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Abstract. We developed a noninvasive method to quantita-
tively estimate the myocardial blood flow (MBF) index
and flow reserve (MFR) using dynamic and static data ob-
tained with technetium-99m sestamibi, and compared the
results with MBF and MFR measured by oxygen-15-la-
beled water (['°OJH,0) PET. Twenty patients with coro-
nary artery disease (CAD) and nine normal subjects under-
went both 9mTc-sestamibi and PET studies within
2 weeks. From the anterior view, dynamic data were ac-
quired for 2 min immediately after the injection of 99mTc-
sestamibi, and planar static images were also obtained after
5 min at rest and during ATP stress (0.16 mg kg-! min-! for
5 min) on another day. The area under the time-activity
curve on the aortic arch (Aorta ACU), myocardial weight
with the SPET image (M), and the myocardial count on the
planar image for 1 min (C,,) were obtained. The MBF in-
dex (MBFI) was calculated as follows: MBFI=C, /Aorta
ACUx100/M. MFR was measured by dividing the MBFI
at ATP stress by MBFI at rest. The MBFI measured by
99mTc-sestamibi was significantly correlated with MBF ob-
tained using [SOJH,0 PET (MBFI=13.174+11.732xMBF,
r=0.821, P<0.001). Furthermore, MFR measured by 9°mTc-
sestamibi was well correlated with that obtained using
[5O]JH,0 PET, with some underestimation (r=0.845,
P<0.001). MFR using %mTc-sestamibi in patients with
CAD was significantly lower than that in normal subjects
(CAD: 1.484+0.256 vs normal: 2.127+0.308, P<0.001).
These data suggest that the MBFI and MFR can be mea-
sured with 9mTc-sestamibi. This may be useful for the
quantitative assessment of CAD, especially in those pa-
tients with diffuse coronary disease.
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Introduction

Myocardial perfusion imaging has been widely used for
the diagnosis and evaluation of coronary artery disease
(CAD) [1, 2, 3, 4, 5]. However, since perfusion imaging
documents relative myocardial perfusion, it has limited
utility, particularly in patients with multivessel disease or
diffuse CAD. Quantitative assessment of myocardial
flow reserve (MFR) is valuable for early detection of dif-
fuse coronary disease, estimation of its severity, and as-
sessment of treatment effects. Positron emission tomog-
raphy (PET) plays a major role in estimating MFR. On
the other hand, PET has not been used clinically owing
to the limited availability of PET systems and difficulties
in the production of PET tracers. If MFR could be esti-
mated with single-photon emission tomography (SPET)
and commonly used technetium-99m perfusion tracers,
MFR measurement would become widely available for
quantitative assessment of coronary function. Recently
quantitative assessment of MFR has been attempted with
the use of dynamic acquisition following administration
of a 99mTc perfusion agent [6, 7].

We have developed a noninvasive method to quantita-
tively estimate myocardial blood flow (MBF) and MFR
with 99mTc-sestamibi by taking into account the arterial
input function. The goal of this study was to investigate
the validity of measurement of MBF and MFR using
99mTe-sestamibi by comparing the results with those ob-
tained using oxygen-15 labeled water (['SO]H,0) PET.
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Fig. 1. Study protocol for
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Fig. 2A-C. ROIs and time-activity curve. The ROIs drawn in the
myocardial region on the planar static images (A) and in the aortic
arch on the summed image of the aortic phase of first-pass images
(B) are shown. The time integral of the first-pass 9°mTc-sestamibi
counts was obtained as an area under the gamma-variate-fitted
aortic time-activity curve for the aortic region of interest (C)

Materials and methods

Patients. This study included 20 patients with angiographically
documented CAD (16 males, 4 females; 65.3+9.6 years old) and
a control group comprising nine normal volunteers (8 males,
1 female; 38.3+10.9 years old) with a <1% likelihood of CAD
based on the age, gender, and clinical symptoms (Table 1). Nine
patients had single-vessel CAD, seven patients had two-vessel
CAD, and four patients had three-vessel CAD. Eight patients
had a previous myocardial infarction. Previous coronary revas-
cularization had been performed in four patients, in two cases by
angioplasty and in two by coronary artery bypass grafting
(CABG).

PET studies performed within 2 weeks of the sestamibi myo-
cardial perfusion scintigraphy were included in this study and ana-
lyzed. No clinical events or changes in medication occurred be-
tween the sestamibi and PET studies. All participants were care-
fully instructed to refrain from caffeine intake during the 24 h be-
fore the PET study and the sestamibi study under adenosine tri-
phosphate (ATP) stress. All of them gave written informed con-
sent and this study was approved by the Ethics Committee of Ho-
kkaido University Hospital.

99mTe-sestamibi imaging protocol and data analysis. 99mTc-ses-
tamibi angiography and SPET were performed using a 2-day rest-
stress imaging protocol (Fig. 1). The planar dynamic images were
used to estimate myocardial counts and dynamic counts of blood
pool activities, whereas SPET images were used for to estimate
left ventricular mass. At rest, just after a bolus injection of
370 MBq %mTc-sestamibi into the right medial antecubital vein
followed by flushing with 16 ml saline, first-pass radionuclide
angiographic data were obtained from the anterior view every

50 ms for 50 s and every 500 ms for 70 s using a large field of
view gamma camera equipped with a high-resolution collimator.
Stress was induced by infusion of ATP at a rate of
0.16 mg kg-! min-! for 5 min though the left antecubital vein [8,
9]. Three minutes after the start of ATP infusion, planar imaging
was performed for 2 min with the patient in the same position for
5 min. Data were acquired using 64x64 matrices with energy dis-
crimination centered at 140 keV with a 20% window. Sixty min-
utes later, SPET was performed with a dual-head gamma camera
SPET system equipped with high-resolution collimators (Vertex;
ADAC Laboratories, Milpitas, Calif.). A total of 32 projection
images were obtained in a 64x64 matrix over 180°, at 60 s per
step. The projection data were prefiltered with a two-dimensional
Butterworth filter (order 2.5, critical frequency 0.22 cycles/pixel;
and pixel size 0.64 cm) and reconstructed with filtered back-pro-
jection (ramp filter) and no attenuation correction. The spatial
resolution was about 12 mm full-width at half-maximum
(FWHM) after reconstruction.

The myocardial count (C,,, cpm) for 1 min was obtained from
the planar static image at 5 min after injection of 9mTc-sestamibi
(Fig. 2). First-pass angiographic data were analyzed to obtain the
time integral of the first-pass 9mTc-sestamibi counts for the aorta.
On the summed image (3- to 4-s duration) of the aortic phase of
first-pass images, a 2x2 pixel region of interest (ROI) was set on
the aortic arch (Fig. 2). The time integral of the first-pass 99mTc-
sestamibi counts was obtained as an area under the gamma-vari-
ate-fitted aortic time-activity curve (aorta ACU, counts/cm? per
minute) for the aortic ROI [10] (Fig. 2). For measurement of the
time integral of the aortic counts during ATP stress, the same aor-
tic ROI was applied. The left ventricular myocardium was delin-
eated automatically by the edge where the count was 40-50% of
the left ventricular myocardium peak count. The weight of the left
ventricular myocardium (M, g) was calculated by the volume of
the left ventricular myocardium, having set myocardial gravity to
1.05. The myocardial blood flow index (MBFI) was obtained us-
ing the formula:

MBFI = C, /aorta ACU x 100/M (1

Because the baseline MBF is closely related to the rate-pressure
product (RPP), MBFI at rest was corrected for the RPP, an index

European Journal of Nuclear Medicine and Molecular Imaging Vol. 30, No. 2, February 2003
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of myocardial oxygen consumption, by the following equation
[11,12]:
Corrected MBFI = MBFI x (mean RPP at rest in PET study/ind

MEFR was calculated as the ratio of MBFI during ATP infusion to
MBFI at rest.

Quantitative analysis of MBF using %*"Tc-sestamibi. MBF can be
calculated by Sapirstein’s principle [13] as follows:

MBF = CO x Cy,/total ID (2)

where CO = cardiac output and ID = injected dose. The CO was
obtained as the ID to the area under the gamma-variate-fitted aor-
tic time-activity curve (aorta ACU) on the basis of the Stewart-
Hamilton principle. MBF is calculated from the formula:
MBF = k; x (ID/aorta ACU) x kp X Cn/ID =k x ky

3)
K, and k, are the correction factors for the counting rate from the
myocardium and the aortic time-activity curve, and the extraction
fraction of 9mTc-sestamibi, respectively, including the attenuation
factor, partial volume effect, and sensitivity of the gamma camera.
The edge of the left ventricular myocardium was delineated auto-
matically on the short-axis SPET images by the threshold method.
The weight of the left ventricular myocardium (M, g) was estimat-
ed by the volume of the left ventricular myocardium with a myo-
cardial gravity of 1.05. The myocardial blood flow index (MBFI)
was obtained from Eq. 1.

PET protocol and data analysis. MBF at rest and during ATP infu-
sion was calculated by PET using [15O]H,0. All PET scans were
performed with an ECAT EXACT HR+ (Siemens/CTI). A trans-
mission scan was performed to correct the photon attenuation for
6 min with a germanium-68 source. Next, the subject inhaled
['50]CO for 1 min. The total inhaled dose in the [1O]CO exami-
nation was 2,000 MBq. After inhalation of the tracer, 3 min was
allowed to pass for CO to combine with hemoglobin before a stat-
ic scan lasting for 5 min was started. The spatial resolution was
about 7 mm after reconstruction.

150 radioactivity returned to background levels 10-15 min af-
ter the blood volume scan. Then ['O]H,0 was infused into an an-
tecubital vein as a slow (2-min) infusion. The administered dose
of [PO]H,0 was 500 MBqg/min. A 24-frame dynamic PET scan
was performed for 6 min, consisting of 18x10-s and 6x30-s
frames. Twelve minutes after the first infusion of [!SO]JH,0, intra-
venous drip infusion of ATP (0.16 mg kg-! min-!) was started un-
til the end of the second PET scan using ['O]H,0, by which im-
ages were recorded in the same sequence. Heart rate (HR), blood
pressure (BP) and a 12-lead ECG were recorded at rest and at
1-min intervals during and after the administration of ATP.

Table 2. Hemodynamic data

All emission sinograms were reconstructed with filtered back-
projection using a Hann filter (cut-off frequency 0.3 cycles/pixel).
The in-plane resolution was 4.5 mm FWHM in images recon-
structed into a 128x128 matrix. All data were corrected for dead
time, decay, and measured photon attenuation.

MBF was quantified using the single tissue compartment model
developed by Katoh et al. [14, 15]. All PET data were analyzed by
three expert doctors who were blind to the patients’ clinical data. All
acquisition data were resliced along the myocardial axis using the
same parameters. The ROI was set automatically when a point in the
left ventricle was clicked on in the CO image. The entire myocardial
ROI was decided by subtracting the early-phase image obtained with
[150]H,0. When the edges of the apex and base of the myocardium
were clicked, the entire myocardial ROI was set automatically.

Twenty patients with CAD and nine healthy subjects were as-
sessed based on the MBF at rest, under ATP infusion. HR and sys-
tolic BP (SBP) were determined for each subject; and RPP was
calculated as HRXSBP. Because the baseline MBF is closely relat-
ed to RPP, MBF at rest was corrected for the RPP [11], an index of
myocardial oxygen consumption, according to the following equa-
tion [12]: Corrected MBF = MBFx(mean RPP at rest in PET
study/individual RPP). MFR was calculated as the ratio of MBF
during ATP infusion to MBF at rest.

Statistical analysis. Continuous variables were expressed as
mean+SD, and hemodynamic parameters were compared by the
paired 7 test. The MFRs in normal subjects and patients with CAD
were compared by the unpaired ¢ test. P<0.05 was considered sta-
tistically significant.

Results

Hemodynamic response

Hemodynamic data are summarized in Table 2. With
ATP stress, significant increases in heart rate and rate-
pressure product were found, with a significant decrease
in systolic blood pressure in the sestamibi and PET stud-
ies. No significant differences between the sestamibi and
PET studies were found in heart rate although the systol-
ic blood pressure and rate-pressure product were slightly
higher in the sestamibi study than in the PET study.

Relationship between MBFI measured by sestamibi
and by PET

The data acquisition and analysis was successful in
each subject. Figure 3 shows the correlation between

PET (rest) PET (ATP) MIBI (rest) MIBI (ATP)

SBP (mmHg) 117.9+16.9 107.3£11.2% 123.6£11.7 113.6+12.9%%*
HR (/min) 65.1+11.2 79.1+11.7% 67.210.9 79.3x11.2%

RPP 7,680.0+1,729.9 8,496.4+1,548.6* 8,278.9+1,373.5 8,986.9+1,507.2% %+

SBP, Systolic blood pressure; HR, heart rate; RPP, rate-pressure product

*P<0.01 vs rest, **P<0.01 vs PET
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Good linear correlations were found between MBFI measured
with sestamibi and MBF measured by PET (A, MBFI=
13.174+11.732xMBE, r=0.821, P<0.001), and between corrected
MBFI measured with sestamibi and corrected MBF measured by
PET (B, cMBFI=10.592+12.546XcMBEF, r=0.845, P<0.001)
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Fig. 4A, B. Relationship between MFR measured with sestamibi
and MFR measured by PET. @, Normal group; []J, CAD group.
Good linear correlations were found between MFR measured with
sestamibi and MFR measured by PET (A, Tc-MFR=0.849+
0.331XPET-MFR, r=0.845, P<0.001), and between corrected MFR
measured with sestamibi and corrected MFR measured by PET
(B, Tc-cMFR=0.916+0.383xPET-cMFR, r=0.843, P<0.001)

the MBFI measured by sestamibi and the MBF mea-
sured by PET. The MBFI and MBF showed a good lin-
ear correlation (MBFI=13.174+11.732xMBF, r=0.821,
P<0.001). When the MBFI and MBF at rest were
corrected by the rate-pressure product, the coefficient
of correlation between MBFI and MBF increased
slightly (corrected MBFI=10.592+12.546xcorrected MBE,
r=0.845, P<0.001).

Relationship between MFR measured by sestamibi
and by PET

In Fig. 4, the MFR measured with sestamibi
(MFR . umini) Was plotted against the MFR measured by
PET (MFRpgr). The MFR measured with sestamibi and
MFR measured by PET showed a good linear correlation
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(MFR 3mini=0.849+0.331xMFR gy, 7=0.845, P<0.001).
But the MFR with sestamibi was signifi-cantly underes-
timated. When the MBFI and MBF at rest were corrected
by the rate-pressure product, a high correlation coeffi-
cient was obtained (cTc-MFR =0.916+0.383x%
cMFRpgr, r=0.843, P<0.001).

sestamibi

Comparison of MFR measured with sestamibi in normal
subjects and in patients with CAD

The MFR measured with sestamibi in patients with CAD
was significantly lower than that in normal subjects
(CAD: 1.484+0.256 vs normal: 2.127+0.308, P<0.001).
When the MBFI and MBF at rest were corrected by the
rate-pressure product, the MFRs in both patients with
CAD and normal subjects were increased, though the
MEFR in patients with CAD was significantly lower than
that in normal subjects (CAD: 1.670+0.251 vs normal:
2.431+0.380, P<0.001).

Detection of CAD using MFR measured by PET
and sestamibi

The MFR measured by PET ranged from 0.950 to 3.196
(mean 1.967+0.575) in CAD, and 3.040 to 4.777 (mean
3.758+0.677) in normal subjects. The MFR measured
with sestamibi ranged from 1.117 to 1.849 (mean
1.484+0.256) in CAD, and from 1.645 to 2.657 (mean
2.131+0.308) in normal subjects.

When the cut-off point for abnormalities was set at
2.8 for MFR measured by PET, the sensitivity for the de-
tection of CAD was 95% (19/20) and the specificity,
100% (9/9). When the cut-off point was set at 1.8 for
MFR measured with sestamibi, the sensitivity was 80%
(16/20) and the specificity, 89% (8/9). The stress perfu-
sion SPET images provided similar sensitivity (70%,
14/20) and specificity (89%, 8/9) (Table 1).

Discussion

This study indicates that the MBFI and MFR estimated
by dynamic acquisition with 9mTc-sestamibi correlate
well with the values measured by PET. Thus, this new
method has the potential for wide application in patients
with diffuse CAD. Despite the good linear correlation be-
tween the values measured using our method and those
measured using PET, the values obtained using sestamibi
represented significant underestimates. On the other
hand, when the optimal threshold of MFR was used, our
method provided high sensitivity and specificity for the
detection of CAD. This quantitative assessment may have
additional diagnostic value in SPET imaging.

The value of MFR measurement has been well recog-
nized. Gould and Lipscomb [16] originally recognized the
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importance of measuring coronary flow reserve (CFR) in
clinical practice and were the first to define the relation-
ship between CFR and the severity of stenosis. A
[15O]JH,O PET study suggested that MFR decreased and
coronary vascular resistance increased in relation to the
number of risk factors [17]. In particular, patients with hy-
percholesteremia and anatomically normal coronary arte-
ries showed a decreased MFR, as measured by nitrogen-
13 ammonia PET [18]. MFR was also reduced in patients
with diabetes mellitus [19]. These data suggested that re-
duced MFR may be due to an abnormality in the regula-
tion of coronary flow and preclinical atherosclerosis.
Therefore, measurements of MFR are useful in assessing
the functional significance of coronary artery stenosis and
in predicting diffuse coronary atherosclerosis and micro-
vascular dysfunction. The most widely employed invasive
method to measure CFR is use of an intravascular Doppler
ultrasound transducer or pressure transducer technique
[20], whereas the most frequent noninvasive method for
quantification of regional blood flows is PET with
[150JH,O or 13N-ammonia [14, 21, 22, 23]. However,
these techniques have limited value for routine clinical
studies because of their high cost and complicated proce-
dures. Therefore, a simple noninvasive assessment of
MFR using 9mTc-labeled tracers would enhance the clini-
cal significance of myocardial SPET imaging.

In patients with multivessel disease, perfusion SPET
may not be able to detect stress-induced perfusion abnor-
malities owing to diffuse reduction of flow. A quantita-
tive estimate of MFR may overcome this limitation of
SPET imaging. Recently there have been a number of at-
tempts to estimate MFR using routinely performed SPET
tracers [6, 7]. These studies have used dynamic data ac-
quisition with calculation on the basis of the Stewart-
Hamilton principle to estimate MBF and MFR. Howev-
er, they did not validate the estimated values against
those obtained by PET measurement.

The current method employed similar methods to esti-
mate MBF and MFR using planar and SPET imaging af-
ter 99mTc-sestamibi administration. This approach is
based on the microsphere method, assuming that 99mTc-
sestamibi is taken up by myocardial tissue according to
blood flow. MBF is calculated as the ratio of the counts
in the tissue to the integral of the arterial concentration
of the tracer up to the time of imaging based on the Sap-
irstein method and the Stewart-Hamilton principle. Seri-
al planar imaging was performed to measure the arterial
concentration. A number of physical factors limit accu-
rate estimates of myocardial counts and arterial counts
by images, such as attenuation, scatter, and partial vol-
ume effects. But most of these factors may be canceled
out by calculating the ratio of the counts in the tissue to
the integral of the arterial concentration of the tracer.

In this model, arterial input function should be esti-
mated both at rest and during ATP stress. We measured
the area under the time-activity curve of the measured
first transit counts in the ascending aorta by dynamic

planar imaging. The ascending aorta was used since this
technique may have the potential for greater reproduc-
ibility and be less dependent on the bolus administration
than is measurement of the first transit counts in the pul-
monary artery, as in Sugihara’s method [7]. On the other
hand, our method might have the potential to cause a rel-
atively large error in patients who have low cardiac out-
put with a very slow time-activity curve of the aorta. In
the present study, however, none of the patients showed
an inadequate time-activity curve of the ascending aorta
due to poor bolus or impaired left ventricular function.
The estimation of cardiac output by radionuclide angiog-
raphy has been well validated [10].

This model estimated the MBF of the whole heart (the
area in the ROI). To estimated the absolute unit of MBF
as ml/min per gram tissue, the myocardial mass should
be calculated. We estimated the left ventricular myocar-
dial mass by means of SPET images. The threshold
method for SPET images was used to calculate left ven-
tricular muscle volume in this study. However, we did
not validate the muscle volume measurement with our
method by comparing it with measurements using other
methods. It therefore cannot be ruled out that our ap-
proach caused a significant error in MBFI. However, this
factor will have been canceled out in the MFR calcula-
tion, because left ventricular muscle weights at rest and
during ATP stress were the same.

One of the major limitations in this study was under-
estimation of the MFR value. In canine experimental
models, the initial distribution of sestamibi under basal
conditions correlated closely with regional blood flow,
but when sestamibi was administered at a flow rate
>2-3 ml min-! g-1, its uptake or retention plateaued [23,
24, 25]. In humans, Taki et al. [6] reported that the in-
crease in myocardial sestamibi uptake underestimated
the increase in blood flow, especially at higher flow
rates, since sestamibi retention reached a plateau at
threefold the baseline blood flow. This was due to a sig-
nificant reduction in the extraction fraction in the high
flow range with SPET perfusion tracers compared with
[150]H,0. However, the diagnosis of CAD may be per-
mitted by use of a certain threshold of MFR measured by
99mTe-sestamibi, given that the MFR in patients with
CAD was significantly lower than that in normal sub-
jects in our study.

In this investigation, the systolic blood pressure and
rate-pressure product in the 9mTc-sestamibi study were
slightly higher than those in the PET study. These differ-
ences may have derived from the difference in time from
the beginning of study (in PET, CO gas study is per-
formed before measurement of MBF using water). We
calculated MBFI values after correction for rate-pressure
product because the baseline MBF is closely related to
rate-pressure product. Slightly higher correlation coeffi-
cients were obtained between MBF by PET and MBFI
using sestamibi when MBF and MBFI at rest were cor-
rected by rate-pressure product.
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In this study included MBFI and MFR were measured
in the whole left ventricle. On the other hand, regional
MEFR analysis is required for detection of regional myocar-
dial ischemia in CAD patients. Such analysis is possible
via estimation of the fractional distribution on SPET imag-
es. Further investigation may be required in this respect.

Conclusion

We have developed a noninvasive method to quantita-
tively estimate MBF and MFR using 9™Tc-sestamibi by
taking into account the arterial input function. The MBFI
and MFR measured with sestamibi showed a good linear
correlation with those obtained by PET, but MFR using
sestamibi was underestimated. Quantitative assessment
may have additional diagnostic value in SPET imaging
to predict diffuse coronary atherosclerosis and preclini-
cal microvascular dysfunction.
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