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With the recent development of positron computed
tomography (PCT), cross-sectional imaging of the heart
has become possible (I ,2). Such images reflect quanti
tatively the distribution of radioactive tracer concen
trations in myocardium and thus resemble in vivo au
toradiograms. This new imaging approach provides a
potential nontraumatic means of quantitating regional
myocardial metabolism using tracer kinetic models.

Sokoloff et al. (3) recently developed an autoradi
ographic method and a tracer kinetic model for the
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measurement of the local cerebral metabolic rate for
glucose using the C-14-labeled glucose analog, 2-deox
yglucose. The 2-deoxyglucose has been labeled with
fluorine-I 8 by Ido et al. (4) to form 2-fluoro-2-deoxy
D-glucose (FDG). FDG has been shown by Bessell et al.
(5), Gallagheret al. (6), Reivichet al. (7) andMachado
DeDomenech and Sols (8) to be a substrate for hexoki
nase, with the end product FDG-6-P04. Phelps et al. (9)
and Huang et al. (10) have shown that the transport and
phosphorylation constants for FDG in the human brain
are similar to those for DG in the monkey (11), although
somewhat lower than values in the rat (3) because of the
higher blood flow and metabolic rates in rat brain. Thus,
FDG and DG appear to behave similarly as substrates
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Thedeoxyglucosemethodoriginallydevelopedformeasurementsof the local
cerebralmetabolicrateforglucosehasbeeninvestigatedintermsof itsapplica
tiontocardiacstudieswithpositroncomputedtomography(PCT)andfluorodeoxy
glucose (FDG). Studies were performed in dogs to measure the tissue kinetics of
FDG with PCI and by arterial and venous sampling. The operational equation de
velopedin our laboratoryas an extensionof the Sokoloffmodelwas usedto ana
lyze the data. Errorpropagation,primarilyfromcorrectionsappliedto remove
splllover of activity from the myocardial blood pool to tissue and from partlal-vol
ume effects In the PCI Images, limited accuracy in the estimation of the individual
rate constantsfor transport,phosphorylation,and dephosphoryiation.However, a
constantrepresentingthecombinationoftransportandphosphorylationwasaccu
ratelydeterminedandyieldedmeasuredvaluesofthemyocardialmetabolicrate
for glucose(MMRGIc)that were in goodagreementwithdirectdeterminations
using the Fick method over a wide range of glucose metabolic rates (from 1.i to
21.1 mg/mm-bOg). The lumpedconstant(O.Si Â±0.10) was alsofoundaccurate
and stable over this range of metabolism. The FDG method accurately predicted
thetrueMMRGIcevenwhentheglucosemetabolicratewasnormalbutmyocar
dial bloodflow (MBF) was five times the controlvalue, or when metabolismwas
reduced to 10% of normal and MBF increased to five times normal. Improvements
of PCI resolutionare requiredto improvethe accuracyof the estimatesof the rate
constants and the MMRGIc.
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competitive with glucose for membrane transport sites

and hexokinase.
Because DG-6-PO4 and FDG-6-P04 are not sub

strates for further metabolism through glycolysis, gly
cogen formation, or the pentose shunt, and also have low
membrane permeability, they accumulate in tissue
(3,9,10). The rate of accumulation (or the net accu
mulation over a given period of time) is proportional to
the phosphorylation rate of exogenous glucose. This al
lows the isolation of the membrane-transport and
phosphorylation steps and their mathematical descrip
tion using the principles of competitive enzyme reactions
and tracer kinetics (3,9,10). Studies in dogs, monkeys,
and humans by Phelps et al. (12,13) and in rats and dogs
by Gallagher et al. (6,14) have shown that FDG is cx
tracted and converted to FDG-6-PO4 in the myocar
dium, and suggest that FDG could be used to measure
the rate of exogenous glucose utilization in the heart.

In the present study we have investigated the use of
FDG, the tracer kinetic model developed in our labora
tory (9,10) as an extension of the Sokoloff model (3),
and PCT for the determination of the local myocardial
rate of glucose metabolism in vivo. These studies in dogs
were performed (a) to determine the kinetic constants
for transport and phosphorylation of FDG and dephos
phorylation of FDG-6-P04, (b) to determine the lumped
constant, and (c) to examine the stability of the model
over a wide range of glucose metabolic rates and in states
of severe mismatch between myocardial blood flow and
glucose metabolism.

MATERIALS AND METHODS

Preparation of FDG. FDG(F-l 8) with a specific ac
tivity of 10-20 mCi/mg was synthesized by the method

developed by Ido et al. (4) as modified by Barrio et al.
(15). The radiochemical purity, as assayed by high
pressure liquid chromatography, was >95%.

Animal preparation. Ten mongrel dogs weighing
20â€”30kg were anesthetized with sodium pentobarbital
(25 mg/kg, i.v.), and small supplemental doses were
administered as required. The animals were intubated
and ventilated with room air using a Harvard respirator.
Catheters were advanced through both femoral arteries
into the aorta to monitor systemic blood pressure and
withdraw arterial blood for measurements of blood flow
with radioactive microspheres. A thoracotomy was
performed in the fifth left intercostal space, and the
pericardium was incised widely and sutured to the chest
wall, forming a cradle in which the heart was suspended.
Two polyethylene cannulae were inserted through a
puncture wound into the left atrium and used for injec
tion of radiolabeled microspheres and arterial blood
sampling. A third catheter was advanced into the coro
nary sinus to sample myocardial venous blood. ECG and
systemic blood pressure, measured through the aortic

catheter with a pressure transducer,* were recorded
continuously on a strip-chart recorder.

Two dogs were prepared as described above, but in
addition an hydraulic occluder was placed around the
left circumflex artery (LCx). Blood flow through the
LCx was continuously monitored with an electromag
netic flow probet placed proximal to the occluder. A
30-gauge needle connected to fine plastic tubing was
inserted into the LCx in order to induce coronary hy
peremia by a bolus injection of the vasodilator papav
anne(1mg).

Blood samples. Ten millicuries of FDG(F-l 8) were
injected intravenously over a 30-sec interval and arterial
and coronary sinus blood samples were obtained.
Starting at time zero, samples were withdrawn every IS
sec for 3 mm and every minute for the next 12 mm. The
sampling interval was then progressively lengthened over
the next 3 hr. Every sample was divided into two aliquots,
one for measurement of FDG activity in whole blood,
while the other was immediately placed into an ice bath
for measurement of FDG plasma activity and plasma
glucose concentrations. FDG activity was measured in
a well counter and corrected for radioactive decay (T112
= 1 10 mm). Plasma glucose levels were measured in

duplicate by standard enzymatic techniques. Additional
arterial and venous samples were taken at the beginning,
middle, and end of each experiment for the measurement
of free fatty acid and lactic acid concentrations, he
matocrit, and blood gases.

Arterial and coronary-sinus plasma activity were used
to calculate the myocardial tissue activity curve by the
Fick method. The product of A-V difference and plasma
flow [plasma flow = whole blood flow X (1-hematocrit)]
was integrated over time. This yielded a myocardial
time-activity curve, which was then compared with the
tissue curve obtained from the myocardial activity as
measured by PCT.

Measurement of myocardial blood flow. Regional
myocardial blood flow was determined at the beginning
and end of each experiment, using the arterial reference
sample technique (16,17) with carbonized polystyrene
radioactive microspheres (Co-57 and Sn-i i 3; i S Â±
3@z).

Tomographic imaging. After preparation, each dog
was carefully positioned in the UCLA positron computed
tomograph (18).@A low-power neon laser was used to
identify a favorable cross section through the left yen
tricle. After recording a transmission scan for subsequent
correction of photon attenuation, a blood-pool image was
acquired for 2 mm after in vivo labeling of red blood cells
by inhalation of carbon monoxide (0â€”i 5). The blood
pool image was used to correct the myocardial F-i 8
tissue activity for cross contamination from F-i 8 in the
blood pools and the blood activity in myocardial tissue.
To allow for sufficient decay of 0â€”i5 /2 2.04 mm),
FDG was injected 15 mm later. Starting at the time of
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injection, serial images were recorded at the same level
across the heart: an initial set of ten 2-mm images was
followed by ten 5-mm images and by ten 10-mm images,
resulting in a total scanning time of 3 hr. All image data
were collected in the medium-resolution mode with anâ€¢
image resolution of 1.6 cm full width at half maximum.
In order to reduce the blurring effect of cardiac motion,
the images were gated to the diastolic phase of the car
diac cycle. All images were decay-corrected and nor
malized to the same acquisition time.

After each experiment the tomograph was calibrated
with a cylindrical phantom (20 cm diam) containing a
known amount of positron emitter. A known volume
(measured with analytical pipets of Â±0.5%accuracy) of
activity from the calibration phantom was counted in a
well counter along with the blood samples of known
volume. The ratio of the cpm/cc in the well counter to
the cpm/cc of the cylinder in the tomograph provides a
calibration factor that relates the tomographic mea
surement of the myocardial activity to the activity of the
blood samples measured in the well counter (9).

After reconstruction of the cross-sectional images,
regional myocardial F-18 concentrations were measured
as follows. In each experiment, six regions of interest,
usually 0.428 cm2 large (37 pixels), were assigned to
each of the 30 images of the myocardium. A seventh
region of interest was placed in the center of the yen
tricular cavity of the F-i8 image for estimation of the
FDG blood clearance curve in vivo. Within the regions
of interest, the mean counts/pixel were determined. The
same regions of interest were also assigned to the CO
(0-is) blood-pool image in order to evaluate the amount
of contamination from blood activity in each of the
myocardial tissue regions. The F-18 tissue data were then
corrected for the spillover from blood activity using the
relationship

â€˜8F(t)â€¢= (C'50)1 (@5Ã˜)

where (C' @0)@is the 0-i S concentration in the myo
cardial region of interest measured with the PCT. The
terms (C'50)bI and â€˜8F(t)bIare the concentrations in the
blood samples as measured in a well counter for a known
volume of blood. The terms involving F-18 are deter
mined as a function of time t because the activity con
centrations of F-18 in tissue and blood are changing with
time. Equation i allows the calculation of the local F-i8
activity in the image [â€˜8F(t)1]of the myocardium, due
to spillover of activity from blood chambers and that due
to activity in the vascular space of the myocardium itself.
These values were calculated for each region of interest
and were subtracted from the corresponding tissue F-18
concentration to allow the determination of the inter
stitial FDG plus FDG-6-P04 concentrations.

A second correction was needed because of the par
tial-volume effect related to object size (19), which

causes an underestimation of the tracer concentrations
on the PCT images if the size of the object is close to or
smaller than the resolution of the tomograph. The re
covery coefficients (RC) used to correct for this par
tial-volume effect have been established initially in
phantom studies by Hoffman et al. (19), and their use
for in vivo measurements was subsequently confirmed
by Wisenberg et al. (20). The RC is the apparent tracer
concentration in the image divided by the true tracer
concentration; it is unity for large objects in which there
are no significant partial-volume effects.

These corrections require knowledge of the myocar
dial wall thickness, which was determined in vivo by
echocardiography and also postmortem as follows. At
the end of each experiment, the plane of the cross-sec
tional image was identified on the heart with the aid of
the low-power neon laser and was carefully marked on
the surface of the left ventricle. The dog was then killed
with concentrated KC1, the heart was removed, and a
thick slice ( 1.6 cm) taken at the level of the PCT image.
The shape of this slice was then drawn on a 1 to I scale.
The wall thickness was measured at the location of each
region of interest on the images, and the data divided by
the corresponding recovery coefficient (19).

Calculation of the rate constants, lumped constant, and
glucose metabolic rate. As demonstrated previously for
the brain (7,9,10), the myocardial metabolic rate of
glucose (MMRGIc) from exogenous sources can be
derived from the kinetics of FDG using an extension of
the Sokoloff model (3) by Phelps and Huang (9,10).
This model assumes three compartments: a plasma
compartment, a tissue compartment for glucose and
FDG, and a tissue compartment for phosphorylation of
glucose and FDG to glucose-6-P04 and FDG-6-P04
(Fig. i). These are referred to as Compartments 1, 2, and
3. The boundary between Compartments i and 2 consists
of the capillary and cell membranes. Compartments 2

(1) and3arenotseparatedbyaphysicalbarrierbuttheyare
by the phosphorylation reaction catalyzed by hexokinase,
and dephosphorylation by phosphatase. Thus, the cap
illary and cell membranes are lumped together in the
form of the operational model equation ofSokoloff et al.
(3) and Phelps and Huang et al. (9,10).

DIAGRAMOFTHETHREECOMPARTMENTSIN FDGMODEL
FIG.I SchemeofcompartmentaltracerkIneticmodelforFDG.
Terms c, c@, and c;@are, respectIvely, concentratIons of FOG In
plasma and In tissue, and of FDG-6-P04 In tissue. The ks are the
rate COnStantSforforwardand reversemembranetransport(en
dothellum and cell), hexoklnase-medlated phOSPhOrYIatIOn,and
phosphatase-mediated dephosphorylatlon.
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are arterial and venous plasma concentrations of glucose
across the heart.

Uncoupling of flow and metabolism. The independence
of the FDG model from myocardial blood flow (MBF)
was examined in the following manner. Papaverine (1
mg) was injected into the left circumflex artery to pro
duce an increase in MBF without producing a significant
change in metabolism (22). This resulted in high local
MBF with normal local metabolism in the distribution
ofthe artery. During this state, â€˜3NH3and labeled mi
crospheres were injected into the left atrium; 5 mm were
allowed for equilibration of â€˜3NH3,and a PCT image of
the myocardium was recorded. After 70 mm, the papa
verine administration was repeated, FDG (5 mCi) was
injected intravenously, and microspheres were injected
into the left atrium. PCT and blood sampling were per

formed to estimate the rate constants and MMRGIc as
described above.

This same sequence was repeated except that hyper
emia was induced by occluding the LCx for 30 mm and
then releasing the occluder to produce reactive hyper
emia. At the peak of the @hyperemicMBF response (de
termined with the electromagnetic flow probe), FlY) and
labeled microspheres were injected intravenously and
into the left atrium, respectively. The reactive hyperemia
after a 30-mm total occlusion produces a state of high
MBF and low glucose metabolism (about 30-50% of
control values for 10â€”20mm) due to residual tissue ac
idosis (23). The MMRG1c was calculated using the di
rectly measured rate constants and Eq. (2).

RESULTS

A typical example of a kinetic study is shown in Fig.
2. Sixteen out of 30 serial images obtained at the same
cross-sectional level over a 200-mm period after injection
are shown at the left of the figure. The kinetic tissue data
to the right were obtained from six regions of interest in
the left ventricle. The counts in these regions were av
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In this model, if FDG-6-P04 is trapped in Compart
ment 3, its concentration is directly related to MMRG1c.
The terms k@to k@(Fig. I) are first-order rate constants
that can be determined using the operational equation
ofthe model (9,10) ifthe rates ofchange for total tissue
F- 18, plasma FDG, and plasma glucose concentration
are known as a function of time. The time-dependent

F- I8 tissue concentration curves were obtained by two
methods: by PCT imaging and by blood sampling to
determine the arterio-venous FDG difference across the
heart as a function oftime (see Fig. 8). These values are
then used to calculate the four values of the k by a
least-squares estimation routine. The operational

equations of the model and description of the analysis

are given elsewhere (9,10).
Assuming k@to be small [i.e., low enzyme activity of

the phosphatase that hydrolyzes FDG-6-P04, (21 )] and
with knowledge of the specific rate constants of the
model, one can calculate the metabolic rate of glucose
according to the formula (9,10)

[Glc]
MMRG1c = kkT/(k + k),

LC
(2)

where [Gic] is the capillary plasma glucose concentra
tion and LC is the lumped constant that accounts for

difference in transport and phosphorylation between
FDG and glucose (3,9,10). The term kk@/(k + k),
which describes the combination of transport and
phosphorylation of FDG, will be replaced by a single
constant K*. The value of LC has been shown (9,10) to

be

[Glc]kk@/(k + k)
LC=

MRf
(3)

where MR@is the metabolic rate of exogenous glucose
measured according to the Fick principle:

MR1 = MBF(A â€” (4)
where MBF is the myocardial blood flow and A and V

IISSUE CURVE
(Mwi of S Aol's)

I
TIME (mln)
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FiG. 2. Left: Example of series of tomographic Images as a function of time for a single cross section through the heart after i.v. Injection
ofFDG.Examplesare shownfor 16timeintervalsoutof the total30. RIght:Numericaldatafromthiskineticstudy,showingIndividual
kinetic curves for six different regions (points) and also mean value for total number of regions of interest (solid line).
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BLOOD ACTIVITY CURVES experiments. The portion of this fraction due to activity
contained in tissue blood is expected to be about 10%
(unpublished data).

The data of each region of interest were further cor
rected for a partial volume using the recovery coefficient
determined in phantom studies (/9) and corresponding
to the thickness of the myocardium. The effects of the
two corrections are shown in Fig. 4. The correction for
blood-pool spillover, shown in the center, resulted in a
more realistic curve of early myocardial tissue uptake
of FDG. The right-hand panel shows the same data after
correction for the partial-volume effect. This correction
significantly reduced the scatter in the values from dif
ferent regions of interest. The mean curve shows a higher
total tissue uptake than.in the left-hand panel, indicating
that without the partial-volume correction the uptake
rate and total tissue radioactivity concentration were
underestimated. This, of course, results in an underes
timation of the MMRG1c; only the metabolic rate ob
tamed from the corrected curve was in agreement with
the metabolic rate obtained by the Fick method.

The effect of the spillover of activity from the chamber
to the myocardium was also greatest when the MMRG1c
was low, as is illustrated in the studies of Figs. 5 and 6,
where the values of the MMRG1c were 5.08 and 19.9

mg/min-iOO g, respectively. This results from the fact
that, as MMRG1c increases, the rate of formation and
total amount of the FDG-6-P04 also increases compared
with the surrounding activity, as is apparent in the im
ages and numerically in the curves of Figs. 5 and 6.

Blood activity of FDG. FDG clears rapidly from the
arterial and coronary-sinus blood, as shown in Fig. 7. The
expanded early portion of the curve (left) shows the time
difference between the arterial and the venous peaks of

aâ€”. BLOOD POOL ROI

0â€”a BLOOD SAMPLES
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0
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0 120 140 160 180 200
TIME (mm)

FIG.3. ExampleofFDGbloodcurvescomparingsamplescounted
externally and measured in vivo with PCT.

eraged and the best fit by least-squares analysis was
plotted. The initial part of the curve, corresponding to
the early images where blood activity is high and myo
cardial activity low, is dominated by blood-pool activity.
Correction for this contamination was performed in all
experiments using the spillover correction shown in Eq.
(I). Blood activity could not be measured directly from
the images because of a reverse movement of myocardial
activity into the blood in the cardiac chambers. The ac
tivity measured in the center of the ventricular cavity
agreed with the value obtained from arterial blood
samples only at the very early times, when there was a
high ratio of blood-to-myocardial activity (Fig. 3).

The spillover fractionâ€”measured on the blood-pool
image by taking the ratio of activity in each region of

interest to activity in the center of the ventricleâ€”aver
aged 0.36 Â±0.12 s.d., ranging from 0.19 to 0.56 for
values throughout the myocardial sections and for all dog

MEAN TISSUE CURVE

CORRECTEDFOR BLOOD POOL SPILLOVER

MR = 7.1 1 (mg/mÃªnIlOOg)

UNCORRECTED

I0 10 10

CORRECTEDFORBLOODPOOLSPILLOVER
AND WALL THICKNESS

K â€¢0.085

MR â€¢9.75 (mglmlnllOOg)

.. K=O.064

MR â€¢7.34 (mg/mÃªnhl000)
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;. â€˜. a :@@@ @â€¢ ,i@ 200

MINUTESMINUTES

MR : Estlmat.d local mstabollc ratâ€¢of glucos. K : k, .k 3/(k2 + k3)

FIG. 4. Example of tissue kinetic curves showing effect of correcting for blood-pool spillover of activity into myocardium, and for par
tial-volumeeffect. Pointsare from individualregions of interest, and solid lIneIs mean value for them. Note that correctIon for splllover
Is most dramatIc at early portions of tissue uptake curve. Partial-volumecorrectIon elevates entire curve, and also has most dramatIc
effect on calculated metabolic rate (MR).

@81Volume 23, Number 7



RATIB, PHELPS, HUANG, HENZE, SELIN, AND SCHELBERT

Corrected

z
0
I-

0,-
0z

wz
m-0

i@it

I-
0

0 40 80 120 160 200

TIME AFTER INJECTION (man)

FIG.5. (A)SelectedseriesoftomographlcImagestakenafterl.v.injectionofFDGInanimalwithlowglucosemetabolicrate.Notethat
until â€œ.â€˜30mm myocardium differs little from surrounding actIvity and that in blood pool of cardiac chambers (cf. Fig. 6). Numbers below
images show minutes after Injection. In tranSmissiOn images (below), â€œ0@'indicates conventional A-P vIew, flanked by right and left obllques;
these wereusedtoaligndogforPCTstudy.(B)KineticdatafromthisstudyshowImpactofspilloverandpartIal-volumecorrectIonwhen
metabolic rate of glucose is low.

activity. This delay averaged 0.24 Â±0.04 mm, and rep- curves obtained from the images were used to estimate
resents the combination of blood transit time across the k@to k@of the FDG compartmental model (9,10). Be

heart and the rapid forward and reverse exchange be- cause of the proportionately high values of the correc
tween blood and interstitial space due to the changes with tions applied to the data and the propagation of errors
time after injection in the blood-to-tissue concentration through these corrections (i.e., limitations imposed by
gradient. the present PCT resolution), the true value of each k*

could not be satisfactorily estimated. However, the es

MR â€¢19.O(mg/mÃªn/lOOg)

Metabolic rate and lumped constant (LC). The tissue

z
0

U)i.

C.)
wz

I-C)
0 40 80 120 160 200

____________________________________________________________________________________________________TIMEAFTERINJECTION(ml.)
FIG. 6. (A) Successive tomographic images as a function of time after i.v. injection of FDG when glucose metabolic rate Is high. Note
earlier delineation of myocardium from adjacent areas, due to rapid sequestering of FDG-6-P04 in myocardium. Minutes after injection
are shown below. These 10 scans shown have been selected from 40 images taken durIng 3 hr. (B)Klnetic data show impact of blood-pool
spilloverand partial-volumecorrection when metabolic rate is high. Here spillovercorrection at early stages Is less important(cf. Fig.
5B).
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FIG. 7. Left: Arterial and coronary-sinus time-activity curves across
the heart after i.v. injection of FDG. Note rapid clearance from
plasma. Time displacement and difference in magnitude are due
to(a)transitacrosstheheart,(b)forwardandreversediffusionof
FDG from plasma and tissue, and (C)fraction of FDG that is phos
phorylated and remains in heart. Right: clearance curve for arterial
plasma.

timate of the combined rate constant K*, which is the

product of the rate constants of phosphorylation, k, and

the distribution volume of FDG [k@/(k + k)], was
found to be reliable and had minimum variability in
troduced by errors generated in the corrections. The
constant K* is the fractional utilization constant, i.e., the
rate constant describing the fractional rate at which
plasma FDG is transported across the capillary and cell

membranes and then phosphorylated. This constant was
then used to calculate the lumped constant, LC, in each
experiment according to Eq. (3). The results obtained
are listed in Table 1. The same calculation was applied
to the tissue curves obtained from arterio-venous (A-V)
difference in plasma FDG. Figure 8 shows a comparison
of the kinetic curves obtained from the same animal by
PCT and A-V sampling. It demonstrates that the to
mograph is providing good estimates of the absolute

tissue activity concentrations, as has been directly vali
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FIG. 8. Comparison of myocardlal tissue uptake curves generated
(a)bytimeintegrationofarterio-venousFOGdifferenceacrossthe
heart (see method section), and (b) recorded In vivo with PCT. FOG
was injected intravenously.

dated previously for this same system and animal model
(20). Differences will exist between these two mea
surements because the A-V difference samples the whole
heart and PCT samples only one cross section. In addi
tion, there are measurement errors in both techniques.

The mean value of 0.68 Â±0.1 for LC was used to re
calculate the exogenous metabolic rate using Eq. (2) for
each individual experiment. The metabolic rate calcu
lated in this manner was compared with the metabolic
rate of glucose determined by the Fick method. The
excellent agreement between the two measurements is
shown in Fig. 9A. Because the dietary state of the dogs
was not controlled, a wide range of myocardial glucose
metabolic rates was observed, ranging from i .7 to 21.1
mg of glucose/min-100 g of tissue. This reflects the ca
pability of the myocardium to utilize alternative sub
strates, such as free fatty acids and lactic acid, to meet
its energy requirements.

The MMRGIc was also calculated from both the PCT

TABLE 1. DATA OF CALCULATED VALUES OF THE FRACTiONAL UTILIZATION CONSTANT (K) AND
LUMPEDCONSTANT(LC) DETERMINEDBY PCI AND ARTERIAL-VENOUSSAMPLINGMEThODS.t

280.0350.0290.670.565.31290.0810.0620.680.5612.98300.1000.0880.760.6711.95310.0980.1220.560.7021.20320.020â€”0.89â€”1.70350.0990.0820.700.5816.9360.029â€”0.58â€”4.97370.0280.0220.770.625.08380.1130.1310.580.6419.90390.0740.1010.610.8413.60Mean0.0670.0800.680.6611.36S.D.Â±0.036Â±0.039Â±0.10Â±0.09Â±6.82

t Values are shown for different glucose metabolic rates (MR)as determined by the Fick method.
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METABOLIC RATE
(mg/mm/bOg)

LC .0.66 Â±0.09 Â£//
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FIG. 9. (A) Plot showing correlation between glucose metabolic
rateas calculatedfromFickmethodandthatfromFOGmodelwith
rate constants generated from tissue uptake curve using arterial and
venous meastrements of FOG. (B) Same as (A) except that rate
constants and glucose metabolic rate calculated with FOG were
determined with PCT. (C) Combined data of (A)and (B).There was
nostatisticallysignificantdifferencebetweenthefitsin(A),(B),and
(C),indicatingthe good correlation between invivoPCI estimates
of metabolic rate and direct sampling techniques.

and A-V kinetic FDG data using Eq. (2). These values
were correlated with the estimates from the Fick method
individually (Figs. 9A, 9B) and in a combination (Fig.
9C). Although each of these correlations shows a

somewhat different slope and intercept, there was no
statistically significant difference. Thus, the PCT esti
mates agreed very well with the measurements by the
direct A-V sampling approach for FDG and by the Fick
method.

To assess the stability of myocardial glucose metab
olism during the time period of the study, we determined
the variability of the myocardial arterio-venous glucose
difference as a function of time. From time of FDG in
jection to the end of the experiment, the A-V values ex
hibited an average standard deviation of Â±8%.The
variation in the average microsphere-estimated MBF,
taken at the start and end of each experiment, was Â±9%.
The stability of the A-V glucose and MBF indicates that
the myocardial metabolic rate for exogenous glucose was
relatively constant during the time course of each
study.

Uncoupling of metabolism from blood flow. An ex
ample of the measurement of MMRG1c when glucose
metabolism and MBF are uncoupled is shown in Fig. 10.
The â€˜3NH3image shows the papaverine-induced hy
peremia (MBF = 490 ml/min-100 g as measured with
microspheres) in the LCx distribution (arrow) relative
to the normal MBF (86 ml/min-iOO g) in the remainder
ofthe cross section (24). The MMRG1c image with FDG
under the same papaverine-induced hyperemia shows
the uniform and correct distribution of glucose metab
olism throughout the left ventricle, even though the MBF
in LCx distribution is about five times that of the rest of
the myocardium. Although the smooth-muscle relaxant
papaverine has a positive inotropic effectâ€”and hence
can alter myocardial metabolismâ€”this effect appears
to be small in relation to the tremendous hyperemic re
sponse. Furthermore, as indicated by studies in isolated
dog myocardium, a bolus administration of only 3 @mole
of papaverine would have only a minimal effect on
myocardial metabolism (22).

The far right-hand image in Fig. 10 shows the reduced
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FIG.10.StudyillustratingtheindependenceoftheFOGmethodfrom
blood flow. At left is transmission scan showing cross section of
opened chest (B). Numbers below PCT images are flow rates in
ml/min-100 9 ifl left circumflex distribution (arrows) as determined
by microspheres. Flow In rest of LVwas 85â€”90ml/min-100 g in
each experiment.Anteriorisat leftof imageandleftsideofcross
section is at bottom of image.
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glucose metabolism in the LCx segment resulting from
occluding the LCx for 30 mm and then releasing the
occluder to produce reactive hyperemia. At the time of
reperfusion, reactive hyperemia in the tissue supplied by
the LCx occurs, whereas return of glycolysis to control
levels is delayed because of the residual tissue acidosis
(23). The calculated MMRG1c in the LCx distribution
was about 19% of the value in the remainder of the nor
mal tissue. Mochizuki and Neely (23) found that 30 mm
of ischemia in the rat heart reduced exogenous glucose
utilization to 30% of control, with a very slow recovery
over the 30 mm of reperfusion. Thus, in this latter case,
the FDG method estimates the reduced MMRG1c even
though there is a large MBF/MMRG1c mismatch (i.e.,
MBF is increased 5.6 times and glucose metabolism is
reduced to @.@I/5relative to control values). The serial
PCT images showed high F-18 activity in the LCx seg
ment initially, reflecting the high MBF and transport
into tissue. However, the tissue activity rapidly decreased
as the high MBF removed FDG from the tissue and only
small amounts of FDG were phosphorylated because of
the low glucose metabolic rate in the LCx distribu
tion.

DISCUSSION

As shown in Table I , the LC estimated in each cx
periment did not vary significantly over a wide range of
metabolic rates. Thus the evaluation oflocal myocardial
MMRGIc is feasible using a mean value of LC in the
model. The calculated MMRG1c from the FDG model
showed a good correlation with the value obtained by the
Fick method (Fig. 9). This indicates the reliability of the
model in the evaluation of MMRG1c over a wide range
of metabolic states.

The value of LC found in this work (0.67 Â±0.10) is
higher than those reported for the brain with DG: 0.483
in the rat (3), 0.344 in the monkey (ii), or 0.420 with

FDG in man (9,10). However, studies also performed
in our laboratory (unpublished data) using the isolated
perfused rabbit myocardium have yielded a value of 0.60
Â±0.10 (s.d.)for FDG, whichisingoodagreementwith
the value reported here.

Estimation of the plasma input function by in vivo
measurements of blood activity in the cardiac chambers
with PCI requires good tomographic resolution and
cardiac gating. At late times after injection of FDG, the
spillover from activity in myocardium to the cardiac
chambers produces a significant overestimation of the
blood activity concentration.

The studies in which MBF and metabolism were un
coupled by large local increases in MBF with normal or
severely reduced MMRGIc (Fig. 10) illustrate the via
bility of the model under these demanding conditions.
The results provide experimental confirmation of the

postulated low sensitivity of the model to changes in
blood flow (3,9,10).

In this work, the values of the rate constants for
transport, phosphorylation, and dephosphorylation were
estimated from the time course of the plasma FDG
concentration and the myocardial F-I 8 tissue concen
tration with PCT or with the A-V sampling technique
for measuring the temporal sequence of FDG tissue
uptake. The values of the rate constants k, k, k, and
k@â€”estimated from both sets of data using least-squares
curve fitting to the FDG modelâ€”produced comparable
results. Reasonable convergence was usually achieved
within 20 iterations. In some studies we experienced a
slower convergence and greater difficulty in obtaining
acceptable values for the individual rate constants.
However, the value of the factor kT k/(k + k) was
found to be remarkably insensitive to the exact fitting
results. In other words, the value of this factor converges
rapidly and is quite insensitive to the initial values chosen
for the curve fitting. This allowed accurate estimates of
local MMRG1c to be determined, even though estimates
of the individual constants were found unsatisfactory.

The large variation in the values of the individual rate
constants is to be expected in this study with such large
variations in MMRG1c (i.e., l.7â€”21.img/min-i00 g)
but the numerous correction factors used produced
uncertainties in the data that added inaccuracies to the
estimates of the individual constants. This was most
prominent in the fitting of the early part of the tissue
curves (i.e., the first 25 mm) when F-l8 uptake in tissue

increases most rapidly. Also, the early part of the tissue
curve is most sensitive to errors in the corrections applied
to the data for the contamination of the tissue data from
blood-pool activity. The correction for the underesti
mation of tissue activity due to a partial-volume effect
was performed by multiplying the data by recovery
coefficients that ranged from I .6 to 2.5. Thus, these
corrections were large enough so that inaccuracies in
their values would produce significant errors.

The validity of these corrections, however, can be as
sessed in two ways: First, only the MMRGIc obtained
from the corrected curves showed a good correlation with
the MMRG1c obtained using the Fick method (Fig. 9).
Second, in all our experiments the corrected tissue curve
determined with PCT matched the tissue curve obtained
by integrating the A-V difference for FDG in plasma,
as shown in a typical case in Fig. 8. The uncorrected
tissue curve systematically underestimated the total
activity in tissue, owing to the partial-volume effect and
a slow rate of increase at the early times due to con
tamination from blood activity.

These corrections are directly related to the spatial
resolution of the tomograph. An improvement in reso
lution will significantly reduce their magnitude and
provide more reliable estimates of the individual rate
constants.
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The American Board of Nuclear Medicine announces that the examination for certification in the specialty of nii
clear medicine will be given September 11, 1982.

Application forms and information concerning certification may be obtained from the American Board of Nuclear
Medicine, Inc., 900 Veteran Ave., Los Angeles, CA 90024.




