
techniques employing â€˜3N-ammonia,â€˜50-wateror 82Rb
have been described for the absolute quantification of
myocardial blood flow (4-8). In particular, dynamic PET
with â€˜3N-ammoniaand 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-passextraction
of â€˜3N-ammoniaby the liver [93%in rat livers (16)] 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 â€˜3N-ammoniaand a
two-compartment kinetic model. Blood flow measure
ments with â€˜3N-ammoniaand dynamic PET were then
compared to hepatic microsphere blood flow values. The
technique was then applied to normal human volunteers
to determine ifestimates ofrHABF obtained through PET
are in a range consistent with literaturevalues and also to
assess its clinical practicality.

MATERIALS AND METhODS

AnimalStudies
Mongreldogsweighing20-30 kgwereanesthetizedwith intra

venoussodiumpentobarbital(25 mg/kg),intubated,and venti
latedwithroom air usinga Harvardpump. Polyethelenecatheters
were advanced through femoral arteries into the abdominal aorta
forwithdrawalofarterialbloodandmonitoringofsystemicblood
pressure.A tygoncatheterwasplacedin the atrial appendagefor
injection of radiolabeled microspheres. The anesthetized dogs
were placed in a Siemens ECAT 931/08 PET scanner in the
lateralpositionto includeleft ventricularcavityand the superior
portion of the liver. With the last two dogs, the studies were
performedwith a CTI/Siemens 713 ECAT animal tomograph,
withthe liverin the centerofthe fieldofview.Aspart ofa cardiac
experiment,leftthoracotomywasperformedto allowmonitoring
of flowchangesin theleftanteriordescendingarteryfollowing

To determineifdynamicPET and13N-ammoniacanbe 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 13N-ammonia.Hepatic time-activity curves
and the artetialinputfunctionwere detivedfrom ROIs drawn
overthe rightlateralsuperiorsegmentof the liverandthe left
ventricle of the heart, respectively. rHABF was quantitated
using a two-compartment model, with comparison with si
multaneouslyacquiredmicrospherebloodflow measurement
(MS) in the caninestudies. rHABF derivedfrom caninedy
namic PET with 13N-ammoniawere linearly related to micro
spherevalues(rHABF= 0.92 x MS + 0.04, r = 0.98), with a
meanof 0.40 ml/min/g.The resultsineightnormalvolunteers
gave a rHABF value of 0.26 Â±0.07 ml/min/g. Dynamic13N-
ammoniahepatic PET allows noninvasivequantificationof
rHABF.

J NuclMed 1991;32:2219â€”2208

ince various liver diseases alter hepatic arterial circu
lation (1), accurate noninvasive, quantitative determina
tion ofhepatic arterialblood flow in humans may enhance
our understanding of these disease processes. Several cx
penmental techniques available in the animal model allow
quantitative assessment of regional hepatic arterial blood
flow (rHABF) under a variety ofconditions (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
radionuclidescintigraphictechniques have been developed
to assesshepaticblood flow (3). However, these techniques
permit only estimation of the relative contributions of
hepaticarterialand portalvenous blood flows, or â€œeffective
hepatic blood flowâ€•(3). With advances in PET, several
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rHABF(ml/ming/g)

Dogno. Runno. Interventionprotocol PETmeasured Microsphereflow

Eq.l

where F@is the withdrawalrate for arterial blood samples(ml/
mm), C1is microsphere tissue concentration (cpm/g), and Cbis

Withthe exception of the dog instudy 2, whichhad an unusuallyhighbaseline rHABFdemonstrated by both m@rosphereand the dynamic
PET measurement.Two stud@s(3 and 5) demonstrated an increaseof 77% and 150% in rHABF after the infusion of dipyiidamole. Study 4
showeda reductionof 64%in rHABFafteracuteLADocclusion(0.08ml/min/g)fromthe baseline(0.22ml/min/g),whilein study5, where
the baselinerHABFis very low (0.12ml/min/g),therewas no significantchangeafter LADocclusion(0.16ml/min/g).Studies1 through6
wereperformedwith ECAT931andthedatawereusedto estimatep(1)in modelEquation10.Studies7 and8 wereperformedwith ECAT
713 anImal tomograph and the data from these two studies were used to assess the validity of the model.

TABLE 1
Summary of Dog Intervention

1
2

LADocclusion
control
dipyridamoleIV infusion
LADocclusion
control
dipyridamoleIV infusion
control
LADOCclUSion
control
dipyridamoleIV infusion
LADocclusion
dipyridamoleIV infusion
LADocclusion
control
dipyndamoleIV infusion
control
dipyridamole IV infusion

0.13Â±0.0005
0.87Â±0.03
0.46Â±0.02
0.33Â±0.01
0.26Â±0.01
0.46 Â±0.02
0.22Â±0.01
0.08Â±0.002
0.12 Â±0.01
0.30 Â±0.02
0.16 Â±0.02
0.44 Â±0.02
0.20 Â±0.02
0.36 Â±0.04
0.58Â±0.06
0.11 Â±0.01
0.22 Â±0.02

0.15 Â±0.02
0.90Â±0.06
0.44Â±0.05
0.22Â±0.03
0.24Â±0.03
0.41 Â±0.04
0.23Â±0.03
0.03 Â±0.01
0.14 Â±0.02
0.19 Â±0.02
0.19 Â±0.02
0.31 Â±0.04
0.15 Â±0.02
0.39Â±0.04
0.64Â±0.06
0.10 Â±0.01
0.22 Â±0.02

a
a
b
C

a
b
a
b
a
b
C

a
b
a
b
a
b

3

4

5

6

7

8

pharmacologicinterventionormechanicalocclusion.Monitoring
of ECOlead II, systemicblood pressureand blood gaseswas
performed throughout each experiment.

A total of 17 studies were performedin 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.Globalhyperemiawasinducedbyconstantinfusion
of dipyridamole(0.56 mg/kg)over4 mm in six experiments.In
five experiments, regional myocardial hypoperfusion was induced
using a hydrauliccoronary occluder placed distally to the flow
probe resultingin a reductionin cardiacoutput.

Nitrogen-l3-ammonia(5 mCi = 185MBq)wasinjectedintra
venouslyas a 30-secslowbolus,and dynamicPETacquisition
beganconcomitantly.Simultaneouswith â€˜3N-ammoniainjection,
1.5 x 106 polystyrene microspheres(l5.5 Â±0.1 zm)labeled with

15 @Ciof 46Sc,57Co,â€˜â€˜3Sn,@Nbor â€˜Â°3Ruwereinjectedinto the
leftatrium.Arterialbloodsamplesweredrawnevery10 sec for
the first 2 mm, and whole blood sampleswere immediately
counted for their â€˜3Nradioactivityin a scintillationwellcounter.
The fractionof plasmaactivityremainingas â€˜3N-ammoniawas
determined biochemically at 40, 80, 120 and 180 sec after initi
ation of â€˜3N-ammoniainfusion. 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 radioactivityin a wellcounter.

Aftertheanimalswerekilled,theliverswereharvestedand 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,jCb),

total microsphereactivityin the referencearterial blood sample
(10).

Normal Subjects
Eight healthy male human volunteers participated in this

investigation.The mean agewas20 Â±2 yr (range 17-24 yr). All
subjects were studied under fasting condition (@l2 hr). After
giving informed consent, each subject was studied in a supine
position, in a ECAT 931 whole-bodyscanner to allow simulta
neous 15 planes image acquisition of the left ventricularcavity
and superior aspect of liver. Twenty millicunes (740 MBq) of
â€˜3N-ammoniain salinewereinjectedintravenouslyovera 30-sec
period. No blood samples were taken.

Data Acquisition
Transmissionimagesusinga @Geifiledcircularringsource

wereobtainedforcorrectionofphotonattenuation.Acalibration
factor was determined by comparing activity concentration, as
measuredby PET in a cylindercontaininga uniformconcentra
tion of 68@, with the concentration obtained by counting an
aliquot of the cylindersolution in a wellcounter.

Dynamic PET scans were performed following an intravenous
injection of â€˜3N-ammonia.The acquisition protocol consisted of
twelve10-secframesandsix20-secframesacquiredconsecutively
fora totalimagingtimeof4 mm.

Data Analysis
A Shepp-Logan filter with cutoff at 30% Nyquist frequency

was used for image reconstruction,resultingin an in-plane image
resolution of 10.5 mm FWHM with a slice thicknessof6.75 mm
in theECAT930 tomograph.FortheECAT713tomograph,the
in-planeimageresolutionwas6.2mmFWHMandslicethickness
was 3.37 mm. In the first 13 canineexperimentsand in all the
humanstudies,hepatictissueactivitywasdeterminedby region
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of interest (ROl) analysisin six areas evenlydistributed in the
right superior lateral aspect of the liver. The arterial input func
tion was determined from a circular ROl centered in the left
ventricularcavityof a mid-leftventricularslice(11). In the last
four canine experiments done in the ECAT 713 animal tomo
graph where the liver was in the center ofthe field ofview, ROIs
were drawn over six areas evenly distributedin the mid-portion
of the right and left lobes of the liver. In the canine studies, a
comparisonwith the input function as calculatedfrom arterial
blood samples was also performed. The data from the first 13
experiments were used to estimate the parameter p(l) in the
extractionfractionformula(seethe followingsection),whilethe
data from the last 4 experiments were used to evaluate the validity
ofthe model.

Tracer KineticModeling
A two-compartment mathematical model as shown in Figure

1was usedto fit the data. The model consists ofboth a freespace,
composed of vascular and free ammonia, and a trapped space for
â€˜3Nbound in tissue. The tracer kinetics ofthe modelare described
mathematicallyby the followingequations:

_ â€”(Ki + rHABF).Qflt)

dt V

+ @@.Q@(t)+ rHABF.Ca(t).p Eq. 2

@_q!@_K1.Qflt)-k2.Qt(t),
dt V

where Qgt) and Qt(t) are, respectively,the total activities (cpm/
pixel) in the free (Qf) and trapped(Qt) space, Kl 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

FiGURE 1. Two-compartmentmodel for hepatic artedalblood
flow,where0(t) is the totalactivity(cpm/pixel)in the free (Of)
andtrapped(Ot)space,Ki is theforward-rateconstantfromthe
free-to-trappedcompartment (mI/mm/k),k2 is the reverse-rate
constantfromthetrapped-to-freecompartment(min1),V is the
distribution volume of the tracer within the free space (ml/g),
rHABFishepaticbloodflow(ml/min/g),Ca(t)isthearterialactivity
of 13N-ammonia(cpm/pixel),p is the specificgravityof blood(@-
9/mI), and t is time(mm).The arterialinputfunctionCa(t)was
determinedfrom a left ventricularblood-poolROl.

the freespace (mug), rHABF the hepatic arterialblood flow (ml/
min/g), Ca(t) the arterialactivity of â€˜3N-ammonia(cpm/pixel), p
the specific gravity of blood (â€”4g/ml), and t is time (mm). The
arterialinput function Ca(t) was determined from a left ventric
ular blood-pool ROl. 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) + Qf(t). 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:

E K!

1@@â€”Ki + rHABF'

RearrangingEquation 5 gives:

â€” rHABF.E

K! !-E

Eq.5

Eq. 6

In addition, the relationshipbetween E and rHABF was experi
mentally determined in Equation 11 as described in the next
section. This relationship for K!, 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

3 differentialequations.
Eq. Several assumptions were made in our study:

â€¢There was no significant portal venous contribution of â€˜3N-
ammonia duringthe first90 secof scan time.

â€¢Nitrogen-l3-ammoniabehaveslike a freelydiffusibletracer
at the capillary-sinusoidinterface.

â€¢Only the initial 90 sec of time-activitydata 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 ofthis assumption was made
by comparing flow estimates with k2 set to 0.01/mm and
0.2/mm.

â€¢A value of 0.8 ml/g was used for the free space volume of
distribution,V. The effectof an inaccurateestimation of V
on the final value obtained from rHABF was investigatedby
varyingV from 0.5 ml/g to 2.0 mug.

The tracer kinetic modeling software BLD (12) was used to
performall nonlinear fittingof the model equationsto the time
activitydata@

HepaticNet Extractionof 13N-Ammonia
Regional hepatic activity concentrations of tracer are a func

tion offirst-pass extractionE, rHABFand the integralofthe total
arterial input curve Ca(t). The hepatic activity concentration Q(T)
at time T aftertracerinjection can be describedby:

Q(T) = E.rHABF.f@'Â° Ca(t)dt,

rHABF

Eq.7

wherethe arterialtraceractivityconcentrationCa(t)is determined
from the left ventricular cavity in serial cross-sectional images.
RearrangingEquation 7 gives:

Q(T)E.rHABF = p;0 @t@it@ Eq.8

For â€˜3N-ammonia,hepatic tissue activity was determined from
the images at 90 sec, that is, the arterial input function was
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Eq. 10

Using the values of E.rHABF from the first 13 experiments
calculatedfrom Equation 8 and the valuesof rHABF obtained
from the microspherestudies, we estimated p(l) to be 1.18 ml/
min/g by nonlinear regression,as shown in Figure2, with r2 =
0.90. Thus, in the model, E is constrainedto be relatedto rHABF
accordingto the equation below:

E = (1 â€”C_l.18/rHABF)

Eq.l2

whereVSisan additionalparameter(non-dimensional)denoting
the vascular fraction from the arterialinput function, Ca(t). VS
may also represent the spillover fraction from the surrounding
tissues, but since the ROl is drawn away from the heart and there
are no other organs with high 13Nradioactivity near the liver, VS
should mostly representthe vascularcomponent within the liver

FIGURE2. Theplotof theproductof extractionfraction(E)
andrHABF,asobtainedfromdynamicPETcaninestudiesagainst
microspherehepaticbloodflow, to estimatep(1).The product of
E.rHABF on the y-axis was obtained from Equation 8, where
0(T) is liver tissue radioactivitycalculated from dynamic PET
imaging,andCa(t)theinputfunctionobtainedfromleftventricular
cavity time-actMty curves. rHABF on the x-axis was obtained
from the microspherestudies. Nonlinearregressionof the plot
yieldsa p(1)estimateof 1.18ml/min/g,s.e. = 0.24 ml/min/g,and
r2= 0.83.

integrated over the first 90 sec only. This was done because
hepatic tissue activity concentration changes little thereafter.
Assumingthat E is a functionofrHABF in the followingmanner
as given by the Renkin-Croneequation (13.-iS):

E = [1 â€”C_P(1)/rHABF],

parenchyma. Nonlinear regressionto estimate rHABF and VS
was performedusing tissue and arterialtime-activitycurvesalong
with Equations 2, 3, 6, 11.

RESULTS

Kinetic Behavior of Ammonia in Liver
Figure 3A-B shows â€˜3N-ammoniaPET 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 â€˜3Nincreases for approximately 90 sec.
The hepatic level of â€˜3N-ammoniaplateaus after the initial
rise and remains relatively constant thereafter.

Estimatesof LiverBloodFlow
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 flued 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 ofcalculated 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,RS513,

Eq. 9

wherep(l) is the permeabilitysurfaceproduct with a unit in ml/
mm. By multiplying both sides of Equation 9 by rHABF, the
followingrelationshipwasobtained:

E.rHABF = rHABF.[l â€”e_p(l)/rHABFJ

Eq.ll

Vascular Component in the Estimation of rHABF
Sincethe liverparenchymais immersedin the vascularspace,

it is important to evaluate the effect of vascular space on the
estimationof rHABF.Nonlinear regressionwas performedwith
an additional vascular component added to Equation 2 in the
following way:

Y = Qflt) + Qt(t) + VS.Ca(t),

I
0.0 0.2 0.4 0.6 0.8

Mlcrophere flow (mi/mba/gm)

FIGURE3. (A)PETimagesoftheliver(left)andleftventricular
cavity(right)in a normalvolunteerat 220â€”240sec/frame.The
rHABF estimate in this subject is 0.30 ml/min/g. The crescent
shapeactivityin the rightlowercornerof the liverimageis the
spleen.(B)PETimagesof the liver(left)and left ventricularcavity
(right)in a dog at 220-240 sec.The rHABFand myocardialblood
flowestimatesin thisstudyare0.87ml/min/gand1.34mI/mini
g, respectively.
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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
rHABF estimates were recalculated with Â±10% change in
the value of p(l) used in Equation 10, which resulted in
1.2% Â±5.2% decrease or 3.7% Â±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(l) derived from canine studies to calculate rHABF in
eight normal human volunteers, yielding a value of 0.26
Â±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 (16,1 7) and arterial
blood activity represents a mixture of â€˜3N-labeledammo
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
mm after injection, which is comparable to literature
values [81% Â± 17%, (1 7)]. To evaluate the effect of
correcting for â€˜3N-metabolitesin blood on hepatic blood
flows and rate constant estimates, results obtained from
curve fitting with and without a correction factor for â€˜3N-
ammonia were compared. rHABF estimates were under
estimated by including â€˜3N-metabolitesin blood by 4.1%
Â±0.66% in caninestudies.

Effects of the Volume of Distribution on Flow
Determination

Varying the volume ofdistribution for 13J@4Jj3within the
range of0.5 to 2.0 ml/g resulted in less than 6% variation
in the estimated value of rHABF. Over the range of the

FIGURE6. rHABFestimatedfromPETversusvaluesObtained
frommicrospheresin the first I 3 andthe last4 caninestudies.
The standarderrors are largerat higherflow.

E

aa

2
Time (mba)

FIGURE4. Time-activitycurveforcanineblood-poolandhe
patic tissue. Note that the liver curve rises and plateausat 1.5
mm,at whichtimetheblood-pooltime-activitycurvehasalready
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,
R554 = 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 (R5517) was
obtained, and the F-ratio

1R5517â€” (RS513 + R554)J/2
(R5513 + R554)/d.f.

(where d.f. represents the degree of freedom, 13) was
calculated to be 1.23. At 95% confidence level (ci = 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.

FIGURE5. A humanhepatictissue time-activitycurve
(squares)from the same subject as in Figure3A, and the fitted
curve(solidline)obtainedfrom the two-compartmentmodel,with
r2= 0.98,ands.e.= 0.01.

I
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I
I.-'I

0.0 0.2 0.4 0.6
Microspherehepatic blood 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 ofrHABF results in an average of5.5% Â±9.0%
variation in the flow estimates. The average ofthe 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 of4.3% Â±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) (18).
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 arteryor the portal vein (19). Since only the first
90 secofthe study was used for the estimation of rHABF,

FIGURE7. Comparisonof leftventricularinputfunctionwith
andwithoutmetabolitecorrectionina caninestudy.Notethat in
the first 2 mmof study thereare relativelysmalldifferences
betweenthetwo curves,andthe rHABFestimatesshowa 3%
difference.

no significant activity is expected to be in the biliary tree.
Moreover, when the vascular space is taken into account,
estimates ofrHABF 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 â€˜3N-ammoniafor
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 â€˜3N-ammoniaand dynamic PET
imaging. By using a simple two-compartment tracer Id
netic model, isolation ofthe initial tracer extraction by the
liver tissue from subsequent metabolic radionuclide trap
ping in the form of â€˜3N-glutaminecan be achieved. In the
last 4 experiments, the surface permeability product, p(l),
obtained from the first 13 experiments was used to esti
mate rHABF, which showed good correlation with micro
sphereflow values (rHABF = 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 first90 sec, even though portal vein constitutes
about two-thirds oftotal liver blood flow. This is based on
the following reasoning. First, ifthere was significant portal
contribution of â€˜3N-ammoniato 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 â€˜3N-ammoniain 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 ofammonia 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 â€˜3Nradioactivity 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 Â±0.07 ml/min/g) were comparable with direct mess
urement of HABF with intra-operative electromagnetic
flow probes in surgical patients (21) 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 ofO.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 ofthe volume ofdistribution (V) for
13NH3in 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 rangeof rHABF (from 0.08
cc/min/g to 0.44 ml/min/g), varying V in uniform steps
ofO.3 ml/g from 0.5 ml/g to 2.0 ml/g resulted in less than
a 6% variationin the estimates.This suggeststhat the
estimation algorithm is stable within the physiologic range
of V overthedurationof the study.Similarly,varyingk2
from0 to0.1and0.2 min@1causedlessthana2%variation
in the estimate of rHABF. This was expected, since the
backdiffusion of NH3 in the liver does not appear to be
significant in the first 90 sec ofthe study. In addition, our
studies confirm the validity ofusing aleft 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 microspheredata
for human studies, the p(1) value estimated from canine
studies was used to calculate rHABF in humans. The
estimates appeared insensitive to p(l), since a 10% change
in p(l) resulted in only 3.7 Â±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(l)
value used.

Dipyridamole is a vasodilator that acts predominantly
on smallresistancevesselsin thecoronarybed.Ithasbeen
shown that dipyridamole acts on the hepatic arterial beds
by amplifying the dilation induced by exogenous adeno
sine effects and by increasingthe magnitude ofthe hepatic
arterial buffer response (23). It has also been demonstrated
that adenosineproducesdilatationof the hepaticartery
(24), and the â€œadenosinewashout hypothesisâ€• has been
proposed as a mechanism for intrinsic hepatic arterial
blood flow regulation(1). In our study, with the exception
of dog number2, whichhad an unusuallyhighbaseline
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
withthe reportedeffectsof dipyridamoleon hepaticarte
rial flow.

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

Nftrogenâ€¢13.Ammoniaas a Flow Tracer for rHABF
Detailed comparisons of various tracers for myocardial

blood flow, i.e. â€˜3N-ammonia, â€˜50-waterand 82Rb, have
been reported (4-7). The â€œidealâ€•blood flow tracer should
be highlyextractedby the tissue of interest.Such tissue
retentionshouldbe approximatelyproportionalto flow
over a wide range of values. It has been shown that 93%
of â€˜3N-ammoniais extracted in the first pass in rat liver
(16), while the bulk of the tracer is removed from the
blood within 1-2 mm from injection in the rat study. The
metabolism of ammonia in the liver is extremely rapid (t@

5 sec), with â€˜3N-ammonia being converted into gluta
mine, aspartateand urea. However, the trappingis revers
ible due to the glutamine dehydrogenase reaction, and it
is not possible to decide whether the reaction results in a
netsynthesisora netremovalof ammoniafromthe liver.

In our studies, â€˜3Nactivity shows a steady rise to peak
concentration in both human and canine livers between 1
and 2 mm fromthe bolus injectionof â€˜3N-ammonia.In
addition,thetwo-compartmentrHABFmodelyieldshigh
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 13N-ammonia is a suitable
hepatic blood flow tracer.

Metabolic Correction of 13NBlood 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
showonly a slightdependenceon â€˜3Nmetabolitecorrec
lion, sincerHABFestimatesareobtainedfromthe tracer
kinetics during the initial 90 sec after the injection of â€˜3N-
ammonia. At this time, little metabolic contamination of
thearterialinputfunctionis expected[(18,25)andFig.7].
This indicates the clinical practicality of the present ap
proach without the need for â€˜3N-ammoniametabolite
correction.

Technical Considerations
The liverappearsto be an organverysuitableforPET

imaging due to its large size, homogeneity, and relative
absenceofmotion.Imagereconstructioncanbeperformed
with a filter oflow cutoff frequency, correspondingto 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 ofthe patient
or animalto be simultaneouslyimaged.If one wishesto
image the liver over its entire length, it is likely that the
left ventricularcavity would fall outside the FOV. For this
reason, we are currently investigating the use ofthe abdom
inal aorta for arterialinput function determination.
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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 cmi
cally and scientifically. The use of
tracer kinetic modeling techniques,
however, can substantially improve
their quality and utility (1). The
model defines the quantitative con
nection between the radioactivity1ev
els and all of the physiologic parame
ters that affect the uptake and metab
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CONCLUSIONS

Dynamic PET imaging with â€˜3N-ammoniaallowed 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 Â±0.07 cc/min/g, which is in agree
ment with the literaturevalues. Furtherstudies 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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