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ABSTRACT

The deoxyglucose method originally developed for measurements of the local
cerebral petabolic rate for glucose has been investigated in terms o% ics
application to studies of the heart with positron coasputed tomography (PCT)
and FDG. Studies were performed 1o dogs to measure the tissue kinetics of FDG
with PCT and by direct arterial-venous saapling. The operatlonal equation
developed 1n our laboratory as an extension of the Sokoloff modcl was used to
snalyze the data. Error propagation, primarily froo correctlons applicd to
reaove spillover of activity from the ayocardial blood pool to tissue and from
partial volume effects In the PCT images, limited the accuracy of estimating
the fndividual rate constant for transport, phosphorylation and dephosphory-
lation. tiowever, a constant represeating the coabination of tramsport and
phosphorylation was accuratgly deterained and yilelded neasured values of the
myocardial metabolic rate for glucose (MMRGIc) that were in good agrecazent
with direct deteratnations using the Flck msethod over a wide range of gluc&se
mezabolic rates (from 1.7 to 21.1 ng/ain/100ga). An accurate and stable value
of the lumped constant (0.67 + 0.10) was also found over this range of metabo-~
lisa. The FDG method accurately predicted the true MMRGlc even when the
glucose metabolic rate was normal but ayocardial blood flow .(MBF) was elevated
5 times the control value or when metabolisn was reduced to 10Z of normal and
MBF increased 5 times normal. Improvements in PCT resolution are required to

improve the sccuracy of the estimates of the rate constants and the MMRGlc.
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With the recent developaent of positron computed tomography (PCT), cross-
sectional imaging of the heart has becoze possible (1,2). These cross-sec-
tional images reflect quantitatively the distribution of radiocactive ttacer
concentrations in myocardium and thus reseable in vivo autoradliographs. This
nev imaging spproach provides a potential nontraunat{c neans of quantitating
reglonal oyocardial metabollsa using tracer kinetic models.

Sokoloff et al (3) recently developed ar autoradiographic sethod and
tracer kinetic model [or the aesasurement of the local cerebral cetabolic rate
for glucose using the C-14 labeled glucose analog, 2-deoxyglucose. The 2-
deoxyglucose has been labeled with Fluorine-18 by Ido et al (4) to fora 2-
fluoro-2-deoxy-D-glucose (FDG). FDG has been shown by Besscll et al (5),
Callagher et al (6), Reivich et al (7) and Machado DeDozenech and Sols (8) 2o
be a substrate for hexokinase with the end product being FDG-6-PO,. Phelps et
al (9) and Huang et al (10) have shown that the transport and phosphorylation
constants for FDG in the brain of man are sfaflar to those for DC in the
monkey (11) and somewhat lover than values in the rat {3) because of the
higher blood flow and metabolic rates in rat brain. Thus FDGC and DG apjear to
behave similarly as competitive substrates with glucose for aembrane transport
sites and hexokinase.

Because DG-G-PO,‘ and FDG-G-!’OI‘ are not substrates for further metabolisa
through glycolysis, glycogen formation or the pentose shunt, they accumulate
in tissue. The tltc; of accunulation or the net accumulation over a given
period of time is proportional to the phosphorylation rate of exogenous
glucose. This allows the isolation of the membrane trausport and phosphoryla-
tion steps and their mathematical description using the principles of competi-
tive enzyme reactions and tracer kinetics (3,9,10). Studies in dogs, monkeys

and humans by Phelps et 21 (12,13) and in rats and dogs by Gallagher et al
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(6,14) have shown that FDG 1s extracted and converted to FDG-6-P0, in the
myocardiun 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 laboratory (9,l0) as an extension of the
Sokoloff model (3) and PCT for the deteraination of the local myocardial rate
of glucose metabolism in vivo. These studies in dogs were performed to
deternine 1) the kinctlc constants for transport and phosphorylation of FDG
and dephosphorylation of FDG-6-FO,; 2) the lumped constant; and 3) to examtne
the stability of the model over a wide range of glucose metabolic ratey and in

states of severe aismatches {n asyocardial blood flow and glucose metabolisa.

MATERIALS AND METHODS

Preparation of FDG:

FDG with a specific activity of 10-20 sCi per sg was synthesized by the
method developed by Ido et al (4) and modlfied by Barrio et al (15). The
radiocheaical purity, as assayed by thin layer liquid chromatography, was
greater than 95X.

Animal preparation:

) Ten wmongrel dogs weighing 20 to 30 kg were anesthetized with sodium
pentobarbital (25ag/kg, iv), and saall supplemental doses were administered as
required. The animals were intubated and ventilated with room air using a
Harvard respirator. Catheters were advanced through bcth femoral gsrteries
iato the asorta for monitoring systemic blood pressure and vlthdnwai. of
arterial blood for measurements of blood flow with radioaccive microspheres.
A thoracotomy was performed in the fifth left intercostal space, the peri-~

cardium incised widely and sutured to the chest wall to form a cradle in which

b~
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the heart was suspended. Two polyethylene cannulae were inserted through a
puncture wound into the left atriua and used for Injection of radiolabeled
microspheres and arterial bdlood saapling. A third catheter was inserted in
the coronary sinus for venous blood saapling. ECG and systealc blood
pressure, measured through the aortic catheter with a Stathaa F2) Db pressure
transducer, were recorded continuously on a strip chart recorder.

Two dogs were prepaved as described above but in addition a mechanical
oc¢luder was placed on the left circumflex artery (LCX). Blood flow through
the LCX was continuously wonitored with an electromagnetic flow probe (Serles
$00, Biotronix) placed proximal to the constrictor. A 30 gauge needle coa-
gected to fine plastic tubing (Lyaphanglography Sect No. 6677, Becton-
Dickinson) was inserted into the LCX i{n order to Induce coronary hyperemfa by
a bolus {njection of the vasodilator papavarine (1l mg).

Blood samples:

10 uCi of FDG was injected intravenously over a 30 second finterval and
arterial and venous blood samples obtained; starting at time zero, sanmples
were withdrawn every 15 seconds for 3 ailnutes and every ainute for the next 12
minutes. The sampling interval was then progressively lengthened over the
aext 3 hours. Every sample was divided into two aliquots, one for measurement
of FDG activity in whole blood, while the other one was immediately placed
inco an Ice bath for measurement of FDG plasma asctivity and plasma glucose
concentrations. FDG activity vas measured in a well counter and corrected for
radioactive decay. Plasaa glucose levels were measured by standard enzymatic
techniques. Additional arterial and venous samples were taken at the
beginning, middle and end of each experiament for the measurement of free fatty
acid and lactic acid concentrations, hematocrit and blood gases.

Arterial and coromary sinus venous plasma activity were used to calculate

the amyocardial tissue activity curve by the Fick method. This was
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sccomplished by integration of the A-V difference multiplied by the plasma
flow (plasma flow = whole blood flow x (l-hezatocrit)) over time. This
measurement of the ayocardial time activity curve was thea compared u; the
tissue curve obtained froa the myocardial activity measured by PCT.

Neasurenent of myocardial blood flow:

Regional myocardial blood flow vas determined with ra’foactive carbonized
polystyrene alcrospheres (15 £ 3 u) using the arterfal reference sample tech-
nique (16) at the beginuing (Co-57) and at the end (Sn-113) of each experi-
ment. The details of this approach are presented elsewhere (17).

Tomographic imaping:

After {instrumentation, each dog was carefully positioned la the UCLA
posltron conmputed tomozraph, ECAT (18, Ortec, Inc., Oak Ridge, Tennessee). A
lov power neon laser was used {n order to ideatlfy an optiamal cross-section
through the left veatricle. After rvecording a transaission scan for subse-
quent correction of photon attenuatfom, s blood pool image was zcquired for
two minutes after 1n. vivo labeling of red blood cells by inhalation of 0-15
carbon monoxide. The blood pool image was used to correct the myocardifal F-18
tissue activity for cross contamination from FDG activity in the blood pools
and the bdlood activicy in amyocardial tissue. To allow for aufficient decay of
0-15 (halftige 2.04 wminutes), FDG was Lnjected 15 mfnutes later. Starting at
the time of injection, serial images were recorded at the same lerel across
the heart: an 1n£c!'.al set of ten 2-mia images vas followed by ten 5-ain
images and by ten 1l0-min images, resulting in s total scanning time of 3
hours. All image data were collected in the medium resolution mode with an
image resolution of 1.6 ca full width half maximum. Also, in order to reduce
the blurring effect of cardiac motfon, the images were acquired in a gated
mnode of the diastolic phase of the cardiac cycle. All images were decay

corrected and normslized to the same acquisition time.
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The towograéh was calibrated following each experiment with a 20 cm
dianeter cylindrical phanton containing a kanown azount of positron activity.
A known voluze (measured with calibrated pipets) of activity from the cali-
bration phantom was counted in a well counter along with the blood samples.
The ratio of the counts/tine/volume fin tite well counter to the
counts/time/voluze of the cyliander in the tomograph provides a calibration
factor that rclates the tomographic scasurcaent of the oyocardial activicy to
the activity of the blood sanples measured in the well counter (9).

After reconstruction of the cross-sectlonal Images, reglonal myocard{al F-
18 concentrations were mcasured as follows: Six regfons of f{aterest, ysually
0.428 ca? large (37 pixels), wvere asslgned to each of the 30 izages of the
nyocardiua of cach experlacnt. A seventh reglon of iInterest was placed in the
center of the ventricular cavity in each ipage in order to measure :ine blced
pool activity. Within the reglons of interest, the mean counts/pixel were
determined. The same regions of interest wvere also assigned to the 0-15 CO
blood pool image in order to evaluate the anmount of contaaimnation from blcoed
activity in each of the myocardial tissue regions. The F-18 tissuec data were

+then corrected for a spillover from blood activity using:

15 15
18!-‘((‘.)1 - (C O)i (c O)bl lBF(t)c
: 15 18
(c 0)c F(”bl

1)

Where (Clso)i is the 0-15 activity concentration in the ayocardial region of
interest measured with the PCT. The ceras (cl‘r’o)c and mr(t)c are the 0-15
and P-18 activity concentration in a region of interest located in the center

of the left ventricular chamber of the PCT images. The terms ((:150)be and

lsF(:)bl are the activity concentrations in the blood samples as measured in a
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well counter for a known volume of blood. The terms involving F-18 are deter-
wmined as a function of time t because the activity concentrations of F-18 1n
tissue and blood are changing with time. Equation 1 allows the caleulation of
the local F-18 activity in the image (lsl-‘(t)i) of the myocardium due to
spillover of activity from blood chasbers and that due to activity in the vas-
cular space of the ayocardium icself. These values are calculated for cach
region of interest and are subtracted froo the correspondirg tissue F-18
concentration to sllow the determination of the interstictial FLOG plus FDG-6-
PO, concentrations.

A second correction was needed because of the object size related partlal
volume effect (1%) which causes an underestimation of the Isotope concen-
trations on the PCT imajies 1if the size of the object Is close to or swmaller
than the resoluticn of the tomograph. The recovery coefficients (RC) used to
correct for this partial volume effect have been established initfally f{a
phantou studies by Hoffman et al (19) and their use for in vivo measuremen:s
was subsequently confirmed by Wiscnberg et al (20). The RC is the apparent
isotope concentraticon in the image divided by the crue isotope comcentration;
its value i{s 1 for large objects in which image conceatration is equal to the
true object concentration. These corrections require knc;uledge of the myocar-
dial wall thickness which was deterained fn vivo by echocar.dl.oguphy and post
sorten as follows. At the end of each experiment, the plane of the cross-—
sectional image was identified on the heart with the aid of the low power neon
lsser and was carefully uarked on the surface of the left ventricle. The dogs
were then sacrificed with a high concentrated XCl, the heart was removed and a
1.6 ca thick slice taken at the level of the PCT image. The shape of this
slice was then drawn at a 1 to 1 scale. The wall thickness was nmeasured at .
the level of each regicn of interest on the images, and the data divided by

the corresponding recovery coefficient.



. Ratib et al - Page 8

Calculacion of the rate constants, lunped constant and glucose setabolic rate

As denonstrated previously for the b;?in {(7,9,10), the cyocardial
metabolic rate of glucose (MMRGle) fraa exogenous sources can be derived from
the kine_lcs of FDG using an extension of the Sokoloff podel (3) by Phelps and
Huang (9,10). This aodel assuzes three coopartments, viz, a plasia coopare-
ment, & compattoent for glucose and FDG in tissue, an' a coapartaent for
phosphorylation of glucose and FDG to glucose-6-P0, and FOG-6-PO0, in tlssue
(Figure 1), These three cosparimcnts are referred to as compartzents 1, 2,
and 3, respectively. The boundary between cozpartrments 1 and 2 corsists of
th» capillary and cell mexzbranes. Coapartaents 2 and 3 are not scparated by a
physical barrier but by the phosphorylatfon ratlio catalyzed by hexoklnase and
dephosphorylaiion by phosphatase. Thus, the capillary and cell zenbranes are
lunped together in the fom of the operational zmodel equation of Sokolofi et
al (3) and Phelps and Huang et al (9,10).

Ia this model, if FDG~6-P0, is trapped in compartment 3 and its concentra-
tion is directly related to MRGle. The teras kl' to kk. (Figure 1) are fLrst
order rate constants which can be determined using the operational equation of
the model (9,10) Lf the rate of change of total tissue F-18, plasaa FDG and
plasma gluocse concentration are known as a function of time. The time
dependent F-18 tissue concentration curves were obtained by two amethods: By
PCT inmaging and bloed sampling to deteraine the arterial-venous FDGC difference
across the heart as ; function of time (i.e. see Figure 9). Deteraination of
the plasma glucose concentrations from the arterial blood samples. These
values are then used to calculate the values of the k.s by a least-gquares
estioation routine. The operational equations of the model and description of

the analysis are given elsewhare (9,10).
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Asguing lr.,.* small (i.e low enzyme activity of phosphatase which
hydrolyzes !-‘DG-6-PO4, (20)) and kuowledge of the specific rate constan.s of

the model, the getabolfic rate of glucose can be calculated according &0 the

formula (9,10).

[elc]

* *
ka* k, 7k, /(k; + Kk
Ic

where [Glc] 1s the capillary plasmaa glucose concentration and LC {s the lucped
constant which accounts for difference in transport and phosphorylation
between FDG and glucose. The tera k3* x kl*/(kz* + RJ.). which describes the
combination of transport and phosphorylation of FDG will be rcferred to as a
~ingle term K. The value of LC has been shown to be equal to (9,10).

“

£ & *
[Glc] k3 ]:‘ .’(k2 +k3

cC = 3)

MR

where MRe i3 the metabolic rate of exogenous glucose measured according tc the
Fick principle

HRf = MBF (A-V)

()
where MBF is the myocardial blood flow and A and V are arterial and venous
plasma concentratioas of glucose.

Uncoupling of flow and metabolisa

The <‘ndependence of the FDG model from myccardial blood flow (MBF) was
examined in the following manner. Local MBF was increased by intracoromary

sdministration of papaverine (1 mg) inte the LCX without producing a signifi-
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cant change in metabolism (22). This produced a conditiom of high local MBF

and normal local metaboiism in the distribution of the LCY. During this state

13N1:13 and labeled aicrospheres (I-125) were Injected into the left atri;:m, 5
min allowed for equilibration of '3.\1{3, and a PCT ioage of the myocardiua
recorded. After 70 min, the papaverine administration was repeated, FDG (5
nCi) was infected intravenously and oic:vspheres (Cs-141) were 1n)ected into
the left atrium. PCT and blood sampling were performed to estimate the rate
constants and MMRGlc &s described above.

This same sequence was repcated except that hyperenla was {nduced by
occluding the LCX for 30 oin and then releasing the occluder to produce reac-
tive hyperem{a. At the peak of the hyperemic MBF response (deterained with
the electromagnetic flow probe), FDG and labeled zlcraspheres were Injected
intravenously into the left acrium, respectively. The reactive hype:icaia
after a 30 min total occlusfon produces a state of high MBF and laow glucose
aetabolism (about 30 to 50X of control values for 10 to 20 min) due 'to
residuval tissue acidosis (23). The MMRAJle was calculated using the dirzctly
measured rate constants and equation 2.

RESULTS

A typical exazple of a kinetic study is shown in Figure 2. Sixteen out
of thirty serial images obtained at the same cross sectional le~el over a 200
ain period after injection are shown on the left of Figure 2. The kinetic
tisgue data on the right of Figure 2 were obtained from & regions of iInterest
in the left ventricle. The counts 1o these 6 reglons were also averaged and
the best fit of least squares analysis was plutted. The initfal part of the
curve, corresponding to the early images where blood activity ‘s high and
myocardial activity low, is contaminated by blood pool activity. Co;:tectiou ’

for this contanination was performed in 21l experiments using the spillover
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fraction, obtained from the 0-15 £0 blood pool image for each reglon of
interest, and the biood F~18 activity at the tize of each scan. 8lood
activity could not be measured directly froa the images becsuse of a rc;\'erse
contamination from myocardlal activity into the bleood activity in the cardiac
chasbers. The activity measured in the ceanter of the ventricular cavity
agreed with the value obtalned from arterial blood samples only at the very
early time when there was a high ratio of blood to myocardial activity (Figure
3).

The splllover fraztion measured on the blood pool image by taking the
ratio of activity in cach region of Interest to activity (u the center of the
ventricle, averaged 0.36 t 0.12 SD and ranged froam 0.19 to 0.56 for values
throughout the myocardial sectiens and for all dog experizents.

The data of each region of Interest were furthcr .orrected for a partial
volume using the reccvery coefficlent predeterained in phanton srudies (19)
and corresponding to the thickness of the myocartdium. The effect of both
corrections are shown in Figure 4. The correction for blood pool spillover
‘shown in Panel B resulted in a more realistic curve of early myocardial tissue
*‘uptake of FDG. Panel C shows the sase data after correction for the partial
volune effect. This latter correction significantly reduced the scatter in
. the values from different regions of interest. The mean cu:ive shows a higher
total tissue uptake than 1n Panel A, indicating that without the partial
volune correction, the uptake rate and total tissue radioactivity concentra-~
tion were underestimated. This of course results in an underestimatfon of the
MMRGle {i-e. only the metabolic rate obtained from the corrected curve was in
agreenent with the metabolic rate obtained by the Fizk method).

The effect of the spillover of activity froam the chamber to the myocardium

was alsao greatest wvhen the MMRGlc was low. This is illustrated by the studies .
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in Figure 5 and 6 where the values of the MRGlc were 5.08 and 19.9 og/ain/100
gns, rtespectively. This rtesults from the fact that as higher MMRGIlc
increases, the rate of formation and toral amount of the FDG-6-PO, " also
increases compared to the surrounding activity as is apparent in the images
and nuzerically in the curves of Figures 5 and 6.

Blood activity of FDG:

FDG clears rapidly from the sarterial and veious blood, as shown in Flgure
7. The expanded tize scalc of thc carly portion of the curve shows the delay
between the arterial and the venous peak of activity., This delay averaged
0.24 t 0.04 mins and represents the coobination of blood transit tize across
the heart and the rapld forward and reverse exchange between blood and
interstitial space due to the changes in the blood to tissuc concentration
gradient as a function of time after iajectfion.

Metabolic rate and lumped constant {LC)

The tissue curves obtalned from the lmages were used to estisate kl*'to
k,‘* of our compartmental model {9,10). Due to the proportionally high values
of the cortrections applied to the data and the propagation of errors through
these corrections (i.e. limitations inposed by the pregent PCT resolution) the
true value of individual k's could not be satisfactorily estimated. However,
the estimate of the combined rate coastant K', which 1s che product of the
tate constants of phosphorylation k; times the distribution volume of FDG
[k 70k, "k3*)], was found to be reliable and had sinimum varisbility intro-
duced by errors generated by the corrections. The tera K‘ is the fractfiomal
utilization constant (1.e. rate constant describing the fractional rate at
vwhich plasma FDG ia transported across the capillary and cell meabranes and
phosphorylated). This constant was then used to calculate cheé lumped -

constanc, LC, in each experiment according to equation 3. The results
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obtained are listed in Table 1 . The saze calculation was applied to the
tissue curves obtained froa arterjal-venovs (A-V) FDG plasza acrivity. an
example of the comparison of the kinetic curves obtained froa the same ;hlaal
by PCT and A-V sampling is showm {n Figure 8.

The mean value of 0.68 + 0.1 for LC was used to recalculate the exogenous
metabolic rate using equatfon 2 for each individuval experi-ent. The metabolic
rate calculated in this manter was conmpared with the metabolic rate of glucose
determined by the Flck methiod. The excelleat agrecment between both neasure-
ments is shown in Figure 9A. Because the dictary state of the dogs was not
controlled, a wide range of myocardial glucose oetabolic rates was observed.
The values ranged from 1.7 to 2l.1 ag of glucose/min/100gx of tissue aad
reflects the capabllity of the avocardiuz to utilize alternate substrates such
as free fatty aclds and lactic acid to mert its energy requirements.

The MMRGlc was also calculated from both the PCT and A-V kinetic FDG data
using egation 2. These values were correlated with the estimates from the
Fick method 1nd1v1du511y (9A,B) and in a combinatfon (5C). Although each of
these cerrelations have somewhat different slopes and intercepts, there was no
statistically significant difference. Thus, the PCT estimates agreed very
well with the measurements by the direct A-V saapling approach for FDG and by
the Fick method.

Metabolism~-Blood Flow Uncoupling

An example of thé measuresent of MMRGle when glucose met;bollsm and MBF
are uncoupled is shown in Figure 10. The 13NH3 image shows the papaverine
induced hyperemia (MBF = 490 ml/min/100gm as measured with microspheres) in
the LCX distribution (arrow) as cowpared to the normal MBF (86 ml/min/100 gus)
in the remalnder of the cross section. 7The MMRGlc image with FDG under the

sawe papaverine induced hyperemia shows the uniform and correct distribution
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of glucose oetabolisa throughout the left veniricle evea though the MBF {n LCX
distribution is about 5 tizes higher than the rest of the wyocardiun.
Although papaverine has a positive inotropic effect and, hence, can ‘alter
myocardial zetabolism, this effect would appear to be szall fin relatfon to the
tremendous hypereaic response produced by the action of the smooth muscle
relaxant papaverine. Further, as {ndicated by studles {n fsolated dog heart
myocardiun, a bolus adsinistratlon of only 3 umoles would have only a minfmal
effect on myocardial metaboltsm (22).

The far right hand {mage shows the reduced glucose actaboli{sa {n the LCX
scgment rtesulting from occluding the LCX for 30 min and then rcleasing the
ocecluder to produce reactive hyperemia. The prolonged coronary occlusfon
produces severe ischemia. At the tiae of reperfusion, reactive hyperenia ia
the tissue suppliea by the LCX occurs while raotura of glycolysis to control
levels 1is delayed because of the residual tissue acldosis (23). The
calculated MMRGlc 4in LCX distribution was about 192 of the value {n the
remainder of the normal tissue. Mochizuki and Neely (23) found that 30
winutes of myocardial {schemfa 1n the rat reduced exogenous glucose
‘utilization to 30Z of control with a very slow recovery over the 30 minutes of
reperfusion. Thus, in this latter case, the FDG method estimates the reduced
- MMRGlc even though there is a large MBF-¥MRGlc mismatch (i.e. MBF is increased
5.6 time's and glucose metabolisa 1s reduced by about a factor of 5 compared to
control values. The serial PCT images showed a high FDG activity in the LCX
seguent initially, reflecting the high MBF and transport into tissue.
However, the tissue activity rapidiy decreased as the high MBF removed FDG
from. the tissue and only .small amounts of FDC were phosphorylated because of

the low glucose metabolic rate in the LCX distribution.
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pIscussion

As shown In Table 1, the LC estizated fa each experizent JId aot vary
significantly over a wide range of metabolic rates. Thus, the evaluatl::m of
local myocardial MMRGlc is feasible using a mean value of LC in the model.
The calculated MMRGlc from the FDG zodel showed a good correlation with the
value obtained by the Fick method (Figure 9). These f‘ndings indicate the
teliability of the model in the evaluation of MMRGlc over a wide range of
metabolic states.

The value of LC found in this work (0.67 £ 0.10) 1s higher than the values
reported for the brain with DG In the rat of 0.483 (3) and monkey of 0.344
(11) or FDG in man of 0.420 (9,10). However, studies also performed in our
laboratory (23) using the isolated perfused rabblt oyocardiua have yielded s
value of 0.60 & 0.10 (S.D.) for FDG which is in good agreeaent with the value
reported here.

Estimation of the plasma input function by in vivo measureaents of blood
activity in the cardiac chanbers with PCT requires good tomographic resolution
and cardiac gating. At late times after injection of FDG, the spillover from
activity in the amyocsrdium produces s significant overestimatior of the blood
activity concentration. )

The studies in wvhich MBF and metabolism were unrcoupled by large local
increases in MBF with normal or severely reduced MMRGlc (Figure 10) illustrate
the viability of the-mdel under these demanding conduions.A These results
provide experioental confirmation of the postulated low sensitivity of the
model to changes in blood flow (3,9,10).

In this work, the values for the transport, phosphorylation and dephos-
phorylation rate constsnts were estimated from the time course of the plasma

FDG concentration and the myocardial F-18 tissue activity concentration with
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PCT or with A-V saapling technlque for seasuting the teaporal sequence of FDG
tissue uptake. The values of the rate constants ({.c. kI.' kz . kjﬂ and ké.)
estizated froms both sets of data usfng least squaTtes curve fitting td our
mcdel produced coaparable resuits. Reasonable convergence wvas usually
schieved within 20 {iterations. In some studies we experfenced a slover
convergence and greater difficulty (n obtaining reasonable values for the
individual rate constants. Hovever, the value of the factor kl‘ ua'/(kz' +
i;) vas found to be very lnseasitive to the exact (ftting results. In other
words, the value of the factor kl' &3./():2. + k;) converges rapldly sund (s
quite insensitive to the (nitial values chosen for the curve [itting. This
allowed accurate estimates of local M¥RGlc to be deternined even though
unsatisfactory estimates of the individual coastants was found.

The large variation in the values of the individual rate constants is to
be expected in this study wita such large varfations in MMRGle (l.e., 1.7 to
21.1 wg/win/100gms) but the numercus correction factora employed produéed
uncertainties in the data that added inaccuracies to tie estimates of the
individual constants. This was most appareat i{a fitting the early part of the
tissue curves (i.e., the first 25 min) when F-18 uptake In tissue increases
aost rapidly. Also, the carly part of the tissue curve is most sensitive to
errors in the corrections applied to the dats for the contaninatiza of the
tissue data from blood pool activity. The correction for the underestimation
of tissue activity due to a partial volume effect was periormed by multiplying
the data by recovery coefficients that ranged from L.6 to 2.5. Thus, these
corrections were of sufficient magnitude that inaccuracies in their values
would produce significant errors.

The validity of these correctlions howvever can be assessed in two ways: -
First, caly the MMRGlc obtained from the corrected curves showed a good corre~

lation with the MMRGlc obtained using the Fick method (Figure 9). Second, in
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all our experiments the corrected tissue curve deterained with PCT matched the
tissue curve obtalned by integrating rhe A-V difference of FDG !n rlasza as
shown fn a typical c¢ase in Figure 8. The uncorrected tissue curve s‘:vste~
matically showed an undcrestization of the total activity in tissuc due to the
partial volune effect and a slow rate of increase at the early times due to
contanination froa blood activity.

These corrections are directly related to the resolutfon of the tomo-
graph, and sn improvement of the resolutlon will significantly reduce thelr
magnitude, and a more relfable cvaluation of the Individual rate constants can

be expected.
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1LEGENDS
Figure l: Schematic illustration of the compartzental tracer kinetic nodel
for FDG. The teras Cp', CE' and CH* are the concentrations of FDG in plasaa
and tissue and FDG-6-PO, In tissue, respectively. The ‘l'.'s are the rate
constants for forward and reversc neobrane transport (endothelium and cell),
hexokinase mediated phesphorylation and phosphatase medfated dephosphorylu-~
tion, respectively.
Figure 2: Left: Examplc of a series of tomographic images as a fu;u:uon of
time for a single cross scctlon through the heart after the intravenous
injection of FDG. Examples are shown for 16 of the timc intervals out of a
total of 30. Right: Nuncrical data from this kinetic study showing the
individval kinetic curves for 6 different regions (points) and also cthe mean
value of the regions of interest (solid lines).
Figure 3: Example of the FDG blood curves compzring samples counted
externally and measured in vivo with PCT.
Figure 4: Example of tissue kinetic curves showing the effect of correcting
‘for blood pool spillover of activity into the myocardiuwa and the partial
volune effect. The points are individual regfons of interest and the solid
-1ine is the mean value for the multiple regions of Interest. Note that the
correction for spillover has the most dramatic effect at the early portions of
the tissue uptake curve. The partial volume correction elevates the entire
curve and also has the moat dramatic effect on the calculated metabolic race
(MR).
Figure 5: Left: selected tomographic images taken as a function of time
after the intravenous injectlion of FDG in an animal with a low glucose meta-

bolic rate. Note that the ayocardium is not well delineated away from
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sutrounding activity and that ip the blood pool of the cardfac chazbers untlil
sbout 30 nfin (compare to Figure 6). Right: Kinetlic data fron this study
stowing thc fmpact of the spillover and partial volume correction u‘zcn the
glucose metabolic rate is low. Nuabera at the bottos of the figure are the
times of the scans i oinutes. The two dimensional 1mage 3t the botrom of the
figure {llustrates the transzission iaages (0 Is anterior - posterior and 60°
oblique views) used for setup of the dog for the PCT study.

Figure 6: Left: Tomozraphic images as 3 function of time after the intra-
vencus injection of FDG when the glucosc metabollc rate {s high. Nole rapid
dclineation of the nyocardium away from the surrounding and bleod pool
activity due to the rapid sequestering of FDG-6-P0, in the myocard{ua. Times
of the scans are shown at the bottoa of the 1aages. The 10 scans shown have
been selected from a total of 40 images taken over a time period of 3 hours.
Right: Kinetic data showing the izpact of the blood pool spillover and
partial volume correction when the metabolic ratc s high. Note that the
spillover correction at the early portions of the curve have less of an impact
when the metabolic rate is high (compare to Figure 5).

Figure 7: Example of the arterial and venous {(i.e. superior venacava) time
activity curves across the heart after an I.V. injection of FDG. Note that
FBG is rapidly cleared frem the plasma. The arterial and venous curves to the
left illustrate the time displacement and difference in wmagntitude due to
transit across the heart and the [forward and reverse diffusion of FDG from
plasna and tissve and also the extraction of FPG which 1is subsegquently
phosphorylated and remains in the heart. Clearance curve at the right is for
arterial plasaa.

Pigure 8: Example showing the comparison of the ayocardial tins@ uptake ’

curves generated from the iIntegral wvalues of che arterial-venous #DG
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difference across the heart (sez zmethod section) and vecorded i{n vivo with
PCT. FDG was injected intravenously.

Figure 9: A: Plot shouing the correlation of the calculaged gl‘imose
metabolic rate from the Fick zcthed to that froo the FDG zodel and rate
constants generated from the tissue uptake curve using arterial-venous
sanpling of FDG. B: Same as A except the rate constant+ and the calculated
glucose petaholic rate with FDG wus deterained wivh PCT. C: The coablined
data of Figurer " and B. Therc was no statistically significant difference
between the fit. .n A, B and C indicating the good correlation between the in
vivo PCT estimates of the metabolic rate versus the direct sazmpling technlques
employing the arterial-venous FDG saapling and the Fick method.

Figure 10: Study {Ilustrating the flow ¢ndependence of the FDGC method. At
left are the tramnsmission scaus showing che anatomical distrlbution in the
cross section of the thorax {open area at the top of the images is due to the
open—chest preparation). Numbers in the lower right—hand coruer of the images
are the flows {fan ml/nin/l00gm in the regfon of the myocardiux supplied by che
left circumflex artery as determined by the microsphere technique. The flo:
in the remainder of the left veatricle ranged from 85 to 90 m1/min/100 ga in
esch experiment. Anterior is ac che left of the fmage and the left sfde of

the cross section {s at the bottom of the image.
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