
n recent years, numerous laboratories have published
data concerning positron emission tomographic (PET)
measurements of cerebral glucose utilization using the
tracer [â€˜8fl2-fluoro-2-deoxyglucose (FDG). While the
biologic modeling assumptions used have been similar,
various technical factors involved in these experiments
have differed. Results for calculated local cerebral met
abolic rates ofglucose (LCMR@@)differ from laboratory
to laboratory by 20 to 30% for identical brain regions
of similar subject populations as summarized by Heiss
et al. (1). In particular, LCMR@JUvalues obtained in our
laboratory were higher than values obtained elsewhere
(1). While factors such as instrument resolution (2),
angular and transverse sampling (3), and geometric
anatomic effects (4) have been discussed, methodologic
issues involved in data collection and analysis have
received less attention. Using data from two healthy
control subjects, we evaluated the effect ofthe different
techniques used by different groups on the derived local
glucose metabolic rate magnitudes. These experiments
provide a plausible explanation for differences in
reported LCMR@IUvalues.
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MATERIALS AND METhODS

The procedure for the measurement of LCMRQ@IUat our
institution involves the i.v. injection of 5â€”10mCi of FDG as
a 5-10 sec bolus with rapid sampling of arterializedvenous
blood (5). The Donner 280-crystal tomograph (resolution 8
mm full width at half maximum) is used to collect tomo
graphic data from the brain in order to obtain brain time
activity curves for the calculation of rate constants for trans
port (k1 and k2) and phosphorylation (k3') of FDG. Since
dynamic data are collected for only the initial 40 mm after
isotope injection, k, the rate constant for dephosphorylation
ofFDG, is not included in the analysis. PET data are collected
at 5-sec intervals from 0â€”2mm, at 15-sec intervals from 2â€”5
mm, at 60-sec intervals from 5â€”15mm, and at 300-sec inter
vals from 15â€”40mm. The effectiveslicethicknessused is 10
mm. The statisticalquality of the data thus obtained is de
pendent upon region size and duration ofcounting. For small
volumes (â€œ@2.5cc) the statistical uncertainty of the tomo
graphic counts in the region is on the order of 10% for the 5-
sec data files, and drops to 5 and 1% for the 15 sec and 60 sec
files, respectively. For larger volumes (â€œ12.5 cc) the uncer
tainties are â€˜-5%for early counting times and <1 % for later
times.

Arterializedblood samplesare collected from a vein of a
warmed hand (5) approximatelyevery 3 sec for the first 2
mm, followed by progressively longer intervals for 60 mm.
Emission data are corrected for attenuation using transmission
data obtained in each subject with an external germanium
68/gallium-68 positron source. Regions of interest (ROls) are
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drawn on emission images using a standard anatomic brain
atlas of tomographic sections (6). The regions are drawn
within the boundaries of cerebral cortex and outline areas of
highest activity (Fig. 1A). A nonlinear iterative least squares
fitting procedure (7) is then used to estimate the rate constants
k' through k3' as well as fit for vascular fraction (fe) and the
time-offset (t0) between tracer arrival in the brain and at the
peripheral sampling site. We use the equation

Q(t) = s[f@A(tâ€”ti,) + ( 1 â€”f@Xhx AXt)1,

where Q(t) represents the activity in the ROI, s is a factor
which scales blood activity to tomographic activity, A is the
vascular concentration of tracer, h is the impulse response of
the system which is determined by the rate constants as
described by Sokoloff et al. (8) and â€œxâ€•represents the convo
lution operation. We have previously demonstrated that val
uesoff@and t0can be fitaccuratelywhenshort initialsampling
times are used (9). The product of k1' x k3/(k2' + k3') and
the plasma glucose concentration is then used to determine
LCMRJU for each brain region (5,8). Recent reports from our
laboratory (10,11) contain additional information concerning
our methods ofdata acquisition and analysis.

In this study we utilized data acquired from two male
subjects who were free ofsignificant medical and neurological
illnesses and were 61 and 64 yr old. Five manipulations of
data were performedâ€”four changes in residue data were made
on the original patient data, and one set ofsimulated data was
used to show the effect of modified input data. The baseline
data were manipulated in the following manner.

1. Data for minutes 0â€”5were summed into five 60-sec time

intervals in order to simulate a slower time collection protocol.
2. Data were summed, as in Part 1, above, and, in addition,

data for minutes 0-3 were discarded.
3. Attenuation correction was achieved by the use of a

constant attenuation equal to that of water. The attenuation
volume was assumed to be 4.5 mm outside the skull to
compensate for the known increase in the attenuation from
bone (12).

4. ROIs were made significantly larger than those described
above (Fig. lB). Results of these manipulations were com
pared with values of LCMR,IUobtained in our usual fashion.

5. A residue function was generated using previously pub
lished (5) average rate constants (k1' = 0.102, k2' = 0.130, k3'
= 0.062), together with a tomographically determined left

ventricular blood-pool time-activity curve which was collected
using a protocol similar to that used for brain dynamic data.
This residue function was then used with both the same left
ventricularinput function and an input function from â€œarte
rializedâ€•venous blood (obtained concurrently in the same
patient as the left ventricular input function) with the same
leastsquaresfittingprocedureto estimate the model parame
ters(13). Results ofLCMR@@determined in this manner using
the two input functionswerecompared.

Each manipulation 1â€”5was performed independently, and
the same fittingprocedurewas used, with the exceptionthat
fv and 1g.,were not fit for procedures 1 and 2, but utilized
assumed values derived from the Donner method fit. In Cases
1-4, valuesobtained representLCMR@IUfor the mean of left
and right entire cortex (Fig. 1), while the simulation (Case 5)
utilized input data from only one patient.

A: Right and left hemispheric cortical regions outliningareas of highest activityas normallyused in our laboratory, with
mean of 13.1 cc/region in this instance. B: Larger regions used in condition 4 as described in text, with mean of 29.6
cc/region
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123451-mm0-3

mmConstantLargeArterializedDonner
method time filesdiscardedattenuationregionsinput

LCMI%IU 3.51 3.39 3.33 3.17 3.32
(3.10,3.91) (2.94,3.84) (2.86,3.79) (2.74,3.60) (2.94,3.69)

% Change @3.4 j5.1 @9.7 @5.4 114

.Actualvaluesforeachpatientgivenin( ).
t For comparison between left ventricular and arterialized VenOUS inputs, LCMR@U obtained with average rate constants was 3.29.

Identicalvalues were recovered when leftventricularinput was fitw@hgenerated residue funCtion.This is compared with higher value
of 3.75whichwasobtainedusingartetializedvenousblood Thislattervalueis 14%higherthanâ€˜truevalueof 3.29.

RESULTS AND DISCUSSION

Table 1 displays the effects of the various perturba
tions on the calculated LCMRQ@IU.All values for meta
bolic rates are estimated with a statistical uncertainty
on the order of 1%. The use oftemporal sampling at 1-
mm intervals produces a small diminution in metabolic
rates, which is decreased further by discarding the first
3 mm of data collection. While this technique has the
advantage of eliminating the effect of the duration and
size of the bolus injection, it underestimates the true
metabolic rate by a small amount. As demonstrated by
others (8), LCMRQ@IU@Sa term which is quite stable
regardless of the method used in its calculation. When
time collection protocols are varied, effects on the actual
rate constants are more significant, as has been eluci
dated by Mazoyer et al. (9). The use of slower time
collection schedules also decreases the validity of the fit
for t@and f@,forcing one to rely on assumed values. In
addition, the model used for mathematic description of
the data also has an important bearing on results ob
tamed. A model which assumes that the activity value
obtained for a given scanning time period represents
the activity at the midpoint of that time period (the
classic model), will lead to results that differ from those
using an integral model which integrates activity over
each time interval. Our simulations reported here use
the classic model, and therefore the effects on deter
mined metabolic rates which we found may result from
biases due to the use of this model. The use of the
classic as opposed to the integral model may result in

differences ofup to 10% in estimation ofrate constants,
and 3% in estimation of LCMR@IU(9). Evaluation of
these issues as well as the impact of different sampling
strategies has recently been completed and allows one
to quantitate the importance ofvariations in techniques
comprising protocols used at present and proposed for
the future (9).

The effect on LCMRJU produced by using a volume
of constant attenuation is great, and will be further
increased at brain levels with a high content of bone

(such as the petrous ridge) or in patients with ventri
culomegaly. We have not evaluated the effect of the
chosen attenuation coefficient on the calculated meta
bolic rate, nor have we examined the effect ofthe shape
or the size of the volume of constant attenuation.

The effect of region size is important, particularly
when one considers the folded geometry of the cortical
ribbon relative to the resolution of the tomograph. As
region size increases, the activity sampled consists of
more surrounding tissues, which, in the case of cortex,
is the metabolically less active white matter, skull, and

scalp. This produces underestimation ofcortical metab
olism. In addition, the use of nonanatomic ROIs (such
as geometric shapes superimposed on cortex) can result
in larger partial-volume effects which will also signifi
cantly lower metabolic rates.

Input function shape is also quite important when
metabolic rates are calculated from dynamic PET data.
Arterialized venous blood is an acceptable input func
tion when used with the operational equation 5 for
calculation of metabolic rates since this method utilizes
the integral value ofthe function and is relatively insen
sitive to its shape. Determination ofrate constants from
fast dynamic data, however, requires a function which
closely approximates the true brain input. Simulation
5 demonstrates that blurring the input function by using
arterialized venous blood rather than a true arterial
input will alter the value of the determined metabolic
rate due to errors or differences in the determined rate
constants.

It is particularly valuable to interpret the data oh
tamed in our laboratory in light ofthe combined effects
of these separate experiments. Laboratories using tech
niques 1 through 4 will derive results 18 to 20% lower
than ours. In addition, the use of arterial as opposed to
arterialized blood with the dynamic PET method will
lower results by an additional 14%. These factors are
likely to account for the higher metabolic rates which
are obtained with our rate constants.

We do not attempt to ascertain the accuracy of
various methods here. Nevertheless, using our methods

TABLE I
Rates of Cortical Glucose Utilization(Mean of Right and Left Entire Cortex in mg/i 00 g brain/mm)Using

MethodologiesDeSCribedin TextS
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of data collection in six healthy elderly subjects with a
recently experimentally determined value for the
lumped constant of 0.52 (14), we found a cortical
LCMR@IU of 8.13 mg/lOO g/min (s.d. = 1.44) and a

white matter LCMRQJUof 2.96 mg/iÂ® g/min (s.d. =
0.77). Assuming a 50â€”50 gray-white mixture (15) this

yields a value of5.54 mg/lOO g/min, in good agreement
with an average value of 5.38 mg/100 g/min found by
others using the A-V extraction method and summa
rized by Phelps et al. (5).

The experimental issues of sampling time protocol,
region size, attenuation correction method, and input
function shape are interrelated. As these methodological
aspects differ from one laboratory to another, differ
ences in metabolic rates which may become quite large
are expected. In addition, the nature of the model used
will also affect experimental outcomes. It is clear that
when one is comparing measurements of cerebral glu
cose utilization obtained in different laboratories, it is
important to specifically note the experimental designs
and methods of data collection and analysis.
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