, a shortage of 99mTc cardiac perfusion SPECT tracers and increased number of PET/CT scanners,
revived interest for 82Rb cardiac perfusion PET imaging. Especially the push for it was in Europe, where the number of
myocardial perfusion imaging (MPI) studies is low compared with the number of MPI performed in the USA [1, 2]. The
main advantage of 82Rb over other approved PET perfusion tracers, namely 13NH3 and15O-labeled water (H215O), is that
among these tracers only 82Rb is generator-produced and does not require an onsite cyclotron. The quantification of
myocardial blood flow (MBF) and coronary flow reserve (CFR) can improve diagnostic and prognostic value of MPI.
MBF and CFR provide information on both the macro- and the micro-circulation and likely more accurate detection of
both early and advanced disease [2, 3]. However, there are several issues related to quantification of regional MBF using
82
Rb. First, due to the short half-life of 82Rb (75s), cardiac images obtained with 82Rb tend to be count-poor. Second, the
high positron energy (3.15 MeV) results in decreased resolution compared to other PET tracers. Third, there is heavy
dependence of myocardial extraction of this tracer on the prevailing flow rate and myocardial metabolic state [4]. However,
careful design of the 82Rb cardiac perfusion PET imaging protocol, with proper timing and dosing, can achieve good
quality images using either, 2D and 3D PET imaging [5].
To the best of our knowledge, no comparison between 1-compartmental (1cm) and 2-compartmental (2cm) models in
calculation of MBF and CFR in 82Rb PET imaging has been performed, as was the case for 13NH3 cardiac perfusion PET
imaging [6]. In 82Rb and 13NH–ammonia PET myocardial perfusion studies, various centers are using different approaches,
i.e., 1cm or 2cm, for estimation of MBF. In this paper, we wish to compare MBF calculations at rest and pharmacological
stress, and calculation of CFR, utilizing 1cm and 2cm models in 82Rb cardiac perfusion PET imaging.

2 Materials and methods
2.1 Protocol
Twenty nine patients, mean age 58±9.5 years (mean ± standard deviation), were imaged at rest and pharmacological stress,
following an i.v. injection of 1850 MBq of 82Rb each. Subjects were instructed to fast for at least 6h and to abstain from
products containing caffeine for at least 12h prior to imaging. The study protocol met the criteria of the Declaration of
Helsinki, was approved by the internal review board and all subjects gave informed consent. Pharmacologic stress was
achieved with the standard dose of adenosine (140 mg/kg/min infused over 6 min) or dipyridamole (0.56mg/kg infused
over 4 min).

2.2 Data acquisition
For each dynamic study, 50 frames were acquired. The time per frame was 5sec between 0-3 min, 15sec between 3-5 min
and 30 sec between 5-8 min. A GE DLS PET-CT+16 scanner (General Electric Medical Systems, Milwaukee, WI) was
used for all acquisitions. All studies were done in 2D acquisition mode and images were reconstructed using a filtered back
projection reconstruction method and a Hanning smoothing filter with a 0.5cy/cm cutoff. The matrix size was 128×128
and the pixel size was 4.29 mm. Attenuation correction was applied in all studies using 16-slice CT images. In addition,
standard corrections for randoms and scatter provided by the vendor were applied.

2.3 Data analysis
A 1-compartmental and a 2-compartmental model were used to estimate MBF (mL/min/g) and coronary flow reserve
(CFR). The 1CM is described with the differential equation [7]
dCmyo(t) / dt = K1Ca(t) – K2Cmyo(t)
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where Ca(t) and Cmyo(t) are the concentrations of 82Rb in the arterial blood and the myocardium respectively. No metabolite
correction was applied in this case [Ca(t) = Clv(t)].
82

Rb is known to have a flow-dependent extraction fraction, so that K1, which is the product of flow MBF times extraction
fraction E, is described by a Renkin-Crone function
K1 = (1 – a * e-b/MBF)*MBF

(2)

The values of the correction factors used were a=0.77 and b= 0.63 (mL/min/g) [7]. The model implements a geometric
double spillover correction for activity from the left and right ventricle in the form:
CPET (t) = (1–VlvVrv) Cmyo (t) + VlvClv (t) +VrvCrv (t)

(3)

where Vlv is spill-over fraction of the blood activity in the left ventricle Clv(t), and Vrv is spill-over fraction of the blood
activity in the right ventricle Crv(t). In practice, the equation (2) is inserted into the differential equation (1), so that MBF
becomes a fit parameter, and K1 is a derived parameter. As shown in equations (1) and (3), Crv(t) and Clv(t) are used in
spillover correction and Clv(t) is used as input curve.
The 2-compartmental model is described by two differential equations [8, 9]
dC1 (t) / dt = MBF [Ca(t) – C1(t)/Vd)] –k1C1(t) + k2C2(t)
dC2 (t) / dt = k1C1(t) – k2C2(t)

(4)
(5)

where C1(t) represents the fast exchangeable compartment (vascular and interstitial spaces), C2(t) the slow exchangeable
compartment (intracellular space), k1 and k2 are rate constants (1/min) and Vd is a fractional volume of distribution in the
first compartment.
The operational equation which is fitted to the measured data is
CPET (t) = FMM [C1(t) + C2 (t)]+ FBM Ca (t)

(6)

where FMM denotes the tissue recovery coefficient and FBM denotes the blood to myocardium spillover fraction.
The recovery coefficient (FMM) was set to 0.65, and the fractional volume of the first compartment (Vd) was fixed at 0.75
mL/mL [8]. The differential equations (5) and (6), describing a 2-compartmental model, were solved by numerical
integration and using Levenberg-Marquardt's method for fitting data. The program calculates flow values (mL/min/mL),
k1 and k2 constants and cross-talk from blood to tissue (FMB).
Creation of volume-of interests (VOIs) and time-activity-curves (TACs)
The first step in creation of the left ventricle (LV), right ventricle (RV), and myocardial VOIs was to sum dynamic study.
The summed study was then re-oriented to short-axis orientation. The initial VOIs were obtained from re-oriented
summed myocardial images using the PMOD program [10, 11], which had been used before for the assessment of MBF with
rest and stress in 15O-labeled water PET studies [11]. However, for more than a half subjects, a skilled operator corrected
initial VOIs by drawing slightly different region-of interests (ROIs) over several slices of the 3-dimensional (3D) volume
(see Figure 1). The corrected VOIs were then used to obtain the left ventricle (LV), right ventricle (RV), and 17 segments
myocardial TACs. The current PMOD version 3.2 uses American Heart Association 17 standard segments and calculates
myocardial flow for each segment, as well as average left circumflex artery (LCX), left anterior artery (LAD) and right
coronary artery (RCA) territories, and global flow (see Figure 2).
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Figure 1. The left ventricular (LV),
(
right
ventricular (RV
V), and myocard
dial VOIs were
created by draw
wing regions-of--interests
(ROIs) over seeveral slices of th
he
3-dimensional (3D) volume. The VOIs were
then used in th
he original dynam
mic study in
order to create time-activity-cu
urves (TAC).

ult of the stress and
a rest MBF
Figure 2. Resu
and CFR calcu
ulations for 17 sttandard
segments. In ad
ddition, regionall LAD, RCA,
LCX and globaal values are also
o given.

2.4 Statistical ana
alysis
T
The Passing-B
Bablok regressiion scatter diag
grams [12] with
h the regressionn line (solid linne), the confiddence interval for the
rregression linee (dashed lines)) and identity line (x=y, dotteed line), were uused to show reest and stress rresults for the 1 and 2
ccompartmentall model. The Bland
B
and Altm
man method [13] was used to annalyze the diffeerence betweenn the 1 compartm
mental
aand 2 comparrtmental modeel results and to test the rep
peatability of these results. The repeatabbility coefficiennt was
[14]
. The data aree reported as mean ± SD. For comparisoon, the
ccalculated as 1.96 times thee SD of the differences
d
rrepeatability co
oefficient is alsso given as a percentage
p
of th
he average valuue of the 1cm aand 2cm modeel results.
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3 Results
For all 29 subjects, the average restiing global MB
BF values for the 1CM andd 2cm were 00.74 ± 0.17 vvs. 0.73 ±
0.18mL/miin/g, respectiv
vely, with a mean
m
difference of 1.0% ± 4.8% (P = noot statisticallyy significant [N
NS]). The
repeatabilitty coefficient was
w 0.12 mL/m
min/g (16.3% off the mean). Thhe coefficient oof correlation w
was high, 0.94 (see Figure
3). The phaarmacological induced
i
stress global averagee MBF values w
were significanntly higher, 1.773 ± 0.50 and 1.71 ± 0.54
mL/min/g, for the 1cm and 2cm, resp
pectively, with
h a mean diffference of 1.0%
% ± 4.7% (P=
=NS). The reppeatability
min/g (14.4% of
o the mean). The
T coefficientt of correlationn was high, 0.97 (see Figure 33).
coefficient was 0.25 mL/m

Figure 3. The
T Passing - Baablok regression scatterr diagram with the
t regression
line (solid line), the confid
dence interval
for the regrression line (dash
hed lines) and
identity liine (x=y, dotteed line), for
global MB
BF values obtaineed by 1cm and
2cm calcu
ulations (A) at rest (n=29,
r=0.94) and (B) at stress (n
n=29, r=0.97).
Altman-Blland plots for rest (C) and
stress (D) global MBF obttained by 1cm
and 2cm caalculations, respectively.

Figure 4. The
T Passing -Baablok regression scatter diagram with the
t regression
line (solid line), the confid
dence interval
for the regrression line (dash
hed lines) and
identity liine (x=y, dotteed line), for
regional LAD
L
MBF obtaained by 1cm
and 2cm calculations, (A) at rest (n=29,
r=0.60) and (B) at stress (n
n=29, r=0.81).
Altman-Blland plots for th
he same regional LAD MBF obtained
d by 1cm and
2cm calcullations, for rest (C) and stress
(D), respecctively.

nal, LCX, LAD
D and RCA rest and stress MB
BF values, obtaained by 1cm an
and 2cm, were m
marginally repproducible,
The region
i.e., 50% or more of the mean.
m
Figure 4 shows Bland--Altman and Paassok-Bablockk graphs for thee LAD region for which,
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rresting mean MBF
M
values fo
or the 1cm and
d 2cm were 0.7
76± 0.20 vs. 00.64 ± 0.20 mL
L/min/g, respectively, with a mean
% of the meann). The coefficcient of
ddifference of 18.4%±
1
18.5% (P=0.0015).Th
he repeatability
y coefficient w
was 0.36 (52.1%
ccorrelation was marginal, 0.6
60 (see Figure 4).
4 The stress mean
m
MBF valuues for the 1cm
m and 2cm werre 1.81± 0.56 vvs. 1.67
± 0.81 mL/min
n/g, respectivelly, with a mean
n difference off 8.3% ± 27.80%
% (P = 0.11855). The repeatabbility coefficieent was
00.95 (54.5% off the mean). Th
he coefficient of
o correlation was
w 0.81 (see F
Figure 4).
T
The 1CM and 2CM average global
g
CFR values were 2.44
4 ± 0.84 and 2.444 ± 0.89 , resppectively, with a mean differeence of
1.9% ± 4.9% (P
( = NS). Thee repeatability coefficient
c
was 0.34 (14.1% of the mean). The coefficiennt of correlatioon was
hhigh, 0.98 (seee Figure 5). Thee LAD CFR vaalues were 2.49
9 ± 0.87 and 2. 72 ± 1.33, resppectively, with a mean differeence of
00.23± 0.46 or 9.0% ± 17.8%
% of the mean
n (P = 0.1599)). The repeatabbility coefficieent was 1.72 (665.9% of the m
mean).
C
gure 5).
Coefficient of correlation waas 0.76 (see Fig

Figure 5. (A) The Passing -B
Bablok regressio
on
scatter diagram
m with the regrression line (solid
line), the conffidence interval for
f the regressio
on
line (dashed lin
nes) and identity
y line (x=y, dotteed
line), for global CFR values obtained
o
by 1CM
M
B)
and 2CM calcculations (n=29, r=0.98) and (B
corresponding Altman-Bland plots. (C) Th
he
Passing -Babllok regression scatter diagram
m
(n=29, r=0.76)) for regional LA
AD CFR obtaineed
by 1cm and
d 2cm calculations and (D
D)
corresponding Altman-Bland plot for region
nal
m
LAD CFR obtained by 1cm and 2cm
calculations.

4 Discussion
T
To the best of our
o knowledgee, this is the firsst study to com
mpare 1cm and 2cm calculatioons of global annd regional MB
BF and
C
CFR values fo
or 82Rb myocardial perfusion PET imaging. A similar studdy was perform
med for 13NH3 m
myocardial perrfusion
P
PET imaging. Three approacches, two using
g 2cm and one using 1cm, weere compared [6], and prefereence was givenn to the
1cm approach. However, one cannot find in
i the literature the most preeferable approaach to calculatiions of MBF iin 82Rb
P
PET perfusion
n studies. Not lo
ong ago, in a co
omparison of flow
f
estimates oobtained by 13N
NH–ammonia and by 82Rb, ddone by
[7]
tthe Ottawa gro
oup , the 2 CM
M was used forr MFB calculations in 13NH––ammonia studdies and the 1 cm
m approach waas used
ffor 82Rb MBF
F calculations. As a result theere is still amb
biguity in the chhoice of approoach for estimaation of MBF iin PET
pperfusion studiies, using eitheer 13NH –ammo
onia or 82Rb.
IIn January 200
09, two studiess presenting rep
peatability of MBF
M
in 82Rb P
PET myocardiaal imaging were reported. Thhe first
[15]
study
used a 1cm approach and was lim
mited to only global
g
MBF resst and stress vaalues and conccluded that MB
BF and
82
[16]
CFR using Rb
C
R were highly reproducible. The
T second stu
udy
used a 22cm approach uutilizing of Dauubechies wavellets for
ttemporal smoo
othing. The con
nclusion of thee study was thaat global MBF and CFR werre highly reproducible. For reegional
M
MBF and CFR
R values, repro
oducibility waas, for the majority of the seegments, was aalso very goodd. However, w
without
w
wavelets temp
poral smoothing, the regionall MBF and CF
FR values weree marginally rreproducible. R
Recently, generralized
ffactor analysiss has also been
n used to impro
ove 82Rb PET myocardial
m
imaaging [17], resuulting in excelleent reproducibility of
M
MBF in 82Rb PET
P
studies. Also,
A
the accurracy of the absolute quantizaation of MBF iin comparison with 13NH-am
mmonia
study was very
y good. However, the limitatio
on of the study was a relativelly limited numbber of subjects,, 22, and few suubjects
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had documented CAD and none with evidence of stress perfusion defects. The segmental MBF values were also presented
and discussed.
The results of these relatively recent studies [15-17] showed that in 82Rb PET imaging, global MBF and CFR values are
reproducible, regardless of whether a 1cm or 2cm approach was used. Temporal smoothing or using factorial analysis to
address relatively noisy dynamic 82Rb data, especially the late frames, due to the short half-life of 75s, improves the
repeatability of MBF and CFR calculations for global and regional values.
In our approach, further improvement of assessing 82Rb rest and stress MBF values and CFR can be obtained by allowing
creation of the input TAC using the left atrial (LA) area in addition or instead of the LV cavity area. In some subjects with
a small heart, a small LV cavity may not be the best choice for creating the input TAC, due to high cross talk from the LV
wall activity. However, for real improvement in accuracy of regional and segmental MBF and CFR calculations, one
would also need to apply cardiac and breathing gating. To the best of our knowledge, none of the current studies have
done so.

5 Conclusions
The results of the study suggest that in 82Rb perfusion myocardial PET assessment of MBF and CFR, the global rest and
stress MBF and CFR values obtained by 1cm or 2cm, were close and reproducible. However, the regional LAD, RCA and
LCX rest and stress MBF values showed marginal reproducibility. Limited regional MBF reproducibility may be caused
by sampling error and/or cardiac and breathing motion. The results also suggest that both, 1cm and 2cm are equally
accurate for calculation of MBF and CFR global values in 82Rb perfusion myocardial PET studies.
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