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In a previous publication the theory, procedure, and results of a method were described for
making two sequential measurements of cerebral metabolic rate for glucose (CMRgic), within
a 2-hr period, using ['®F]fiuorodeoxyglucose. The error that is specific to this technique was
estimated using computer simulations. CMRglc for the second state was sensitive to errors in
(a) the values of the rate constants, (b) alignment of PET slices between the two scans, and
(c) subtraction of one PET image from another. The root mean square of the average error
from each error source was 6.4%, which gives the theoretical reliability of this method. The
measured reproducibility, taken from our previous publication, was 4.2-6.2%, which is in
good agreement with the present result. This method contributes a small additional error
above that expected for two independent scans. However, independent scans done on
different days are likely to be subject to larger physiological variations in CMRgic than would

occur using this method.
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Whave previously described the theory, procedure,
and results of a method for calculating, from a single
extended study, two sets of regional cerebral metabolic
rates of glucose (rCMRglc) values, representing two
steady-state conditions (/). The procedure requires two
injections of fluorine-18 ('®F) fluorodeoxyglucose
(FDG), 50 min apart, and two positron emission to-
mography (PET) scans. From the first scan rtCMRglc1
can be calculated using the tracer concentration in
tissue (C*(T,)) at T(T, = 50 min). From the second
scan r*CMRglc2, the metabolic rate for the second con-
dition, can be calculated using the tracer concentration
in tissue (C*(T:)) at T,(T, = 100 min) after subtracting
out the remnant of tracer from the first injection
(R*(T>:T))) to obtain C¥(T,:T,), which is the tracer
accumulated after the second injection only. The de-
tailed definition of the terms used in this paper are
summarized in Appendix 1. To obtain the correct value
of R*(T,:T,) it is necessary to know the value of each
rate constant (k.*, k3*, and k4*) for each brain region.
Since this is not available, we use average rate constant
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values to obtain an estimated value of R*(T.:T,), i.e.,
R*(T,:T,). Consequently, error is introduced into the
determination of R*(T,:T,), which is then propagated
to the estimated value of C§(T.:T)), i.e., (C8(T2:T))),
and to rCMRglc2. Thus, the accuracy of CMRglc2
determination is not only dependent on the accuracy
of using an operational equation (2-4) but is also de-
pendent on the accuracy of C$(T,:T,) determination.
A second source of error in the double injection
procedure derives from difficulties in obtaining exact
slice relocation for the second scan so that R*(T,:T))
can be subtracted from the measured value of C*(T>).
In practice, however, some error in slice location is
likely. These errors can be minimized by using a cus-
tomized head mold (5) to reduce head movement and
repeatedly checking head position during the procedure
to assure accurate repositioning. For example, the ro-
tational error around the z-axis in the transverse plane
(Fig. 1A) and around the y-axis in the coronal plane
(Fig. 1B) can be minimized with the help of a laser
light, used prior to and periodically during the second
PET scan. However, repositioning in the z-axis, either
because of translational error (Fig. 1C) or because of
rotational error around the x-axis in the sagittal plane
(Fig. 1D), can only be done prior to the scan, since it is
difficult to reconfirm the exact position, once the head
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FIGURE 1

llustration of possible sources of repositioning errors in
rCMRglc2 estimation. The x-axis is defined as the axis
that is parallel to the floor and normal to the long axis of
the patient, the y-axis is defined as the axis that is normal
to the floor, where the z-axis is defined as the axis that is
parallel to the long axis of the patient's body and goes
through the gantry. The most prominent repositioning er-
rors are: (A) rotational error around the z-axis, (B) rotational
error around the y-axis, (C) translational error along z-axis,
and (D) rotational error around the x-axis.

is inside the scanner. Therefore, the most frequent
errors are along the z-axis.

Another source of error derives from the inability to
continue to maintain a specified behavioral condition
during the 20-min scanning period. This poses a prob-
lem, because the desired steady-state condition gets
diluted by the nonspecific scanning condition. For ex-
ample, if there is less glucose metabolism in a brain
structure during the scanning period relative to the
activation state, by the end of the scanning period an
underestimation of the glucose metabolic rate for that
structure may occur due to the admixture of a period
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of reduced metabolism. The resulting additional error
that is added to the measured rCMRglc, has been
examined through computer simulations, using the ex-
ample of a hypothetical instantaneous physiological
change that could occur from a focal seizure (6) 30 min
after the injection of FDG. In this paper, we draw a
parallel between this example and the interruption of
the steady-state due to the inability to maintain the
activation state during the PET scanning period. Al-
though this error is not specific to the double-injection
method, it merits consideration here because the double
injection method is likely to be used in the comparison
of an activation state to a baseline state. The dilution
error is probably nonexistent for the baseline state, but
may be important in the activation state.

Other sources of error in rCMRglc estimation, using
the deoxyglucose model with PET/FDG, have been
well documented (6,7). The double activation/double
injection method inherits these same errors as well. In
this paper, the above-mentioned errors, unique to the
double injection/double activation method, are ad-
dressed. Computer simulations have been used to ex-
amine the sensitivity of rCMRglc measurement to these
errors. The magnitude of these errors should be assessed
in terms of the errors associated with an alternative
method. The utility of the double-injection method is
in conveniently obtaining sequentially two sets of met-
abolic values. Therefore, the appropriate comparison,
in terms of error analysis, would be to the situation
when two independent PET/FDG scans are performed
on different days in the same patient.

METHOD

rCMRglc2 is obtained by operational Eq. (1), which is an
adaptation of the original operational equation proposed by
Sokoloff et al. (8), modified by Chang et al. (1) as follows:

Cp E| ‘E}‘ C§(T2 2T| )

LC[K:* + K*] [CE(T2:T)) + Tl (To: T))
where Cp is the mean glucose concentration in plasma during
the second behavioral state, and k,*, k,*, k;*, k¢* are average
rate constant values. LC is the lumped constant (8),
C8(T2:T)) is the estimated tracer concentration that is accu-
mulated in cerebral tissue from FDG in plasma, between
times T, and T,, measured by PET, andC&(T»:T,) and
Cm(T,:T,) are the estimated FDG and FDG-6-P concentra-
tions, accumulated in cerebral tissue from FDG in plasma
between T, and T,. Both C&(T,:T,) and Crh(T,:T,) are
obtained analytically from the following two equations (7),

rCMRglc2 =

8))

*
Cé(TzZT| ) = % [(E“ -3 )e‘in(Tz-Tﬂ

+@ - K*)e TR CH(T,-T)) (2a)
C(Tx:T))= %.: [T
—e M@ Ty @CH(T,—~T)) (2b)
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where

a=[k* +ks* +ke* - V(I * + k* + K, —4K,*K,* 12

G =[k* +k:* + Ki* + V(K,* + K* + Kt — 4k*K,* 12

and ® denotes the operation of convolution. That is,
1
p()®q(t) = I p(r)q(t—7)dr Cp(t) = Cp(t + T),

Cp(t) is the history of plasma FDG concentration from t = 0
onwards. Cp(t) is the history of plasma FDG concentration

from t = T, onwards. C$(T:T,) is obtained by subtracting
R*(T2:T)) from C*(T), and R*(T,:T,) is obtained by the
following equation:

R*T2:T)=CXT)[A%(T=T))-B*T2T))], ()
where
a
(a2—4a,)

Z‘(TZ:TI) =[

_ K,*CE(T) R
(3,—2,)(CE(T,) + Cm(T)))

=4,(T>-T))

(42)

0 — il
BH(T2:Ti)= [(52 -a)

_ k,*CE(T))
(3, - 3,)(C&(T,) + Cm(T,))

Sensitivity of rCMRglc to Errors Arising from Using
Average Rate Constant Values

To simplify the notations in Eq. (1), [k,*ks*/(k>* +
K3*))/[CE&(T2:T)) + Cth(T2:Ty)] is denoted as G(T2:T,), and
the equation becomes as follows:

]e ~#(Ty-Ty) (4b)

rCMRglc2 = -[C%G(Tz:T. )CH(T2:T)). (5)

By differentiating Eq. (5), taking the rate constants as inde-
pendent variables, the following equation is derived:

aCT$(TT))

4
Cp [G(TziTl)—_+

d(rCMRglc2)= i?l ic Fpe
oG(T»:Ty)
Tj‘—'_ ]dki"‘

6)
C8(T.:T))

and

d(rCMRglc2) _ ‘[ k* 9CH(T=T))
ICMRglc2 &1 [C3(T2Ty) ok:*
L aG(TzzT.)]gki_*
G(TxT)) ok* ki

)

where

oW _ W(ki+ ki) — W(ki)
ak; Ak; ’

k; are the rate constants (i = 1 to 4). Equation (7) shows that
the percent error of rCMRglc2 is the sum of percent error
from each rate constant multiplied by a composite term
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consisting of G(T,: T, )(C$(T:T,)) and the partial derivatives
of G(T2: T, (C&(T2:T))) to each rate constant. The coefficient
of variation (CV) of rCMRglc2, caused by using erroneous
values of rate constants, can then be estimated from Eq. (7),
provided that the CV of each rate constant is known.

A synthetic three-parameter function, derived from plasma
radioactivity curves and pooled from four patients, was used
to simulate the arterial input function of FDG to include two
injections at separate times. It is expressed mathematically as
follows:

Ca(t) = 0.56e™>%%" + 0.26e™%'*™ + 0.19¢700'¢™
+ B[0.56e72%8°¢-T) 4 0.26e7014°¢-T) 4 (,19¢~0016°¢-TV)],

where B = 0, when t < T, and B =R, when t > T, (R is the
ratio of second injection dose to first injection dose and T, is
the time of the second injection).

The values of true C*(t) (i.e., C&(t) + Ch(t)), R*(t:T,), and
C$(t:T)) at any time t can be predicted analytically, using the
appropriate rate constant values and time T,, as we have
previously shown (7). Values for R*(T,:T)), C§(T2:T.) and
G(T,:T,) can be obtained by Egs. (2) and (3) using published
average rate constant values (2). Error sensitivity, defined as
the multiple of unit percent error of the dependent variable
that is subjected to a unit percent error of the independent
variable, is used here to examine how the accuracy of
C8(T,:T,) and rCMRglc2 measurements is affected by using
erroneous rate constant values.

Sensitivity of rCMRglc Estimation Arising
from Positioning Error

A simplified one-dimensional model, assuming the major
positioning errors between the two PET scans would arise
along the z-axis, is used to examine how the rCMRglc2
measurement is affected by positioning errors. The possible
percent errors of rCMRglc2, from positioning errors, were
evaluated using simulated z-axis point-spread-functions (PSF)
(Fig. 2) and the following equation, derived from the simpli-
fied model (Appendix 2),

AC‘(TZ, z())
AT(T,:T), Z) O TyZo)
T2 T T R,z @
C‘(T29 Zo)

The equation suggests that the magnitude of error of
C8(T,:T,, Zo) is dependent on how large a difference of
C*(T,) there is along the z-axis and also the magnitude
of R*(T,:T,) present in C*(T).

To simplify the computer simulation, we assumed that
rCMRgilc values for both states were identical, i.e., tCMRglcl
— rCMRglc2 = 0. Therefore, any differences obtained between
rCMRglc2 and rCMRglcl would have been generated by
positioning error alone. Computer simulations were per-
formed to examine error at a hypothetical site that had an
abrupt 25% change of tracer concentration (step-change) along
the z-axis.

Error of rCMRglc Estimation Arising from the Ill-Defined
Behavioral State During the Scanning Period

Combinations (sets) of FDG transport rate constant values
(Appendix 3) that predict different metabolic rates (all other
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llustration of the three point-spread functions along the z-
axis that were used to examine the error of CMRgic2 due
to repositioning error.

factors being constant) were used to examine the magnitude
of dilution of CMRglc values, resulting from the admixture
of the desired behavioral condition by the ill-defined con-
dition during the period of scanning. Rate constants from
Appendix 3 for the specific behavioral state and the resting
state were used to calculate cerebral FDG accumulation dur-
ing the task period and scanning period, respectively. To
simplify the computer simulation, we have assumed the trans-
ition from the activation state to the resting state happened
instantaneously and that the rate constant changes also oc-
curred instantaneously. The values of the rate constants for
each behavioral condition were obtained by assuming that the
specific behavioral condition had a 20% higher tCMRglc value
than the nonspecific scanning (resting) condition.

RESULTS

Error Sensitivity of C§(T.:T,) to Rate Constants
Figure 3 shows the relationship of C8(t:T)), R*(t:T)),
and C*(t) in uCi/cc from t = 50 min onwards for four
different conditions, i.e., when there is no second FDG
injection (injection dose ratio (IDR) = 1:0), and with a
second FDG injection using, respectively, 50% (IDR =
1:0.5), 100% (IDR = 1:1), and 200% of the initial dose
(IDR = 1:2). These plots and Table 1 illustrate the ratio
of C§(T,:T,)/R*(T,:T)), i.e., the ratio of the distance
between the solid line and the dashed line to the distance
between the dashed line and the baseline, increases as
the FDG dose is increased in the second injection. Thus

the accuracy of C§(T2:T|) measurement can be im-
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proved by increasing the dose of the second FDG
injection. The error sensitivity of C$(T»:T)) to k*
remained at O for all cases (Fig. 4A), since the estimation
of C¥(T,:T,) is not a function of k,* [Eq. (4a) and
(4b)]. Whereas, Fig. 4B-D shows that the error sensitiv-
ities of C8(T2:T)) to k.*, k;*, and ke* decrease as the
dose of the second injection increases. These values,
describing the error sensitivities of the rate constants,

were all small, suggesting that the error in C§(T,:T;)
estimation is not very sensitive to the errors in the rate
constants. For example, for a 1% error of k,*, 0.06%

and 0.034% errors of C$(T,:T,) were obtained for 1:1
and 1:2 injection dose ratios, respectively, when T, =
100 min (50 min after second FDG injection) and T,
= 50 min. The error sensitivities to k;* and k¢* are of
about the same order as for k,*. The CV of C$(T,:T))
(arising from the use of erroneous rate constants) is
shown in Figure 5. The values of the CV of C§(T,:T,)
were obtained using the published average CV of
each rate constant (2), i.e., 27.5% for k,*, 50.8% for
k2*, 30.6% for k;*, and 17.4% for ks*. The CV of

CY(T.:T)) for each injection dose ratio is maximal at 3
min after the second injection, and, then gradually
declines reaching a minimum value at 65 min after the
second FDG injection, after which it increases again.
This minimum CV occurs because of the decreasing
error sensitivities of C$(T»:T;) to k.* and ks;*, but
increasing error sensitivity of C$(T2:T,) to ke*. This
minimum is ~4.0% at 65 min after the second FDG
injection, for a 1:1 injection dose ratio, and about 2.3%
for a 1:2 injection dose ratio.

Sensitivity of rCMRglc to Errors in Rate Constants

Figure 6 shows the error sensitivities of rCMRglcl
and rCMRglc2 to each rate constant. rtCMRglcl and
rCMRglc2 values are insensitive to errors in k,*; the
explanation for rCMRglcl being insensitive to k,* er-
rors has already been given (4). Insensitivity of
rCMRglc2 to error in k,* occurs because both G(T,:T,)
and C$(T,:T,) are not functions of k,*. Errors of k,*
and k;* result in greater error in rCMRglcl than
rCMRglc2. But for error of ks*, the effect is reversed.
The reason for this reversal is apparent from Eq. (7),
which shows that the combination of error in G(T,:T;)
(dashed line in Fig. 6) and C§(T.:T,) (line of IDR =
1:1 in Fig. 4) results in error cancellation for k,* and
ks*, but in error summation for k*. Thus, the overall
CV of rCMRglc2, using a 1:1 injection dose ratio,
reaches its minimum (4.6%) at 45 min after the second
injection, provided that the second injection occurred
50 min after the first. In comparison rCMRglc1 reaches
its minimum overall CV of 4.5% at 65 min after the
first injection (Fig. 7).

Although, by giving the second FDG injection, the
error in C$(T2:T,) from the use of erroneous rate

The Journal of Nuclear Medicine



9.0 1

7.5+

6.0~

4.5+

3.0

~

1.5

CEREBRAL FDG CONCENTRATION (. Ci cc)

0.0

-~
-
-
-
~~ao
pl YOS
—~——
~———
e
bk T 1 Py
-

FIGURE 3

Time relationship between the simu-
lated cerebral FDG concentration
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constant values is reduced (Fig. 4B-D), it does not
reduce the error of rCMRglc2 to a proportional extent;
the minimum error remains at the 5% level at injection-
dose ratios of 1:0.5 to 1:2.0 (Fig. 8). Again, this occurs,
because of cancellation of errors in G(T,:T,) and
C3(T,:T)), arising from use of erroneous values of k,*
and k;*, but summation of errors from the use of an
erroneous k* value. The balance between the cancel-
lation and summation of errors gives the same mini-
mum error for different injection dose ratios, but the
times at which minimum error of rCMRglc2 occur,
vary. For ratios of 1:0.5, 1:1, and 1:2, the minimum
error occurs at 35, 45, and 55 min, respectively.

Sensitivity of rCMRglc2 to Positioning Error

Figure 9 illustrates the manner in which measured
values of tracer concentration change at different dis-
tances from a site at which a 25% step change in tracer
concentration has occurred. Table 2 lists the value of
percent errors added to CMRglc2 when the degrees of
misalignment are 1, 2, 3, and 4 mm for PET devices
with resolutions of 6, 9, and 15 mm (FWHM), respec-
tively. These errors become smaller when the concen-

TABLE 1
Ratio of Cs'(T2:T4) to R'(T2:Ty)
Time after the second FDG
injection (min)’
Injection-dose ratio 10 20 30 40 50
1.0:00 026 038 041 057 062
1.0:05 079 103 1.16 139 1.50
10:10 132 171 188 228 246
1.0:20 232 300 331 396 4.27

"Second FDG dose is injected at 50 min after the first FDG
dose was injected.
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140 160 180 the solid line and dash line is the

magnitude of C$(T2:T).

tration change is not so steep (Table 2). Also, the
magnitude of this error is dependent on the proportion
of R*(T,:T,) to C*(T,). Therefore, higher injection
dose ratios, such as a 1:2 ratio will decrease the error
in rCMRglc2 measurement by 1.7 times, compared to
a 1:1 injection-dose ratio.

Error of rCMRglc Estimation Arising from an
Il-Defined Scanning Period

Table 3 lists the percentage error in tracer concentra-
tion that results from discontinuing a behavioral task
during the PET scanning period. These errors were
calculated using different sets of rate constants to reflect
a 20% higher metabolic rate during the 30-min period
of activation, in comparison to the subsequent scanning
period. From Table 3, it can be seen that the metabolic
rate during the activation period is likely to be under-
estimated by 4% because of admixture of the activation
period metabolic rate by the scanning period metabolic
rate. For a true 20% increase of metabolism over the
baseline, the measured increase will be 16%. This error
is reduced when the scanning time is shortened from
20 min, used in these situations, to 10 min (error
decreases from 2-5% to 1-3%). Such a reduction in
scanning time may be feasible with high-sensitivity PET
cameras.

DISCUSSION

The majority of PET studies on different disease
conditions and physiological states are conducted using
the isotope '*)FDG, because of the convenience in the
use of this isotope, and because the measurement of
glucose metabolism provides a sensitive index of brain
dysfunction and physiological activation. The develop-
ment of a procedure that allows two physiological states
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to be studied in succession over a 100-min period using
'8FDG and PET (/), has been shown in our hands to
be a valuable addition (9-11) to the original single
injection method (8). However, the additional errors
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associated with measurement of rCMRglc in this fash-
ion need to be recognized and quantified, as these will
have a bearing on the ultimate utility of the procedure.

The errors associated with the use of average rate
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constant values in the operational equation used to
obtain rCMRglc have been examined (2-4,6,7), and
these same errors apply to this double injection/double
activation procedure, for rCMRglcl estimation. We
have addressed here the additional errors associated
with rtCMRglc2 estimation, using this double injection/
double activation procedure. Although rate constant
values vary greatly from subject to subject and region
to region in normals (2,12), our results suggest the CV
of C§(T,:T)) using a 1:1 injection dose ratio is only
4.0%. This small error rate can be achieved partly
because of radioactive decay of the isotope that remains
in the brain from the first '®*FDG injection, and partly
because error of R*(T,:T)) is not sensitive to errors in
rate constants. The results of our error analyses suggest
that rCMRglc for both physiological states can be ob-
tained with relatively low overall error (5% CV, exclud-
ing the statistical error that results from having a finite

40 =
1
)
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STANDARD DEVIATION OF rCMRglc (%)

—1 @ represents error from ky*, k2*, ka*,
and k4", respectively. The plots are
obtained by using a 1:1 injection
dose ratio.

number of counts in each PET image), using average
rate constant values.

A recent study (/2) reported on regional rate constant
values in normal volunteers, but limited measurements
to k;*, k,*, and k;* only. The mean values of these
recent measurements are in good agreement with the
old values that were used here. But the variability about
the mean for each new rate constant value is smaller
than for the old values. Thus, using larger variance
values for error analysis as we did here, we could have
overestimated the overall error of rCMRglc. In addi-
tion, the much smaller variation of k,* reported in this
recent study, i.e., 15% versus 50.8% used here, could
result in the optimal time for starting the PET scan to
be earlier. However, without an accurate knowledge of
k4* and its variability, it is impossible to fully address
the question of optimal time for starting the PET scan.
To estimate the overall CV of rCMRglc from using

=me FIRST BEHAVIORAL STATE
== SECOND BEHAVIORAL STATE

FIGURE 7

Expected error range (%) of
rCMRglc, arising from the use of er-
roneous rate constant values, for
first and second behavioral states.
Standard deviation of rate constants
(published values) are used as the
values of normal variation. The plots
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were obtained from using 1:1 injec-
70 80 90

tion dose ratio and the second FDG
dose was injected at 50 min after the
first FDG dose.
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FIGURE 8

Expected error range (%) of
rCMRgic2, arising from the use of
erroneous rate constant values, for
three different doses of second FDG
injection. Standard deviation of rate
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average rate constant values, we have assumed the
values of each rate constant are not correlated with one
another. However, it has been shown that k,* and k,*
are fairly closely correlated with each other, but there
is no significant correlation among the other rate con-
stants (12). Therefore, the calculation of overall error
should consider the covariance of k,* and k,*. Never-
theless, the error of rCMRglc is insensitive to errors of
k,* and, so also its product with the error of k,*. Thus,
the calculation of overall error is not generally affected
by the correlation of the values of the rate constants k,*
and k,*.

1.20 7 CONCENTRATION PROFILE ALONG THE Z-AXIS
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FIGURE 9

Simulated concentration profiles along the z-axis meas-
ured by PET device with different resolution along the z-
axis. The solid line represents the true concentration profile
along the z-axis.
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Statistical error from PET measurement related only
to using the PET device to measure '®F concentration
in tissue is additional to the error of rtCMRglc measure-
ment that we have mentioned. Its magnitude depends
on how this statistical error is propagated from meas-
urement of tracer concentration in tissue to metabolic
rate values. For rCMRglcl, this error is propagated
linearly, i.e., percent error in measurement of C*(T,)
can be added directly to other errors in estimation of
rCMRgicl. For rtCMRglc2, this statistical error is also
propagated linearly, but is more complex because it
involves subtraction of a fraction of C*(T,) from
C*(T:), which is related to time between T, and T,
(Appendix 2). It is clear that the statistical noise asso-
ciated with rtCMRglcl and rCMRglc2 estimations can
be of unequal magnitude if the injection dose ratio and/
or scan times are different. Thus, by appropriate ad-
justment of the length of the scanning period and
behavioral state, and the dose of the second FDG
injection, equivalent and minimal statistical noise levels
for each rCMRglc measurement can be achieved.

In Figure 8, it can be seen that the minimum error
of rCMRglc2, arising from the use of erroneous values
of rate constants, is not affected by the second FDG
injection dose. However, the statistical noise in
rCMRglc2 measurement is affected by the second FDG
injection dose. Table 4 shows how the statistical error
is reduced by changing the injection dose ratio. For a
1:0.5 ratio, tCMRglc2 will have a statistical noise ~1.51
times larger than the statistical noise of rCMRglcl,
provided both scanning periods (data collection times)
are of equal length. A longer second PET scanning
period to compensate for the small second injection
dose will improve the statistical noise in rCMRglc2
measurement, but at the expense of dilution of the
specific activation condition with a nonspecific condi-
tion. A large second FDG injection dose will also reduce
statistical noise in rCMRglc2 but at the expense of

The Journal of Nuclear Medicine



TABLE 2
Error (%) of CMRglc2 Arising from Slice Misalignment’

Amount of misalignment
Concentration profile FWHM (mm)* 1 mm 2mm 3mm 4 mm

25% step change 6 7.1 (4.2} 13.1(7.9) 17.5(10.5) 20.2 (12.2)
9 4.8(2.9) 9.3(5.6) 13.3 (8.0 16.5 (9.9)

15 3.1(1.9) 6.1(3.7) 9.0 (5.4) 11.7 (7.0)

25% change over a 5-mm distance 6 6.3 (3.8) 11.9(7.2) 16.5 (9.9) 19.7 (11.8)
9 46(2.8) 8.9(5.4) 12.8 (7.7) 16.0 (2.6)

15 3.0(1.8) 6.0 (3.6) 89 (5.3) 115 (6.9)

25% change over a 10-mm distance 6 45 (2.7) 8.8 (5.3) 128 (7.7) 16.2 (9.7)
9 3.8(2.3) 7.5(4.5) 109 (6.6) 140 (8.4)

15 28(1.7) 5.6 (3.4) 8.3 (5.0 10.8 (6.5)

" The estimated error is obtained from a 1:1 injection dose ratio, assuming there is a true 25% difference of tracer concentration at

z=0mm and CMRgic1=CMRglc2.
T FWHM of the point spread function along the z-axis.

* The numbers outside of the parenthesis come from the double injection/double activation method; the numbers inside of the

parenthesis come from two independent FDG/PET studies.

increasing the radiation dose delivered to the subject.
An injection dose ratio of 1:1 is perhaps the best
compromise, giving equivalent statistical noise levels
for both scans, and allowing equivalent scanning pe-
riods, with what we consider acceptable radiation dose
to the subject.

The error sensitivities of rCMRglc to each rate con-
stant behave differently with respect to time after each
FDG injection. As can be seen in Figure 7, it may be

TABLE 3
Percent Underestimation of Brain Tracer Concentration
When the Behavioral Task is Not Continued During the

Scanning Period
Scan time
Setno.! 20 min 10 min 5 min
1 4.6 27 17
2 55 3.2 20
3 21 0.9 0.6
4 38 21 1.6
5 4.4 2.6 1.6
6 5.4 3.1 19
7 35 09 0.6
8 3.9 21 13
9 4.8 29 19
10 57 34 22
11 21 0.9 0.6
12 3.8 2.2 14
Mean 41 23 1.5

* The results were obtained using the same duration for each
behavioral state (j.e., 50 min).
' Set # refers to Appendix 2.

advantageous to allow the first period of tracer uptake
and scanning to last for 70 min, instead of 50 min, so
that error of rCMRglc1 estimation decreases to a min-
imum. Since such a modification would entail delaying
the second injection, we have compared the error of

C§(T2:T.), due to a 1% error in rate constant values,
when the second injection is at 70 min versus at 50 min
(Fig. 10). The plots demonstrate that the error sensitiv-
ity of C§(T2:T.) to rate constants have the same char-
acteristics for the two second injection times, but the
magnitudes are slightly different. The error sensitivities
of C§(T2:T)) to error in k,* and ks;* decrease as the
second FDG dose is injected later, whereas the error
sensitivity of C8(T,: T, ) to ke* simultaneously increases.
As a result, the CV of C$(T2:T,) reaches a minimum
at 35 min after the second injection, when this is given
at 70 min. This minimum is reached 30 min earlier
than when the second dose of FDG is injected at 50
min (Fig. 11). Thus, the best time (time with the least
rCMReglc error arising from using erroneous rate con-

TABLE 4
Ratio of Percent Error of C'(T2) to C'(Ty) and Cs'(T:T,) to
Ty
Injection <Ac‘(Tz)) / (m’cro) (A_Cs'(TxT.)) / (Ac'(r,))
dose ratio \ C(T2) C(m) ) \ Cs'(T=Ty) C'(Th)
1:0.0 1.08 293
1:0.5 0.87 1.51
1:1.0 0.73 1.07
1:2.0 0.59 0.77

" The error is due to Poisson fluctuation in the projection data.
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Error (%) of C§(T2:T,) from 1% error
in each respective rate constant
value for two different injection time
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T
10

stant values) for PET scanning occurs at 50 min after
the first FDG injection, but at 20 min after the second
FDG injection (assuming a 20-min scanning period),
provided the second injection is at 70 min after the first
injection and the injection dose ratio is 1:1. Thus, to
minimize errors arising from the use of erroneous rate
constants, the duration of the behavioral states would
have to be unequal, i.e., 70 min and 40 min. However,
it is inadvisable to allow the two behavioral states to be
of unequal duration because it may compromise var-
ious physiological or psychological paradigms. Other
considerations such as fatigue, habituation, and physi-
cal discomfort of the subject, and the advantage of
having a short behavioral state also come into play.
We have adopted the procedure of using a 1:1 injec-
tion dose ratio and equal scan time, as this allows equal
statistical noise for the two rCMRglc measurements
(Table 4) and equal duration for each behavioral state.
Fifty minutes was chosen to be the length of each

| | | | | |
20 30 40 50 60 70

TIME AFTER THE SECOND FDG INJECTION (Min)

behavioral state (including 20-min scanning period) so
that the error of rCMRglc2 would remain minimal,
even though the CV of rCMRglc1 would increase from
4.2% 10 5.2%.

The method by which C§(T,:T,) is estimated is based
on the measured tracer concentration in the second
scan, C*(T;), and the estimated amount of residual
tracer from the first state. If there is a substantial change
of metabolic rate between the first and second state,
because of an alteration in e.g., the behavioral state or
the use of a pharmacologic agent, this would potentially
have an impact on the accuracy of C$(T,:T,) measure-
ment. For a 20% metabolic rate increase, the CV of
C3(T,:T)) is ~3.5%; whereas for a 20% decrease in
metabolic rate, the CV of C$(T2:T,) is ~4.5%. There-
fore, using a 1:1 injection dose ratio, an alteration of
metabolic rate of 20% between the first and second
state, results in an additional 0.5% error to C$(T»:T;)
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of normal variation.
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estimation (from the minimum of 4.0%) and
rCMRglc2, as well.

As may be expected from the rapid reduction in the
plasma levels of tracer after the time of injection, alter-
ations of rCMRglc that occur because of behavioral or
other distortions at time periods >30 min after injection
have very little impact on the measured metabolic rate
for the first 30-min period. Thus our data shows that
the nonspecific behavioral state during scanning, that
follows the specific behavioral state in the first 30 min,
has only a minor effect on calculated rCMRglc values.

Exact repositioning of the patient is of great impor-
tance in this procedure and, if achieved, allows a single
set of regions of interest (ROISs) to be defined and used
for both scans. However, possibly because of movement
of the patient during the scanning period and/or repo-
sitioning error for the second scan, exact repositioning
may not be achieved. Consequently, certain error can
be added to rCMRglc2 estimation. These errors, which
are unique to this double-injection/double-activation
procedure, are ~1.6-fold larger than the errors generated
when the second PET/FDG studies is done at different
times. The additional errors come from using erroneous
values of R*(T,:T,) when the double activation/double
injection method is used.

In a previous publication (/), we have examined the
reproducibility of rCMRglc values, when the same be-
havioral task was repeated, using this double-injection
strategy. Two behavioral tasks, namely the word fluency
task (WFT) and picture preference task (PPT) were
each used in a repeated fashion (WFT-WFT and PPT-
PPT) and across brain regions the average CV for
(rCMRglc2-rCMRglc1)/rCMRglcl were 4.2% and
6.2%, respectively. The range of variability across dif-
ferent structures were 3.4% to 8.6% for PPT-PPT and
0.9% to 8.5% for WFT-WFT.

To compare these observed errors from WFT-WFT
and PPT-PPT to the predicted error obtained from the
results of our error analysis, we have considered: (a) the
CV of (rCMRglc2-rCMRglc1)/rCMRglcl, arising from
the use of erroneous values of rate constants (4.0%)
(Appendix 4), (b) the root mean square of statistical
error for percent difference obtained from subtraction
of the two PET images (3%), (c) error in rCMRglc2
estimation arising from misalignment (averaged at 4%),
(d) error arising from disruption of a specified behav-
ioral steady-state by the nonspecific state of the scan-
ning period (4%). The root mean square of the first
three errors (6.4%) gives the total error that might be
expected in the average double-injection study, when
the same behavioral state is repeated. This total error,
predicted theoretically, is in good agreement with the
observed error from WFT-WFT (4.2%) and PPT-PPT
6.2%).

In summary, utilizing a double-injection procedure
with an injection-dose ratio of 1:1 and 50 min for each
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period of tracer uptake and scanning, the total error
predicted in terms of percent difference is 6.4%. Intrin-
sically the double-injection procedure adds 60% more
error to rCMRglc estimation for the second scan than
would be obtained in an independent second FDG/
PET scan. However, it is clear from our previous studies
(13) that intra-individual variability of rCMRglc is in
the order of 25% when studies are done on different
days, and is substantially lower (7%) (/4) when done
2 hr apart, using ['“C]deoxyglucose. These differences
in r*CMRglc obtained on different days are likely to be
largely related to true physiological variations that oc-
cur. It is likely that the double-injection method, which
offers greater likelihood of accurate repositioning and a
short interval between the two scans, will be more
precise, and will be found to be more convenient than
two separate FDG/PET scans done on different days.

APPENDIX 1

Summary of the Definition of the Terms

Terms Definition

C'(Ty), C'(T2) Tissue concentration of tracer at T,
and T2, respectively.

T2T, Described event happened after T,
then continued to T2

R'(T2Ty) The remnant of tracer concentra-
tion at T, that is present at T.

R(T=Ty) Estimated R'(T2:T,) using average
rate constant values.

Cs'(TTy) Tracer concentration at T as the
result of tracer uptake from T, to
T2 during the second state.

Cs'(T2Th) Estimated Cs'(T2:T,) using average
rate constant values.

Ce'.Cm’ Tissue concentration of free FDG
and FDG-6-P, respectively.

Ce,Cm’ Estimated Ce’ and Cm’ using aver-
age rate constant values

Ccv Coefficient of variation

APPENDIX 2

The relationship between C8(T2: T, Zo), C*(Ti, Zo), and
C*(T,, Zo) are expressed as follows:

C3(T2: T, Zo) =C*(T2, Z0) - C*(T1, Z)Q  (Al)
where
Q=B(Tx:T\)-A(Tx:T))

since both C*(T,) and C*(T,) are independent variables, the
variance of C8(T2:T:) can be expressed as follows:

var(C8(T2:T,)) = var(C*(T:)) + var(C*(T.))Q?.
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Repositional Error

The error of C$(T2:T,, Zo) estimation results from misa-
lignment is due to the repositional error of C*(T,, Z,) relative
to C*(T,, Zo). thus the variance of C*(T,, Z,) is equal to zero
and

var(C¥(T>:T1. Zy)) _ van(C*(T3,Zo)) _C*(T5. Zo)’
CHTT). Zo)? CHT2.Zo) THTuT),Zo)

(A2)

since C$(T2: T, Zo) is equal to C*(T2, Zo) — R*(T2: Ty, Zo).

The relationship of percent error of C$(T:: T,, Zo) and
R*(T2:T\, Zo), resulting from repositional error, can be rear-
ranged as:

AC*(T2, Zo)

AC§(T2:T..Zo) C*(T2, Zo)
—_— X 100% =% 100%
ATz R,z 7

C.(Tzvz())

Z, is the location along the z-axis.

Statistical Error
The statistical error of both C*(T,, Z;) and C*(T,, Zo)
obtained from using PET are contributing to the final error

of C&(T2:T\. Zo). Thus, the percent error of C$(T2:T\, Zo)
can be expressed as:

var(C3(T:T))) _ var(C¥(T2)) C*(T>)?

CUT:T))? CXT:) TYT.T.?
var(C*(T,)) C%T\)* _,
CY T THTxT))?
APPENDIX 3

Listed Below are the 12 Sets of Rate Constant Values
Used in the Computer Program to Simulate a 20%
Change of Metabolic Rate Between the Activated

State and Resting State

FDG Transport Rate Constants of Various Simulated
Metabolic Rates in Tissue

Resting state (CMR,)

Set Activated state (CMR,)

no” ki k2 ks’ ke ki'ks/(kz +ks)
1 0.1224 0.1300 0.0620 0.0068 0.0395
2 0.1020 0.0980 0.0620 0.0068 0.0395
3 0.1020 0.1300 0.0823 0.0068 0.0395
4 0.1091 0.1214 0.0690 0.0068 0.0395
5 0.1346 0.1254 0.0682 0.0068 0.0474
6 0.1122 0.0931 0.0682 0.0068 0.0474
7 0.1122 0.1254 0.0918 0.0068 0.0474
8 0.1192 0.1138 0.0752 0.0068 0.0474
9 0.1102 0.1386 0.0558 0.0068 0.0316
10 0.0918 0.1062 0.0558 0.0068 0.0316
11 00918 0.1386 0.0728 0.0068 0.0316
12 0.0990 0.1321 0.0620 0.0068 0.0316

104 Chang, Duara, Barker et al

Set
no ki k& k& ki kiks/(ke+ks) CMR,/CMR.'
1 0.1020 0.1300 0.0620 0.0068  0.0329 1.2
2 0.1020 0.1300 0.0620 0.0068  0.0329 1.2
3 0.1020 0.1300 0.0620 0.0068  0.0329 12
4 0.1020 0.1300 0.0620 0.0068  0.0329 1.2
5 0.1122 0.1254 0.0682 0.0068  0.0395 12
6 0.1122 0.1254 0.0682 0.0068  0.0395 12
7 0.11220.1254 0.0682 0.0068  0.0395 1.2
8 0.11220.1254 0.0682 0.0068  0.0395 1.2
9 0.0918 0.1386 0.0558 0.0068  0.0263 1.2
10 0.0918 0.1386 0.0558 0.0068  0.0263 1.2
11 0.0918 0.1386 0.0558 0.0068  0.0263 1.2
12 0.0918 0.1386 0.0558 0.0068  0.0263 1.2

" See text for description of this term.
T CMR, is the metabolic rate during the behaviorally activated
state, CMR:; is the metabolic rate during the scanning period.

APPENDIX 4

The percent difference of rCMRglc between the two states
can be expressed as follows:

A%
_ rCMRglc2 — rCMRglcl
- rCMRglcl

Cpok.*ks* [ CYT2T)) I o( 1)) ]
_ LCk* +ks*[CET,:T)) +CM(T2:T))  TET))+Tel(Ty)
B CD.EI"Ea‘ CX(T))

LCK,* +K:* [C&T,)+Cm(T*)]

CT2T))
_ C*(T, .
([C&(T2:T)) + Ci(T2:T))]
[C&(T)) + TM(T2))

Since the blood curves from both studies are very similar, the
denominator becomes a constant and is not sensitive to the
change of rate constant values. As a result, the error sensitivity
of percent difference to error of rate constant values is directly

related to error of C&(T2:T)).
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