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Functional tissue heterogeneity, i.e., inclusion of tissues with
different rates of blood flow and metabolism within a single
region of interest, is an unavoidable problem with PET. Er

rors in determinationof regionalcerebralglucoseutilization
(rCMRglc) with [18FJFOGhave resulted from the currently

used simplifyingassumptionthat all regionsexaminedare
homogeneous.We haveestablishedan optimal,yet practical
procedureto minimizeerrors due to tissue heterogeneityin
determinationof rCMAglc.Effectsof applyingthe three-rate
constant kinetic model designed for homogeneous tissues
with both dynamic and single-scan procedures and the Pat
lak plot were evaluated in normal subjects in experimental

periods up to i 20 mm following tracer injection. The proce

durewitha singlescancarriedoutanytimewithinthe interval
between60 and 120mmfollowingtracerinjection,combined
with population average rate constants determined over a
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of blood flow, rates of transport of [â€˜8F]FDGand glucose
between plasma and tissue, concentrations of [â€˜8FJFDG,
glucose, [â€˜8FJFDG-6-P,and glucose-6-phosphate, and rate
of glucose utilization. Whereas such conditions can be rea
sonably well approached in quantitative autoradiographic
studies that permit selective placement of small regions of
interest (ROIs), they cannot be realized in PET studies due
to the limited spatial resolution of emission tomography.
Indeed, a comparison of PET and magnetic resonance im
ages illustrates the degree to which structural heterogene
ity, i.e. inclusion of both gray and white matter in a ROI, is
unavoidable in PET. Because the gray and white matter
tissues have different rates of blood flow and metabolism,
this implies functional heterogeneity in the ROI as well.
Furthermore, gray matter itself may be comprised of met

i 20-mm period, was found to be optimal for quantitative abolically diverse tissues. Functional,

i.e., kinetic,

hetero

geneity is always present even with PET scanners that have
very high spatial resolution.
J NucIMed1993;34:360â€”369
When the kinetic models designed for homogeneous
tissues are applied to heterogeneous tissues, the rate con
stant for effiux of [â€˜8F]FDGfrom tissue to plasma, k, and
the rate constant for phosphorylation
of [â€˜8F]FDG to
wo different compartmental
models are currently
[â€˜8F]FDG-6-Pin the tissue, k@,are overestimated at early
used for quantification of regional cerebral glucose utili
times (3,4). The estimates of these rate constants decline
zation (rCMRglc) with 2-[18F]fluoro-2-deoxy-D-glucose
with time and approach constant levels that equal their
(FDG) and positron emission tomography (PET): the 3K
true mass-weighted average values only at long experi
model that includes three rate constants and assumes that
mental times when the various tissue pools in the mixed
dephosphorylation of [â€˜8Fjfluorodeoxyglucose-6-phosphate
(FDG-6-P) during the experimental period is negligible (1) tissue equilibrate with the arterial plasma (3, 4). After
such equilibration, average values for rCMRglc in the
and the 4K model that includes an additional first-order rate
brain
as a whole obtained with the 3K model were shown
constant to correct for assumed dephosphorylation
of
to
agree
very closely with values obtained with the Kety
[â€˜8F]FDG-6-P(2). Both models apply only to localized re
Schmidt
technique (4). When the 4K model was applied
gions of tissue that are homogeneous with respect to rates
to heterogeneous tissues, however, estimates of the rate
constant for dephosphorylation
of [â€˜8F]FDG-6-P, k,
were artifactually high and rCMRglc was consistently
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by more than 20% in all experimental pe
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nods up to 120 mm after a pulse of [â€˜8F]FDG(4). We
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rCMAglc studies.
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and neurological examination, were studied. Prior to the PET
concluded that the 4K model is not accurate with exper
studies, the subjects signed an informed consent describing the
imental periods of 120 mm or less.
purpose and risks of the study. Permission for the study was
Procedures based on these kinetic models are imple
issued by the Ethics Committee of the Institute H. San Raffaele,
mented with either a single 10â€”iSmm brain scan begin
Milan, Italy.
fling after a delay to allow tracer uptake (i.e., â€œsingle
scanâ€• procedure) with rate constants determined in
PET Studies
separate matched populations (2,5) or with a series of
The synthesis of [â€˜8FJFDG
was carried out according to the
consecutive scans beginning at the time of tracer injection
method of Hamacher et al. (11) as previously described (4). PET
(i.e., â€œdynamicâ€•procedure) (6). It has been generally
scans were performed with a four-ring whole body positron
assumed that the dynamic procedure provides more ac
emission tomograph (Model 931/04-12; Siemens/CPS, Knox
curate estimates of rCMRglc because the rate constants
ville, TN). Subjects were in a resting state with eyes open and
ears unplugged. Each study was started with insertion under
are determined for each individual subject and ROl at the
local anesthesia of a 20-gauge teflon catheter into a radial artery.
time of the study (6, 7).
Subjects were then positioned on the scanner bed with their
The multiple-time graphical analysis technique (i.e.,
heads immobilized by a customized head-holder. Positioning of
â€œPatlakplotâ€•)is also used for determination of rCMRglc
the subject's head was achieved with the aid of laser beams and
(8,9) andhasthe advantageof applyingto bothhomoge
skin marks. One 10-mm transmission scan was carried out with
neous and heterogeneous tissues (10). It requires that a
an external 68Ge ring source. Each subject then received an
series of scans be carried out after equilibration of all the
intravenous pulse of 7â€”10
mCi of [â€˜8F]FDG.Simultaneous ac
free [â€˜8F]FDGpools in the tissue with the plasma, but
quisition of data from seven equally spaced transaxial planes (4
before any loss of product occurs. Application of this
direct and 3 cross planes; slice thickness, 6.75 mm) parallel to
technique is somewhat limited by the difficulty in objec
the orbital-meatal line, including structures between the basal
tively identifying the appropriate scanning times.
ganglia and the centrum semiovale covering an axial field of
view of 5.4 cm was carried out. Scanning proceeded continu
In the heterogeneous tissues examined by PET, mini
ously according to the following schedule: 5 scans of 1 mm each,
mization of errors due to incomplete equilibration of tis
5 scans of 2 mm each and 21 scans of 5 mm each for a total
sues with the plasma becomes critical for the determina
scanning time of 120 mm. In one subject, scanning was stopped
tion of rCMRglc by both the compartmental
approach
at 80 mm. Timed arterial blood samples were collected contin
and the Patlak plot. Equilibrium between brain and
uously for the first minute following the [â€˜8F]FDG
administra
plasma may not yet be achieved as late as 60 mm follow
tion and then at increasing intervals up to the end of the PET
ing administration
of [â€˜8F]FDG (4). This implies that
scanning. They were rapidly centrifuged and glucose and 18F
since scanning must be carried out from the time of tracer
concentrations were assayed in the plasma. Scans were recon
administration through a period in which equilibrium is structed with a Hann filter with a cut-off frequency of 0.5 cycles
maintained to obtain true mass-weighted average rate
per pixel. Under these conditions, the spatial resolution in the
constants in heterogeneous tissue, dynamic protocols will image plane was 8 mm full width at half-maximum (FWHM).
require prolonged scanning procedures. The alternative is Each image was reconstructed on a 128 x 128 matrix with a
pixel size of 1.56 mm. Correction for attenuation of the 512-keV
to use a single-scan procedure that allows shorter scan
annihilation gamma rays by the tissue was performed with the
ning times, but must be designed to be minimally sensi
coefficients
obtained from the transmission scan. Thirty-one
tive to deviations in the individual's rate constants from
discrete
anatomical
ROIs were drawn on the image from the
the standard set of rate constants derived from a matched
final emission scan (Fig. 1) and then transferred to the images
population.
from each of the other emission scans to obtain the time course
The purpose of the current study was to establish an of total radioactivity in each ROI. In addition, whole brain total
optimal yet practical procedure for determination of rC
radioactivity was determined as the weighted average of the
MRglc in heterogeneous tissues with [â€˜8F]FDGand PET.
radioactivity in the seven image planes. For determination of
We have determined rCMRglc at various time intervals
rate constants and rCMRglc with the compartmental model,
up to 120 mm following a pulse of [â€˜8FJFDGin order to total radioactivity measured by the PET scanner was corrected
for radioactivity in the blood as previously described (4). A
define: (1) the most suitable time frame for determination
of rate constants and rCMRglc with the 3K model by the value of 3% was assumed to be the blood-to-tissue weight ratio
for the whole brain, the cortical ribbon and the subcortical gray
dynamic procedure; (2) the set of rate constants and best
time frame for determination of rCMRglc with the 3K matter. A value of 2% was assumed for white matter. No cor
rection for blood volume was applied for the Patlak plot. Plasma
model and single-scan procedure; and (3) the time frame
glucose concentration was relatively constant throughout each
for determination of rCMRglc with the Patlak plot.
study; it never deviated from the individual mean value by more
than Â±9%.Mean plasma glucose levels ranged from 0.83 to 0.89
mg/ml among the subjects.

MATERIALSAND METHODS

Subjects
Four human subjects (3 male and 1 female, mean age 34 yr,
range 26â€”42yr), healthy and normal as determined by medical
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Rate Constant Estimation
Rate constants were estimated from the differential equations
derived from the model that describes the changes in concen
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mined from dynamic scans of each ROI, including the whole

FIGURE 1. PET
image of the plane brain, in each individual subject for the time interval ending T
8.2cmabovetheor mm after injection of tracer and (2) the mass-weighted average
bital-meataJline, oh
tamed during the
115â€”120mminterval

followinga pulseof
[18F]FDG,

shows

rate constants for both gray and white matter determined in
three subjects over the entire time course of the studies (0â€”120
mm), the interval that provides estimates for the rate constants
of each ROI closest to their true mass-weighted average values.
The value of the LC was 0.52 as in Equation 1.

placement
ofROlson
the cortical ribbon rCMRgIc Determination with the Multiple
and in the white mat
Time-GraphicalTechnique (Patiak Plot)
ter for one subject.
After an initial period of equilibration between the pools of
Thirty-oneROls that free [â€˜8F]FDG
in the tissues and plasma, the slope of the plot of
weredefinedaccord C@(T)/C(T) versus f@ C(t) dt/C(T) becomes linear with a
ing to the atlas of
Damasioand Dama

L

R

sb (16) and one AOl
for the whole brain

wereexamined.

trations of [â€˜8FJFDG,
[â€˜8F]FDG.6-P
and total radioactivity in the
tissues (1). For each ROl, a weighted nonlinear least squares
procedure, according to the Levenberg-Marquardt method (13),
was used to estimate the rate constants from the total tissue
radioactivity data for 22 time intervals, i.e., 0â€”15
mm, 0â€”20
mm,
0â€”25mm, . . . up to 0â€”120mm. Weighting

factors were the

estimated standard deviations of the total tissue radioactivity
concentrations (14). Arterial plasma [â€˜8F]FDGconcentrations
were linearly interpolated between samples. Differential equa
tions were numerically solved by the use of a fourth-order
Runge-Kutta procedure with adaptive stepsize control (13).
rCMRglc Determination with Compartmental Model

and Dynamic Equation
The equation used for calculation of rCMRglc at any time, T,
was that of Huang et al. (6):
rCMRglc(T) = [K@k@/(k@
+ k@)J[Cp/LC],

Eq. 1

where K@,k@,and k@are the rate constants estimated for each
individual subject and each ROl, including the whole brain, for
the time interval ending T mm after injection of tracer, C@is the
arterial plasma glucose concentration and LC is the lumped
constant. A value of 0.52 was used for the LC (15).
rCMRglc Determination with Compartmental Model

and Single-Scan Equation
rCMRglc at any time T was calculated by the equation of
Sokoloff et al. (1):
rCMRglc(T)
@

C@(T)â€”K@e (k,@'+
k3')T C(t)e@'@ k3')tdt
Jo
rT
LCI J
[o

[C@(t)/Cp]dt â€”e (k@'+
IO')TJ [C@(t)/Cp]e@'@
k3')tdt]
0

rCMRglc = KCp/LC.

Eq. 3

Application of this method requires identification of an appro
priate time interval during which the graph is truly linear. Lack
of linearity can be due to incomplete equilibration between
tracer in plasma and tissue, loss of metabolic product, or both.
Lack of equilibration is of greatest relevance at early times
whereas loss of product should be most relevant at later times.
There is not yet a convenient, objective method for identifying
the most appropriate time interval when complete equilibration
is assured and the value of K may depend on the interval
chosen. To identify such an interval, we determined K for 48
time intervals between 15 and 120 mm and searched for an
interval in which K remained relatively constant. The intervals
examined consisted of eighteen 20-mm intervals (i.e., 15â€”35
mm, 20â€”40mm, . . . , 100â€”120
mm), sixteen 30-mm intervals
(i.e., 15â€”45
mm, 20â€”50mm
90â€”120mm), and fourteen
40-mm intervals (i.e., 15â€”55
mm, 20â€”60
mm, . . . , 80â€”120
mm).
rCMRglc was computed for each interval by Equation 3.
Statistical Analyses
Values of rCMRglc calculated with mass-weighted average
rate constants and the single-scan procedure were tested for
statistically significant differences by one-way analysis of van
ance (ANOVA). Data from scans carried out in the intervals
30â€”40mm, 40â€”50
mm, 50â€”60mm, 60â€”75
mm, 75â€”90
mm, 90â€”
105 mm and 105â€”120
mm following tracer injection were corn
pared. The same test was used for the statistical analysis of
values of rCMRglc obtained with the Patlak plot during six
30-mm time intervals between 30 and 120 mm. In this case, the
statistical analysis was carried out on two independent sets of
data (i.e., data collected between 15â€”45
mm, 45â€”75
mm, 75â€”105
mm and data collected between 30â€”60mm, 60â€”90
mm, 90â€”120
mm).
RESULTS

Eq. 2
where C@(T)is the measured total tissue radioactivity in the ROI
at time T, K@,k@,k, LC and C@are defined as above and C(t)
is the concentration of [â€˜8F]FDG
in plasma at time t. rCMRglc
was calculated with two sets of rate constants: (1) those deter
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constant slope K (8,9), equal to K@k/(k + k@)for a homoge
neous tissue or the mass-weighted average of this combination
of rate constants for a heterogeneous tissue (10), as long as there
is no significant loss of metabolic product. rCMRglc can then be
calculated as:

Rate Constants

Determined

with Compartmental

Model
When the rate constants were determined for every
time interval in every ROl, estimates of the rate constant
for influx of [â€˜8F]FDGfrom plasma to tissue, K@, fell
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rCMRgIc was calculated from the dynamic scans ac
cording to Equation 1 with rate constants determined for
each ROI, each individual subject and each time interval.
The values for rCMRglc declined with time with short
experimental periods and became relatively constant only
after approximately 60 mm and remained so throughout
the remainder of the 120 mm experimental period. The
time courses of calculated rCMRglc in two representative
ROIs and in whole brain are shown in Figure 3A. rCM
Rglc was also calculated according to Equation 2 with the
same rate constants, i.e., those determined from the dy
namic scans for each ROI, each individual subject and
each time interval (Fig. 3B). rCMRglc calculated accord
ing to Equation 2 was in complete agreement with the
values obtained with Equation 1 (Fig. 3C).
rCMRglc Determined with Compartmental Model

and Single-Scan Procedure

End Time of liSt $O$fl(mki)

FIGURE 2. Timecourses
oftherateconstants
K, k@,
andk@
estimatedwiththe3Kmodel.(A)Aateconstantsestimatedfrom
thetotaltissueradioactivitymeasuredinonerepresentative
gray
matterregionintheintervalbeginningwiththepulseof [18F]FDG
andendingatthetimeindicatedontheabscissa.Valuesarethe
meansÂ±s.e.m.for four subjectsfor the intervalsendingbe
tween i 5 and 80 mm, and for three subjects for the intervals

endingbetween85 and 120mm.(B) Corresponding
valuesin
white matter.(C) Correspondingvaluesfor wholebrain.The
estimatesof k@andk@initiallyfall sharplyas the durationof the
fitting intervalis increasedand tend to level off later in the
experimentalperiod.This is consistentwiththe timevariability
expectedto occur in a heterogeneoustissue (3,4).

When rCMRglc was calculated at various times follow
ing the pulse of [â€˜8F]FDGwith the asymptotic mass
weighted population average rate constants, i.e., with the
average of the rate constants determined over the interval
0â€”120mm in the three subjects from this study, it became
constant approximately
30 mm after tracer injection,
which was much sooner than when calculated with rate
constants specific for each region, subject and time inter
val. The time course of calculated rCMRgIc for two rep
resentative ROIs and whole brain is shown in Figure 4.
The values for rCMRglc in representative
ROIs calcu
lated with asymptotic average gray and average white
matter rate constants are given in Table 2. Statistically
significant differences in the values calculated at the dif
ferent time intervals were observed in only two of the 31
regions examined and in the whole brain.
rCMRgic Determined by the Multiple Time-Graphical

slightly with time. On the other hand, estimates of the
rate constants for effiux of [â€˜8F]FDG from tissue to
plasma and for phosphorylation
of [â€˜8F]FDGin the tis
sue, k@and k@,respectively, initially declined sharply but
then became relatively constant with long fitting inter
vals. The time courses of the estimates of the rate con
stants are illustrated for two representative
ROIs and
whole brain in Figure 2. The asymptotic values of the rate
constants, i.e., those determined over the 0â€”120-mmin
terval, for 14 representative gray and one white ROIs are
listed in Table 1. Since the asymptotic values of the rate
constants represent the mass-weighted average rate con
stants for each ROI, even in heterogeneous regions (3),
but it is possible to calculate the mass-weighted average
rate constants for the gray and white matter structures
studied. These values are also listed in Table 1 along with

rCMRglcin HeterogeneousTissuesâ€¢
Lucignaniet al.

Technique (Patiak Plot)
When time intervals that were 20 mm long (i.e., 4
points on the graph of C@(T)/C(T) versus f@ C@(t) dt/

C(T)) were used to fit a straight line and determine the
slope (i.e., K) of the Patlak plot, many linear segments of
the curve were identified with similar goodness-of-fit.
Five 20-mm linear segments between 15â€”35mm and 95â€”
115 mm that were fitted to scan data from the whole brain
and two representative ROIs in one subject are shown in
Figure 5A. A different value of K and, therefore, corre
sponding value of rCMRglc was found for each interval
(Fig. SB). For example, rCMRglc varied from 26â€”35
@mol/10OWminfor whole brain. When time intervals of 30
or 40 mm duration (i.e., 6 and 8 points, respectively) were
used to fit a straight line, many of the linear segments
over these ranges of the curve were also found to have
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TABLE I
RateConstantsOeterminedwith 3K Modelin RepresentativeGray and White MatterRegions*
RegionK@
(min1)Cingulate

(ml/g/min)14

gyrus0.1
0.004Supplementary

14 Â±0.0050.069

Â±0.0100.043

Â±

0.007Prefrontalmotor area0.1
region0.103
0.005Rolandic
region0.1
0.007Frontal
operculum0.102
0.006Premotor
regionandrolandicregion0.101
0.004Head

11 Â±0.0070.080

Â±0.0110.045
Â±0.0140.040
Â±0.0150.044
Â±0.0050.049
Â±0.0020.046
Â±0.0080.032

Â±
Â±

of caudate0.081
0.005lnfracalcarin
cortex0.126
0.011Supracalcarin
cortex0.1
0.006Occipital
cortex0.092
0.002Middle
temporalgyrus0.101
0.002Inferior
temporalgyrus0.098
0.004Auditory
cortex0.089
0.007Thalamus0.092

0.007Weighted

(min1)k,@

Â±0.0060.072

17 Â±0.0080.076
Â±0.0040.073
Â±0.0030.073
Â±0.0020.052

Â±
Â±
Â±

Â±

Â±0.0110.092
13 Â±0.0040.082

Â±0.0220.045

Â±0.0020.053

Â±0.0080.069

Â±0.0010.036
Â±0.0090.038
Â±0.0050.039
Â±0.0180.039

Â±
Â±
Â±
Â±
Â±
Â±

Â±0.0100.052

Â±0.0190.026

Â±

Â±0.0030.070

Â±0.0150.035
Â±0.0040.056

Â±

Â±0.0080.045

Â±0.0040.066
Â±0.0030.068

matter0.1010.0710.042White
average gray

matter0.047
0.005Whole
brain0.104
0.006*Dete@ined

Â±0.0010.118

Â±

overtheinterval0â€”120
mm.valuesaremeansÂ±s.e.m.forthreesubjects.
similar goodness-of-fit. The slope of the linear segments
varied with the interval chosen and the general trend was
for the K (i.e., the Patlak slope) to decline initially with
the ending time of the interval until more than 75 mm
following injection of the [â€˜8F]FDG.The trend, however,
usually reversed and the slope actually increased tempo
rarily for some intervals that ended between approxi
mately 75 and 105 mm. In the late intervals that ended
between approximately 105 and 120 mm, the values of K
again decreased. Although the changes in rCMRglc were
often not statistically significant (see below), the de
crease-increase-decrease
pattern was consistent; it oc
curred in approximately two-thirds of the ROIs exam
med. Results for two representative
ROIs and for the
whole brain are shown in Figure 6. The magnitude of the
fluctuations in the estimated Ks was highest when the

20-mm segments were used in fitting; somewhat lower
with the 30-mm segments; and lowest with the 40-mm
segments (Fig. 6). rCMRglc calculated from the slope of
the Patlak Plot determined from various 30-mm segments
is given in Table 3. Statistically significant differences
(p < 0.05) in the values for rCMRglc calculated between
15â€”45mm, 45â€”75mm and 75â€”105mm were observed in 6
of the 31 ROIs examined and in the whole brain. Statis
tically significant differences (p < 0.05) were also found in

two gray ROIs and in the white matter when rCMRglc
was calculated for the intervals 30â€”60mm, 60â€”90mm
and 90â€”120mm. To test whether these significant differ
ences were due only to the data at early times, we com
pared the values obtained for the interval 45â€”75min with
those obtained at 75â€”105min and the values obtained at
60â€”90mm with those at 90â€”120mm. Statistically signif
icant differences (p < 0.05) were found in only one gray
structure between the values at 45â€”75mm and 75â€”105mm
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and only in the white matter
90â€”120mm.

between

60â€”90mm and

DISCUSSION
The [â€˜8F]FDGmethod has been used extensively to
measure rCMRglc in man with emission tomography
since its introduction in 1979 (2,5). During the prolonged
scanning periods required with the early generation of

PET scanners, total tissue radioactivity in brain was ob
served to decline after approximately 120 mm resulting in
progressive lowering of calculated rCMRglc. This phe
nomenon was arbitrarily attributed to dephosphorylation
of [â€˜8FJFDG-6-P and led to the introduction of the 4K
model (2). With current scanners, it is possible to mea
sure the time courses of rapidly changing tissue concen
trations of radioactivity simultaneously in several image
planes with dynamic or single-scan procedures and data
acquisitions over a period of time much shorter than
previously necessary. If the entire experimental period is
kept within 120 mm, a period in which there is no direct
evidence of any significant product loss, there is no ob
vious reason to use the 4K model (3, 4). Furthermore, we
showed in a previous study that the use of the 4K model
leads to overestimation
of rCMRglc when scanning is
completed within 120 mm (4). Therefore, we have re
stricted our analyses in the present study to data acquired
within a 120-min experimental period when k models are
unnecessary. In the current study, we found that rCMR
glc calculated

with the 3K model remained

fairly constant

between 30 and 120 mm when an appropriate set of rate
constants was used. If there were any significant loss of
product during this time period, the calculated rCMRglc
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determined specifically for the individual subject and
ROIs at the time of the study (6, 7). Dynamic methods
may not be more accurate, however, when the underlying
compartmental model does not adequately reflect the true
kinetic behavior of the tracer in the tissue. For example,
when a kinetic model designed for homogeneous tissues
is applied to heterogeneous
tissues, the rate constants
determined prior to achievement of tissue to plasma equi
librium do not represent mass-weighted average rate con
stants for the mixed tissue in the ROl (3,4). Following an
intravenous pulse of [18F]FDG, equilibration is never
completely achieved, but sufficient equilibration can be
assumed in all regions when the estimates of the rate
constants become relatively constant with time. It re
mained to be shown whether rate constants determined
prior to equilibrium for individual heterogeneous regions
were indeed more appropriate than average population
mass-weighted rate constants determined at longer times.
In â€˜thisstudy, we have shown that rate constants deter
mined

in each

individual

region

and

subject

prior

to

achievement of sufficient equilibration decline with time.
The use of rate constants determined at experimental times
shorter than 60 mm produces errors in the estimated rates of
glucose consumption. These errors are avoided by the use
of mass-weighted average population rate constants deter
mined at longer experimental times. Moreover, the values
determined for rCMRglc become constant for most ROIs at
about 30 mm after the pulse when the mass-weighted aver
age population rate constants determined at 120 min are
used. The use ofeither the dynamic procedure or the single
scan procedure with population average rate constants for

Equation [2)

FIGURE
3. Timecourses
ofrCMRglc
calculated
withEqua

tions 1 and 2, with rate constantsdeterminedduringdynamic

ROlandiC
Regio

scans of each AOl, includingthe whole brain, in each subjectfor

eachtimeinterval.(A)Valuesof rCMRglccalculatedwithEqua
tion 1 fromthe totaltissueradioactivitymeasuredin one gray
matter structure, one white structure and whole brain in the

interval beginningwith the pulse of [18FJFOGand ending at the
time indicatedon the abscissa.Values are the means Â±s.d. for

foursubjectsintheintervalsendingbetweeni5 and80mm,and
for threesubjectsin the intervalsendingbetween85 and 120

60
50

4

I___*__ WhiteMatter
hTi@::-@WholeBrain

40

I10Iâ€”.â€”-

mm. (B) Correspondingvaluesof rCMRglccalculatedwith Equa

tion 2. Withbothmethodsof calculationthe valuesof rCMRglc
initiallyfallastheendofthescanningtimeis increasedandtend
Uldecan tlmâ€¢(mm)
to levelofflaterintheexperimental
period.Thisisconsistentwith
thetimevariabilityexpectedto occurin a heterogeneous
tissue FIGURE 4. Timecoursesof rCMRglccalculated
withEqua
(3,4). (C) Correlation between values of rCMRgIc calculated with tion 2 and mass-weighted
averagepopulationrate constants
Equation 1 (ordinate)and with Equation2 (abscissa)at various
times following a pulse of [18F]FDG.Each point represents rC

MAgIcin oneAOl.
should fall inasmuch as the 3K model does not correct for
any loss of product.
It is generally believed that dynamic methods in asso
ciation with compartmental models provide estimates of
rCMRglc that are more accurate than those obtained with
single-scan methods because the model rate constants are
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reportedin Table i (averagegray: K = 0.101, k@= 0.071, k@=
0.042; average white: K = 0.047, k,@= 0.070, k@= 0.035; whole

brain: K@= 0.104, k@= 0.118, k@= 0.056). rCMAglc was cal

culatedfrom the total tissue radioactivitymeasuredin whole
brain,in one graymatterstructureand in whitematter,during
eachof225-mmscans.Themidscantimeofeachmeasurement
is indicatedon the abscissa.Valuesare the means Â±s.d.
calculated for four subjects in the intervals ending between I 5

and 80 mmand for threesubjectsin the intervalsendingbe
tween 85 and 120 mm. The calculated values of rCMRglc tend to

fall very slightlywith time as the interval betweentracer injection
and the time at which the scan is performedincreases.
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TABLE 2
RegionalrCMRglcCalculatedwith the 3K Modeland the Single-ScanProcedurein RepresentativeGray and White
Matter Regions*
rCMRglc(@mol/1
g/min)Scan
00
(mm)30â€”4040â€”5050â€”60

start-stoptime
60â€”75

0510@â€”120Region
(n = 4)(n

= 4)(n=

Cingulate
3Supplementary
gyrus45

Â±245

Â±243

motorarea39
3Prefrontal
2Rolandicregion37
3Frontal region42
operculum40
3Premotor
1Head regionand rolandicregion38
2lnfracalcarin
of caudate31
cortex43
6Supracalcarin

Â±139
Â±137

Â±238
Â±236

Â±342

Â±441
Â±238

Â±239

4)

Â±343
Â±237
Â±236
Â±440
Â±238

(n

=

4)

Â±342
Â±237
Â±135
Â±441
Â±138

75â€”9090â€”1
(n

3)(n

= 3)(n

= 3)

Â±242
Â±338

Â±341
Â±336

Â±
Â±

Â±135

Â±134

Â±

Â±340

Â±440
Â±337

Â±
Â±

=

Â±238
Â±136
Â±229

Â±137
Â±136
Â±137
Â±137
Â±135
Â±
Â±431
Â±130
Â±231
Â±331
Â±228
Â±
Â±540
Â±541
Â±738
Â±542
Â±540
Â±640
Â±
Â±140
Â±139
Â±137
Â±136
Â±037
1Occipital cortext4Q
Â±038
Â±
1Middle cortext37
Â±237
Â±137
Â±136
Â±
Â±135
Â±135
Â±134
4Inferior
Â±437
Â±435
Â±434
Â±
temporalgyrus37
Â±337
Â±336
Â±335
temporalgyrus36
Â±235
Â±234
Â±234
Â±233
3Auditorycortex29Â±430Â±430Â±531Â±430Â±330Â±330Â±4Thalamus35Â±435Â±435Â±433Â±333Â±330Â±331Â±4Whitema
Â±236
Â±333
Â±

braint34

Â±133

Â±132

Â±132

Â±131

Â±231

Â±230

Â±2

*Calculated
withmass-weighted
averagerateconstantsdetermined
intheinterval0â€”120
mm(graymatter:K@= 0.101mug/mm,
k@=
0.071min@,k:@0.042min@;whitematter:K@
= 0.047ml/g/min,k@= 0.070min@,k@= 0.035min@;wholebrain:K@
= 0.104ml/g/min,
k:@ 0.118 min@, k@= 0.056 min@). rCMRglcvaluesare means Â±s.d. for the numberof subjectsindicated.

@Values
determinedin the differenttime intervalsare statisticallysignificantlydifferent(ANOVA,p < 0.05).

declines usually reverse. Increases in calculated rCMR
glc begin sometime between 75 and 105 mm, depending
on the ROl. There should be no such reversal of the
decline in calculated rCMRglc if the decline were due to
product loss. A more likely explanation for the early
single scan lasting only 10â€”15
mm is adequate for calculat
declines in calculated rCMRglc is that sufficient tissue to
ing rCMRglc. In this study, a set of average rate constants
plasma equilibration has not yet been achieved. This is
for calculation of rCMRglc was applied to the same popu
consistent with the observations that the kinetic model
lation in which it was determined. This set of average rate
rate constants do not become relatively constant before
constants may have led to values of rCMRglc that are more
60 mm.
accurate at early times, when calculated rCMRglc is most
Finally, the values obtained with the technique of Pat
sensitive to errors in the rate constants, than if they were
lak tended to be somewhat lower, approximately 10%â€”
applied to a different population. The effects of inaccuracies
15%, than those calculated with the 3K model when
in the rate constants can be minimized, however, by in
mass-weighted average rate constants determined at 120
creasing the delay between the administration of [â€˜8F]FDG
mm were used. The lower estimates of rCMRglc obtained
and the time of scanning, at least up to 120 mm.
with the Patlak plot than with the 3K model are partially
Tissue heterogeneity is not a limitation when rCMRglc
due to the use of a blood volume correction with the 3K
is calculated by the multiple time-graphical analysis tech
model analysis as previously described (4). This leads to
nique of Patlak (8, 9). This technique requires the deter
approximately a 3% difference between the two methods.
mination of an optimal time frame for the scanning pro
An
additional 1%â€”2%underestimation
can be attributed
cedure after equilibration between tissue and plasma is
to
the
lack
of
equilibration
of
unmetabolized
[â€˜8F]FDG
achieved. Complete equilibration is never fully achieved,
between
brain
tissue
and
plasma.
The
rate
of
clearance
of
however, because the plasma concentration of [â€˜8F]FDG
free [â€˜8FJFDGfrom the tissue is greater than that from
continues to decline throughout the experimental period.
plasma, thus contributing a negative component to the
Early declines in rCMRglc calculated by the Patlak plot
slope of the Patlak plot that leads to a lower value of
cannot be attributed to loss of product inasmuch as these

times when the values for rCMRglc become relatively sta
ble (e.g., >60 mm) yields similar results. Therefore, there is
no reason to use a dynamic protocol that requires a scan
ning procedure in which the subject must remain positioned
and motionless in the scanner for at least 60 mm when a

366

The Journalof NuclearMedicineâ€¢
Vol. 34 â€¢
No. 3 â€¢
March i993

metabolic product may also contribute to the decline in
calculated rCMRglc, but it is impossible to separate the
effects due to errors in the rate constants from those due
to product loss. On the basis of the present data, the
single-scan protocol seems to provide a wider time frame
for the estimation of stable rCMRglc compared to the
Patlak protocol and obviates the need for prolonged dy
namic scanning periods.
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0.05

40

@.0.04

@

0.03
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a-

@0.02
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I

4
mile hfl.rviI
(mm)

FIGURE 5. â€œPatlak
plotsâ€•
of dataobtainedduringscanning

@

from 0 to 120 mm following a pulse of [18FIFDGfor the whole
brain, one gray matter structure and one white structure in a
representativesubject. (A)The graphshowsfive 20-mmdiscrete
linear segmentsfor each of the three ROls. Each segment was
fitted to four consecutive points, starting and ending, respec
tively, at 15â€”35mm, 35â€”55mm, 55â€”75
mm, 75â€”95
mm and
95â€”115
mm. (B) Values of the slopes of each segment of the

Patlakplotsshownin Fig.5A.TheleftordinaterepresentsK,i.e.,
the slope of the plot of cT)/C@(T) versus f@C,(t) dVC@(fl,and
the right ordinate representsrCMRglccalculatedby Equation3.

B.

0.05
0.04

0.02

@. 0.03

0.01
0.00

26

C. 0.05

60

00

100

120

14tO

80

100

120

140

0.04

The slopesvary in a nonrandomfashiondependingon the
interval in which they were determined.In the five time intervals
examined,the calculatedvalues of rCMAglcdecline between 15
and 75 mm in all three ROIs shown. In whole brain and white

40

@. 0.03

4

matter, as in most of the AOIs examined, the rCMRglc actually

0.01

increasesbetween75 and 95 mm beforefalling again in the last
interval. In the gray matter AOl, rCMRglc remains relatively
constant between 55 and 115 mm.
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BraInRolundlc
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I
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rCMRglc. The reasons for the remainder of the underes
timation are not clear.
With all three methods, a trend towards a decline of
calculated rCMRglc was observed. Values tended to de
crease in most regions by approximately 10% in the in
terval between 30 and 120 mm. These decreases were
more consistent when the compartmental models were
used but fluctuated when the Patlak plot was used. A
slight, but not statistically significant, decline in the esti
mated rates of rCMRglc was observed with all methods
between 60 and 120 mm, although the values of rCMRglc
at all times during that interval were similar to those
obtained with the Kety-Schmidt method. The decline in
values calculated with the compartmental models could
still be due to an overestimation of the values of the rate
constants at 120 mm, i.e., prior to the achievement of
their true asymptotic mass-weighted value. Some loss of
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wte@

MMW

I

FIGURE 6. Slopesof Patlakplotsdetermined
fromdataoh
tamed at different intervals following a pulse of [18FJFDGfor

wholebrainand two ROls. Forty-eightdifferenttime intervals
between15and 120mmfollowingthe pulsewere examined.The
values for the slope (K) are the means Â±s.d. for four subjects in
the intervals ending between 35 and 80 mm and for three sub
jects in the intervalsending between85 and I 20 mm. (A) Values
of K (determined from four points on the Patlak plot) for 18

20-mmintervals(i.e.,15â€”35
mm,20â€”40
mm,. . . , 100â€”120
mm).
(B) Corresponding values (determinedfrom six points on the

Patlakplot) for 16 30-mmintervals(i.e., 15â€”45
mm, 20â€”50
mm,. . . , 90â€”120
mm).(C) Corresponding
values(determined
fromeightpointsonthe Patlakplot)for 1440-mmintervals(i.e.,
I 5â€”55
mm, 20â€”60
mm

80â€”1
20 mm).The slope varied with

the intervalchosen,butthegeneraltrendwasfor the estimated
K to declineInitially.This trend,however,eventuallyreversed,
and the slope fluctuated thereafter.The fluctuations in the esti

matedslopeswere moreevidentwhenthe 20-mmsegments
were usedin fittingand were somewhatdampenedwithlonger

segments.
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TABLE 3
Regional rCMRgIc Calculated with the Patlak Plot in Representative Gray and White Matter Regions*

g/mmn)Start
rCMRglc(@mol/1
00
(mm)1
0590â€”120Region

time of first scanâ€”stop
time of last scan

3)Cingulategyrus

5-45
(n = 4)

30â€”60
(n = 4)

45â€”75
(n = 4)

60â€”90
(n = 3)

38Â±736Â±3Supplementary

43Â±3

39Â±4

39Â±3

40Â±3

motorarea
6Prefrontal
6Rolandicregiont
region
3Frontaloperculum

39 Â±3

36Â±3

33Â±1

35 Â±6

37 Â±531

36 Â±2

34 Â±3

33 Â±1

33 Â±1

32 Â±331

41 Â±4

38Â±5

36Â±6

36Â±5

34 Â±637

36Â±633Â±4Premotorregionandrolandicregiont

39Â±2

35Â±2

35Â±1

36Â±5

33Â±331Â±4Headofcaudate
24Â±524Â±7lnfracalcarmncortex

38Â±2
33Â±3

35Â±2
30Â±3

33Â±1
29Â±4

35Â±2
30Â±5

37Â±1132Â±5Supracalcann
4Occipital
cortext
3Middle cortex@
4Inferiortemporaigyrus
temporalgyrus

75â€”1
(n = 3)(n

40Â±5

38Â±6

34Â±3

38Â±9

40 Â±1

36 Â±2

33 Â±2

34 Â±2

34 Â±331

38 Â±1
37Â±2

34 Â±1
35 Â±3

33 Â±2
32Â±4

33Â±1
31 Â±5

31 Â±329
30Â±528

30Â±529Â±4Audftorycortex
29Â±526Â±4Thalamus

36Â±2
32Â±4

33Â±2
29Â±5

31 Â±1
29Â±3

32Â±3
27Â±1

25Â±830Â±6Whftematter@'
14Â±110Â±3Wholebraint

34Â±6
16Â±2

33Â±4
15Â±1

29Â±2
13Â±2

29Â±5
16Â±2

32Â±2

29Â±2

28Â±1

28Â±2

27Â±325Â±3a@MRglc

=
Â±
Â±
Â±

Â±
Â±
Â±

indicated.@Values
valuesare means Â±s.d. for the numberof subjects

0.05).@Values
determinedin the intervals15â€”45,
45â€”75,
and 75â€”105
mmare statisticallysignificantlydifferent(ANOVA,p <
0.05).Values
determinedin the intervals30â€”60,
60â€”90,
and 90â€”120
mmare statisticallysignificantlydifferent(ANOVA,p <
determinedin the intervals60â€”90,
and 90â€”120
mmare statisticallysignificantlydifferent(ANOVA,p < 0.05).

CONCLUSION
Procedures for determination of rCMRglc can rely on
the simplest of kinetic models, i.e., the 3K model. Com
bined with the use of mass-weighted average population
rate constants and a single-scan procedure, this model
provides accurate values for rCMRglc that remain con
stant over 1 hr (between 60 and 120 mm). Errors due to
inaccuracies in the values of the rate constants are mm
imized

by the delay

between

tracer

injection

and

the

scan. Similar results are obtained with the Patlak graph
ical analysis technique between 45 and 120 mm after
injection of the tracer. The Patlak technique, however,
requires a somewhat longer total scanning time in order
to obtain a sufficient number of timed measurements of
tracer concentration in the tissue to fit a reliable straight
line from which to determine rCMRglc. Both the single
scan and Patlak procedures produce dependable results
with shorter scanning times than those required in dy
namic procedures in which individual rate constants are
fitted.
These results suggest the possibility of using doses of
[â€˜8F]FDGlower than those currently employed. Stability
in the estimated rCMRglc over the 60â€”120-mm period
indicates that longer scan times within that interval could
be used to compensate for lower counting rates in the
tissues. Such a procedure would permit reduction of ra
diation exposure and would be particularly desirable for
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test-retest protocols that require multiple administrations
of radioactivity.
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NOTEADDEDIN PROOF
After this paper was submitted, another study concern
ing the dependency of calculated regional rates of glucose
utilization (rCMRglc) on the time of data acquisition ap
peared in this Journal (1). Kumar et al. used a kinetic
model that assumes first-order dephosphorylation
of
[â€˜8F]fluorodeoxyglucose-6-phosphate,
i.e. the four rate
constant (4K) model, and a standard population set of
rate constants and reported no statistically significant
differences in rCMRglc calculated 30 and 45 mm after
injection of [â€˜8F]FDG.Kumar et al. then made the im
plicit assumption that rCMRglc calculated with the 4K
model 45 mm after injection of [â€˜8FJFDGwas accurate
when they concluded that â€œfluorine-18-FDG PET scans
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can therefore be reliably performed 30 mm after intrave
nous injection of the radiotracer.â€• We, however, have
addressed the questions of both choice of kinetic model
and the optimal time frame for each model for determi
nation of rCMRglc in man. In a recent paper (2), we
assessed the accuracy of calculated rCMRglc by compar
ison of the weighted average of rCMRglc values deter
mined in all regions included in the field of view of the
PET scanner with whole brain glucose utilization rates
determined by the independent Kety-Schmidt technique.
We reported that the use of the 4K model leads to over
estimation of rCMRglc when scans are performed within
2 hr of tracer injection. Weighted average rCMRglc was
more than 20% too high (2). We also showed in that study
and in the current one that the use of a three rate-constant
model leads to more accurate values of rCMRglc pro
vided that it is applied in an experimental period suffi
ciently long for the effects of tissue heterogeneity to be
come negligible, but short enough for effects of loss of
product to remain insignificant. The current widely used
scanning time of 45 min following injection of radiotracer
in man has been based on the finding that 45 mm is the
optimal experimental period in the rat. The optimal time
for studies in man had not yet been established. Our
present study considered a wide range of possible scan
ning times between 30 and 120 min after injection of
tracer and showed that for both stability and accuracy at
least 60 min should be allowed for tracer circulation.
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