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To determine if dynamic PET and '*N-ammonia can be utilized
to quantitate regional hepatic arterial blood flow (rHABF)
noninvasively, eight anesthetized dogs and eight human vol-
unteers were examined with PET following intravenous bolus
administration of '*N-ammonia. Hepatic time-activity curves
and the arterial input function were derived from ROIls drawn
over the right lateral superior segment of the liver and the left
ventricle of the heart, respectively. rHABF was quantitated
using a two-compartment model, with comparison with si-
mulitaneously acquired microsphere blood flow measurement
(MS) in the canine studies. rHABF derived from canine dy-
namic PET with *N-ammonia were linearly related to micro-
sphere values (rHABF = 0.92 X MS + 0.04, r = 0.98), with a
mean of 0.40 mi/min/g. The results in eight normal volunteers
gave a rHABF value of 0.26 + 0.07 mi/min/g. Dynamic '>N-
ammonia hepatic PET allows noninvasive quantification of
rHABF.
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Since various liver diseases alter hepatic arterial circu-
lation (/), accurate noninvasive, quantitative determina-
tion of hepatic arterial blood flow in humans may enhance
our understanding of these disease processes. Several ex-
perimental techniques available in the animal model allow
quantitative assessment of regional hepatic arterial blood
flow (rHABF) under a variety of conditions (2). However,
most of these techniques are either invasive (e.g., flow
probes) or require postmortem analysis of tissue radioac-
tivity (radiolabeled microspheres). Several noninvasive
radionuclide scintigraphic techniques have been developed
to assess hepatic blood flow (3). However, these techniques
permit only estimation of the relative contributions of
hepatic arterial and portal venous blood flows, or “effective
hepatic blood flow” (3). With advances in PET, several
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techniques employing '*N-ammonia, '*O-water or ®2Rb
have been described for the absolute quantification of
myocardial blood flow (4-8). In particular, dynamic PET
with '*N-ammonia and tracer kinetic modeling permit
separation of the initial tracer extraction of ammonia and
its subsequent metabolic conversion to glutamine in the
myocardium. The liver receives about 25% of the cardiac
output, is involved with most of the biochemical metabo-
lism in the body, and is large and relatively homogeneous
without much motion. All these factors make it ideal for
PET imaging (9). Moreover, the high first-pass extraction
of ’N-ammonia by the liver [93% in rat livers (/6)] makes
it an excellent tracer for hepatic blood flow with PET
imaging.

The purpose of this investigation was to determine
whether hepatic arterial blood flow can be estimated by
dynamic PET imaging employing '*N-ammonia and a
two-compartment kinetic model. Blood flow measure-
ments with '>’N-ammonia and dynamic PET were then
compared to hepatic microsphere blood flow values. The
technique was then applied to normal human volunteers
to determine if estimates of rHABF obtained through PET
are in a range consistent with literature values and also to
assess its clinical practicality.

MATERIALS AND METHODS

Animal Studies

Mongrel dogs weighing 20-30 kg were anesthetized with intra-
venous sodium pentobarbital (25 mg/kg), intubated, and venti-
lated with room air using a Harvard pump. Polyethelene catheters
were advanced through femoral arteries into the abdominal aorta
for withdrawal of arterial blood and monitoring of systemic blood
pressure. A tygon catheter was placed in the atrial appendage for
injection of radiolabeled microspheres. The anesthetized dogs
were placed in a Siemens ECAT 931/08 PET scanner in the
lateral position to include left ventricular cavity and the superior
portion of the liver. With the last two dogs, the studies were
performed with a CTI/Siemens 713 ECAT animal tomograph,
with the liver in the center of the field of view. As part of a cardiac
experiment, left thoracotomy was performed to allow monitoring
of flow changes in the left anterior descending artery following
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TABLE 1
Summary of Dog Intervention

rHABF (mi/ming/g)

Dog no Run no. Intervention protocol PET measured Microsphere flow
1 a LAD occlusion 0.13 + 0.0005 0.15 £ 0.02
2 a control 0.87 £ 0.03 0.90 + 0.06

b dipyridamole IV infusion 0.46 + 0.02 0.44 + 0.05
c LAD occlusion 0.33 + 0.01 0.22 + 0.03
3 a control 0.26 + 0.01 0.24 + 0.03
b dipyridamole IV infusion 0.46 + 0.02 0.41 £ 0.04
4 a control 0.22 + 0.01 0.23 + 0.03
b LAD occlusion 0.08 + 0.002 0.03 £ 0.01
5 a control 0.12 + 0.01 0.14 + 0.02
b dipyridamole IV infusion 0.30 + 0.02 0.19 £ 0.02
c LAD occlusion 0.16 + 0.02 0.19 + 0.02
6 a dipyridamole IV infusion 0.44 + 0.02 0.31 £ 0.04
b LAD occlusion 0.20 + 0.02 0.15 £ 0.02
7 a control 0.36 + 0.04 0.39 + 0.04
b dipyridamole IV infusion 0.58 + 0.06 0.64 + 0.08
8 a control 0.11 £ 0.01 0.10 £ 0.01
b dipyridamole IV infusion 0.22 + 0.02 0.22 + 0.02

With the exception of the dog in study 2, which had an unusually high baseline rHABF demonstrated by both microsphere and the dynamic
PET measurement. Two studies (3 and 5) demonstrated an increase of 77% and 150% in rHABF after the infusion of dipyridamole. Study 4
showed a reduction of 64% in rHABF after acute LAD occlusion (0.08 mi/min/g) from the baseline (0.22 mi/min/g), while in study 5, where
the baseline rHABF is very low (0.12 mi/min/g), there was no significant change after LAD occlusion (0.16 mi/min/g). Studies 1 through 6
were performed with ECAT 931 and the data were used to estimate p(1) in model Equation 10. Studies 7 and 8 were performed with ECAT
713 animal tomograph and the data from these two studies were used to assess the validity of the model.

pharmacologic intervention or mechanical occlusion. Monitoring
of ECG lead II, systemic blood pressure and blood gases was
performed throughout each experiment.

A total of 17 studies were performed in eight dogs in conjunc-
tion with cardiac blood flow experiments. The interventions listed
in Table 1 were performed in addition to a baseline study at
control flow. Global hyperemia was induced by constant infusion
of dipyridamole (0.56 mg/kg) over 4 min in six experiments. In
five experiments, regional myocardial hypoperfusion was induced
using a hydraulic coronary occluder placed distally to the flow
probe resulting in a reduction in cardiac output.

Nitrogen-13-ammonia (5 mCi = 185 MBq) was injected intra-
venously as a 30-sec slow bolus, and dynamic PET acquisition
began concomitantly. Simultaneous with '>’N-ammonia injection,
1.5 x 10° polystyrene microspheres (15.5 + 0.1 um) labeled with
15 uCi of “Sc, ’Co, ''*Sn, *Nb or 'Ru were injected into the
left atrium. Arterial blood samples were drawn every 10 sec for
the first 2 min, and whole blood samples were immediately
counted for their >N radioactivity in a scintillation well counter.
The fraction of plasma activity remaining as '*N-ammonia was
determined biochemically at 40, 80, 120 and 180 sec after initi-
ation of '*’N-ammonia infusion. Nitrogen-13-ammonia was sep-
arated from metabolites by cation exchange chromatography
(Dowex AG 50W - X8, 50-100 mesh) and the fraction was
counted for radioactivity in a well counter.

After the animals were killed, the livers were harvested and 12
segments of approximately 800 mg were dissected from various
parts of the liver for microsphere analysis of rHABF according
to:

rHABF (ml/min/g) = F;, X (C/Cy), Eq. 1

where F,, is the withdrawal rate for arterial blood samples (ml/
min), C, is microsphere tissue concentration (cpm/g), and C, is
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total microsphere activity in the reference arterial blood sample
(10).

Normal Subjects

Eight healthy male human volunteers participated in this
investigation. The mean age was 20 + 2 yr (range 17-24 yr). All
subjects were studied under fasting condition (=12 hr). After
giving informed consent, each subject was studied in a supine
position, in a ECAT 931 whole-body scanner to allow simulta-
neous 15 planes image acquisition of the left ventricular cavity
and superior aspect of liver. Twenty millicuries (740 MBq) of
’N-ammonia in saline were injected intravenously over a 30-sec
period. No blood samples were taken.

Data Acquisition

Transmission images using a **Ge filled circular ring source
were obtained for correction of photon attenuation. A calibration
factor was determined by comparing activity concentration, as
measured by PET in a cylinder containing a uniform concentra-
tion of %Ge, with the concentration obtained by counting an
aliquot of the cylinder solution in a well counter.

Dynamic PET scans were performed following an intravenous
injection of '>N-ammonia. The acquisition protocol consisted of
twelve 10-sec frames and six 20-sec frames acquired consecutively
for a total imaging time of 4 min.

Data Analysis

A Shepp-Logan filter with cutoff at 30% Nyquist frequency
was used for image reconstruction, resulting in an in-plane image
resolution of 10.5 mm FWHM with a slice thickness of 6.75 mm
in the ECAT 930 tomograph. For the ECAT 713 tomograph, the
in-plane image resolution was 6.2 mm FWHM and slice thickness
was 3.37 mm. In the first 13 canine experiments and in all the
human studies, hepatic tissue activity was determined by region
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of interest (ROI) analysis in six areas evenly distributed in the
right superior lateral aspect of the liver. The arterial input func-
tion was determined from a circular ROI centered in the left
ventricular cavity of a mid-left ventricular slice (/7). In the last
four canine experiments done in the ECAT 713 animal tomo-
graph where the liver was in the center of the field of view, ROIs
were drawn over six areas evenly distributed in the mid-portion
of the right and left lobes of the liver. In the canine studies, a
comparison with the input function as calculated from arterial
blood samples was also performed. The data from the first 13
experiments were used to estimate the parameter p(1) in the
extraction fraction formula (see the following section), while the
data from the last 4 experiments were used to evaluate the validity
of the model.

Tracer Kinetic Modeling

A two-compartment mathematical model as shown in Figure
1 was used to fit the data. The model consists of both a free space,
composed of vascular and free ammonia, and a trapped space for
3N bound in tissue. The tracer kinetics of the model are described
mathematically by the following equations:

dQftt) _ —=(K1 + rHABF). Qf{t)
dt v

+ k2-Qt(t) + rHABF-Ca(t)-p

dQut) _ K1-Qftt)
dt A

where Qf{t) and Qt(t) are, respectively, the total activities (cpm/
pixel) in the free (Qf) and trapped (Qt) space, K1 is the forward
rate constant from the free-to-trapped compartment (ml/min/g),
k2 the reverse-rate constant from the trapped-to-free compart-
ment (min~'), V is the distribution volume of the tracer within

Eq.2

—k2-Qu(1), Eq.3

<

FIGURE 1. Two-compartment model for hepatic arterial biood
flow, where Q(t) is the total activity (cpm/pixel) in the free (Qf)
and trapped (Qt) space, K1 is the forward-rate constant from the
free-to-trapped compartment (mi/min/k), k2 is the reverse-rate
constant from the trapped-to-free compartment (min~'), V is the
distribution volume of the tracer within the free space (ml/g),
rHABF is hepatic blood flow (ml/min/g), Ca(t) is the arterial activity
of *N-ammonia (cpm/pixel), p is the specific gravity of blood (~
g/ml), and t is time (min). The arterial input function Ca(t) was
determined from a left ventricular blood-pool ROI.
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the free space (ml/g), rHABF the hepatic arterial blood flow (ml/
min/g), Ca(t) the arterial activity of '*N-ammonia (cpm/pixel), p
the specific gravity of blood (~1 g/ml), and t is time (min). The
arterial input function Ca(t) was determined from a left ventric-
ular blood-pool ROI. The liver tissue time-activity curve was
obtained from the dynamic PET study: Let Y be the sum of Qt
and Qf, i.e.,

Y = Qt(t) + Qftv). Eq. 4

The tissue extraction E is defined as the ratio of the extracted
activity to the total activity delivered to the system. From the
model, E can be shown to be:

K1
E = X1+ rHABF’ Eq.5
Rearranging Equation § gives:
1 = HABFE. Ea.6

In addition, the relationship between E and rHABF was experi-
mentally determined in Equation 11 as described in the next
section. This relationship for K1, E, and rHABF was used in
conjunction with the observed arterial and tissue time-activity
data in the equations. A nonlinear least squares fitting procedure
was used to fit the hepatic tissue activity data, Y, to the above
differential equations.
Several assumptions were made in our study:

o There was no significant portal venous contribution of '*N-
ammonia during the first 90 sec of scan time.

o Nitrogen-13-ammonia behaves like a freely diffusible tracer
at the capillary-sinusoid interface.

o Only the initial 90 sec of time-activity data was used in the
fitting routine. By limiting the data analysis to 90 sec, it was
assumed that backdiffusion from trapped-to-free space is
minimal, i.e., k2 = 0. A check of this assumption was made
by comparing flow estimates with k2 set to 0.01/min and
0.2/min.

o A value of 0.8 ml/g was used for the free space volume of
distribution, V. The effect of an inaccurate estimation of V
on the final value obtained from rHABF was investigated by
varying V from 0.5 ml/g to 2.0 ml/g.

The tracer kinetic modeling software BLD (/2) was used to
perform all nonlinear fitting of the model equations to the time-
activity data.

Hepatic Net Extraction of ’N-Ammonia

Regional hepatic activity concentrations of tracer are a func-
tion of first-pass extraction E, rHABF and the integral of the total
arterial input curve Ca(t). The hepatic activity concentration Q(T)
at time T after tracer injection can be described by:

Q(T) = E-tHABF. [J°  Ca(t)dt, Eq.7

where the arterial tracer activity concentration Ca(t) is determined
from the left ventricular cavity in serial cross-sectional images.
Rearranging Equation 7 gives:

Q)
J&° Ca(tyat”

For ’N-ammonia, hepatic tissue activity was determined from
the images at 90 sec, that is, the arterial input function was

E-rHABF = Eq. 8
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integrated over the first 90 sec only. This was done because
hepatic tissue activity concentration changes little thereafter.
Assuming that E is a function of rHABF in the following manner
as given by the Renkin-Crone equation (/3-15):

E = [] - e-p(l)/rHABF]'

Eq.9

where p(1) is the permeability surface product with a unit in ml/
min. By multiplying both sides of Equation 9 by rHABF, the
following relationship was obtained:

E-tHABF = rHABF.[I — e *!/HABF], Eq. 10

Using the values of E-rHABF from the first 13 experiments
calculated from Equation 8 and the values of rHABF obtained
from the microsphere studies, we estimated p(1) to be 1.18 ml/
min/g by nonlinear regression, as shown in Figure 2, with r? =
0.90. Thus, in the model, E is constrained to be related to rHABF
according to the equation below:

E = (1 — ¢ ! 1#/HABF)

Vascular Component in the Estimation of rHABF

Since the liver parenchyma is immersed in the vascular space,
it is important to evaluate the effect of vascular space on the
estimation of rHABF. Nonlinear regression was performed with
an additional vascular component added to Equation 2 in the
following way:

Eq. 11

Y = Qf{t) + Qt(t) + VS-Ca(t), Eq. 12

where VS is an additional parameter (non-dimensional) denoting
the vascular fraction from the arterial input function, Ca(t). VS
may also represent the spillover fraction from the surrounding
tissues, but since the ROI is drawn away from the heart and there
are no other organs with high '*N radioactivity near the liver, VS
should mostly represent the vascular component within the liver

08

E x F (ml/min/gm)

0.0 v y T T
0.0 0.2 0.4 0.6 0.8 1.0

Microsphere flow (ml/min/gm)

FIGURE 2. The plot of the product of extraction fraction (E)
and rHABF, as obtained from dynamic PET canine studies against
microsphere hepatic blood flow, to estimate p(1). The product of
E.rHABF on the y-axis was obtained from Equation 8, where
Q(T) is liver tissue radioactivity calculated from dynamic PET
imaging, and Ca(t) the input function obtained from left ventricular
cavity time-activity curves. rHABF on the x-axis was obtained
from the microsphere studies. Nonlinear regression of the plot
ge‘ds a p(1) estimate of 1.18 mi/min/g, s.e. = 0.24 mi/min/g, and
= 0.83.
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parenchyma. Nonlinear regression to estimate rHABF and VS
was performed using tissue and arterial time-activity curves along
with Equations 2, 3, 6, 11.

RESULTS

Kinetic Behavior of Ammonia in Liver

Figure 3A-B shows '’N-ammonia PET images for a
normal volunteer and a dog, respectively. Uptake and
retention of the tracer in the liver parenchyma gradually
increased. Representative regional time-activity curves
generated by using ROIs over the canine liver tissue and
the left ventricular cavity are shown in Figure 4. The
concentration of '*N increases for approximately 90 sec.
The hepatic level of '*N-ammonia plateaus after the initial
rise and remains relatively constant thereafter.

Estimates of Liver Blood Flow

Hepatic arterial blood flows from the canine experi-
ments were estimated by fitting the time-activity curves
with the model for each study (see Methods). A typical
curve fitted to the liver time-activity curve is shown in
Figure 5, with high correlation coefficient (0.95) and fast
convergence (less than five iterations for convergence cri-
teria set at 0.1%). A summary of calculated rHABF versus
microspheres (MS) data in the first 13 experiments are
shown in Figure 6. Linear regression yields rHABF = 0.95
X MS + 0.04 (r = 0.97, residual sum of squares, RSS;3,

FIGURE 3. (A)PET images of the liver (left) and left ventricular
cavity (right) in a normal volunteer at 220-240 sec/frame. The
rHABF estimate in this subject is 0.30 mi/min/g. The crescent
shape activity in the right lower comer of the liver image is the
spleen. (B) PET images of the liver (left) and left ventricular cavity
(right) in a dog at 220-240 sec. The rHABF and myocardial biood
flow estimates in this study are 0.87 mi/min/g and 1.34 mi/min/
g, respectively.
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Counts/ml/sec

Time [min)

FIGURE 4. Time-activity curve for canine blood-pool and he-
patic tissue. Note that the liver curve rises and plateaus at 1.5
min, at which time the blood-pool time-activity curve has already
cleared.

equals 0.037). To test the validity of the approach, we
applied the model to dynamic PET data from the last four
experiments. Comparison with the simultaneous micro-
sphere rHABF is also shown in Figure 6, with linear
regression showing rHABF = 0.87 x MS + 0.02 (r = 0.98,
RSS. = 0.001). To examine if there was significant differ-
ence between the two lines, the residual sum of squares of
the linear regression of the combined line (RSS,;) was
obtained, and the F-ratio

{Rssn - (RSSB + RSS4)}/2
(RSS;; + RSS.)/d.f. ’

(where d.f. represents the degree of freedom, 13) was
calculated to be 1.23. At 95% confidence level (a = 0.05),
the above F-ratio showed no significant difference among
the combined line and each separate line. When the two
sets of data were combined into one, linear regression
yields rHABF = 0.04 + 0.92 X MS, r = 0.98.

K cta/sec/ml
8

100 4

u T
0.0 0.5 1.0 1.5
time (min)

FIGURE 5. A human hepatic tissue time-activity curve
(squares) from the same subject as in Figure 3A, and the fitted
curve (solid line) obtained from the two-compartment model, with
rP=0.98, and s.e. = 0.01.
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Extraction fraction estimates, E, were greater than 90%
in all human and canine studies except for the one canine
experiment with exceptionally high rHABF (0.87 ml/min/
g), which yields extraction fraction of 79%. To test the
sensitivity of the estimates on the parameter p(1), canine
rHABEF estimates were recalculated with +10% change in
the value of p(1) used in Equation 10, which resulted in
1.2% + 5.2% decrease or 3.7% + 4.4% increase in rHABF
estimates, respectively. Since microsphere flow value is not
obtainable in humans, we used 1.18 as the estimate for
p(1) derived from canine studies to calculate rHABF in
eight normal human volunteers, yielding a value of 0.26
+ 0.07 ml/min/g.

Effects of Correction for Metabolites on Flow
Determination

Nitrogen-13-ammonia is rapidly metabolized to urea
and glutamine in several organ systems (/6,1 7) and arterial
blood activity represents a mixture of '*N-labeled ammo-
nia, urea and glutamine. Comparison of the input func-
tions for the dog studies with and without metabolite
correction is shown in Figure 7. Our canine studies showed
an average of 69% of total radioactivity as ammonia at 2
min after injection, which is comparable to literature
values [81% + 17%, (17)]. To evaluate the effect of
correcting for '*N-metabolites in blood on hepatic blood
flows and rate constant estimates, results obtained from
curve fitting with and without a correction factor for '*N-
ammonia were compared. rHABF estimates were under-
estimated by including '*N-metabolites in blood by 4.1%
+ 0.66% in canine studies.

Effects of the Volume of Distribution on Flow
Determination

Varying the volume of distribution for '*’NH; within the
range of 0.5 to 2.0 ml/g resulted in less than 6% variation
in the estimated value of rHABF. Over the range of the

1.0

© the first 13 experiments
y=.041+095%x, r=097

038 O  the last 4 experiments

y=0.02+087¢x, r=098

dynamic PET

0.6 1

041 ?

0.2 1

rHABF estimated from N-13
(ml/min/gm)

00 ——— Y v
0.0 0.2 04 0.6 0.8 1.0

Microsphere hepatic blood flow
(ml/min/gm)

FIGURE 6. rHABF estimated from PET versus values obtained
from microspheres in the first 13 and the last 4 canine studies.
The standard errors are larger at higher flow.
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expected k2 values (0 to 0.2 min™'), there is less than a 2%
increase in rHABF estimates. The effect on the rHABF
estimate, when varying either V or k2, is similar at both
high and low perfusion values.

Effect of Vascular Space on Flow Determination

Adding a vascular component as in Equation 12 in the
estimation of rHABF results in an average of 5.5% + 9.0%
variation in the flow estimates. The average of the vascular
component factor estimate, VS, is 0.025.

Comparison of Estimation of Flow Using Left
Ventricular Cavity (LVC) Time-Activity Curve Versus
Arterial Blood Samples

Comparison of flow estimates using LVC versus arterial
blood samples in the canine studies demonstrates an av-
erage difference of 4.3% + 7.8%.

DISCUSSION

Method Validation

The liver is a fairly homogeneous organ at the macro-
scopic level, even though it has long been established that
there are different populations of hepatocytes, including
periportal hepatocytes (near the sinusoidal inflow) and
perivenous hepatocytes (near the sinusoidal outflow) (/8).
Each carries different sets of enzymes and behaves in a
metabolically different manner. For our purposes, since
these populations are very well intermixed within the liver
parenchyma, they would not be differentiable with the
spatial resolution of the current tomograph. Thus, it ap-
pears appropriate to consider the liver a homogeneous
organ. In addition, blood flow within the liver appears to
be uniformly distributed, as previously indicated by the
even distribution of microspheres injected into either the
hepatic artery or the portal vein (/9). Since only the first
90 sec of the study was used for the estimation of rHABF,

Counts/ml/sec

Time [min]

FIGURE 7. Comparison of left ventricular input function with
and without metabolite correction in a canine study. Note that in
the first 2 min of study there are relatively small differences
between the two curves, and the rHABF estimates show a 3%
difference.

2204

no significant activity is expected to be in the biliary tree.
Moreover, when the vascular space is taken into account,
estimates of rHABF vary only 5.5%, with a small vascular
component (an average of 2.5%). Thus, it is reasonable to
use the average rHABF estimated from '*N-ammonia for
comparison with the average flow value obtained from the
microsphere study in order to demonstrate the feasibility
of estimating regional hepatic blood flow in both canine
and human liver with *N-ammonia and dynamic PET
imaging. By using a simple two-compartment tracer ki-
netic model, isolation of the initial tracer extraction by the
liver tissue from subsequent metabolic radionuclide trap-
ping in the form of '*N-glutamine can be achieved. In the
last 4 experiments, the surface permeability product, p(1),
obtained from the first 13 experiments was used to esti-
mate rHABF, which showed good correlation with micro-
sphere flow values ({HABF = 0.02 + 0.87 X MS, r = 0.98).
This was not significantly different from the value obtained
from the first 13 experiments, which further supports the
validity of the model.

In this study, we assumed that there was no significant
contribution to tissue radioactivity from portal venous
flow in the first 90 sec, even though portal vein constitutes
about two-thirds of total liver blood flow. This is based on
the following reasoning. First, if there was significant portal
contribution of '*’N-ammonia to the liver during the first
90 sec, the product of flow and extraction fraction should
be greater than rHABF calculated from microspheres, due
to the high extraction fraction of '*’N-ammonia in the liver
and the relative slow clearance of the label from the liver
as shown by Freed et al. (20) and by our measurements.
However, the present results showed the opposite, with
E.F values slightly less than microsphere rHABF (Fig. 2),
which supports our hypothesis that the contribution of
portal supply is insignificant during the first 90 sec of the
study. Second, the high intestinal extraction [close to
100%, (20)] suggests there may be significant delay and
dispersion of ammonia through the intestinal mucosa; the
radioactivity level in the portal venous flow is not expected
to be significant during the first 90 sec. Third, ammonia
is highly extracted by the spleen (~80%) (20) and therefore
little '*N radioactivity return from the splenic vein is
expected in the first 90 sec. Fourth, unlike the findings of
Freed et al. (20), our estimate of rHABF correlates very
well with the microsphere value, which only measures
HABF. In addition, our estimates of rHABF in human
(0.26 £+ 0.07 ml/min/g) were comparable with direct meas-
urement of HABF with intra-operative electromagnetic
flow probes in surgical patients (2/) that reported an
average value of 308 ml/min in eight patients without
liver disease. Assuming an average liver mass of 1350 g
(22), the above value yields rHABF of 0.23 ml/min/g.

The estimate of rHABF using the two-compartment
model in our study proved relatively insensitive to errors
in the assumed value of the volume of distribution (V) for
3NH; in the free space, as well as to errors in the assumed
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value of k2. In only one experiment, where rHABF was
unusually high (0.87 ml/min/g by PET, and 0.9 ml/min/
g by the microsphere study), did varying V from 0.5 ml/g
to 2.0 ml/g cause a significant variation in rHABF (13%).
In the low to moderately high range of rHABF (from 0.08
cc/min/g to 0.44 ml/min/g), varying V in uniform steps
of 0.3 ml/g from 0.5 ml/g to 2.0 ml/g resulted in less than
a 6% variation in the estimates. This suggests that the
estimation algorithm is stable within the physiologic range
of V over the duration of the study. Similarly, varying k2
from 0 to 0.1 and 0.2 min~' caused less than a 2% variation
in the estimate of rHABF. This was expected, since the
backdiffusion of NHj; in the liver does not appear to be
significant in the first 90 sec of the study. In addition, our
studies confirm the validity of using a left ventricular cavity
time-activity curve as the input function, showing insig-
nificant changes in flow estimate using arterial blood sam-
ples.

Since it is not possible to obtain tissue microsphere data
for human studies, the p(1) value estimated from canine
studies was used to calculate rHABF in humans. The
estimates appeared insensitive to p(1), since a 10% change
in p(1) resulted in only 3.7 + 4.4% variation in rHABF.
Moreover, the estimates of rHABF in normal human
volunteers agreed with the literature value as discussed
above, further confirming the practical utility of the p(1)
value used.

Dipyridamole is a vasodilator that acts predominantly
on small resistance vessels in the coronary bed. It has been
shown that dipyridamole acts on the hepatic arterial beds
by amplifying the dilation induced by exogenous adeno-
sine effects and by increasing the magnitude of the hepatic
arterial buffer response (23). It has also been demonstrated
that adenosine produces dilatation of the hepatic artery
(24), and the “adenosine washout hypothesis” has been
proposed as a mechanism for intrinsic hepatic arterial
blood flow regulation (/). In our study, with the exception
of dog number 2, which had an unusually high baseline
rHABF demonstrated by both the microsphere measure-
ment and the dynamic PET measurement, two other
experiments demonstrated an increase of 77% and 150%
in rHABF after dipyridamole infusion, which is consistent
with the reported effects of dipyridamole on hepatic arte-
rial flow.

It has been observed that in acute circulatory failure
there may be a transient increase in transaminase (is-
chemic hepatitis). If prolonged, there may be permanent
zone 3 necrosis (cardiac cirrhosis). In our study, one
experiment showed a reduction of 64% in rHABF after
acute LAD occlusion (0.08 ml/min/g) from the baseline
(0.22 ml/min/g), while in another study where the base-
line rHABF is very low (0.12 ml/min/g), there was no
significant change after LAD occlusion (0.16 ml/min/g).
These data are consistent with the hypothesis that an
impairment in visceral arterial flow may contribute to
hepatic dysfunction in circulatory failure.

Quantification of Hepatic Arterial Blood Flow * Chen et al

Nitrogen-13-Ammonia as a Flow Tracer for rHABF

Detailed comparisons of various tracers for myocardial
blood flow, i.e. *’N-ammonia, '*O-water and *’Rb, have
been reported (4-7). The “ideal” blood flow tracer should
be highly extracted by the tissue of interest. Such tissue
retention should be approximately proportional to flow
over a wide range of values. It has been shown that 93%
of '’N-ammonia is extracted in the first pass in rat liver
(16), while the bulk of the tracer is removed from the
blood within 1-2 min from injection in the rat study. The
metabolism of ammonia in the liver is extremely rapid (t,
~ 5 sec), with '’N-ammonia being converted into gluta-
mine, aspartate and urea. However, the trapping is revers-
ible due to the glutamine dehydrogenase reaction, and it
is not possible to decide whether the reaction results in a
net synthesis or a net removal of ammonia from the liver.

In our studies, >N activity shows a steady rise to peak
concentration in both human and canine livers between 1
and 2 min from the bolus injection of '*N-ammonia. In
addition, the two-compartment rHABF model yields high
extraction fraction estimates for both the canine and hu-
man studies, with rHABF estimates in canine studies
correlating well with microsphere results. This evidence
supports the conclusion that '*N-ammonia is a suitable
hepatic blood flow tracer.

Metabolic Correction of >N Blood Activity

Nitrogen-13 ammonia is rapidly metabolized in several
organs, resulting in the appearance of labeled metabolites
in plasma (16). Therefore, a correction factor for the
contamination of the arterial input function was applied.
Data from this study demonstrate that blood flow values
show only a slight dependence on >N metabolite correc-
tion, since rHABF estimates are obtained from the tracer
kinetics during the initial 90 sec after the injection of '*N-
ammonia. At this time, little metabolic contamination of
the arterial input function is expected [(/8,25) and Fig. 7).
This indicates the clinical practicality of the present ap-
proach without the need for 'N-ammonia metabolite
correction.

Technical Considerations

The liver appears to be an organ very suitable for PET
imaging due to its large size, homogeneity, and relative
absence of motion. Image reconstruction can be performed
with a filter of low cutoff frequency, corresponding to low
noise level in the final image. Further improvement in
statistics may be obtained by summing together several
image planes. In current PET scanners, the axial field of
view (FOV) allows only a 10-cm long section of the patient
or animal to be simultaneously imaged. If one wishes to
image the liver over its entire length, it is likely that the
left ventricular cavity would fall outside the FOV. For this
reason, we are currently investigating the use of the abdom-
inal aorta for arterial input function determination.
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CONCLUSIONS

Dynamic PET imaging with '*N-ammonia allowed the
quantitative assessment of rHABF, which correlated well
with values obtained by independent microsphere tech-
nique (rHABF = 0.92 x MS + .04, r = 0.98) in canine
studies under various flow conditions. The same quanti-
fication performed on normal human volunteers yields a
mean rHABF of 0.26 + 0.07 cc/min/g, which is in agree-
ment with the literature values. Further studies in patients
with severe hepatocellular disease but normal cardiac out-
put as compared to patients with normal liver function
but low cardiac output will be needed to show the inter-
relationship of the pump and blood flow reserve.
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EDITORIAL

The Development and Application of Mathematical Models in

Nuclear Medicine

he introduction and application
of more sensitive and specific
radiopharmaceuticals is a major com-
ponent of scientific progress in nu-
clear medicine. Each tracer is targeted
to measure a certain physiologic pa-
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rameter of interest (e.g., blood flow,
metabolism, receptor content) in one
or more organs or regions. PET and
SPECT instrumentation can produce
high quality three-dimensional images
of the radioactivity distribution of
each tracer. With proper corrections
for the various physical effects in
emission tomography (e.g., attenua-
tion, scatter), quantitatively accurate
measurements of regional radioactiv-

ity concentration can be obtained.
These quantitative images of tracer
distribution can be useful, both clini-
cally and scientifically. The use of
tracer kinetic modeling techniques,
however, can substantially improve
their quality and utility (/). The
model defines the quantitative con-
nection between the radioactivity lev-
els and all of the physiologic parame-
ters that affect the uptake and metab-
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