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Evatuation of regional myocardial blood flow by conven-
tional scintigraphic techniques is limited to the qualitative
assessiment of reglonal tracer distribution. Dynamic imag-
ing with positron emission tomography aliows the quanti-
tative delineation of myocardial tracer kinetics and, hence,
the measurement of physiologic processes such as myocar-
dial blood flow, To test this hypothesis, positron emission
tomographic imaging in combination with N-13 amwmonia
was performed at rest and after pharmacologically induced
vasodilation in seven healthy volunteers,

Myocardial and blood time-2ctivity curves derived from
regions of interest over the heart and ventricular chamber
were fitted using a three compartment model for N-13
ammonia, yielding rate constants for tracer uptake and
retention. Myocardial blood fow (K,) averaged 88 = 17
mi/min per 100 g at rest and increased to 417 = 112 mi/min
per 100 g after dipyridamole infusion (0.56 myp/kg) and

handgrip exercise. The coronary reserve averaged 4.8 =
1.3 and was not sigaificantly dilferent in the septal, anterior
and latergl walls of the feft ventricle, Blood flow values
showed only a minor dependence on the corvection for
bleod metabolites of N-13 ammonia.

These data demonstrate that quantification of regional
myocacdial blood flow is feasible by dynamic pesitron
emission tomographic imaging. The observed coronacy flow
reserve afier dipyridamole is in close agreement with the
results obtained by invasive technigues, indicatiag accurate
flow stimates over 2 wide range. Thus, positron emission
tomography may provide accurate and neninvasive defini-
tion of the functional significance of coronary artery disease
and may allow the impreved selection of patients for
revascularization.

{J Am Coll Cardiol 1990:1032-42)

Noninvasive approaches to define the effect of coronary
artery disease on regional myocardial blood flow using
accurate quantitative flow measurements in human patients
may enhance our understanding of disease processes and
improve subsequent treatment strategies. Sophisticated
techniques available in the animal model (1) allow the
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quantitative assessment of regional myocardial blood
flow under a variety of experimental conditions. Most of
these techniques are invasive (flow probes) or require the
postmortem analysis of tissue radioactivity (radiolabeled
microspheres). Therefore, transfer of these technologies to
the human heart is limited. Several imaging approaches
have recently been introduced (2-5) to qualitatively evalu-
ate myocardial blood flow: these include radionuclide
methods, echocardiography, nuclear magnetic rescnance
imaging and dynamic X-ray computed tomography. Thal-
lium-201 scintigraphy represents the most widely used
noninvasive approach to assess myocardial blood flow (2,5).
It provides high diagnostic accuracy for the identification
of coronary artery disease, but can detect only relative
blood flow abnormalities. 1n addition, the low photon
energy of thailium-201 results in significant photon attenua-
tion by tissue surrounding the heart, which degrades the
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image quality and the specificity of tracer uptake abnormal-
ities.

Several positron-cmitting tracers for assessment of myo-
cardial blood flow have been introduced for positron emis-
sion lomography (6-8). Freely diffusible tracers such as
0-15 water are suitable for the measurement of myocardial
blood flow, but require sophisticated imaging protocols with
subtraction of blood pool activity {7.9,10). N-13 ammonia
and rubidium-82 have been employed as *‘chemical micro-
spheres’ for the measurement of myocardial blood flow
(11-14). However, even though high guality images are
attainable, the retention of these radiopharmaceuticals is
incomplete, resulting in a nonlinear relation between lissue
radionuclide accumulation and blood flow. Previous animal
and clinical studies (13,14) with N-13 ammonia and positron
cmission tomography have shown the feasibility of qualita-
tive and quantitative estimates of myocardial blood flow.
However, the quantification of blood flow with N-13 ammo-
nia has been limited by the flow-dependent decrease in
retention as the blood flow increases (14).

Although N-13 ammonia is highly extracted by myocar-
dial tissue, its myocardial retention depends on its metabolic
incorporation into glutamine (6.15). By using dynamic
positron emission tomographic scanning with high temporal
resolution and tracer kinetic modeling, the separation of
initial tracer extraction and subsequent metabolic conver-
sion to glutainine can be achieved. Blood flow measurements
based on initial myocardial N-13 ammonia uptake rather
than net retention are expected to expand the dynamic range
of measurable myocardial flood flow. In this study we tested
this hypothesis using dynamic positron emission (omo-
graphic imaging and a three-compartment model describing
N-13 ammonia kinetics in the human heart at rest and after
pharmacologically induced coronary vasodilation.

Methods

Study subjects. Seven healthy human volunteers free of
cardiovascular disease as assessed by history and physical
examination participated in this investigation. The mean age
was 24 = 4 years. All subjects were studied under fasting
conditions (>12 h). After giving informed, written consent,
each subject was positioned in the ECAT-911 (CT1) whole
body scanner fur image acquisition.

Positron emission tomography. A rectilinear scan was
performed to localize the heart and define the position of the
detector rings over the heart silhouetie for the acquisition of
transmission images. Transmission images were acquired for
10 min and subsequently used to generate attenuation cor-
rection factors. Ten millicuries of N-13 ammonia was in-
jected intravenously as a slow bolus over 30 s using a
Harvard infusion pump (Gould, Inc.). Simultaneously, dy-
namic image acquisition was initiated with varying frame
durations. Twelve 10 s frames were followed by four 30 s
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Figure 1. Three compartment tracer kinetic model describing extrac-
tion and retention of N-13 ammonia in myocardial tissue. K, and k,
reflect exchange of N-13 ammonia between vascular and extravas-
cular space in the myocardium, and k; represents metabolically
(METABOL.) trapped N-13 ammoni.i in the form of glutamine.

frames and one 360 s frame. The total acquisition time afier
injection of N-13 ammonia was 10 min. After acquisition of
the baseline study, a period of 50 min was allowed for the
physical decay of N-13 (physical half-lifc 9.9 min).

Dipyridamole (0.56 mg/kg) was infused intravenously
over 4 mim. After an udditional 4 min, the volunteer was
asked to perform handgrip exercise for 4 min at 50% maxi-
mad strength (16). The second injection (30 s bolus) of 10 mCi
of N-13 ammonia was started 2 min after initiation of
handgrip exercise and 6 min after the end of dipyridamole
infusion. The dynamic positron emission tomographic image
acquisition followed the same protocol used in the baseline
study.

Ammonia compartmental model. To describe the N-13
kinetic properties in myocardium observed in dynamic
positron emission tomographic data, we developed a simple
three compartment model that represents vascular and ex-
travascular N-13 ammonia as well as metabolically trapped
N-13 in the form of glutamine (Fig. D). This model was
developed under the following set of assumptions.

1) N-13 ammonia behaves like a freely diffusible tracer at
the capillary-myocardial tissue interface,

2) N-13 ammonia is converted to N-13 glutamine by
glutamine synthetase and is *‘essentially” trapped within the
myocardial tissue.

3) The extracellular and intracellular N-13 ammonia pools
rapidly equilibrate.

4) The available glutamine synthetase level remains es-
sentially unchanged throughout the study and, therefore, the
probability that an ammonia molecule in the tissue is con-
verted to glutamine remains constant.

Components of the model. Given this set of assumptions,
simple linear first order differential equations can be derived
to describe the rate of change of N-13 concentration in each
compartment of the model. The first compartment of this
mode! represents the concentration of N-13 ammonia in
arterial blood as a function of time (C,[t]). The transport of
N-13 ammonia between the vascular compartment and the
extravascular N-13 ammonia compartment (Cylt]) is repre-
sented by K, and k,. This extravascular compartment is a
conceptual construct used to represent the intracellular and
extracellular N-13 ammonia in myocardial tissue. The third
compartment of this model reflects N-13 ammonia that has
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Table 1. Symbols Used in the Model Equations

Symbol Description Units

C, Arterial blood N-13 mCi/ml blood
ammonia concentration

Cy () Total tissue N-13 mCi/g tissue
concentration

Ce ) N-13 ammonia mCi/g tissue
concentration in tissue

Cov) N-13 glutamine mCilg tissue
concentration in tissue

T (0 Measured N-13 mCi/ml
concentration

C. Measured tissue N-13 mCilml
concentration

K, Ammonia uptake rte mbpg per min

ks Ammonia washout rate min !

Ky N-13 plutamine formation min !
fate constant

A N-13 decay constant min "'

ptissue Tissue density g tissue/ml tissue

ty Start scan time min

ts End scan time min

MBV Fractionat blood volume ml blood/mi

MVV Fractional biood volume mi blood/m!
spillover

T8V Total fractional blood ml blood/ml
volume

F Blood flow mb/g per min

E Extraction fraction Unitless

PS Permeability-surface area g-min/m}
product

been converted to N-13 glutamine by glutamine synthetase
and is “‘essentially’ trapped in the tissue (Cglt]). The rate
constant ky represents the conversion of N-13 ammonia into
N-13 glutamine.

The following differential equations describe the rate of
change in N-13 concentration in myocardial tissue as a
Sunction of time for each tissue compartment of the model:

dCet)
dt = K,C,,(t) e k;CL(t) = k;CE") - ACE(U [”
dCq(t)
ey kyCe(t) = ACq(0). {21

The symbols used in the model equations are defined in
Table 1. Each term on the right side of equations 1 and 2
represonts the radionuclide flux (mCifg tissue per min)
across the boundaries of the conceptual compartmental
model. Therefore, K, represents the combined processes of
the delivery of the radionuclide to the tissue by blood flow
and the extraction of the tracer across the capillary-tissue
interface in a single capillary transit and must have units of
ml blood/g tissue per min. The other constants of the model
(k,. ky and A) are true rate constants (min~"). reflecting the
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probability that a single radionuclide within a given concep-
tual compartment will either be lost by the system or moved
to another compartment. Solution of equations 1 and 2 (see
Appendix) yields a description of the concentration of N-13
in myocardial tissue as a function of time (Cy[t]).

Cit) = Cg(t) + Cg(t)

Kik
= Kle—(kg+k\+4\)l+ 173 [e-ml___ell:l] ®Ca(‘)‘ l3]
i

ay = @

where

(k4 Ky 20 2 N/l + ke o+ 207 = AMK; * kit d) il
) 2

a

and &) represents the mathematic operation of convolution
an.

Myocardial tissue concentrations. The measured activity
in a single positron emission tomographic image frame does
not represent the instantaneous radionuclide concentration
in the tissue, but rather the integral of the activity from the
beginning (t;) to end (t,) of the data acquisition within the
volume of space represented by each image pixel. Therefore,
the tissue radionuclide concentration measured with
positron emission tomography (C{t]) must be corrected by
the myocardial tissue density (p...c) and will be expressed

as.
[8)
e f Crtont
te

~ S e ® 5

Celt) — [5)
In addition, the finite spatial resolution of positron emission
tomography does not enable the delineation of myocardial
tissue N-13 levels from vascular and ventricular N-13 levels.
The positron emission tomographic measurement (C_[t])
must, therefore, be described as the sum of the concentra-
tions in the tissue and blood compartments:

1 t:
Cm(l) = i[—_T-; [(I - MBV - MVV)puswcf CT(')dl
2 TR t

t [
+ MBV] Cu)dt + MVVf C“(l)dljl. 16}
1] h

In equation 6, MBV represents the blood volume in
myocardial tissue divided by the physical measurement
volume represented by the data, and MVV represents the
fraction of the ventricular blood activity that spills over into
tissue as a result of finite image resolution divided by the
same physical measurement volume. It is important to note
that the tissue (C{t]) and blood componenis (C,[t]) of the
measurement (C,,[t]) must be scaled by the fraction of the
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racasuremient volume occupied by each component so that
the radienuclide concentrations veflect the concentration
within each tissue type rather than the radionuclide quantity
of each tissue type divided by the total measurement vol-
ume. In equation 6, both the myocardizl tissue blood volume
(MBYV) and the myocardial veniricular blood volume (MVV)
are lincar scale fctors for the arterial blood curve and
cannot be uniguely identified without additional measure-
ments. In this application, we have chosen to lump both the
spillover and myocardial blood volume factor into a single
constant term that represents the total fractional blood
volume (TBV). Thus, eguation 6 can be reduced to the
following expression:

Cull) = e

{t» — )

i N
(1 =~ TBY bppginane f Cpttidt + 1BV j Catne 1. |7
N 1N

Myocardial biood flow caleulations. In the previous de-
scription of the compartmental model. the constants K; and
ks, which describe the delivery and removal of myocardial
N-13 ammonia, are related to both the flow of bicod through
the tissue and the mechanism for transport of ammonia
between capillary blood and myocardial tissue. The influx of
the tracer from the arterial blood into the myocardial tissue
is given by the product of K, and the arierial blood concen-
tration of the tracer. Closer examination of K reveals that it
must represent the product of the delivery of blood to the
tissue or mass-specific blood flow (F) and the fraction of the
tracer that traverses the capillary membrane and enters the
myocardial tissue (single pass extraction fraction [E]). For
freely diffusible tracers, Kety (18) has shown that the single
pass extraction fraction can be calculated from the capillary
permeability-surface area product and the mass-specific flow
of blood through the tissue, as shown in equation 8:

K, = FE = F(l ~ ¢ "), 8]

Variable estimation. The attenuation-corrected images
(128 > 128 matrix) were analyzed using a region of interest
technique. With use of the last image frame (360 s), regions
of interest were applied to the left ventricular chamber (12
pixels square) as well as to the lateral, anterior and septal
walls of the left ventricle. These regions were subsequently
copied to all acquired image frames, and regional time-
activity curves were generated. Previous validation studies
(19) have demonstrated a close agreement between the arte-
rial input function obtained from the left ventricle region of
interest with directly sampled arteria! blood. Estimates of the
variables of the ammonia compartmental model previously
described (20) were obtained with a nonlinear least squares
curve fitting algorithm based on the Marquardt algorithm.

Two specific configurations of the model (equation 7,
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were fit to the region of interest data from the laieral,
anterior and septal walls of the left ventricle in each patient.
tn mode! configuration 1, the value for the rate constant k,
describing the metabolism of ammonia 1o zlutamine was
fixed at zeio, and estimates for the total fractional blood
volume, K,, and k, were obtained. In configuration I, all
four variables of the model (total fractional blood volume,
K. ks, ki) were estimated. In each case, the Marquardt
algorithm was modified to constrain all variable estimates to
positive values. The results from cach model configuration
were examined in both the rest and dipyridamole data to
assess the model configuration that can be supported by the
kinetic behavior of ammonia in myocardial tissue and the
statistical nature of the positron emission tomographic aata.

Covrection of arterial input function for N-13 metabotites,
N-13 ammonia is rapidly metabolized to urea and glitanine
in several organ systems (21,22}, The arterial blood actvity,
therefore, represents @ mikture of N-i3-labeled amnivaia,
urca and glutamine. Accurate guantification oi myoca.dial
blood flow would ideally require the identificcion of & »
temporal and kinetic behavior of the metabolites in both the
arterial blood and myocardial tissue. We recently described
(23) the behavior of N-13 ammeonia etabolites in the blood
in a series of healthy human volunteers. Thercfore, we hiuve
attempted to account for the blood metabolites in the kinetic
model. The input func ion was corrected for the mean levels
of metabolites observed in the healthy volunteers. The blood
spiliover contribution was incorporated as the sum of all
N-13 ammonia levels in the blood. Results with and without
correction for metabolites were then compared in an attempt
1o gauge the importance of this correction on the estimation
of myocardiul blood flow with N-13 ammonia.

Results

Hemodynamic response to dipyridamole. Dynamic pos-
itron emission tomography studies at baseline and after
infusion of dipyridamole were completed in seven healthy
volunteers. Systolic blood pressure and heart rate averaged
122 + 11 mm Hg and 68 % 6 beats/min, respectively. After
dipyridamole infusion and handgrip exercise. systolic blood
pressure increased to 128 £ 14 mm Hg (p =~ NS) and heart
rate to 92 = 12 beats/min (p < 0.01 versus bascline). No
subject developed nausea. chest pain or bronchoconstriction
after intravenous infusion of dipyridamole.

Kinetic behavior of ammonia in myocardium. Figure 2
shows dynamic positron emission tomographic images at
rest and after dipyridamole infusion in one subject. The
temporal resolution of the image acquisition demonstrates
the kinetic behavior of N-13 ammonia as it traverses the right
ventricle, lungs and left ventricle. As the study proceeds, the
uptake and retention of the tracer in the myocardium is
observed as the blood radioactivity clears. After dipyrida-
mole infusion, the myocardium to background N-13 ammo-
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nia ratio clearly demonstrates the increased uptake of the
tracer at high flow rates.

An example of regional time-activity curves generated by
placing a region of interest over the wall of the ieft ventricle
and left ventricular chamber for a rest and dipyridamole
study are shown in Figure 3. The concentration of N-13
ammonia levels increases rapidly as the bolus of activity in
the blood transverses the tissue (approximately 2 min). The
myocardial N-13 ammonia level reaches a plateau after the
initial bolus and remains constant throughout the remainder
of the study. The uptake and retention of N-13 ammonia
increase markedly after dipyridamole infusion. The concen-
tration of N-13 ammonia measured over the final 360 s of
each study normalized by the integral of the N-i3 ammonia
blood concentration averaged 1.96 = 0.6 times higher than
the baseling level when dipyridamole was administered.

Figure 3. Left, Baseline time-activity curves obtained from a region
of interest placed over the left ventricular chamber (circles) and
myocardial regions (squares). Right, Results after dipyridamole
infusion in the same patieat.
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Figure 2. Serial cross-sectional posi-
tron emission tomographic images
through the left ventricle obtained at
baseline (A} and after dipyridamole in-
fusion (B). Initially, N-13 ammonia con-
centrates in the right and left ventricular
chambers, The later images represent
retention of N-13 ammonia in the myo-
cardium,

Estimates of myocardial blood flow. Myocardial blood
flow was estimated by fitting model configurations 1 and H 10
the time-activity curves for each patient (see Methods). The
mean value = SD of each rate constant for both model
configurations are presented in Table 2. The differences
between the model fit and measured data for the fateral wall
region of interest as a function of time~called residuals—in
each patient are shown in Figure 4. Curves A and B
represent the residuals for the rest studies using model
configurations I and 11, respectively. The behavior of these
residuals was very similar, with the exception of the last time
point of the imaging sequence. This small bias in the resid-
uals about zero was essentially elimuinated when k; is added
10 the conceptual model. Cucves C and D in Figure 4
represent the residuals for the dipyridamole studies using
mode! configurations | and I, respectively. Again, the
behavior of the residuals was similar, with the exception of
the late data points. Addition of k, to the model for the
vasodilation studies essentially eliminated large residuals in
the tail of the fit. However, the additional term in the model
did not eliminate serizl correlation paticrns through the early

DIFYRIDAMOLE
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Table 2. Mean and Standard Deviation of Individual Rate
Constants Using Model Configurations 1 and £ and Correction for
N-13 Metabolites in Blood

Ky

K, K,
Maodel
Raseline ORI » 019 018 = 069 —
Dipyridamole 395 2 45 0.65 + 0.42 o
Maodel i
Rascline 088 = 0.17 029 = 013 01+ 08
Dipyridamole 417 = 1 1.26 + 0.7 0.19 = 004

and middic time period of the study. Potential explanations
for this behavior arc presented in the Discussion section.
Effect of corvection for metnbolites on flow determination,
To evaluate the effect of the correction for N-13 metabolites
in blood on myocardial blood flow and rate constant esti-
mates, the results of the curve fitting with and withow a
correction factor for N-13 ammonia metabolism weve com-
pared. Table 3 depicts the individual rate constants derived
from both curve fitting procedures. Estimates of K, and k,
were only slightly influenced by N-13 metabolites in blood
(<10%), whereas k; was three times larger at baseline and
two times larger after dipyridamole infusion when metabo-
lites were considered in the fitting procedure. The coronary
rescrve defined by the ratio of dipyridamole flow to rest flow
was not affected by the correction for metabolites (Table 3).
Figure 5 shows plots of the rate constant estimates for
each region of interest in cach patient for both the rest
(squares) and dipviidamole (circles) studies. The closed
symbols represent rate constants calculated using a blood
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Table 3. Mean and Standard Deviation of Individual Rate
Constants With (C) and Without (NO) Carrection for N-13
Metubolites in Blood Using Model Configuration 1
K, ks ks
(mbmin per g) (min ) tmin ) CR
Bascline
C 088 + 0.17 029 043 0.4 = .08 —
NC 081 = 0.15 033 2005 003 =003 —
Dipyridimale
¢ 4,17 £ 1.1 126 070 009+ 004 48+ 1.3
NC 390 £ 1 PAIB 2072 008+ 004 47 ¢
CR ~ coronary reserve.

curve with metabolite correction, and the open symbols
represent those calculated without metabolite correction.
The solid lines on cach plot represent the mean values
presented in Table 3. These data demonsirate that the major
cfiect of metabolite correction was on the estimate of k. The
model variables K, and k, exhibited only minor deviations
when the metabolite corrections were included.

Coronary flow reserve. Figurc 6 shows a bar graph rep-
resenting the mean coronary flow reserve calculated on the

Figure 4. Residuals between model fit and measured data for all
Lateral wall regions of interest analyzed. Panels A and B represent
the residuals for model configuration | and U fits to the rest studies,
respectively, Panels C and D represent the residuals for model
configuration 1 and I fits to the dipyridamele studies, respectively.
The data poimts at each abscissa represent the difference between
the model function and the measured data at that specific time in the
study.
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Figure 8. Variable estimates for all myocardial region of interest
data analyzed in this study. Each plot represeats individual variable
estimates (K. top: ka, center: k,, bottom) for mode! configuration Il
fits to the data. n all plots, clreles represent dipyridamole (DIP)
studies and squares represent the rest studies. The closed symbols
are for fitting procedures using metabolite-corrected blood curves,
and open symbols represent analysis without metabolic corrections.

basis of K, estimates for each segment of the left ventricle
analyzed. The results show a mean coronary flow reserve of
4.8 = 1.3. Figure 6 shows that the coronary flow reserve was
homogeneous throughout the left ventricular myocardium.

Discussion

Validity of the method. The data presented in this repont
demonstrate the feasibility of estimating regional myocardial
perfusion in the human heart with N-13 ammonia and
d_ynamic positron emission tomographic imaging. By using a
simple conceptual three compartment tracer kinetic model,
isolation of the initial extraction of tracer by the tissue from
subsequent metabolic radionuclide trapping in the form of
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Figure 6. Regional blood flow values (K,) at baseline {open bars)
and after infusion of dipyridamole (Dip) (hatched bars) derived from
regions of interest placed over septal (Sept), anterior (Ant) and
fateral (Lat) walls of the left ventricle.

N-13 plutamine can be achieved. The kinetic model variable
K,. which represents the delivery and extraction of N-13
ammonia, can be used as an estimate of myocardial blood
flow as long as the single pass extraction fraction is high (that
is, the permeabiluy-surface area product is farge refative to
blood flow). The magnitude of rest and dipyridamaole flow
values observed in this study suggests the validity of the
model. The measured coronary reserve of 4.8 * 1.3 in
normal volunteers agrees closely with results obtained by a
variety of other independent techniques (24.25).

There was no direct validation of the positron emission
tomographic flow data by comparison with invasive flow
measurements in this study. Invasive procedures such as
digital angiography, thermodilution or Doppler fiow cathe-
ters assess blood flow velocity in large epicardial arteries
(25-27). Estimates of flow velocity correlate with myocardial
perfusion, but do not provide accurate flow estimates with-
out assessing the tissue mass being perfused by a given
coronary artery. Therefore, the validation of positron emis-
sion tomographic measurements in the human heart by
independent methods based on velocity measurements in
epicardial arteries may be limited and was not attempted in
this study.

N-13 ammonia as a flow tracer. The ‘‘ideal™ blood flow
tracer is expected to be highly extracted by the myocardium
and its tissue retention to be linearly related to flow over a
wide range. Radiolabeled microspheres fulfill these criteria,
with nearly 100% extraction by the tissue, which is indepen-
dent of the flow state (8,28). However. the need for arterial
injection of this tracer limits its clinical use. O-15 water is
highly extracted by tissue and can be used as an intrave-
nously injected flow tracer (7.9,10,29). However, this tracer
is freely diffusible across membranes, which results in rapid
clearance kinetics from myocardium and only little contrast
between blood and tissue activity. Application of O-15 water
for the evalvation of myocardial blood flow by positron
emission tomography requires delineation of blood activity
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by an independent tracer method to define myocardial tissue
(10). These more complex imaging protocols limit the feasi-
bility of this approach as a rontine clinical proceduse.

The flow tracer N-13 ammonia represents a compromise
between microspheres and freely diffusible tracers such as
0-15 water. This tracer is highly extracted by the myocar-
dium and is retained in tissue in proportion to bicod flow
6,15,30). The internal exchange of ammonia belween vas-
cular and extravascular space in the myocardium is deter-
mined by diffusion, whereas retention involves the metabolic
trapping of N-13 ammonia in the form of N-13 glutamine (6).
Previous criticism (15) of the use of N-13 ammonia as a flow
tracer focused on this metabolic component of activity
retention. Myocardial retention of N-13 ammonia can be
altered by pharmacologic inhibition of glutumine synthesis.
Thercfore, retention of N-13 ammonia may represemt a
combination of blood flow and the metabolic state of the
myocardium. At high flow states, “metabolic trapping” of
N-13 ammonia becomes the rate-limiting step of tracer
retention. This leads to an underestimation of blood flow in
the high flow state, limiting previous attempts (14) to accu-
rately assess blood flow in the high flow states.

N-13 ammonia extraction. To overcome this limitation in
assessing blood flow in the high flow state, a tracer kinetic
approach was developed 1o separate extraction from reten-
tion. In the proposed model, K, represents the product of
blood flow and extraction fraction of the tracer. The first
pass extraction of N-{3 ammonia has not been determined in
the human heart. However, animal studies (6) relating ex-
traction of N-13 ammonia to microsphere blood flow mea-
sured in canine myocardium over a wide range of blood flow
indicate a first pass extraction fraction >90%. Using the
relation of blood flow times first pass extraction fraction
assessed in canine myocardium by Schelbert et al. (6). the
permeability surface (PS) area product for N-13 ammonia
can be expressed as a function of blood flow (F):;

PS =108 + 2MF (9]

Calculations of the extraction fraction over the flow range
observed in our study predict a decrease in the extraction
fraction to only 92% (measured fiow [F] 460 ml/min per 100
g). Thus, blood flow will be only slightly underestimated on
the basis of K, measurements of the kinetic model. This
assumption is confirmed by the magnitude of coronary
reserve calculated in the studied volunteers. The average
value of 4.8 closely agrees with measurements based on
relative changes in blood flow velocity assessed by Doppler
flow catheter. Rossen et al. (24) reported a coronary reserve
of 4.4 * 1.1 obtained with intravenous injection of papaver-
ine in patients with normal coronary arteries.

Compartmental mode! configuration. The results of the
curve fit residuals shown in Figure 4 demonstrate the validity
of this model to describe the N-13 ammonia kinetics. With
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the limited temporal resolution of data acquisition possible
with posiiron emission tomographic imaging. many myocar-
dial ume-activity curves at baseline could be adequately
drscribed by model configuration 1, which did not incorpo-
vaie ky. This can be explained by noise in positron emission
tomographic data and the slow trapping process of N-13
ammonia in myocardial tissue. Because data acquisition was
limited to 10 min, model configuration | fit the baseline data
because it increases the distribution volume of the extravas-
cular compartment (Cp:lt]) in the model by decreasing the k,
cstimate to account for ihe metabolically retained N-13
ammonia, However, the kinetic behavior of N-13 ammonia
in the myocardial extravascular compartment is dramatically
aftered during high flow states (that is, a fourfold increase in
K, and k,). Under this condition. the concentration of N-13
ammonia is more rapidly cleared from the extravascular
compartment, and the fitting procedure can no longer adjust
to describe this behavior without the addition of k. There-
tore. model configuration 11 is the most appropriate form of
the model! to describe the N-13 ammonia kinetics over a wide
range of flow values (Fig. 4). Although model configuration }
appeared adequate to describe the data at baseline study,
model configuration . which includes k; as a variable,
produced “essentially™ identical estimates of the total frac-
tional blood volume. K,, and k, with k, values near zero.

Metabolic correction of N-13 bleod activity. N-13 ammo-
nia is rapidly metabolized in several organs (21,22). There-
fore, a correction factor for the contamination of the arterial
input function by N-13 metabolites was applied. The data in
this study demonstrate that the blood flow values (K,
estimates) show only a slight dependence on N-13 metabo-
lites because K, estimates are primarily dependent on the
tracer kinetics during the first 2 min after injection of N-13
ammonia. At this time, little metabolic contamination of the
arterial input function has been observed (22). The coronary
reserve measurement did not change after correction for
metabolites. indicating the clinical practicability of the
positron emission tomography approach without the need
for N-13 metabolite correction. However, k; is sensitive to
the N-13 metabolite correction. Therefore, kinetic positron
emission tomographic studies evaluating the rate of meta-
bolic incorporation of N-13 ammonia require correction of
the arterial input function for N-13 metabolites.

Limitations to guantification. The major limitation of all
quantitative technigues for examination of the human heart
with positron emission tomography results from the limited
resolution of the instrumentation and motion of the heart
through the cardiac cycle. Recently, lida et al. (31) ad-
dressed this issue by applying a technique that estimaies
myocardial blood flow from the washout rate of O-15 water
from the tissue after a bolus administration. Because the rate
at which radioactivity egresses from the tissue is not propor-
tional to the geometry of the tissue relative to the image
plane of the tomograph, this technique will be insensitive to
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partial volume distortions (32). However, examination of the
error properties for dynamic O-15 water techniques in the
brain, as demonstrated by Koeppe et al. (33), shows that the
coefficient of variation for model washout variables is much
larger than the coefficient of variation of K, the model
variable describing the uptake of tracer. Therefore, studies
designed to examine the relative change in myocardial blood
flow when comparing physiologic states are more effective
using estimates of the uptake variable rather than the wash-
out model variables. Conversely, the development of studies
that rely on a single absolute estimate of myocardial blood
flow may be mote appropriately suited for a technique that is
free of pattial volume distortions. In the present study. this
technique was developed for the estimation of coronary
reserve, which reflects relative changes of flow and is,
therefore, less sensitive to partial volume effects.

The data presented here were obtained in healthy volun-
teers. Further studies are required to assess the error sensi-
tivity of the proposed approach in patients with coronary
artery disease. Blood flow reduction may be more difficuit to
accurately assess. Low count statistics and geometric fac-
tors (wall thinning) may limit the application of this approach
under such circumstances (32.34).

Conclusions. Dynamic positron emission tomographic
imaging with N-13 ammonia allowed the quantitative assess-
ment of myocardial blood flow at rest and after intravenous
infusion of dipyridamole; the data agreed well with those
obtained by independent techniques such as digital angiog-
raphy and Doppler catheter estimates. With use of a new
tracer Kinctic model, N-13 ammonia extraction can be sep-
arated from the metabolic N-13 ammonia tissue retention.
Blood flow measurements based on N-13 ammonia extrac-
tion are more accurate at high flow states and less sensitive
to potential changes in the metabolic environment.

This study demonstrates the feasibility of noninvasive
quantitation of the regional coronary reserve by using
positron emission tomography. which will allow assessment
of the functional significance of regional coronary artery
disease and evaluation of vascular conductance in various
cardiac diseases. Further clinical studies in patients with
coronary artery disease will determine the diagnostic value
of quantitative flow measurements for assessing the severity
of coronary artery disease. Thus, positron emission tomog-
raphy may be a clinically useful tool to objectively define the
significance of disease and may provide absolute flow crite-
fia to op}imize therapy and study the effect of coronary
interventions.

Appendix

The kinetic model describing the behavior of N-13 ammonia in
myocardial tissue is based on the following assumptions:

1) N-13 ammonia behaves iike a freely diffusible tracer at the
capillary-myocardial tissue interface.

2} N-13 ammonia is converted to N-13 glutamine by glutamine
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synthetase and is ‘‘essentially’” trapped within the myocardial
fissue,

3) The extracellular and intracellular N-13 ammonia pools rap-
idly equilibrate.

4) The available glutamine synthetase level remains esseatially
unchanged throughout the study and. therefore, the probability that
anammonia molecule in the tissue is converted to glutamine remains
constant.

These simple assumptions lead to a set of linear first order
differential equations describing the kinetics observed in myocardial
tissue (see Table 1 for abbreviations):

dCptt
“““&‘”“ = K C) = k() = kGt = ACKD HEY

dCq1)
T = klCp() ~ AC(0. 12a)

A solution to this set of coupled differential cquations can be derived
using Laplace transform technigues (35). The first step in the
derivation consists of taking the Laplace transform of cquations la
and 2a:

SCits) ~ Cptod = K Cats) = kyCits) = kiCpds) = ACts) 13a)
sCats) = Cuto) = kiCeis) = ACq(s). {4a}

Algebraic manipulation of each of these equations, assuming that
initial tracer conccntrations in the tissuc are zero, leads to the
following expressions:

gy - KICH) .
“'“wkﬁkﬁlx Sal

. kiCis)
(h(w w .
st

|6a}

Substitution of cquation S5a into equation 6a yields:

K|k]C‘.(S)
Wt ANs Tk + Ky + A)

Cyls) = {7a}

Equations 2 and 7a can now be inverse Laplace-transformed to
form an expression for the radionuclide concentration in each tissue
compartment as a function of time. Equation 5a is easily separated
into the product of two functions C,(s) and K,As + k, + k, + A).
Therefore. the expression for Cy(t) will be the convolution of the
inverse transform of each of these funciions:

L NCts)) = Cat) 18a}
L7 UKs +ky+ky + 4)) = Kpg " e ke an 19a}

Therefore:
Cett) = Kg % 54 6y ¢ {10a]

Because the arterial input curve C,) will vary from patient 1o
patient or study to study. it cannot be described explicitly through
the use of an equation.

lnverse transformation of equation 7a is a litile more complex
because it does not cast itself into a form that is easily transformed.
However, if the two terms in the denominator of this expression are
multiplied. a quadradic function of s is produced:

S+A)s+ko+ky+A)=sl+s
‘(kg+k3+2ﬁ)+“k:+k; +A). [Na]
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It is easy to show that the roots (&,. a,) of this expression are

(ko b Ky + 240 = aiko + Ky £ 2007 = 8Aiks + Ky + A)

Qxyp = [i2al

hi

Thus, equation 7a can be expressed in a form for which the inverse
Laplace transform can be calculated:

ngy(:“(s)

Cils) = —mmmemstion «
als) 8~ ayls — a3)

113a}

Once again. the expression in equation 13a is the product of two
functions for which the inverse transform can be caleulated easily:

LTSN = Cay

. KIIU K[k\
L ! (C al ¢ -n,‘rl.
-a)s~a)) @ -

The expression for Cqlt) then becomes the convolution of the
functions in equations 14a and 15a:

[ 1da)

{15a]

Kiky
Coll) =~ fo = ¥ — o 7 R C (1), [16a)
@ = &)

Summation of equations 10a and 16a then produce an expression for
the tissue radionuclide concentration:

Kika

¥y = ¥y

CT(l) = Kle— (k2 + kv an ®Cu“)

[e" " —¢ *@C, 0. 17a)
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