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This feasibility study was undertaken to determine whether
myocardial blood flow (MBF, mL/g/min) could be quantified non-
invasively in small rodents using microPET and 15O-water or
1-11C-acetate. Methods: MBF was measured in 18 healthy
rats using PET and 15O-water (MBF-W) under different interven-
tions and compared with direct measurements obtained with
microspheres (MBF-M). Subsequently, MBF was estimated in
24 rats at rest using 1-11C-acetate (MBF-Ace) and compared
with measurements obtained with 15O-water. Using factor anal-
ysis, images were processed to obtain 1 blood and 1 myocardial
time–activity curve per tracer per study. MBF-W was calculated
using a well-validated 1-compartment kinetic model. MBF-Ace
was estimated using a simple 1-compartment model to estimate
net tracer uptake, K1 (K1 (mL/g/min) 5 MBF�E; E 5 first-pass
myocardial extraction of 1-11C-acetate) and washout (k2
(min21)) along with FBM (spillover correction) after fixing FMM

(partial-volume correction) to values obtained from 15O-water
modeling. K1 values were converted to MBF values using a
first-pass myocardial extraction/flow relationship measured in
rats (E 5 1.020.74�exp(21.13/MBF)). Results: In the first study,
MBF-W correlated well with MBF-M (y 5 0.74x 1 0.96; n 5 18,
r 5 0.91, P , 0.0001). However, the slope was different than
unity, P , 0.05). Refitting of the data after forcing the intercept
to be zero resulted in a nonbias correlation between MBF-W
andMBF-M (y5 0.95x1 0.0; n5 18, r5 0.86, P, 0.0001) dem-
onstrating that the underestimation of the slope could be attrib-
uted to the overestimation of MBF-W for 2 MBF-M values lower
than 1.50mL/g/min. In the second study,MBF-Ace values corre-
lated well with MBF-W with no underestimation of MBF (y 5

0.91x 1 0.35; n 5 24, r 5 0.87, P , 0.0001). Conclusion: MBF
can be quantified by PET using 15O-water or 1-11C-acetate in
healthy rats. Future studies are needed to determine the accu-
racy of the methods in low-flow states and to develop an ap-
proach for a partial-volume correction when 1-11C-acetate is
used.
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The first stage in applying small-animal PET to study of
rodent cardiac disease models is the validation of the
techniques and methods of analysis used. Small-animal
PET, now firmly established as an important tool for the
imaging scientist, does suffer from certain limitations.
Partial-volume and spillover effects due to the relatively
poor intrinsic resolution of the cameras relative to the small
size of the rodent heart, as well as motion artifacts, can
hinder the ability to quantify cardiac PET data in rodents.

Accurate measurements of myocardial perfusion are central
to the study of cardiac physiology and metabolism. Determina-
tion of cardiac metabolism requires the accurate measurement
of myocardial blood flow (MBF, mL/g/min). Small-animal
PET has been used for the sequential measurements of cardiac
metabolic rates in the same animal (1–3). However, accurate
determination of myocardial perfusion can be seriously
hindered by the limitations described. The current study was
undertaken to investigate whether noninvasive measure-
ments of MBF in the rat heart could be obtained using 2
different perfusion tracers, 15O-water and 1-11C-acetate, in
conjunction with small-animal PET and kinetic modeling.

Because the decay characteristics of 15O degrade image
quality (4), it is not clear whether the use 15O-water in the
small-animal PET camera (microPET) would result in suf-
ficient resolution for the quantification of MBF. The first aim
of this study was to investigate whether MBF could be quan-
tified in rats usingmicroPETand 15O-water bycomparing 15O-
water MBF values obtained over a wide range of physiologic
flows with those measured directly with radioactive micro-
spheres in an open-chest model. As many metabolic cardiac
studies involve the use of 1-11C-acetate to measure both myo-
cardial oxygen consumption (5–10) and perfusion (8–11), the
second aim of this study was to investigate whether measure-
ments of MBF using 1-11C-acetate are comparable to those
obtained with 15O-water so that measurements of MBF and
myocardial oxygen consumption (MVO2) could potentially be
done using the same tracer. No direct measurements of
perfusion were done for the second aim as it would be
challenging to keep the animals alive for 2 microsphere in-
jections with an open-heart model.
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MATERIALS AND METHODS

Materials and Equipment
Unless stated otherwise, all chemicals were purchased from

Aldrich Chemical Co., Inc. 15O-Water (12–15) was synthesized
accordingly to published methods. 1-11C-Acetate is produced
routinely in our laboratory with a commercially available acetate
module (CTI). Radioactive samples were counted on a Beckman
8000 g-counter. All small-animal PET was performed on the
microPET-R4 camera (16) (Concorde Microsystems Inc.) housed
in a temperature-controlled imaging suite.

Animal Protocols
All animal experiments were conducted in compliance with the

Guidelines for the Care and Use of Research Animals established
by Washington University’s Animal Studies Committee. Optimal
animal handling methods for small-animal PET have been studied
extensively by our group and have been reported elsewhere (17).
Before imaging studies, rats were placed in metabolism cages and
fasted from food for 6 h with water being given ad libitum. On
each study day the rodents were anesthetized with 2%–2.5%
isoflurane-inhaled anesthesia via an induction chamber. Mainte-
nance anesthesia throughout the procedure consisted of 1%–1.5%
isoflurane via a custom designed nose cone. The rodent’s neck was
shaved and scrubbed in preparation for a sterile cutdown proce-
dure. A 1- to 1.5-cm incision was made over the right jugular vein.
The vein was exposed and ligated, and a microrenathane catheter
(0.025 outer diameter · 0.012 inner diameter) was sutured in
place. The rodent was globally heparinized (10 mg/kg) to prevent
the catheter from clotting. Body temperature was maintained
using a circulating water blanket as well as a heat lamp. Pediatric
electrocardiograpy leads (Red Dot Infant Electrodes; M.M.M.
Co.) were placed on the rodent’s hind limbs to measure and record
heart rate. The animal was secured in the custom-designed acrylic
restraining device and placed within the PET scanner.

15O-Water Study
Eighteen healthy mature Sprague–Dawley rats (261.86 81.3 g)

were studied (Charles River Laboratories, Inc.) and prepared as
described. Myocardial perfusion was measured with either 85Sr- or
46Sc-labeled microspheres (15 mm in 0.01% Tween; 74 kBq/dose
[20 mCi/dose]) following published methods (18,19). An open-
chest procedure was used for direct cardiac injection with a
femoral arterial catheter for blood withdrawal. To generate a broad
range of MBF, after preparation and before imaging, 2 of 18 rats
were administered the b-blocker propranolol (1.0 mg/kg intrave-
nously) to reduce MBF, 6 of 18 were given dobutamine (intrave-
nously) to increase MBF, and the remaining rats (10/18) did not
receive either intervention. Two minutes before 15O-water injec-
tion, a constant intravenous infusion of dobutamine (at a rate of
12.5 mg/kg/min) was given through a catheter placed in the
femoral vein. This infusion rate was maintained until the time
of euthanasia.

Measurement of MBF Using Microspheres
To measure MBF in the entire myocardium, immediately after

the end of each 15O-water study, the animal was removed from the
scanner, the thoracic cavity was opened, and 15-mm radioactive
microspheres (85Sr or 46Sc) were injected as a bolus into the
left ventricle (LV) cavity. Blood was withdrawn at a rate of 0.5
mL/min for 1 min (total blood volume, 1.0 mL) from a femoral
catheter that was advanced into the descending aorta. This blood

was counted in a Beckman 3000 well counter to obtain blood-to-
tissue ratios necessary for conversion to mL/g/min. After a 2-min
wait to account for the first pass of the microspheres throughout
the circulation, the animal was euthanized, and the heart was
excised from the chest cavity and cut from base to apex in
4 transverse slices. Heart samples were sectioned into 4 regions
for counting (apex, midventricular, upper ventricular, and base of
the heart). Both the syringe used for blood withdrawal and the
femoral catheter used for delivery of microspheres were counted
in a Beckman scintillation well counter to ensure that no signif-
icant counts were remaining. This step was necessary because of
the small delivery volumes and blood sample sizes. Radioactivity
(cpm/g) in each heart slice was counted in a g-counter, averaged
for the 4 slices, and then converted to mL/g/min using the
microsphere reference method (18–21).

1-11C-Acetate Study
Another 24 healthy mature Sprague–Dawley rats (281.9 6 60.1

g) were studied at rest using 1-11C-acetate and 15O-water.

PET Data Acquisition
In both studies, 30–40 MBq of 15O-water were administered as

an intravenous bolus and dynamic PET data were acquired for
5 min (2 s · 15 frames, 3 s · 10 frames, 5 s · 12 frames, 10 s · 6
frames, 30 s · 4 frames). In the acetate study, 15O-water acqui-
sition was followed by a bolus of 11–15 MBq of 1-11C-acetate and
data were collected for 20 min (5 s · 24-frames, 15 s · 12-frames,
30 s · 10-frames, 60 s · 10-frames). During imaging of 1-11C-
acetate, approximately 15 mL of venous whole blood was taken at
2, 5, 10, 15, and 20 min, resulting in a total volume of approxi-
mately 70–90 mL. These blood samples were used to measure the
contribution of 11CO2 to the total blood radioactive counts (11CO2,
%) (17).

Image Analysis
To define the kinetics of both blood (input function) (22) and

myocardial tracer activity over time, time–activity curves (counts/
pixel/min) were extracted from myocardial sequential PET images
using factor analysis (FA) methods based on the methodology of
Wu (23) and Di Paola (24), which has been previously validated
for use in rodents (22,25). In brief, in nuclear medicine dynamic
imaging, images are the result of overlapping activity concentra-
tions from various organs or structures due to the limitation of
scanner resolution. Factor analysis assumes a limited number of
structures (or factors) in the dynamic images; each of these struc-
tures is characterized by a specified kinetics or function and
extracts the ‘‘pure’’ (i.e., noncontaminated) factors. Each factor
has a unique time–activity curve that depends on the kinetics of
the tracer used. To extract pure blood and myocardial time–
activity curves from the PET images using FA, it was assumed that
PET heart images were composed of 3 factors: the LV, the right
ventricle (RV), and the myocardium.

15O-Water and 1-11C-acetate myocardial and blood activity
curves representing the first 2 min (for 15O-water) or 5 min (for
1-11C-acetate) of dynamic data after tracer injection were ex-
tracted from the PET images using FA (23) to extract the 3 factors
(RV, LV, and myocardium) and their corresponding factor images.
First, 4 or 5 myocardial midventricular transaxial slices were man-
ually selected and added together. The heart was masked to min-
imize noise from outside the heart. Each time-dependent pixel in
the masked images was normalized by the individual maximum value
of each time-dependent pixel. Second, after image processing, a
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principal component analysis was performed. The covariance matrix,
eigenvectors, and eigenvalues (loadings) of the normalized time-
dependent pixels were calculated for the 3 structures. The third
step was the determination of a new factor axis that corresponds
to the best representation without negative components for the 3
structures describing the dynamic data. These axes were calcu-
lated from the set of loading values for which the triangle sub-
tended by the combination of any 3 loading values, within the
loading value space, leads to the maximum area. The normalized
time–activity curves and the corresponding factor images were
generated using these new factor axes. The final time–activity
curves were then normalized by the linear interpolation between
the maximum and minimum values in the original images. Finally,
a constant given by the difference between the last data point of
the FA blood input function and the last blood sample was added
to LV and RV time–activity curves. The LV (input function) and
myocardial factors generated for each animal were used in con-
junction with kinetic modeling to estimate MBF. Because only
one global myocardial time–activity curve was generated per ani-
mal, only global—not regional—MBF was measured. Factor im-
ages of the LV, RV, and myocardium and their corresponding
factors obtained from PET cardiac images of 15O-water or 1-11C-
acetate from rats studied at rest are shown in Figures 1A and 1B.

Kinetic Modeling
15O-Water. Myocardial perfusion using 15O-water was mea-

sured using a well-established 1-compartmental modeling ap-
proach that allows for noninvasive estimation of MBF as well as
PET resolution correction factors (12–15). These PET factors are
the tissue recovery coefficient, the fraction of true tracer activity
observed in the myocardium (FMM); and the blood-to-tissue

spillover fraction, the fraction of activity originating in the blood
pool and observed in the myocardium (FBM). The unique advan-
tages of this approach are that no a priori knowledge of cardiac
dimensions is required and that, because these correction fractions
are estimated along with the kinetics obtained from a moving
heart, they incorporate the smearing effects of cardiac and respi-
ratory motion.

For each animal, MBF, FMM, and FBM were estimated from the
kinetic of 15O-water after assuming that the LV time–activity
curve obtained from FA was the true input function (23) free of
partial-volume and spillover effects.

1-11C-Acetate. To obtain 1-11C-acetate blood activity (input
function) from blood 11C activity measured from microPET
imaging and FA, LV 11C activity was corrected for the presence
of 11CO2 (17) in blood. Using the corrected LV time–activity
curve in conjunction with the myocardial time–activity curve,
estimates of MBF from 1-11C-acetate kinetics were obtained in
2-steps. First, a simple 1-compartment model was used to estimate
net tracer uptake, K1 (mL/g/min) and washout (k2 (min21) along
with FBM with FMM fixed to values obtained from the 15O-water
estimates. Then, K1 values (where K1 is the product of MBF and
first-pass myocardial tracer extraction (E)) were converted to MBF
values using a first-pass myocardial extraction/flow relationship
measured in rats (E 5 1.020.74�exp(21.13/MBF) (26). The ratio-
nale for the modeling approach chosen for 1-11C-acetate, where
FMM was fixed to known values (and not estimated) and a simple
compartment model was used to estimate tracer uptake (vs. a more
complex one to estimate MBF directly), was designed to minimize
uncertainty of the parameter estimates, which would result in poor
or bias estimates of MBF. By minimizing the uncertainty in MBF
estimates due to modeling, it could be assumed that most of the

FIGURE 1. Factor images of LV, RV, and myocardium and their corresponding factors obtained from PET cardiac images of
15O-water (A) or 1-11C-acetate (B) from rats studied at rest.
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error or bias of MBF estimates must be due to noisy or bias data
such as the input and myocardial time–activity curves.

Statistical Analysis. Linear regression analysis was performed
to correlate the MBF measurements obtained from 15O-water PET
and the MBF values measured directly with microspheres. A t test
was used to compare rest with dobutamine studies. P values ,

0.05 were considered statistically significant.

RESULTS

15O-Water/Microsphere Study

Hemodynamic and perfusion measurements during 15O-
water studies are summarized in Table 1. When compared
with rest studies, heart rate was higher and diastolic blood
pressure was lower during dobutamine studies, resulting in
comparable rate�pressure products between the 2 groups.
Consistent with comparable rate�pressure products, MBF
measurements with either microspheres or 15O-water did
not differ between rest and dobutamine studies. Infusion of
propranolol resulted in a trend toward a lower heart rate,
diastolic blood pressure, and MBF.
Overall group mean, variation, and range of PET param-

eters for 15O-water and microsphere MBFs are shown in
Table 2. Mean values of FMM and FBM estimated from the
kinetic of 15O-water show that FA does not result in
completely pure myocardial time–activity curves because,
on average, only 81% of total counts are observed in the
myocardium and 24% of counts from blood are found in the
myocardium. There were no statistical differences between
MBF estimated from 15O-water kinetics and MBF measured
directly with microspheres at rest or with dobutamine.
Overall MBF variability, as expressed in Table 2 by the
coefficient of variation (COV [100�SD/mean]), did not differ
between microsphere and 15O-water measurements.
Noninvasive measurements of MBF by 15O-water corre-

lated well with direct measurements of MBF with micro-
spheres over a wide range of physiologic perfusion values
obtained from 3 different interventions (r 5 0.91, P ,

0.0001) (Fig. 2A). Consistent with the hemodynamic pro-
files shown on Table 1, MBF measurements obtained with
dobutamine (n, Fig. 2A) were comparable to those ob-

tained under resting conditions (d, Fig. 2A). However, the
regression slope was significantly different from unity
(slope 5 0.74; confidence limits [0.56–0.93], P , 0.05),
suggesting that measurements of MBF using 15O-water
might be underestimated by as much as 26%. Visual inspec-
tion of the regression and residual plots showed that 2 MBF
values under 1.5 mL/g/min tended to be overestimated by
15O-water independent of the intervention performed.
Refitting the data after forcing the intercept to be zero
resulted in a slope not different from unity (slope 5 0.95;
confident limits [0.86–1.05], P 5 not significant [NS])
(Fig. 3A) and showed that the overall underestimation of
MBF using 15O-water could be attributed to these 2 per-
fusion values (0.45 [dobutamine] and 1.25 [rest]) (Fig. 3B).

1-11C-Acetate/15O-Water Study

Group mean and variation for fractional 11CO2 in blood,
FBM, K1, and MBF for 1-11C-acetate and MBF for 15O-
water are shown in Table 3. By 2 min after tracer injection,
51% of 11C blood activity was in the form of 11CO2. FBM
estimates were quite variable among studies and between
tracers. Mean values of FMM and FBM estimated from 15O-
water kinetics in this study were comparable to those
estimated from 15O-water kinetics from the 15O-water/
microsphere study (FMM: 0.84 6 0.14 vs. 0.81 6 0.18,
P 5 NS; FBM: 0.18 6 0.14 vs. 0.24 6 0.13, P 5 NS).
However, FBM estimated from 1-11C-acetate kinetics was
significantly lower than the corresponding FBM estimated
from the 15O-water kinetics (0.085 6 0.076 vs. 0.18 6 14,
P , 0.0001). Figure 4 shows representative blood and
myocardial time–activity curves for 15O-water and 1-11C-
acetate for low (Fig. 4A), medium (Fig. 4B), and high (Fig.
4C) MBF values. Note that all but one myocardial curve
exhibit early peaks matching the blood peaks, indicative of
the presence of blood-to-tissue spillover. These peaks are
consistent with estimated FBM values greater than zero and
demonstrate that the myocardial factor extracted from PET
images was not free of resolution effects.

As anticipated, K1 values estimated from 1-11C-acetate
kinetics were significantly lower than MBF estimated from

TABLE 1
Hemodynamic and Perfusion Measurements During 15O-Water Studies

Measurement Rest (n 5 10) Dobutamine (n 5 6) b-Blocker (n 5 2)

HR (BPM) 266 6 4 350 6 0* 236 6 31

SBP (mm Hg) 89 6 15 79 6 18 94 6 19
DBP (mm Hg) 70 6 7 56 6 16y 57 6 8

RPP (mm Hg�BPM) 23,637 6 3,814 27,590 6 6,336 22,599 6 7,445

MBF-M (mL/g/min) 4.21 6 1.76 3.47 6 1.81 1.37 6 1.30
MBF-W (mL/g/min) 4.05 6 1.44 3.74 6 1.80 2.38 6 1.81

*P , 0.0001 vs. rest.
yP 5 0.10 vs. rest.
HR 5 heart rate; SBP 5 systolic blood pressure; DBP 5 diastolic blood pressure; RPP (SBP�HR) 5 rate�pressure product; MBF-M 5

MBF measured by microspheres; MBF-W 5 MBF measured by 15O-water and kinetic modeling.

Nonpaired t test was done to compare rest studies with dobutamine studies only.
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15O-water (Table 3; 1.66 6 0.67 vs. 3.56 6 1.89, P ,

0.0001) and correlated poorly with MBF as determined by
15O-water (Fig. 5). However, when K1 values were con-
verted to MBF using a first-pass myocardial extraction/flow
relationship measured in rats, MBF estimates from 1-11C-
acetate were not significantly different from those obtained
with 15O-water (3.61 6 2.0 vs. 3.56 6 1.89, P 5 NS) and

correlated well with MBF as determined by 15O-water
(Fig. 6), with a slope of 0.92 not significantly different from
unity and an intercept of 0.32 not different from zero.

DISCUSSION

The advent of miniaturization of current noninvasive im-
aging technologies used in humans has permitted imaging

TABLE 2
Descriptive Statistics of PET Parameters and Perfusion Measurements During 15O-Water/Microsphere Study

15O-water

Statistics FMM FBM MBF (mL/g/min) Microspheres MBF-M (mL/g/min)

Mean 0.81 0.24 3.67 3.65
SD 0.18 0.13 1.53 1.87

COV (%) 22.0 53.0 41.8 51.3

Range 0.5421.00 0.0820.58 1.6726.42 0.4526.18

FMM 5 tissue recovery coefficient; FBM 5 blood-to-tissue spillover fraction; M 5 microspheres; COV 5 coefficient of variation (100�
SD/mean).

FIGURE 2. Correlation between MBF estimated from 15O-
water and MBF measured directly using radiolabeled micro-
spheres (MIC) (A) and the corresponding residual plot (B). Mean
residual error (MRE) was calculated as the average of the
absolute difference between measured and predicted MBF
values from the regression analysis in A. d, resting perfusion; n,
perfusion during dobutamine; n, perfusion during propranolol
infusion.

FIGURE 3. Correlation between MBF estimates shown in
Figure 2 after forcing the intercept to zero (A) and the
corresponding residual plot (B). Mean residual error (MRE)
was calculated as the average of the absolute difference
between measured and predicted MBF values from the
regression analysis in A. d, resting perfusion; n, perfusion
during dobutamine; n, perfusion during propranolol infusion.
MIC 5 radiolabeled microspheres.
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of small animals (27–29). The goal of these small-animal
imaging devices is to obtain the same anatomic, physio-
logic, or biochemical information in small-animal models
of disease as that obtainable in humans and, thus, facilitate
the correlation of research findings between bench and bed-
side. Moreover, the noninvasive capability of these imaging
methods permits multiple acquisitions of this information,
thus facilitating the assessment of temporal changes in dis-
ease or responses to new therapies in the same animal.
Accurate noninvasive measurements of myocardial per-

fusion are critical in the characterization of changes in
myocardial perfusion due to cardiac diseases as well as for
the assessments of therapies designed to improve myocar-
dial perfusion. PET is used extensively in research and
clinical environments to quantify myocardial blood flow
noninvasively using several perfusion tracers—such as

13N-ammonia, 1-11C-acetate, 82Rb, and 15O-water—in con-
junction with well-validated kinetic models (5,12–15,30,31).
15O-Water is currently used by our group to measure MBF
in clinical research studies designed to assess myocardial
substrate metabolism in the normal and diseased heart
using PET metabolic tracers and kinetic modeling (12–14).
Our group is interested in translating these methodologies
to rodent models of cardiac diseases to better understand
the mechanisms by which derangements in substrate me-
tabolism due to cardiac diseases—such as obesity, diabetes,
and cardiomyopathies—contribute to cardiac dysfunction.
To accomplish this, PET methodologies used in humans
must be validated in small animals using small-animal PET.
In the present study 15O-water and 1-11C-acetate were used
in conjunction with small-animal PET and kinetic modeling
to assess MBF in rats.

FIGURE 4. Representative blood and myocardial time–activity curves for 15O-water and 1-11C-acetate for low (A), medium (B),
and high (C) MBF values. TAC 5 time–activity curve.

TABLE 3
Descriptive Statistics of Arterial 11CO2, PET Parameters, and Perfusion Measurements During

1-11C-Acetate/15O-Water Study

1-11C-Acetate 15O-Water

Statistics 11CO2 (B) (2 min) 11CO2 (B) (5 min) FBM-Acetate K1-Acetate (mL/g/min) MBF-Acetate (mL/g/min) MBF-W (mL/g/min)

Mean 0.51 0.58 0.085 1.66 3.61 3.56

SD 0.23 0.20 0.076 0.67 2.0 1.89
COV (%) 41.9 34.1 89.4 40.4 55.4 53.1

Range 0.0020.26 0.7023.21 1.0829.20 1.4729.02

11CO2 (B) 5 blood 11CO2 activity as fraction of total blood 11C activity measured at 2 min and at 5 min; FBM 5 blood-to-tissue spillover
fraction; K1 5 rate of tracer uptake into myocardium estimated from kinetics of 1-11C-acetate; W 5 15O-water.

For each animal, FMM values for 1-11C-acetate study were fixed to those obtained from 15O-water.
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It is evident from the data (Figs. 2 and 3) that the use of
15O-water to determine the MBF in rat myocardium on
small-animal PET is valid with a good correlation shown
against values obtained with radioactive microspheres. It
has also been shown that estimates of MBF using 1-11C-
acetate and a simple kinetic approach correlated well with
measurements of MBF estimated for 15O-water for a wide
range of physiologic flows (Fig. 5). Thus, the results of
these studies show that it is feasible to quantify MBF in rats
from the kinetics of 15O-water and that estimates of MBF
obtained with 1-11C-acetate are comparable to those
obtained with 15O-water. However, there are several issues
that must be addressed.
The resolution of the microPET scanner (2.1-mm full

width at half maximum [FWHM]) used in these studies in
relation to the dimensions of the rat heart (approximately
2 mm) results in contaminated blood and myocardial time–
activity curves generated directly from dynamic cardiac
microPET images. The theoretic FMM value expected for a
2-mm myocardial wall with a 2-mm FWHM resolution is
0.76, decreasing significantly in the presence of cardiac and
respiratory motion. Blood (input function) and myocardial

time–activity curves, the key data required for kinetic mod-
eling, must be corrected for these resolution effects. To
minimize these effects, blood and myocardial time–activity
curves for both tracers were extracted from PET cardiac
images using FA (23–25). Wu et al. have (23) shown in
small-animal studies that the FA approach used in the
present study, which uses positive constraints and a single
pure blood sample as an additional constraint, resulted in
pure blood time–activity curves. However, to our knowl-
edge, to date, there are no studies investigating whether
a unique and pure myocardial factor can be extracted
from the heart of small animals using this approach. In
fact, it is well known that that one of the major shortcom-
ings of the use of FA is that factors extracted using only
positive constraints are not mathematically unique (32).
The potential nonuniqueness of the method most probably
contributed to the poor quality and bias of the FA images
obtained with 15O-water (Fig. 1A) when compared with
those obtained with 1-11C-acetate. The similar kinetics be-
tween blood and myocardial curves obtained with 15O-water
(Figs. 1 and 4) contributed most probably to the poor res-
olution of the 3 factor images—specifically, the myocardial

FIGURE 5. Correlation between K1 estimated from 1-11C-
acetate and MBF estimated from 15O-water (A) and the
corresponding residual plot as a function of 15O-water MBF
(B). Mean residual error (MRE) was calculated as the average of
the absolute difference between measured and predicted MBF
values from the regression analysis in A.

FIGURE 6. Correlation between MBF estimated from 1-11C-
acetate and MBF estimated from 15O-water (A) and the
corresponding residual plot as a function of 15O-water MBF
(B). No significant residual bias was observed. Mean residual
error (MRE) was calculated as the average of the absolute
difference between measured and predicted MBF values from
the regression analysis in A.
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image, where it appears that a perfusion defect is present
in the lateral or inferior region of the heart from a healthy,
nonischemic rat.
In spite of poor factor images, this approach resulted in

myocardial time–activity curves (Fig. 4) that were consistent
with the myocardial kinetics of the tracers, with myocardial
curves from freely diffusible 15O-water showing fast uptake
and washout of tracer and myocardial curves from partially
retained and quickly oxidized 1-11C-acetate showing uptake,
retention, and fast clearance of tracer (Fig. 4). The myocar-
dial curves were also relatively free of severe partial-volume
and spillover effects (15O-water myocardial activity obtained
from PET images contained an average of 82% of true
myocardial activity [FMM] and 21% of blood activity [FBM])
and, in conjunction with FA blood time–activity curves,
resulted in good estimates of MBF (Figs. 2, 3, and 6). These
observations strongly suggest that myocardial time–activity
curves generated from FA and positive constraints, though
they might not be unique, are physiologic curves.
Another key limitation in the use of FA is that it does not

allow for the extraction of regional myocardial curves, be-
cause only one global myocardial curve per study is gener-
ated from FA—thus, limiting the usefulness of this approach
to perfusion studies in nonischemic animals. Our group is
currently implementing new reconstruction algorithms as
well as cardiac gating strategies designed to minimize these
resolution effects so that regional analysis of myocardial
data could be implemented (33,34) to allow for perfusion
measurements in ischemic or infarcted regions.
Myocardial partial-volume and spillover effects (FMM and

FBM) present in the PET myocardial 15O-water time–activity
curves were considered by estimating FMM and FBM in con-
junction with MBF from the kinetics of PET 15O-water time–
activity curves. The results of this study clearly show that it is
feasible to measure MBF over a wide range of nonischemic
perfusion using 15O-water and a well-established kinetic
modeling approach (12–15). Although the range of MBF in
the 15O-water study obtained in this investigation spanned
from 0.45 to 6.18.mL/g/min, dobutamine infusion did not
result in hyperemic flows. This is most probably attributed to
the infusion protocol used. Using 13N-ammonia, Croteau et al.
(35) obtained mean MBF values during dobutamine infusion
in rats of 9.3 6 3.1 mL/g/min (from rest values of 4.3 6 1.0
mL/g/min) by infusing dobutamine at rates of 5mg/kg/min for
2 min, 10 mg/kg/min for 2 min, and 20 mg/kg/min for 9 min,
with injection of the tracer 5 min after the last dobutamine
plateau. In contrast, in our study, dobutamine was given at a
dose of 12.5 mg/kg/min 2 min before 15O-water injection and
continued until euthanasia. Because the scan period was only
5 min, it is most probable that a high enough dose of
dobutamine in bloodwas not achieved to generate a hyperemic
response.
The wide range of flows observed at rest was due to MBF

values greater than 5.0 mL/g/min in 5 of the 10 rats studied at
rest (Figs. 1A and 2A). These high perfusion values are
consistent with the vasodilating effect of isoflorane anesthe-

sia, which increases coronary flow, resulting in increased
MBF (36,37). When Iltis et al. (38) examined the impact of 4
different anesthetic protocols on rat MBF, they observed that
isoflurane resulted in the highest MBF (5.96 1.1). Although
thewide range ofMBF obtained in both studies allowed for a
sound validation of the PET kinetic methods under non-
ischemic conditions, the lack of hyperemic response to
dobutamine and the wide range of MBF obtained under
resting conditions render the animal model chosen in this
study useless in studies designed to detect physiologic (i.e.,
disease) or induced (i.e., adenosine) changes in MBF. Alter-
native rat models using different anesthetics and hyperemic
agents with the appropriate doses need to be investigated to
ensure that physiologic resting perfusion and proper response
to different vasodilators within the same animal is attained
with 15O-water and 1-11C-acetate and small-animal PET.

15O-Water is an excellent myocardial perfusion tracer
that has been validated extensively in large animals and is
used widely in clinical perfusion studies by several centers.
Consistent with the studies in large animals, we have shown
in the present study that 15O-water is also an excellent
tracer to measure MBF in rats at rest. However, partially
extracted tracers—such as 13N-ammonia, 82Rb, and, to a
lesser extent, 1-11C-acetate—are used to measure MBF.
The unique advantage of using 1-11C-acetate as a perfusion
tracer is that as an excellent tracer for measurements of
MVO2, 2 key measurements done routinely in cardiac
studies, MVO2 and MBF, could be obtained with one
single tracer. To investigate whether 1-11C-acetate could
be used as a perfusion tracer in small animals, given that
fractional tissue recovery (FMM) is known a priori, esti-
mates of MBF from the PET kinetics of 1-11C-acetate were
done after fixing FMM for each animal to the FMM value
obtained from its 15O-water study and compared with
measurements of MBF using 15O-water. Estimated MBF
values using this approach correlate well with MBF values
estimated from 15O-water (Fig. 6). However, this is not a
practical approach, because another perfusion tracer was
required to measure FMM. Approaches in which FMM is
either estimated from the microPET kinetics of the tracer in
a fashion similar to what is currently done with 15O-water
or measured a priori using other microimaging techniques,
such as microCT, should be further investigated.

Measurements of MBF in the current study were done
under a wide range of resting flows in healthy myocardium.
Validation of these methodologies under ischemic or in-
farcted and reperfusion conditions will add extra layers of
complexity as partial-volume and spillover effects will be
more pronounced than in healthy myocardium because of
the thinning of myocardium as well as the presence of flow
heterogeneity during ischemia. However, to truly make
these methodologies useful in the study of cardiac diseases
using rodent models, they must be validated under ische-
mic, infarcted, and reperfusion conditions.

It is important to note that the studies presented here
have been performed in a rat heart and translation to the
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mouse (the most common form of transgenic model) will
require an additional stage of validation or improved reso-
lution accomplished with either improved scanner or re-
construction algorithms. Spatial resolution and sensitivity
may be issues if syndromes such as ischemia are to be ex-
amined. We are continuing to develop methods to use with
the mouse myocardium, such as the implementation of both
cardiac and respiratory gating (2–4), and new reconstruc-
tion algorithms, such 3-dimensional Maximum a posteriori
(MAP) (39), to overcome these potential limitations.

CONCLUSION

Accurate measurements of MBF can be performed in the
rat heart by small-animal PET and 15O-water. Although this
requires further study, it appears that quantification of MBF
is possible using 1-11C-acetate, thus potentially facilitating
the simultaneous measurement of MBF and MVO2.

ACKNOWLEDGMENTS

We thank Carmen S. Dence, Nicole Fettig, Mark Nolte,
Lori Strong, Margaret M. Morris, Jerrel Rutlin, and Lynne
Jones for technical assistance. We also thank Kooresh
Shoghi, PhD, for helpful discussions. This work was
supported by NIH/NHLBI grant 2-PO1-HL-13851.

REFERENCES

1. Bentourkia M, Croteau E, Langlois R, et al. Cardiac studies in rats with 11C-

acetate and PET: a comparison with 13N-ammonia. IEEE Trans Nucl Sci.

2002;49:2322–2327.

2. Lecomte R, Croteau E, Gauthier ME, et al. Cardiac PET imaging of blood flow,

metabolism, and function in normal and infarcted rats. IEEE Trans Nucl Sci.

2004;51:696–704.

3. Kudo T, Fukuchi K, Annala AJ, et al. Noninvasive measurement of myocardial

activity concentrations and perfusion defect sizes in rats with a new small-animal

positron emission tomograph. Circulation. 2002;106:118–123.

4. Laforest R, Rowland DJ, Welch MJ. MicroPET imaging with nonconventional

isotopes. IEEE Trans Nucl Sci. 2002;49:2119–2126.

5. Beanlands RS, Bach DS, Raylman R, et al. Acute effects of dobutamine on

myocardial oxygen consumption and cardiac efficiency measured using carbon-

11 acetate kinetics in patients with dilated cardiomyopathy. J Am Coll Cardiol.

1993;22:1389–1398.

6. Soto PF, Herrero P, Kates AM, et al. Impact of aging on myocardial metabolic re-

sponse to dobutamine. Am J Physiol Heart Circ Physiol. 2003;285:H2158–H2164.

7. Peterson LR, Herrero P, Schechtman KB, et al. Effect of obesity and insulin

resistance on myocardial substrate metabolism and efficiency in young women.

Circulation. 2004;109:2191–2196.

8. Sciacca RR, Akinboboye O, Chou RL, Epstein S, Bergmann SR. Measurement

of myocardial blood flow with PET using 1-C-11-acetate. J Am Coll Cardiol.

2001;42:63–70.

9. Gropler RJ, Siegel BA, Geltman EM. Myocardial uptake of carbon-11-acetate as

an indirect estimate of regional myocardial blood flow. J Nucl Med.

1991;32:245–251.

10. Klein LJ, Visser FC, Knaapen P, et al. Carbon-11 acetate as a tracer of

myocardial oxygen consumption. Eur J Nucl Med. 2001;28:651–668.

11. Chan SY, Brunken RC, Phelps ME, Schelbert HR. Use of the metabolic tracer

carbon-11-acetate for evaluation of regional myocardial perfusion. J Nucl Med.

1991;32:665–671.

12. Herrero P, Hartman JJ, Senneff MJ, Bergmann SR. Effects of time discrepancies

between input and myocardial time-activity curves on estimates of regional

myocardial perfusion with PET. J Nucl Med. 1994;35:558–566.

13. Herrero P, Staudenherz A, Walsh JF, Gropler RJ, Bergmann SR. Heterogeneity of

myocardial perfusion provides the physiological basis of perfusable tissue index.

J Nucl Med. 1995;36:320–327.

14. Herrero P, Markham J, Bergmann SR. Quantitation of myocardial blood flow

with H2
15O and positron emission tomography: assessment and error analysis of

a mathematical approach. J Comput Assist Tomogr. 1989;13:862–873.

15. Bergmann SR, Herrero P, Markham J, Weinheimer CJ, Walsh MN. Nonin-

vasive quantitation of myocardial blood flow in human subjects with oxygen-

15-labeled water and positron emission tomography. J Am Coll Cardiol. 1989;

14:639–652.

16. Knoess C, Siegel S, Smith A, et al. Performance evaluation of the microPET R4

PET scanner for rodents. Eur J Nucl Med Mol Imaging. 2003;30:737–747.

17. Sharp TL, Dence CS, Engelbach JA, Herrero P, Gropler RJ, Welch MJ. Advances

in techniques necessary for multi-parametric small animal imaging studies. Nucl

Med Biol. 2005;32:875–884.

18. Waller C, Kahler E, Hiller K-H, et al. Myocardial perfusion and intracapillary

blood volume in rats at rest and with coronary dilatation: MR imaging in vivo

and with use of a spin-labeling technique. Radiology. 2000;215:189–197.

19. Verberne HJ, Sloof GW, Beets AL, Murphy AM, van Eck-Smimt BLF, Knapp

FF. 125I-BMIPP and 18F-FDG uptake in a transgenic mouse model of stunned

myocardium. Eur J Nucl Med. 2003;30:431–439.

20. Marshal WG, Boatman GB, Dickerson G, Perlin A, Todd EP, Utley JR. Shunting,

release, and distribution of nine and fifteen micron spheres in myocardium.

Surgery. 1976;79:631–637.

21. Utley JR, Carlson EL, Hofmann JIE, Martinez HM, Buckerg GD. Total and

regional myocardial blood flow measurements with 25m, 15m, 9m, and filtered

1-10m diameter microspheres and antipyrine in dogs and sheep. Circ Res.

1976;34:391–405.

22. Laforest R, Sharp TL, Engelbach JA, et al. Measurement of input functions in

rodents: challenges and solutions. Nucl Med Biol. 2005;32:679–685.

23. Wu HM, Huang SC, Allada V. Derivation of input function from FDG PET

studies in small heart. J Nucl Med. 1996;37:1717–1722.

24. Di Paola R, Bazin JP, Aubry F. Handling of dynamic sequences in nuclear

medicine. IEEE Trans Nucl Sci. 1982;NS29:1310–1321.

25. Kim J, Herrero P, Sharp TL, et al. A minimally invasive method of determin-

ing blood input function from PET images in rodents. J Nucl Med. 2006;47:

330–336.

26. Ng CK, Huang SC, Schelbert HR, Buxton DB. Validation of a model for

[1-11C]acetate as a tracer of cardaic oxidative metabolism. Am J Physiol. 1994;

266:H1304–H1315.

27. Budinger TF, Beneron DA, Koretsky AP. Imaging transgenic animals. Annu Rev

Biomed Eng. 1999;1:611–648.

28. Lewis JS, Achilefu S, Garbow JR, Laforest R, Welch MJ. Small animal imaging:

current technology and perspectives for oncological imaging. Eur J Cancer.

2002;38:2173–2188.

29. Weissleder R. Scaling down imaging: molecular mapping of cancer in mice.

Nature Rev. 2002;2:1–8.

30. Chen EQ, MacIntyre WJ, Fouad FM, et al. Measurement of cardiac output with

first-pass determination during rubidium-82 PET myocardial perfusion imaging.

Eur J Nucl Med. 1996;23:993–996.

31. Kotzerke J, Glatting G, van den Hoff J, et al. Validation of myocardial blood flow

estimation with nitrogen-13 ammonia PET by the argon inert gas technique in

humans. Eur J Nucl Med. 2001;28:340–345.

32. Sitek A, Gullberg T, Huesman RH. Correction for ambiguous solutions in factor

analysis using a penalized least squares objective. IEEE Trans Med Imaging.

2002;21:216–225.

33. Tai YC, Ruangma A, Rowland DJ, et al. Performance evaluation of the

microPET Focus: a third-generation microPET scanner dedicated to animal

imaging. J Nucl Med. 2005;46:455–463.

34. Rowland DJ, Newport D, Laforest R, Tai YC, Welch MJ. Respiratory and cardiac

gating on the microPET scanner [abstract]. Mol Imaging Biol. 2003;5:124.

35. Croteau E, Benard F, Bentourkia M, Rousseau J, Paquette M, Lecomte R.

Quantitative myocardial perfusion and coronary reserve in rats with 13N-

ammonia and small animal PET: impact of anesthesia and pharmacologic stress

agents. J Nucl Med. 2004;45:1924–1930.

36. Blaise G, Noel J, Villeneuve E, et al. Effects of isoflurane, halothane, and

enflurane and myocardial flow and energy stores in perfused rat hearts. Can J

Physiol Pharmacol. 1991;69:752–760.

37. Larach DR, Schuler HG. Direct vasodilation by sevoflurane, isoflurane and halothane

alters coronary flow reserve in the isolated heart rat. Anesthesiology. 1991;75:

268–278.

38. Iltis I, Kober F, Dalmasso C, Lan C, Cozzone PJ, Bernard M. In vivo assessment

of myocardial blood flow in rat heart using magnetic resonance imaging: effect

of anesthesia. J Magn Reson Imaging. 2005;22:242–247.

39. Qi J, Leahy RM, Cherry SR, Chatziioannou AF, Farquhar TH. High-resolution

3D Bayesian image reconstruction using the microPET small-animal scanner.

Phys Med Biol. 1998;43:1001–1013.

MYOCARDIAL BLOOD FLOW IN RODENTS • Herrero et al. 485


