
the myocardium during data acquisition is another possible
explanation for the errors. The time at which flow is calculated
after a bolus injection can also contribute to underestimation of
flow (2,5, 9, 15). The exact causes of these errors have not been
established, but there is reasonable cause to believe that
significant underestimation of blood flow occurs with longer
duration of data acquisition.

In this study, we investigated the errors in MBF values in
humans for different data acquisition times after the bolus
injection and the influence of data acquisition durations for the
Simple and Patlak models. These MBF values were compared
with those calculated by the two-compartment model.

MATERIALS AND METhODS

Subjects
Seven human subjects (1 woman, 6 men; age range 30â€”72yr;

mean age 49.8 yr) were imaged with PET and â€˜3N-ammonia.The
study population included two normal healthy volunteers, two
patients with angina pectoris who underwent percutaneous trans
luminal coronary angioplasty and who had no residual coronary
artery stenosis and three patients who had chest pain without
coronary artery stenosis. Informed consent was obtained for each
patient before the study.

PET
PET studies were performed with the whole-body Posito

logica-II positron tomography (Hitachi Medical Co., Tokyo, Japan)
(16). This device produces five simultaneous slices separated by 18
mm. The tomographic data were collected and reconstructed on a
128 X 128 matrix, with a spatial resolution of 13 mm (FWHM) and
slice thickness of 13 mm (FWHM) for the in-plane slices and 10
mm (FWHM) for the cross-plane slices. A 15-mm transmission
scan was acquired before the@ 3N-ammonia scans with a 68Ge/68Ga
external source for subsequent photon attenuation correction.

A bolus of 7â€”10mCi of â€˜3N-ammoniacontained in 2â€”5ml of
saline solution was injected intravenously via the antecubital vein
with a 15- to 20-ml saline flush. Data were acquired in the dynamic
mode with two sets of images collected for each injection. An
initial set of 20 dynamic images of 5.5-sec duration was first
acquired and then followed by 6 images of 30-sec duration each.
The total time of data acquisition for each scan was 300 sec.

Rest and stress scans were acquired for each patient. The stress
scan was initiated 50â€”60mm after the rest study. Dipyridamole
(0.56 mg/kg) was infused intravenously for 4 mm and 2 mm after
the end ofthe infusion; a second dose of â€˜3N-ammoniawas injected
for the stress scan.

Estimation of Spillover by Blood-Pool Imaging
To improve the correction of spillover fraction in the flow

models, we measured the spillover in the myocardium by imaging

TheSimpleand Patlakmodelsforestimatingmyocardiaibloodflow
with 13N-ammonia have become attractive for clinical applications
with PET because of their simplicity and ease of implementation.
However, these models are sensitive to factors such as the data
acquisition times and data integration times, which can cause errors
in the estimation of myocardial blood flow, as demonstrated in this
study. Limitingthe application ofthese models to specific conditions
can minimize the errors. Methods: Dynamic PET images of the
uptake of 13N-ammonia in the heart were obtained in seven humans
under rest and dipyridamole stress. Myocardial blood flow was
estimated using the Simple and Patlak models for different data
acquisition times and data integration times. Blood flow values were
compared to flow values computed with the two-compartment
model as a reference. Results: Blood flow values calculated with the
Simple and Patlak models during the first 2 mm of data acquisition
were closely correlated to the two-compartment model values.
Longer acquisition times resulted in significant underestimation of
blood flow for the Simple model. Long integration times of greater
than 60 sec also resulted in significant underestimation of blood flow
for both models. Conclusion: The Simple and Patlak models
produce estimates of myocardial blood flow that are well correlated
with the two-compartment model estimated blood flows for the
integration time of 60 sec from 60 to 120 sec postinjection. Because
of the errors associated with longer data acquisition times and
longer integration times, use of these models should be limited to a
well-documented data acquisition paradigm.

Key Words: PET; myocardial blood flow; nftrogen-13-ammonia;
Patlak model; Simple model
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TheSimple(1)andPatlak(2)modelsforestimatingmyocar
dial blood flow with I3N-ammonia and PET are attractive for
application in humans because of their simplicity and ease of
implementation. Previous animal and clinical studies with
I3N-ammonia and PET have demonstrated quantitation of

myocardial blood flow (MBF), and several different models
have been proposed to quantitate MBF (1â€”12). The recent
simplifications of the models for â€˜3N-ammoniaand PET by
Yoshida et al. (1 ) for the Simple model and the graphical
analysis model of Patlak validated by Choi et al. (2 ) have
gained importance because of their simplicity. However, these
models are based on some implicit assumptions that can result
in errors in estimation of MBF if the models are not applied
correctly. The length of data acquisition duration is one factor
that can lead to errors in the models, as discussed by Mullani et
al. (13 ) and Choi et al. (14). Egress of â€˜3Nradioactivity from
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Eq. 2

K = F X Kl/(F + Kl).

Using Equations 6 and 8, K is expressed as follows:

RESULTS

the blood pool labeled with Iâ€˜CO.Four patients with angina
pectoris or old myocardial infarction were imaged with Iâ€˜COand
I 3N-ammonia PET. Ten to 12 myocardial regions of interest

(ROIs) were drawn at the midventricular level of the heart imaged
with â€˜3N-ammoniaand then copied to the blood-pool image.
PET-measured blood concentrations were obtained by drawing
ROIs in the center of the left ventriculum. The spillover fraction
was calculated by measuring the activity in the myocardial regions
from the blood-pool activity in the left ventriculum during the
I@ scan. An average value of 0.28 Â± 0.08 for the spillover

fraction was obtained for all regions, except the septum and
infarcted areas, which were excluded from the analysis.

Image Processing
Nine to 14 ROIs with an area of 0.52 cm2 each were drawn on

the left ventricular myocardium at the midventricular level. ROIs
were drawn on the last images of uptake and then projected to the
early dynamic images for the generation of time-activity curves.
Partial volume effects were corrected with a recovery coefficient of
0.65, assuming a myocardial wall thickness of 1.1 cm (17).
Spillover of activity from the blood pool to the left myocardium
was corrected with a spillover fraction of 0.28, as described earlier.
All regional myocardial time activities except the septum were
averaged to reduce the statistical noise with dynamic images.

Arterial blood concentration was obtained from the left atrium.
An ROI was placed in the center of the left atrial cavity with an
area of 0.92 cm2 during the early images (18). These ROIs were
copied to subsequent images for the generation of time-activity
curves. The arterial input function was corrected for â€˜3Nmetabo
lites from the data published by Rosenspire et al. (19).

Calculation of Myocardial Blood Flow
MBF values at rest and during pharmacologic stress were

calculated using the Simple flow model, Patlak graphical analysis
and the two-compartment model. A brief review of the three
models is presented below.

SImple Flow Model
For partially extracted radiotracers that are trapped in tissue,

flow can be obtained by using the following equation:

Cm(t)

F â€”E X g X f@Ca(x)dx'

where E is the extraction fraction of 13N-ammonia and F is the
MBF (ml/min/g). Cm(t) and Ca(t) are â€˜3Nactivity concentrations
in the myocardium and arterial blood concentrations at time t, and
g is the specific gravity of myocardium (1.05 g/ml) (20,21).
Schelbert et al. (3) measured the extraction fraction of 13N-
ammonia for the heart in open-chest dogs and found that the
relationship between flow and extraction could be defined by the
following equation:

E = 1 â€”0.607ev 1.25/F)

MBF values were obtained from a lookup table of MBF versus
extraction fraction generated using Equation 2 (1,22).

Two-Compartment Model
The kinetic properties of â€˜3N-ammoniain myocardial tissue can

be described in terms of a functional two-compartment model in
which the two compartments are the trapped and the free space
(Fig. 1) (1,6â€”8,23). The rate of radioactivity change in the free
compartment and that in the trapped compartment can be described
by the following equations (6, 7):

d
@QF(t)= â€”[(Kl + F) X QF(t)]/V + k2 x QT(t) + F x Ca(t),

Ca(t)

@ Xi

[(t)1w(t@J@[ Spac.QF@jCT(t), VT(t)

4,
FIGURE1. Two-compartmentmodeldescribingmyocard@kinetk@sof
13N-ammoniaK1and k2 reflecttracer exchange between free and trapped
space.

and

d
@QT(t)= [Kl x QF(t)]N â€”k2 x QT(t), Eq. 4

where Kl (ml/min/g) and k2 (/min) represent the forward and
reverse rates, respectively, for exchange between these two corn
partments. Knvokapich et al. (6) and Kuhle et al. (7) simplified
this equation using the following assumptions. k2 is assumed to be
0 during the first 110 sec, and the venous egress is modeled by
including V (ml/g), where V is the volume of distribution for free
â€˜3N-ammoniaand is fixed at 0.8 ml/g. Ca(t) is the blood-pool â€˜3N
activity.

Kl is assumed to be a function of MBF. Therefore, the following
relationship between Kl, F and E is obtained:

E = Kl/(Kl + F).

Using Equations 2 and 5, K 1 can be calculated as follows:

KI â€”(F/0.607)e@25@ F.

Eq. 5

Eq. 6

Using the above assumptions, only one variable (MBF) needs to be
estimated. Only the first 110 sec of data were used for the
calculation of MBF by the two-compartment model that was
developed using the BMDP software (BMDP Statistical Software
Inc., Los Angeles, CA).

Eq. 1 Patlak Graphical Analysis
The Patlak graphical analysis can be applied to estimate MBF, as

described by Choi et al. (2). This analysis is also based on a
functional two-compartment model. The dynamic myocardial and
arterial data obtained from 45 to 110 sec after â€˜3N-ammonia
injection were used to generate the following Patlak equation:

Qi(t) f@Ca(x)th MBF2V AB(t)

Ca(t) = K Ca(t)@ (MBF + K1)2@ SPbt@-, Eq. 7

where AB(t) is â€˜3Nradioactivity in arterial blood and SPbt is
spillover of activity from the blood pool to the myocardium. K is
the slope of the straight portion of the Patlak plot and is expressed
as follows:

Eq. 8

Eq. 9

An example of the time-activity curves of the uptake of
13N-ammonia in the myocardium and the blood-pool concen

trations in the left atrium during a rest scan is shown in Figure
2. The averaged MBF calculated using the two-compartment

Eq. 3 model and the Simple flow model at 58, 74, 91, 107 and 285 sec

K = F[l â€”0.607e25@@)].
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FIGURE2 Time-activitycurvesforleftatrialandleftventricularmyocardium
derivedfromdynamic 13N-ammoniaPETimages.

after the bolus injection of 13N-ammonia for the data integration
time of 5.5 sec each, except for the 285-sec frame, which used
30-sec integration, are shown in Figure 3. The averaged rest and
stress MBF were 0.88 Â±0.22 and 2.26 Â±0.80 ml/min/g by the
Simple model at 58 5cc, and 0.89 Â±0.23 and 2.23 Â±0.68
mllmin/g by the two-compartment model. MBF calculated at 58
sec postinjection for all patients during rest and stress is plotted
against the two-compartment model derived MBF, as shown in
Figure 4. The slopes and intercepts for the linear regressions of
the flow measurements computed using the Simple and the
two-compartment models for the above data acquisition times

FiGURE3. Myocardialbloodflow(MBF)bytwo-compartmentmodel
and effects of acquisition time on MBF by Simple model during rest
and stress.

FiGURE4. Correlationbetweenmyocardialbkodflow(MBF)calculatedby
two-compartment model and by Simple model using 58-sec acquisition
time.

are presented in Table 1. The slope value decreased from 0.98
to 0.43 in the Simple model as the data acquisition time was
increased from 58 to 285 sec. The averaged MBF computed
with the Simple model also decreased as the time of data
acquisition was increased. Coronary flow reserve (CFR) values
computed by dividing stress flow by rest flow with these
models were less sensitive to the errors because of the system
atic decrease in the blood flow values introduced in both the rest
and stress scans, as shown in Figure 5.

The effect of the duration of data integration for the Simple
model was explored by computing the MBF for the two-data
integration time. The averaged rest and stress MBFs computed
from 45 to 110 sec and from 45 to 285 sec of data acquisition
are shown in Figure 6A. The averaged rest and stress MBFs
computed using the Patlak model for data acquisition from 45 to
110 sec were found to be 0.83 Â± 0.20 and 2.04 Â± 0.58
ml/min/g. The effect oflonger time for data acquisition with the
model was also investigated for the time interval from 45 to 285
sec, as shown in Figure 6B. Both the Simple and Patlak models
showed greatly decreased blood flow as the duration of the data
integration was increased from 65 to 240 sec. This decrease in
blood flow became worse at high flows measured at stress for
both models. CFRs were less sensitive to the errors, as shown in
Figure 7, due to the systematic underestimation of MBF for rest
and stress.

TABLE I
Unear Regressions of Flow Values by Simple and

Two-Compartment Models
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two compartment

58sec

74sec
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FIGURE5 Coronaryflowreserve(CFR)bytwo-compartmentmodeland
effects of acquisitiontime on CFRby Simplemodel.

DISCUSSION
FIGURE7.Effectsofdataintegrationtimeoncoronaryflowreserve(CFR)by
Simp@and Patiakmodels.

range of regression slope values and determined that one fixed
time produced a good correlation. However, because both
methods exhibited a decrease in blood flow as a function of
time it is possible that the two methods correlated well at one
time due to the linked decrease in both techniques.

The results of computing the average rest and stress blood
flows with the Simple and Patlak models show that the
underestimation of blood flow is made worse at higher blood
flows observed during stress. This could have an important
effect on the errors observed with the two methods. The effect
of this error is to reduce the computed CFR values for longer
data acquisition and integration times.

The Cause of UndereStimatiOn of Blood Flow
The cause of the underestimation of blood flow by the two

models as a function of time of analysis was discussed by
Mullani (13) and Choi et al. (14). The major argument made by
Mullani was that the assumption of negligible egress of the
labeled activity from the myocardium is not true and, therefore,
the assumption of negligible egress is not valid for the Simple
or the Patlak models as they apply to I3N-ammonia in the heart.
If the egress is not zero, then as time progresses, there will be

Decrease in BlOOd Flow Values as a Function of Time of
Data Acquisition and Integrabon lime

The dynamic data acquisition results with the Simple model
and the short data integration time of 5.5 sec show a gradually
decreasing value of blood flow as the flow computation time is
increased. A similar change in blood flow measurements in
animals was presented by Nienaber et al. (5) using longer
integration times for three different time points of 60, 210 and
5 10 sec after injection of tracer. Yoshida et al. (15), using
â€˜3N-ammoniaand PET, showed a progressive decrease in blood
flow as a function of data acquisition time in hypertrophic
hearts in humans.

Our results also show that the longer integration times cause
a decrease in blood flow with the Simple and Patlak models.
This decrease was demonstrated by Choi et al. (2) for the Patlak
method as the analysis time was increased from 70 to 120 sec
to 70 to 210 sec. They showed a 29% change in the linear
regression slope between the Patlak method-measured blood
flow and the two-compartment model-measured blood flow for
the longer duration of scan time.

Tadamura et al. (9) compared the Simple model to the Patlak
model and found a good correlation between the two methods.
They fixed the Patlak analysis time and varied the time of flow
computation of the Simple model. As expected, they found a

FiGURE6. (@A@Effectsof data integration
timeon myocardialbbod flow(MBF) by
Simp@model dunng rest and stress. (B)
Effects of data integration time on MBF
by Patlak graphical analysis during rest
and stress.
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a larger amount of labeled activity escaping from the myocar
dium that will result in underestimation of uptake of 13N-
ammonia in the heart. Choi et al. (14) argued that there was less
than 2% egress from the heart muscle of labeled â€˜3N-ammonia
within the first 2 mm after the injection of the tracer. They
explained that the underestimation of blood flow with the
longer time duration of analysis with the Patlak method in their
original article (2) was due to inaccurate estimation of arterial
blood concentrations and incorrect spillover corrections or
incorrect metabolite corrections. So, we have three possible
causes of blood flow underestimation:

1. Inaccurate arterial sampling;
2. Inaccurate estimate of recirculating metabolites; and
3. Egress of tracer from the regions.

Errors Due to Arterial Blood Concentration Measurement
The arterial tracer concentrations can be obtained by assign

ing an ROI within the left atrial or left ventricular cavity.
Several articles described good results with the left atrium or
the left ventricle ROl (18,24,25), although both have advan
tages and disadvantages, as discussed by Yoshida et al. (18) and
Herrero et al. (24). We reported that partial volume and
spillover effects can be minimized by assigning an ROI to the
left atrium (18). We also used the spillover fraction obtained in
a separate study using the carbon monoxide blood-pool labeling
technique that has been used in the measurement of blood flow
with â€˜@ (26) and has been documented to be accurate. Thus,
the errors due to arterial blood sampling and spillover in our
study have been minimized.

Errors Due to Recirculating MetabOlitOS
The correction for metabolites was estimated from the

articles by Rosenspire et al. (19) and Bormans et al. (27) and
applied to our data. Their data showed that < 10% of the
recirculating labeled activity is in the form ofmetabolites in the
first 2 mm after injection.

Higher than reported levels of metabolites circulating in the
blood will cause an increase in the arterial concentration of
â€˜3N-labeledmetabolites, which will then reduce the value of the
blood flow computed by the two models. Our data show that the
blood flow value estimated at 107 sec with the Simple model is
0.7 1 ml/minlg, compared with 0.88 ml/min/g at 58 sec. If this
reduction in blood flow is caused by the recirculating metabo
lites after the corrections are applied, then the levels of
metabolites will need to be significantly higher than those
reported in the literature.

Egress of Tracer from the Free Compartment
A more plausible explanation for the decrease in blood flow

is due to the egress of untrapped â€˜3N-ammoniafrom the heart
within the first few minutes. Krivokapich et al. (28) showed in
isolated rabbit hearts that the time-activity curve for intracoro
nary artery injection of â€˜3N-ammoniacould be best modeled by
three exponential components with half-lives of 0. 17, 0.69 and
62 mm. Because there was no recirculation of radioactivity in
this model, there was no interference from recirculating metab
olites. Similarly, Schelbert et al. (3) also showed three compo
nents in the intracoronary artery injections in dog hearts that
they called vascular, extravascular and metabolic. The vascular
component was very fast, but the extravascular component had
a 32-sec half-life, and washout of the labeled tracer was
observed from this area. The metabolic component had a very
long half-life of over 60 mm. The myocardial time-activity
curve of their intracoronary artery-injected 13N-labeled ammo
nia showed a gradual decrease in activity for the first few
minutes after the injection. There is initially a 15%â€”20%drop

in radioactive tracer within the first 5 mm, followed by a more
gradual decrease attributed to the clearance ofthe metabolically
trapped tracer. Therefore, the egress of 13N-ammonia from the
heart during the first few minutes is not negligible.

Based on these animal studies and research performed with
measurement of extraction fractions of 42K-potassium chloride
in dog hearts with indicator dilution techniques by Bassingth
waighte et al. (29), the short half-life of 0. 17 mm for the first
component is most likely due to the vascular transit time of the
bolus. The second component, which has a longer transit time
of 0.5- to 0.69-mm half-life, represents a larger volume of
distribution in which the â€˜3N-ammoniais freely distributed and
can egress from this space. This may be the functionally free
space in the tissue that has been modeled by Mullani et al. (20),
Yoshida et al. (1 ) and Kuhle et al. (7). The third component has
a long half-life of 62 mm and is most likely due to the
metabolically trapped component of the tracer.

Time-Dependent Extraction Fraction
Unlike the microsphere model, in which the activity is

trapped instantaneously in the capillaries, a part of the injected
13N-ammoniais distributed in the free compartment for the first
3â€”5mm. It continues to egress from the free compartment, as
shown in the intracoronary injection data. This egress results in
time-dependent extraction fractions demonstrated by Bassing
thwaighte et al. (29) and mathematically derived by Mullani et
al. (20). Extraction fraction is not constant as a function of time
for nonmicrosphere-type tracers that are not injected as a bolus,
such as@ 3N-ammonia.

The Simple and Patlak models apply a fixed value of the
extraction fraction that underestimates the early extraction
fraction and overestimates the late extraction fraction. To
reduce the error in MBF measurements with the Simple and
Patlak models, a compromise time has to be selected for the
duration of the scan and the initiation of the scan after the
injection of the tracer. Collecting data earlier than 58 sec could
result in other errors such as large spillover from the blood pool
to the myocardium and larger amounts of tracer in the free
compartment. Therefore, it is our conclusion that a time interval
of â€”60sec starting from ---60 sec postinjection would be a good
compromise for the Simple model applied to the heart with
â€˜3N-ammonia.

Technical Umftations
The septum was excluded from the spillover calculations and

the blood flow estimations because the spillover from the right
ventricle onto the septum is different from the other area of the
heart. We also used a fixed recovery coefficient for partial
volume correction. For the purpose of this study, we averaged
all ROIs, except the septum, to minimize the errors associated
with fixed spillover and partial volume corrections and reduce
the statistical noise for the study. However, this analysis is not
appropriate for clinical situations because the septum is as
important as other regions and many cardiac patients have
regional abnormalities, wall thinning and hypertrophy. Better
methods of partial volume and spillover corrections are needed
to overcome these limitations for clinical applications.

ClinicalApplications
The simplifications of the models for I3N-ammonia and PET

have several advantages for clinical application:

1. Computation times for the Simple and Patlak models are
shorter than the two-compartment analysis;

2. Only two images, an image of myocardial uptake and an
image of arterial input function, are required for the
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Simple model analysis, as suggested by Yoshida et al. (1);
and

3. Smaller data files are required, dramatically reducing the
image reconstruction time.

CONCLUSION
The Simple and Patlak models do not account for the egress

of radiotracer from the free compartment in the heart. There
fore, they underestimate blood flow when long scan times are
used with@ 3N-ammonia and PET in humans. A compromise
scan time of -@--60-secduration starting approximately 60 sec
postinjection of tracer seems to produce reasonable blood flow
values with good flow reserve numbers and may be useful for
clinical application of the Simple model for use with â€˜3N-
ammonia in humans.
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