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The aim of this study was to develop and validate a new first-pass

method for the measurement of forward cardiac output (CO)
using 99mTc-labeled myocardial perfusion imaging agents.

Methods: In protocol 1, to test the new method for measuring
CO, the conventional method and the new method for CO
measurement were performed in 1 d in 57 patients (32 men, 25
women; age 68 Â±11 y). In the conventional method, radionu-
clide angiography (1 frame/s) with in vivo 99mTclabeling (110

MBq) of red blood cells was performed for 2 min in the left
anterior oblique projection. Five minutes later, a 1-min equilib
rium image was obtained, and a blood sample was taken for
calculation of the distribution volume. To obtain data for the new
method, further radionuclide angiography (1 frame/sec) with
99mTclabeling (600-740 MBq) of red blood cells was then

performed in the anterior projection. CO was calculated using the
following equation:

CO = CmaÂ«X V, f(t)dt,

where Cmaxis the background-corrected peak count of the whole
thorax during angiography, / f(t)dt is the area under the gamma
variate-fitted left ventricular (LV) time-activity curve after back
ground correction and VLVis the LV volume obtained by the area
length method applied to the radionuclide angiography and
myocardial tomography. In protocol 2, to evaluate the new
method, 24 patients (16 men, 8 women; age 71 Â±9.2 y)
underwent radionuclide angiography with 99mTc-tetrofosmin(600-

740 MBq), and the measured CO was compared with the CO
obtained by the conventional method with 99mTc-labeledred

blood cells. Results: In protocol 1, good correlation was ob
served between the CO by the new method (Y) and the CO by the
conventional method (X): Y = 1.0X + 57 mL/min and r = 0.95.
There was good agreement between the two methods (mean
difference -56 Â±381 mL/min). Inter- and intraobserver correla

tion coefficients were 0.96 and 0.98, respectively. In protocol 2,
the CO by the new method using "Tc-tetrofosmin (Y) showed a
good correlation with the CO by the conventional method (X): Y =
0.90X + 453 mL/min and r = 0.93. Good agreement between the
two methods was observed (mean difference 73 Â±390 mL/min).
Inter- and intraobserver correlation coefficients were 0.95 and
0.98, respectively. Conclusion: This new method permits accu-
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rate forward CO measurement using the first-pass data with
99mTc-terofosmin,which is applicable to other "Tc-labeled myo
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. he most commonly used method for measurement of
forward cardiac output (CO) is the thermodilution method
(1,2). However, its invasive nature limits its wide clinical
use. In the field of nuclear cardiology, forward CO measure
ment has been performed by the first-pass method using
99mTc-labeled red blood cells or albumin because it can offer

accurate measurement of forward CO even in patients with
arrhythmias or valvular rÃ©gurgitation; this technique has
been well validated against the thermodilution technique
(3,4). In the radionuclide method, left ventricular (LV)
equilibrium count data and blood sampling are necessary to
measure CO. "niTc-labeled myocardial perfusion imaging

agents such as sestamibi and tetrofosmin have been intro
duced recently as a substitute for 2I)'T1.Because these agents
are labeled with ""'Tc, they are suitable for first-pass data

acquisition (5-7). However, these tracers rapidly disappear

from the blood, and the equilibrium data, which are essential
for CO measurement, therefore cannot be obtained. Thus,
the technique for CO measurement with WmTc-labeled

perfusion tracers has been limited to the geometric method
using first-pass data or electrocardiographically gated SPECT.

In these methods, CO is measured by multiplying heart rate
and stroke volume, which is obtained by subtracting the
end-diastolic volume from the end-systolic volume. Accord

ingly, forward CO cannot be measured accurately under the
condition of arrhythmias and valvular rÃ©gurgitation.

It would be useful clinically if forward CO could be
measured with these tracers during the first-pass transit

concurrently with a myocardial perfusion study. Therefore,
the aims of this study were to develop a new method for the
measurement of forward CO using ""'Tc-labeled myocardial
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perfusion imaging agents and to evaluate the new method
prospectively against the conventional method.

MATERIALS AND METHODS

New Method of Cardiac Output Determination
The new method was designed to obtain CO with "'"Tc-labeled

myocardial perfusion imaging agents, such as sestamibi and
tetrofosmin, using first-pass data and SPECT images.

The principle of this method is derived from the classic tracer
dilution equation, which has been described as follows (8):

= I/J*c(t)dt,
Eq. 1

where F = blood flow or CO, I = total amount of injected dose of
the tracer and c(t) = concentration of the tracer of the left ventricle

during the radionuclide bolus passage at time t.
In the new method, first-pass data were obtained from the

anterior view because the total injected dose of the tracer (I) was
easily estimated as a maximum count of the whole thorax during
first-pass data acquisition.

When f(t) is defined as the radioactivity measured from the LV
region of interest (ROI) at time t, f(t) is expressed as follows: f(t) =

k, X VLVX c(t), where VLVis the LV volume (mL) and k, is the
correcting factor for the counting rate from the left ventricle,
including the attenuation factor and sensitivity of the gamma
camera.

Then,

c(t) = f(t)/k, x VLv.

When Equation 2 is inserted into Equation I,

F = I X k, X VLv/J*f(t)dt.

Eq.2

Eq.3

Because the radionuclide tracer was injected as a bolus, the total
injected dose was counted as the maximum count, Cmax(cpm), of
the whole thoracic ROI. When the correcting factor for the
counting rate from the whole thorax is k2, Cmax = k2 X I. Then

Equation 3 is

F = (k,/k2)Cmax X VLV//f(t)dt. Eq. 4

VLVcan be measured based on the area length method using the
formula of Sandier and Dodge (9) as follows, VLV = 8A2/3irL,

where A is the area of the left ventricle and L is the length of the LV
long axis.

True LV area (A) and length of the long axis of the left ventricle
(L; length between the midpoint of the aortic valve plane and apex)
can be calculated using the LV ROI and SPECT images (Fig. 1).
When, on the anterior image generated from radionuclide angiogra-

phy, the horizontal and vertical components of the long axis of the
left ventricle (LROi) are X and Y, respectively, and the angle
between the LV long axis and the anterior surface of the thoracic
wall (horizontal line) on the myocardial tomographic transverse
image is ot, the following equations are obtained.

LRoi2= X2 + Y2, L2 = (X/cosoc)2 + Y2.

Then,

A A=AROiL/LROI

L= V(X/cosa)2 + Y2.

FIGURE 1. Method to calculate length of LV long axis (L) and
LV area (A). From anterior image length of long axis of LV region
of interest (LROi),horizontal and vertical component of LROi(x and
y) can be obtained. From transverse image of SPECT, angle
between gamma camera surface and LV long axis (a) can be
obtained. AROi= area of LV ROI.

When the shape of the left ventricle resembles a prolate
ellipsoid, A = ARO|X L/L RO|.

On the summed image (duration 3-5 s) of the LV phase of the
first-pass images, LV ROI was set by delineating the edge where

the count was 40% of the ventricular peak count based on the
phantom study in which 40% cutoff of the peak count of the syringe
(3-cm diameter) with 50 mL WmTcshowed the most accurate edge

detection. The aortic valve plane was delineated manually by
detecting a slight narrowing or the angulation between the ascend
ing aorta and the left ventricle. The length of the LROiwas then
obtained (Fig. 2A). When the valve plane was unclear, the anterior
image obtained at tomographic imaging was used as a reference.
JY(t)dt was obtained as the area under the first-pass time-activity

curve from the LV ROI fitted by a gamma variate curve (10) (Fig.
2B). A gamma variate function was applied from the ascending limb of
the LV time-activity curve to the point at which recirculation or

overlapped activities such as descending aorta were seen to occur.
The difference between both correcting factors (k| and k2) was

CARDIACOUTPUTBY"MTC-LABELEDPERFUSIONAGENTSâ€¢Taki et al. 1875



FIGURE 2. (A) Typical LV ROI delineated
by 40% contour of LV maximal count on
summed image of LV phase of first-pass
image obtained in anterior view using 99mTc-
tetrofosmin. (B) Area under first-pass time-
activity curve from LV ROI obtained using
gamma variate-fitted LV time-activity curve.
CPS = counts per second.
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considered to arise from the difference of the attenuation associated
with the localization of the tracer when counting was performed.
Because k| is applied when the tracer is in the left ventricle, a large
part of the attenuation may occur by the thoracic wall and only a
small part may occur through the right ventricle. In terms of k2,
CmÂ«was obtained in almost all cases in which the tracer was
distributed from the right ventricle to the both lungs; a large part of
the attenuation may then occur by the thoracic wall and only a
small part may occur through the mediastinum and sternum.
Therefore, ki and kj were considered to be similar values, and,
k|/k2 was arbitrarily assumed to be 1.0.

Cardiac Output Determination by Conventional
Radionuclide Angiography

The principle of the conventional method, which is derived from
the classic tracer dilution equation, also has been described as
Equation 1, which can be expressed in the following form (8):
CO = Vd X Ce/S, where Vd is the distribution volume of the

tracer, Ce is the counting rate of the LV ROI at the time when Vd of
the intravascular tracer is measured and S is the area under the
first-pass time-activity curve derived from the LV ROI.

The Vd was calculated as follows. The same amount of
"Tc-pertechnetate ( 1.0 mL) that was injected into the patient was

stirred into 999 mL water; 1.0 mL of specimen was then placed in a
test tube and counted in a well counter [Cinj (cpm)]. A blood
sample (1.0 mL) withdrawn immediately after acquisition of the
equilibrium blood pool data was also counted in a well counter
[Cb (cpm)]. The Vd was calculated by the following equation: Vd
(mL) = 1000 Cinj/Cb. On the summed image (duration 3-5 s) of
the LV phase of the first-pass images obtained from the left anterior

oblique projection, the LV ROI was set by delineating the edge
where the count was 40% of the ventricular peak count. The aortic
valve plane was delineated manually. The area under the first-pass
time-activity curve from the LV ROÃ•(S) was obtained using a
gamma variate-fitted LV time-activity curve (70). Using the same

LV ROI, Ce was obtained as the counting rate of the left ventricle
on the equilibrium image.

Study Patients
Fifty-seven consecutive patients (protocol 1) (32 men, 25

women; mean age 68 Â±11 y; range 48-94 y) who underwent
first-pass radionuclide angiography with in vivo "Tc-labeling of

red blood cells for evaluation of various cardiac diseases were
recruited for this study to establish the new method for the
measurement of forward CO, which is applicable to use of
"Tc-labeled myocardial perfusion imaging agents. The mean

height and body weight were 156 Â±8.3 cm (range 140-179 cm)

and 55 Â±9.2 kg (range 35-79 kg), respectively. Twenty patients

had old myocardial infarctions, 35 had angina pectoris, 1 had mitral
stenosis and 1 had diabetes mellitus. Three patients had atrial
fibrillation. No patients had rÃ©gurgitantvalvular lesions. All
patients underwent SPECT with 20IT1or 121I-ÃŸ-methyl-p-iodophe-

nyl-pentadecanoic acid, from which the LV geometric information

was obtained.
To confirm the feasibility of the new method for CO measure

ment, a subsequent 24 patients (protocol 2) (16 men, 8 women;
mean age 71 Â±9.2 y; range 50-85 y) who met the following
criteria were studied: "'"Tc-tetrofosmin scintigraphy and first-pass
radionuclide angiography with in vivo 99mTc-labeling of red blood

cells performed within 1 wk, heart rate and systolic blood pressure
change within 10% between the two radionuclide studies, no
change in medications between the two studies and steady-state

condition with no interventional therapy between the two studies.
The mean height and body weight were 157 Â±7.7 cm (range
143-169 cm) and 56 Â±10 kg (range 36-77 kg), respectively. Eight

patients had histories of previous myocardial infarctions, 13 had
angina pectoris, 2 had congestive heart failure and 1 had previous
aortic valve replacement. No patients had rÃ©gurgitantvalvular
lesions or arrhythmias.

Study Protocols
Protocol I. To test the new method for measuring forward CO,

two consecutive first-pass studies, including the conventional

method and the new method, were performed.
The patients received approximately 0.5-0.9 mg stannous ion as

stannous pyrophosphate. Twenty minutes later, 110 MBq "Tc-

pertechnetate in a volume of 1.0 mL were injected from the right
medial antecubital vein or the right jugular vein and flushed with 20
mL saline. In the 35Â°left anterior oblique view, first-pass radionu

clide angiographie data were obtained every 1 s for 2 min using a
large-field-of-view gamma camera equipped with a high-resolution
parallel-hole collimator. Energy discrimination was centered on

140 keV with a 20% window. Imaging was performed using 64 X
64 matrices with a 1.5 zoom mode, giving 0.533 cm of matrix size.
Equilibrium data were acquired for 1 min with the patient in the
same position 5 min after radionuclide angiography. Immediately
after acquisition of the equilibrium data, a 1.0-mL blood sample

was drawn into a test tube and counted in a well counter for
calculation of the distribution volume.

After the blood sampling, 1-min radionuclide first-pass data

acquisition every 1 s in the anterior view was performed immedi
ately after the bolus injection of 600-740 MBq "mTc-pertechne-
tate. At this time, the patient's entire thorax was covered by the field
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of the gamma camera. The first-pass time-activity curve of the LV
ROI was obtained by subtracting the previously injected radionu-
clide activity. Cmaxwas also obtained from the time-activity curve

of the entire thorax after subtraction of the previously injected
radionuclide activity.

Then 35Â°and 70Â°left anterior oblique electrocardiographically

gated blood pool imaging was performed for assessment of
regional and global LV function.

Protocol 2. To evaluate and confirm the accuracy of the new
method, the patients underwent the 1-min radionuclide first-pass
study (1 frame/s) with "Tc-tetrofosmin (600-740 MBq) in a

manner similar to that described for the second injection of
99mTc-pertechnetate in protocol 1. An electrocardiogram was

recorded during the study to obtain the heart rate during administra
tion of the radionuclide. Approximately l h later, SPECT was
performed. Within 1 wk of the 99mTc-tetrofosmin study, conven
tional radionuclide angiography with in vivo "'"Tc-labeling of red

blood cells in the left anterior oblique view was performed to
measure forward CO.

To evaluate the bolus integrity, the full width at half maximum
(FWHM) of the time-activity curve generated from the square ROI

(5X5 pixel) set on the superior vena cava was calculated.
To test the interobserver reproducibility of the new methods, in

both protocols, two well-experienced observers analyzed the same

data independently throughout all processes of the analysis.
Observer 1 repeated all processes of the analysis to evaluate
intraobserver reproducibility.

Statistical Analysis
Data are presented as mean Â±SD. Simple linear regression

analysis was used to compare COs measured by the conventional
and new methods and to analyze inter- and intraobserver reproduc-

ibilities. A paired t test was applied to test the difference between
the COs by the new and conventional methods and between the
bolus integrities. To assess systemic error and agreement between
COs by conventional and new methods, the method of Bland and
Altman (//) was used. P < 0.05 was considered significant.

RESULTS

Protocol 1
The mean CO by the new method was 5725 Â±1272 mL

(range 2934-8490 mL); the mean CO by the conventional
method was 5667 Â±1213 mL (range 2838-8456 mL). There

was no significant difference between the COs measured by
the two methods (P = 0.25). The CO by the new method (Y)

showed an excellent correlation with the CO by the conven
tional method (X): Y = l.OX + 57 mL/min, r = 0.95 and
SEE = 245 mL (Fig. 3A). The method of Bland and Altman

(77) showed a good agreement between the two methods
(mean difference -56 Â±381 mL/min) and no significant
degree of systematic measurement bias (Fig. 3B). Intra- and
interobserver correlations were also excellent: Y = 0.98X +
47 mL/min, r = 0.98 and SEE = 153 mL/min; and Y =
0.94X + 392 mL/min, r = 0.96 and SEE = 219 mL/min,

respectively.

Protocol 2

Bolus integrities of the radionuclide angiography with
tetrofosmin (FWHM = 2.7 Â±1.2 s) and the conventional
method with <WmTc-labeledred blood cells (FWHM = 2.5 Â±

Y = lloX + 57, r = 0.95
S.E.E = 245
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FIGURE 3. (A) Relationshipbetween cardiacoutputs(COs) by
conventional method with "To-labeled red blood cells and COs
by new method with 99mTc-tetrofosmin.Dashed line is line of

identity. (B) Scatterplot of CO difference (CO by conventional
method minus CO by new method) against mean CO obtained by
two methods. Dashed lines represent mean and Â±2SDs.

0.77 s) were similar (P = 0.60). No fractionated bolus was

observed.
The mean CO by the new method was 5323 Â±1009 mL

(range 3665-8130 mL); the mean CO by the conventional
method was 5396 Â±1037 mL (range 3644-8046 mL).

There was no significant difference between the COs
measured by the two methods (P = 0.37). CO by the

tetrofosmin method (Y) showed an excellent correlation
with the CO by the conventional method (X): Y = 0.90X +
453 mL/min, r = 0.93 and SEE = 425 mL/min (Fig. 4A). A

good agreement between the two methods was observed
(mean difference 73 Â±390 mL/min), and no significant
degree of systematic measurement bias was observed (Fig.
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FIGURE 4. (A) Relationshipbetween cardiac outputs(COs) by
conventional method with 99mTc-labeledred blood cells and COs
by new method with 99mTc-tetrofosmin. Dashed line is line of

identity. (B) Scatterplot of CO difference (CO by conventional
method minus CO by new method) against mean CO obtained by
two methods. Dashed lines represent mean and Â±2SDs.

4B). Intra- and interobserver correlations were also excel
lent: Y = 0.96X + 102 mL/min, r = 0.98 and SEE = 102
mL/min; and Y = 0.97X + 130 mL/min, r = 0.95 and
SEE = 351 mL/min, respectively (Figs. 5A and 6A). There

were good agreements between two repeated measurements
of observer 1 (mean difference 97 Â±195 mL/min) and between
two independent observers' measurements of COs (mean differ

ence 43 Â±309 mL/min) (Figs. 5B and 6B). There was also no
significant degree of systematic measurement bias.

DISCUSSION
The physical properties of the 99mTc-labeled myocardial

perfusion imaging agents such as 99mTc-sestamibi and WmTc-

tetrofosmin permit assessment of both cardiac function and
myocardial perfusion with a single injection of radiopharma-

ceutical. The LV ejection fraction and regional wall motion
are now available during first-pass angiography or electrocar-
diographically gated SPECT using these WmTc perfusion

tracers (5-7,72). However, forward CO measurement with

the injection of these tracers has yet to be developed.
Therefore, we aimed to establish the method for measuring
forward CO using "mTc-labeled myocardial perfusion imag

ing agents. Our data show that first-pass data acquisition
during the injection of WmTc-tetrofosmin coupled with

subsequent SPECT imaging permits accurate measurement
of forward CO. The CO measured by 99mTc-tetrofosmin

correlated closely with that measured by the conventional
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FIGURE 5. (A) Intraobserver reproducibilityof cardiac output
(CO) measurement by new method with 99mTc-tetrofosmin.

Dashed line is line of identity. (B) Scatterplot of CO difference
(CO by first calculation minus CO by second calculation) against
mean CO obtained by two measurements. Dashed lines repre
sent mean and Â±2SDs.
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method using ""'Tc-labeled red blood cells (r = 0.93), and a

good agreement between the two methods was observed
(mean difference 73 Â±390 mL/min). This new method is
intuitively considered to be applicable to all "mTc-labeled

perfusion imaging agents.
The CO measurement has been performed by indicator

dilution methods, the Pick method and angiographie or
geometric methods. The Pick method has not been in wide
clinical use because it requires measurement of oxygen
consumption and arterial and venous blood sampling. The
method suffers primarily from the difficulty of obtaining
accurate oxygen consumption measurements and lack of
applicability in the steady state under certain conditions. It is

necessary to collect the expired air for at least I min and
ideally for about 3 min in the steady state to measure oxygen
consumption, and this is the greatest source of measurement
variability (13). In geometric methods, including angiogra-

phy with contrast media or radionuclide angiography, CO is
calculated by multiplying heart rate and stroke volume,
which is obtained by subtracting the end-systolic volume
from the end-diastolic volume. Therefore, it is inaccurate

under the condition of valvular rÃ©gurgitationand arrhyth
mias. In indicator dilution methods, the thermodilution
technique, which uses cooler liquid as an indicator, has been
used in many laboratories because it obviates withdrawal of
blood from an arterial site and permits rapid display of the
results using computerized methods. However, because of
the invasive nature of the thermodilution method, it is not
suitable for repeated follow-up studies. The radionuclide
first-pass method using WmTc-labeled red blood cells or

albumin, also one of the indicator dilution techniques, is a
standard method for measuring forward CO in nuclear
cardiology (3,4,14,15). This method requires radiopharma-

ceuticals that stay in the vascular space and blood sampling
for the calculation of the distribution volume of the tracer.
Accordingly, this method cannot be applied to myocardial
perfusion tracers, in which radioactivities disappear rapidly
from the blood. With the new method, CO can be measured
by <2-min first-pass data acquisition coupled with subse

quent SPECT without blood sampling and equilibrium blood
pool data. Furthermore, this method can be applied to
patients with valvular rÃ©gurgitationand arrhythmias because
it is based on the indicator dilution method. In patients with
mitral or aortic rÃ©gurgitationwithout arrhythmias, the rÃ©gur
gitation fraction would be available (16) from simultaneous
measurement of the forward stroke volume obtained by
first-pass data acquisition (CO divided by heart rate) and LV
end-diastolic and end-systolic volumes with subsequent

gated myocardial tomography.

Limitations and Technical Considerations
We used in vivo WmTc-labeled red blood cells to obtain a

reference CO with the conventional first-pass method. The
labeling efficiency of in vivo 99mTc-labeled red blood cells
(85%-95%) is lower than that of in vitro "Tc-labeled red

blood cells (95%), resulting in an overestimation of total
blood volume (distribution volume) and an underestimation
of equilibrium ventricular count (tracer concentration) be
cause part of the unlabeled WmTcmay distribute outside the

vascular space (17-19). However, even if part of the tracer

distributes to the extravascular space, the total injected dose
of WmTc(obtained by multiplying the distribution volume by

the ventricular concentration of the tracer) would show a
constant value and minimal error because the ventricular
concentration of the tracer is in inverse proportion to the
distribution volume. Because the LV concentration of the
tracer is practically measured by a gamma camera, the effect
of extracardiac tissue tracer activity would be a source of
overestimation of the ventricular tracer concentration, result
ing in an overestimation of the CO (20). Therefore, to
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minimize error, the LV equilibrium pool data were acquired
immediately after the mixing of the tracer (5 min after tracer
injection) when the unlabeled WmTcthat may distribute to

the extravascular space would be small, and the blood
sample was obtained immediately after the data acquisition.

There are several sources of error in the new method,
including quality of the bolus (27), fitting of the LV
time-activity curve, dead time of the gamma camera,

ventricular volume measurement and the potential differ
ence of the correcting factors k, and k2. The first three
factors should also be considered in the conventional
method. To avoid poor bolus, only the right medial antecubi-

tal vein or right jugular vein was used in this study and were
flushed with 20 mL saline. Bolus integrities were good and
were not fractionated, and no difference in the FWHM of the
time-activity curve from the superior vena cava was ob

served in the conventional and the new method with
99mTc-tetrofosmin. Gamma variate fitting of the LV time-

activity curve is a widely accepted technique for calculating
the area under the LV time-activity curve and provides

reliable results (10,22). Advances in Anger camera electron
ics improved the counting rate capacity, and new single-

crystal gamma cameras provide counting rates comparable
with those of the first generation of multicrystal detectors
(23). With the gamma camera used in this study, count losses
associated with dead time were negligible up to 800 MBq
<WmTc.The radionuclide first-pass technique in the anterior

view using geometric methods permitted accurate measure
ment of the LV volume (24-27). These studies used the area
length method for calculating LV end-diastolic volume by

measuring LV area by planimetry and LV length by direct
measurement on the radionuclide image. Its accuracy should
depend largely on the accurate LV edge determination. In the
method used in this study, mean LV volume estimation was
based on the ROI technique, which delineated the ventricu
lar edge by 40% threshold of the maximal ventricular count
on the summed image of the LV phase based on the phantom
study. Large pixel size would bring about a larger error of
geometric measurement. To decrease the unit of measured
volume, imaging was performed by 64 X 64 matrices with
a 1.5 times zoom mode, in which the gamma camera still
covers the whole chest, rather than without zooming.
Because of zooming, pixel size decreased from 0.80 to 0.53
cm and voxel size decreased from 0.51 to 0.15 cm3. In this

method, error of the LV volume determination does not
directly affect the error of CO measurement. When an
oversized ROI is placed on the left ventricle (usually by
valve plane overestimation), the count of the ROI increases,
resulting in the augmented area under the LV time-activity

curve. For example, if the ROI is oversized purely to aortic
area and only LV length is overestimated from 1 to x, LV
volume will be overestimated from 1 to x. On the other hand,
the area under the LV time-activity curve will be overesti

mated from 1 to x if the speed of tracer transit through the
LV to the aorta is unchanged. The error of CO measurement
can then be completely canceled out (Eq. 4). Although,

practically, the situation is more complicated: the ROI error
arises not only from valve plane identification but also from
ventricular edge detection, even based on the percentage
threshold method. Tracer transit speed is faster in the aorta
than through the left ventricle, resulting in an incomplete
proportional increase of the area under the time-activity

curve in relation to the increase in ROI size. Similarly, an
undersized LV ROI resulted in a decrease in the area under
the LV time-activity curve. Accordingly, both over- and

underestimation of the CO associated with error of LV
volume estimation would be partially canceled by the
increase or decrease in area under the LV time-activity

curve. In the new method, correcting factors k) and k2 were
assumed to be similar. The difference between the correcting
factors was believed to arise from the difference of the
attenuation when the tracer is distributed through the right
ventricle to both lungs (k2) and when the tracer is in the left
ventricle (k,). In terms of the photons from the left ventricle,
a large part of the attenuation may occur by the thoracic wall
and only a small part may occur through the right ventricle.
In terms of the photons from the right ventricle to the lungs,
most of the attenuation may occur by the thoracic wall and
only a small part may occur through the mediastinum and
sternum. Therefore, k, and k2 were considered to be similar
values, and k,/k2 was arbitrarily assumed to be 1.0. How
ever, ki/k2 might fluctuate in a different patient population,
such as in patients with huge body size and in pediatrie
patients, and might be the source of error, although this
variation was inconsequential in the patient population
studied.

CONCLUSION

We developed a method for measuring forward CO using
"mTc-labeled myocardial perfusion imaging agents from
first-pass and SPECT data without blood sampling; this
method was compared with the standard first-pass method
using 99mTc-labeled red blood cells. The CO measured by the
first-pass study with "mTc-tetrofosmin correlated closely

with that measured by the conventional technique. Thus,
forward CO can be measured accurately by the first-pass
method and SPECT imaging with "mTc-labeled myocardial

perfusion agents.
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