
and detector scatter responses can be par
tially inscribed in the models using singu
lar-value decomposition (11) or piecewise
Fourier inversion (12). Second, the pres
ence of the geometric component in the
inverse requires a low-pass filter to sup
press noise at high frequency. To overcome
this limitation, a tradeoff between noise
amplification and resolution loss can be
made by setting the geometric component
in the inverse filter to a constant value equal
to its intensity. This enables one to omit the
low-pass filter, since the inverse converges
to this value at high frequency. In so doing,
the scatter-corrected projections, unrestored
for the intrinsic detector resolution, become
in the different models:

DR: Pod =

DS: Pod= P:

DSR: P^ = Pr

Hd + H0} Eq. 15a

l +

f, + Hd 4- H,

Eq. 15b

. Eq. 15c

When the detector scatter intensity is small,
such as is the case for lower resolution PET
systems, both the DS and DSR models
become identical and reduce to the gener

alized scatter correction method commonly
used in single photon emission tomography
(9). When the detector scatter spread is
narrow, a low-pass filter may still be re
quired in the DR and DSR models since the
inverse converges to a constant value above
unity at high frequency. The inclusion of
detector scatter in the desired components
for image formation (2) suggests that some
fraction of the object scatter which may not
be detrimental to image quality could, in
principle, be included as well. Such a
model would undoubtedly reconcile the
imaging goals of both reformists and pur
ists in nuclear medicine.
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A Graphical Analysis Method to Estimate
Blood-to-Tissue Transfer Constants for Tracers
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The Patlak graphical analysis technique is a popular tool for estimat
ing blood-to-tissue transfer constants from multiple-time uptake
data. Our objective was to extend this technique to tracers with
labeled metabolites, the presence of which can cause errors in the
standard Patlak analysis. Methods: Based on previously described
formulations, we generalized the graphical technique for use under
specific conditions. To test the extended graphical approach, we
applied the method to both simulated and patient data using a
preliminary compartmental model for the PET tumor proliferation
marker, 2-[11C]-thymidine. Results: When given conditions are met,

a linear relationship exists between the normalized tissue activity
(tissue activity/blood activity) and a new set of graphical analysis
basis functions, including a new definition of normalized time, which
takes the presence of labeled metabolites into account. Graphical
estimations of the tumor thymidine incorporation rate for simulated
data were accurate and showed close agreement to the results of
detailed compartmental analysis. In patient studies, the graphical

Received May 22,1995; revision accepted Feb. 28, 1996.
For correspondence or reprints contact: David A. Mankoff, MD, PhD, Division of

Nuclear Medicine, Box 356113, University of Washington Medical Center, 1959 NE
Pacific St., Seattle, WA 98195.

and compartmental estimates showed good agreement but a
somewhat poorer correlation than in the simulations. Conclusion:
The extended graphical analysis approach provides an efficient
method for estimating blood-tissue transfer constants for tracers
with labeled metabolites.
Key Words: PET; modeling; carbon-11 -thymidine; metabolites
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IVidiiiiopharmaceutical imaging is frequently complicated by
the presence of labeled metabolites. The metabolites usually
have a different distribution pattern than the parent tracer and
can therefore cause errors in the kinetic analysis. When the
blood concentrations of the tracer and its metabolites are known
through blood sampling and metabolite analysis, tracer kinetic
modeling can be used to separate the contributions of tracer and
metabolites to the image and to estimate physiologic parameters
based upon the tracer of interest. Models accounting for the
behavior of the intact tracer and its metabolites are, by neces
sity, more complex and generally ill-suited for the routine

estimation of physiologic parameters. In general, only the
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FIGURE 1. Graphical analysisfor systems with labeled metabolites, irrevers
ible trapping of intact tracer and no irreversible trapping of the metabolites.

parameters pertaining to the parent tracer are of interest.
However, to avoid bias, one must also estimate kinetic param
eters for each class of labeled metabolites. Therefore, a method
capable of simplifying the quantitative analysis of metabolized
tracers without ignoring the contribution of labeled metabolites
would be desirable.

The graphical analysis method of Patlak (7,2) and Gjedde (3)
has been applied to tracers which are irreversibly or effectively
irreversibly trapped in tissue. This can include either metabolic
trapping in the case of [l8F]fluorodeoxyglucose (4-6), or

receptor binding, as in the case of receptor agonists with slow
off rates. In such situations, a transformation of the data leads to
a simple graphical relationship that can be used to estimate the
steady-state flux of the traced substance from the blood to
tissue. Martin et al. (7) described a graphical method used to
estimate the flux of [1KF]FDOPA into the striata! cortex that

corrects for labeled metabolites using the measured activity
from a region of the brain that does not trap FDOPA. While
such methods are appropriate for brain studies, in tumor
imaging no appropriate tissue for metabolite correction is
available. Patlak et al. (8) described a reformulation of the
graphical method for FDOPA imaging that does not require
tissue subtraction. Willemsen et al. (9) presented a similar
methodology to estimate the incorporation of [C-11 ]-tyrosine,

but it required a period of time when the level of labeled
metabolites remained a constant fraction of total blood activity.

We present a general extension of Patlak's formulation

applicable to systems with multiple metabolites under the
condition that none of the labeled metabolites is irreversibly
trapped in the tissue of interest. Examples of tracers (with
metabolites) to which this method is potentially applicable
include 2-["C]-thymidine (thymine, CO2) (10,11), [I8F]-
FDOPA (3-OMFD) (7,12) and l-["C]-tyrosine (L-DOPA,

CO2) (9). We present a theoretical background for our method
and test its application to the tumor imaging agent, 2-["C]-

thymidine, using both simulated and patient data. The results
shown for both simulated and patient data are not a validation
of the model, but only a test of the ability of the graphical
method to estimate tracer blood-tissue transfer constants under
practical imaging conditions.

Mathematical Development
Review of Graphical Analysis. Although the original descrip

tion by Patlak et al. (I) allows the graphical method to be
applied to more complex models, we will confine ourselves to
the simple compartmental model illustrated in the first com
partment set in Figure 1, subscript x. In the original formulation,
the following assumptions were made:

1. Both the blood and tissue tracer concentrations over time
are known. The blood is the only source of the tracer.

2. Tracer kinetics can be described by an exchangeable
tissue compartment plus a single compartment into which
there is unidirectional flux (i.e., trapping). Labeled me
tabolites in the blood or reversible tissue compartment
behaving differently from the intact tracer are not allowed,
and any labeled metabolites generated in the tissue must
remain trapped in the irreversible compartment.

3. The system obeys first order kinetics for transfer between
compartments.

4. There exists a time, t*, when the system reaches a quasi
steady-state, and the exchangeable compartment is in near
equilibrium with the blood. After t*, the time constant for

the change in the plasma tracer concentration is much less
than the rate constant for efflux from the exchangeable
compartment. Using the parameter names illustrated in
Figure 1, this is equivalent to the following:

for t > t*

dCJdt Â«k2x+k Eq. 1

where Cx is the time-varying blood concentration of the tracer
and k2x and k3x are rate constants illustrated in the first
compartment set in Figure 1. Under these conditions, a trans
formation of the data (1-3) will result in a relationship which is
linear after t*:

= K
/CxdT

(V0x + Vb), Eq.2

where A is the time-varying tissue tracer activity (obtained from
dynamic imaging), Kx is the tracer blood-tissue transfer con
stant, Vb is the blood volume per unit tissue, and V0x is the
volume of distribution for the tracer. The blood-tissue transfer
constant, Kx, is usually the parameter of interest, and the
steady-state flux of the traced substance from the blood into the
bound compartment can be calculated as follows:

Flux = KX[X], Eq. 3

where [X] is the blood concentration of the native substance
(not the tracer) and is assumed to be constant over the time that
the system is observed. For the model illustrated in Figure 1, in
keeping with the model of Sokoloff et al. (4), Kx is given by the
following:

K,xk3x

k2, + k3x
Eq. 4

According to Equation 2, Kx is the slope of the line A/CX
compared with /Cxdr/Cx. We refer to the first quantity as the
normalized tissue activity and the latter as the normalized or
extended time.

Extension to Systems with Labeled Metabolites. In the appli
cation to tracers with labeled metabolites, we make all of the
assumptions listed above for the parent tracer (subscript x),
except that we now allow the presence of labeled metabolites
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(subscript mÂ¡)in the blood that behave differently from the
tracer. The following additional assumptions are made:

1. The blood concentrations of the tracer and its metabolites
are known over time. Only the sum of the tissue concen
trations of the tracer and its metabolites is known.

2. The blood is the source of metabolites for the tissue of
interest; i.e., a tissue other than the tissue of interest is
principally responsible for the generation of metabolites.

3. The metabolites undergo only reversible exchange be
tween blood and tissue; none of the metabolites is irre
versibly trapped.

4. There exists a time, t*, after injection when each com
partment set reaches quasi steady-state. In addition to the
condition specified by Equation 1, we also require for
each metabolite compartment set, i:

dCmi/dt
Â« k2mÂ¡ for all i. Eq.5

Under these conditions, the following holds for the intact tracer:

â€” - K'
JCxdT

+ (Vox + Vb), Eq. 6

where Ax is the portion of tissue activity attributable to the
intact tracer.

For the ith metabolite, since there is no irreversible trapping.

k3mi is zero, and thus Kmi is zero. Therefore, the following
simple relationship holds:

Blood 1TiK1t^

Plasma ^"

Thymidine(Ci*)
^-^!K1m

Plasma ^
Metabolites"""TK1c

Plasma^C0>
K2C(Ccoj)

-*Image

Total = B +ssueTissueThymidineBJKÂ«Tissue

MetabolitesETissue

CO2GC.E.G.K3t^

+ VDMACFixed

CO2Hbi^Tdr

+ CMet+ ^002)

FIGURE 2. Compartmental model for 2-f 1C]-thymidine behavior invivo. Line

in the third compartment set (CO2) indicates the possibility of CO2 trapping in
tissue. The line connecting the tissue thymidine and metabolite compart
ments indicates the degradation pathway used in simulations of local tissue
metabolism of thymidine.

= v0m,+ Eq.7

where Ami is the portion of the tissue activity arising from the
ith metabolite, and V()mi is the distribution volume for the ith

metabolite. Adding Equation 6 and Equation 7 for each metab
olite and rearranging terms result in the following:

= K
/Cxdr

Voxâ„¢ +

Lto(
i + Vb,

where A is the total tissue activity = Ax + SAmi and Clot is the
total blood activity = Cx + SCmi. Equation 8 describes a

relationship between the normalized tissue activity and a linear
combination of basis functions: /CxdT/Ctot, Cx/Ctot, several
Cmi/Qof anc* I ' w'm a set Â°fparameters: Kx (tracer blood-tissue
transfer constant and parameter of interest), V()x, several V0mi,
and Vh. This allows estimation of the tracer blood-tissue
transfer constant using linear estimation methods with a re
duced number of parameters.

Special Cases. In general, we are most interested in Kx and
less interested in the individual volume terms in Equation 8.
Under the condition that there is a single dominant metabolite
(referred to as Special Case I), Equation 8 can be rewritten as
follows:

JCxdT
+ V, â€” + V2 Eq. 9

where the subscript m refers to the dominant metabolite and

V, =V0m-V0x Eq. 10

V2 = Vb + V0x. Eq. 11

This is the form proposed by Patlak et al. (8) for FDOPA. In this
case, only three parameters need to be estimated, Kx, V, and V2.

Under the condition that the tracer and its metabolites reach
constant relative activities in the blood after time, t*, further

simplifications are possible (referred to as Special Case II).
Under these conditions:

/CxdT
+

Eq.8 where

V = V0x + Sv0 + Vb Eq. 13

which is a constant by virtue of the fact that Cx/Ctot and all the
Cmi/C,ot are all constant for t > t*. The estimation of Kx is

reduced to a simple linear fit as in conventional Patlak analysis.
This relationship looks very similar to the original Patlak
relationship, except for the new definition of normalized time
that takes the presence of labeled metabolites into account.

Metabolite Trapping. We also consider the case in which oneof the metabolites, denoted by subscript m*, undergoes irrevers

ible trapping in the tissue. In this situation, the following
equation applies:

A r jCxdr Cx
7^~ = Kx â€”- r- V0x â€” r-
Mot *~tot ^-lot

Cmi
i â€” r- Vb

/Cm.dT
, Eq. 14

where K,,,Â»is the blood-tissue transfer constant for the trapped
metabolite. In general, it will be difficult to mathematically
separate the contribution of the trapped metabolite from the
parent tracer, and Kx, therefore, cannot be estimated indepen
dently of Km,. However, if only a small amount of metabolite
trapping occurs and the flux into the irreversible metabolite
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compartment is much less than the flux of the intact tracer into
its irreversible compartment, then approximate methods of
estimating Kx can be used. If we assume a fixed value for Km,
taken to be in the center of the range of expected values, then
Kx can be estimated using the following relationship:

" m /Cm.dr
= Kâ€ž

Vâ€ž, Eq. 15

where K'm, is the assumed flux constant for the trapped

metabolites. This relationship can be simplified if either Special
Case I or Special Case II, described above, applies.

MATERIALS AND METHODS

Tracer and Kinetic Model
To test the performance of the extended graphical estimation

method, we applied it to measurement of DNA synthetic rate using
the tracer, 2-["C]thymidine (10,13). Labeled thymidine is incor

porated into DNA via the external or salvage pathway; therefore
the thymidine incorporation rate (TIR) is a measure of the DNA
synthetic rate (10.14-17). The model illustrated in Figure 2
provides a working hypothesis for the behavior of this tracer in
proliferating tissues such as tumor or bone marrow (//). We are
interested in the flux through the first compartment set representing
thymidine transfer to tissue, phosphorylation and incorporation into
DNA. Over the time course of the PET experiment, the incorpo
ration of the labeled tracer into DNA is essentially irreversible. The
TIR is the flux through this pathway, given by:

TIR = [Tdr]KTdr = [Tdr]
K|,k3,

k3l ' Eq. 16

where [Tdr] is the blood concentration of native (i.e., unlabeled)
thymidine and KTdr is the blood-tissue transfer constant for the
intact tracer (i.e., Kx in the extended graphical analysis formula
tion). Thymidine labeled in the ring-2 position has two classes of
labeled metabolites in the blood (10,16,18): (a) labeled CO2 and
bicarbonate and (b) a group of similar labeled small molecules-
thymine, dihydrothymine and ÃŸ-ureido-isobutyric acid-which is
termed the metabolite compartment set. The latter class of metab
olites washes out from the tissue and can therefore be modeled as
having only an exchangeable tissue compartment. Labeled CO2
and bicarbonate distribute freely and have largely reversible
transport between blood and tissue (18-23). The dashed line in the
labeled CO, compartment set in Figure 2 indicates the possibility
of CO2 fixation and, thus, irreversible trapping, as has been found
in some previous investigations of labeled CO2 (23,24). Because
most of the thymidine degradation takes place in the blood and the
liver (16), the compartment sets for intact thymidine and the two
classes of metabolites can be modeled as being independent and
driven by three separate input functions for most tissues.

A typical set of thymidine and metabolite blood time-activity
curves is shown in Figure 3A. The resulting graphical analysis
basis functions are shown in Figure 3B, and the graphical plot is
shown in Figure 3C. We observed the following:

1. By approximately 15 min after injection, the labeled CO2 and
other metabolites in the blood reach a plateau where the
fractional activities of each class of metabolite is nearly
constant. Special Case II (simple line fit, Eq. 12) therefore
applies to the graphical estimation of KTdr.

2. Thymidine is rapidly degraded in the blood and has essen
tially disappeared from the blood within 15 min after injec-
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FIGURE 3. Blood and tissue data example from a patient with widely
metastatic small-cell cancer of the lung. The tissue time-activity curve is

taken from a region of interest placed over a mediastinal node containing
active metastatic disease. (A) Raw time-activity curves of tumor (from image),
blood thymidine, and blood-labeled metabolites (non-CO2 metabolites and

CO2). Smoothed blood curves are shown for clarity. (B) Basis functions for
graphical analysis. (C) Plot of data and fit for graphical analysis. The plot
variables are normalized tissue activity compared with normalized time, as
described in Equation 12.

tion; but significant quantities of labeled metabolites are
present in the blood throughout the study. The function of the
extended graphical analysis method is to separate the contri
bution of labeled metabolites from the activity of labeled
thymidine trapped in DNA.
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TABLE 1
Thymidine Model Parameter Ranges and Starting Values

ParameterKHK,^,ka.K1m/K1tK1m^mK1C/Kâ€žKu/ksokacVpDlyDefinitionThymidine

capillary transfer rateconstantThymidine
volume ofdistributionTissue-to-DNA

rateconstantRelative

metabolite capillarytransferMetabolite
volume ofdistributionRelative

CO2 capillarytransferCO2
Volume ofdistributionCO2
fixation rateconstantPartial

bloodvolumeSampling
site to Image site time delayUnitsml/min/gml/g1/minâ€”ml/gâ€”ml/g1/minml/gminMinimum0.0500.400.0000.800.100.800.200.0000.00-1Maximum0.3004.000.2001.201.001.201.250.0120.101Starting

value0.2002.250.1001.00*0.50*1.00*0.800.005*0.05*0

*Fixed value during compartmental analysis optimization.

Simulations
To test the performance of the extended graphical analysis

method, we simulated 2-["C]-thymidine. We used blood input

functions similar to those shown in Figure 3A to simulate tissue
time-activity curves by numerical integration of the model's

differential equations (32). Parameter values for the simulations
were chosen to represent rate constants for proliferating tissues
(11,16,25-31). Where experimental data were not available (e.g.,

metabolite compartment set), we chose a range for the parameters
based on our preliminary experience with the model. Starting
values and ranges for each parameter are given in Table 1.

First, noise-free tissue time-activity curves were generated from
fixed sets of parameter starting values. These were used to
determine the impact of different start and stop times used in the
graphical fit of the data, to determine the impact of local metabo
lism of thymidine in the tissue-of-interest, and to determine the
potential impact of labeled CO2 trapping. In each case the correct
answer for the thymidine blood-tissue transfer constant was known
from the parameter values used as the input to the simulation.
These were used to calculate the true blood-tissue transfer constant
(Eq. 4).

To test graphical fit starting and stopping times, we generated a
noiseless tissue time-activity curve using the parameter starting
values listed in Table 1, with the exception that CO2 fixation was
not allowed (k3c = 0). We tested starting times ranging from 5 to
40 min and stopping times ranging from 40 to 60 min, comparing
graphically-estimated transfer constants to the true value.

To test the effect of local metabolism of thymidine on the tissue
of interest, an additional pathway connecting the tissue thymidine
and metabolite compartments (Fig. 2) was added to the model,
described by a first order rate constant, kmct.A family of noise-free
tissue time-activity curves was generated using the parameter
starting values in Table 1, with the exception that k1c was set to
zero, allowing kmet to vary from zero (no local metabolism) to
0.400 min~', which was four times the value of the tissue-to-DNA

rate constant, k3t. For each curve, the graphical estimate was
compared to the true blood-tissue transfer constant, in this case
given by the following:

K,,k3t

k3t + kn
Eq. 17

Compartmental analysis estimates, as described below, were
also calculated for comparison.

To assess the effect of a small amount of CO2 fixation on the
estimation of KTdr, we generated a family of noise-free tissue
time-activity curves using the parameter starting values listed in
Table 1, this time allowing k3c to vary over its expected range

(0-0.012 min"1), as given in Table 1 (19,20,23,24). This

results in a range of 0 to 0.009 ml/min/g for the CO2 fixation
blood-tissue transfer constant, as implied by the assigned values
for the other CO2 rate constants and Equation 4. For each curve,
KTdr was calculated in three ways:

1. Graphical analysis ignoring CO2 fixation (Eq. 12).
2. Compartmental analysis assuming no CO2 fixation (k3c = 0).
3. Approximate graphical analysis with an assumed CO2

fixation blood-tissue transfer constant = 0.004 ml/min/g,
using Equation 15. This value is at the center of the
anticipated range of blood-tissue transfer constants for
CO2 fixation, as implied by the ranges in Table 1.

To test the graphical analysis method under more realistic
conditions, tissue time-activity curves were generated allowing
all the parameters to vary randomly over the ranges of values in
Table 1. This resulted in a range of KTdr from 0 to 0.22
ml/min/g. CO2 fixation was simulated by allowing k3c to varyover its expected range, 0 to 0.012 min"1 (19,20,23.24). For

comparison, a second set of simulations with no CO2 fixation
(k3c = 0) was performed. Poisson noise was added to each point
in simulated tissue time-activity curves at a level that would be
expected in the typical patient receiving a 555-MBq (15 mCi)
injection of ["C]thymidine, a 2 X 2 X 2-cm region of interest

in the center of a large tumor, and taking isotope physical decay
into account. Under these conditions, the 55-60 min tissue
time-activity curve point in the simulated tissue time-activity
curve obtained from the parameter starting values in Table 1
would be expected to have an average coefficient of variation of
approximately 5%.

In the simulations of tissue time-activity curves with noise,
curves were repeatedly generated and analyzed in two ways:

1. Graphical estimation using Equation 15, with an assumed
CO2 fixation blood-tissue transfer constant of 0.004 ml/
min/g.

2. Compartmental analysis to estimate the individual rate
constants. Previous investigations of simulated data (77)
have shown that it is necessary to fix some of the
parameters during model optimization to obtain reproduc
ible estimates of the thymidine compartment set rate
constants. In this case, the model was optimized by
floating K,t, k2t, k3t and k2c. The metabolite and CO2 K,'s

(K,m and K,c) are assumed to be fixed ratios of K, as
listed in Table 1. The remaining parameters are fixed to
the starting values listed in Table 1, which are close to the
centers of their estimated ranges. The thymidine blood-
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TABLE 2
Blood-Tissue Transfer Constant Estimation Errors for Various

Estimation Start and Stop Times

Start time
(min)5102030402020Stop

time
(min)60606060605040%

Error in
graphicalestimate-9%-7%-1%0%0%-2%-4%

tissue transfer constant, KTdr, is calculated from the
estimated parameters using Equation 4.

For each simulation, 500 tissue time-activity curves were
generated, which resulted in reproducible regression analyses
for the simulations. Standard error of the estimate/mean values
for the regressions of repeated sets of simulations were within
!%-2%ofeach other.

Patient Data
The graphical analysis method was also applied to the estimation

of thymidine blood-tissue transfer constants in patient studies. In
these studies, 24-frame dynamic imaging was carried out for 60
min after a 1-min infusion of 185-740 MBq (5-20 mCi) of
2-["C]-thymidine (33). Imaging was performed on either an

Advance Tomograph (GE Medical Systems, Milwaukee, WI) or
the UW modified SP3000 scanner (PETT Electronics, St. Louis,
MO). After correction for attenuation and scatter, tissue time-
activity curves for bone marrow and tumors were obtained from
region of interest analysis. Arterial blood samples obtained for 60
min after the start of injection were analyzed for metabolites as
described previously (10.18). Blood and tissue time-activity curves
were obtained from 10 studies of seven patients. In three patients
with tumors, imaging was performed before therapy and after a
single administration of chemotherapy. A total of 20 time-activity
curves were analyzed, representing data from 16 tumor sites (nine
prethcrapy; seven post-therapy) and normal marrow in four pa
tients. Each tissue time-activity curve was analyzed both by
compartmental analysis and by the extended graphical analysis
method. CO2 fixation rates were assumed to take on fixed values in
the noisy-curve simulations as previously described.

RESULTS

Simulations
Table 2 shows the estimated thymidine blood-tissue transfer

constant errors using different start and stop times for the fitting
process applied to a simulated noise-free tissue time-activity
curve representing a tumor with blood-tissue transfer constant
equal to 0.106 ml/min/g. Starting times earlier than 20 min
resulted in small biases in the estimates of Krdr. With a 20-min
starting time, stopping times greater than 50 min produced
biases of less than 2%. For these data, which were simulated
without noise, even short fitting intervals provide reasonable
estimates. This would not necessarily be the case with noisy
data, where longer fitting intervals would likely provide more
reliable fits. On the basis of these considerations, starting and
stopping times of 20 min and 60 min, respectively, were chosen
for graphical analysis in the remainder of the data analysis.

We next used simulated noiseless tissue time-activity curves
to test the influence of the local generation of metabolites in the
tissue of interest. Figure 4 shows a plot of the estimate
compared with true blood-tissue transfer constants. Note that as
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FIGURE 4. Estimated compared with true blood-to-tissue transfer constants
for tissue time-activity curves simulated with a variable degree of local tissue

metabolism of the tracer. Local metabolism, represented by the parameter
k,,^,, is displayed on the top of the graph. Plots for both graphical analysis
and compartmental analysis estimates of the blood-tissue transfer constant

are shown.

kâ„¢,,,increases, the simulated efflux from the reversible tissue
thymidine compartment increases, and the resulting blood-
tissue transfer constant decreases from a baseline of 0.106
ml/min/g with zero local metabolism to 0.034 ml/min/g withl^met = 0.400 min"1, as described by Equation 17. The

graphical estimates remained accurate even at the highest level
of local tissue metabolism encountered. At the higher levels of
local tissue metabolism, however, the fits of the compartmental
model, which assumes no local metabolism, were poor. Param
eter estimates reached the limits imposed in the optimization
process, and the estimated blood-tissue transfer constant was
unreliable.

We also used simulated noise-free tissue time-activity curves
to calculate the effect of metabolite trapping due to tissue CO2
fixation. Figure 5 shows the estimated thymidine blood-tissue
transfer constant as a function of the blood-tissue transfer
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FIGURE 5. Estimated blood-tissue transfer constant estimate compared
with CO2 fixation blood-tissue transfer constant. Plots are shown for graph

ical estimates and compartmental estimates derived assuming no CO2
fixation, and the approximate graphical method assuming a transfer constant
of 0.004 ml/min/g for CO2 fixation. The plots for compartmental estimates
and graphical estimates assuming no CO2 fixation are virtually superimpos
able and appear as a single line at the resolution of this figure.
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Simulation Results

FIGURE 6. Simulation results for noisy data with CO2 fixation allowed.
Regression lines are shown (see Table 3 for regression coefficients). (A)
Compartmental estimate compared with true constant. (B) Graphical esti
mate compared with true constant. (C) Graphical estimate compared with
Compartmental estimate.

constant for CO2 fixation. Graphical analysis and compartmen-
tal analysis encounter nearly identical errors of up to 30% in the
estimates of the thymidine blood-tissue transfer constant as a
result of CO2 fixation. Correcting the graphical estimation
process using an assumed CO2 fixation, blood-tissue transfer
constant significantly reduces error for CO2 fixation rates close
to the assumed value, but the method is still prone to error at the
extreme values of the expected range.

In the simulations where noise was added and parameters
were allowed to vary over their expected ranges, we compared
Compartmental and graphical estimates compared with true

ValueWith

CO2fixation:SlopeInterceptCorrelation

(r)SEE/MeanNo

CO2fixation:SlopeInterceptCorrelation

(r)SEE/Mean*Compartmental

vs.true*0.990.000.93223%0.990.000.97912%Graphicalvs.true*1.000.000.92525%0.990.000.96316%Graphical
vs.

compartimentai*0.980.000.95719%0.990.000.97513%

"Estimated versus true blood-tissue transfer constants.

Graphical versus Compartmental estimates of blood-tissue transfer con

stants.
*Standard error of the estimate divided by the mean.

thymidine blood-tissue transfer constants (Fig. 6A, B). Figure
6C is a plot of the graphical estimate compared with the
Compartmental estimate. Linear regression values for each of
these plots are given in the top portion of Table 3. Regression
results for data simulated without CO2 fixation are also shown
in the lower portion of Table 3. Graphical blood-tissue transfer
constant estimates that were less than zero were taken to be
equal to zero, the limits imposed in Compartmental analysis.
The graphical method provides estimates of similar accuracy in
comparison to Compartmental analysis, as judged by the corre
lation coefficient of the estimated compared with true regres
sions and the standard errors of the estimate. Comparison of
simulations with and without CO2 fixation demonstrates the
increased variability in the estimates that results when one of
the metabolites is trapped, even to a small extent. As seen in the
graphs, the estimates show the greatest variability at low values
of the thymidine blood-tissue transfer constant, where errors in
the CO2 fixation rate should have the largest impact.

Graphical and Compartmental estimates of blood-tissue trans
fer constants for patient studies are plotted against each other in
Figure 7. As in the simulations, negative graphical estimates
were set to zero. There is reasonable agreement between the
estimation methods (slope = 0.88, intercept = 0.00, r = 0.86,
standard error of the estimate/mean = 43%); however, the
correlation between the estimates, as judged by the correlation
coefficient and standard error of the estimate, is poorer than in
the simulations. The regression slope is less than 1, indicating a
tendency for the graphical method to underestimate blood-
tissue transfer constants in comparison to Compartmental anal
ysis. Because there is no way of knowing the true values, it is
difficult to determine whether the graphical estimates, the
Compartmental estimates, or both are in error.

DISCUSSION
The original papers on the graphical method (1-3) presented

a convenient technique for estimating blood-tissue transfer
constants for tracers that are irreversibly trapped in tissue. The
original formulations required that no labeled metabolites be
present outside of the compartment where the tracer is trapped.
Patlak et al. (8) formulated an extension of the graphical
analysis method where graphical analysis could be applied to
systems with labeled metabolites without requiring tissue sub
traction measurements. We have extended this method to
systems with multiple metabolites under the conditions that the
blood concentrations of the metabolites are known and the
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FIGURE 7. Results of patient studies. The graphical blood-tissue transfer
constant estimate is plotted compared with the compartmental blood-tissue

transfer constant estimate for data obtained from tumor and marrow regions
of interest. Regression line is shown. Estimates for several of the post-
treatment tumor regions of interest are close to the (0,0) point on the graph
and appear as a single point at the resolution of this figure.

metabolites are not irreversibly trapped in the tissue. The result
is a graphical estimation problem requiring only linear estima
tion of, in general, only three or four parameters. This may be
handled by techniques such as singular-value decomposition of
the design matrix of the estimation equations (34). Under
certain conditions, including those encountered in 2-["C]-

thymidine imaging, the estimation problem can be reduced to a
simple two-dimensional linear regression, which is the method
we used in the analysis of simulated and patient data. We have
also presented an approximate estimation method that can be
used when one of the metabolites is trapped in tissue to a small
extent. This is the approach that was taken for the analysis of
both thymidine data simulated with CO2 fixation and the patient
data.

Simulations of 2-["C]-thymidine have shown that the ex

tended graphical method can accurately estimate blood-tissue
transfer constants for tracers with labeled metabolites, and that
estimates are comparable to those obtained with compartmental
analysis. The simulations showed that as long as the metabolites
are not trapped in the tissue of interest, a moderate amount of
local metabolism can be tolerated without limiting the accuracy
of the estimates of blood-tissue transfer constants for the intact
tracer. On the other hand, trapping of the metabolites causes
significant errors in the estimates, which can be partially, but
not completely, corrected if it is justifiable to assume a fixed
value for the blood-tissue transfer constant for metabolite
trapping.

On patient data, the graphical estimates of tracer blood-tissue
transfer constants agree with compartmental analysis, but with
a poorer correlation than predicted by simulations. Because our
model is preliminary, we have no validated standard against
which to compare the blood-tissue transfer constants estimated
from patient data. It is worth noting that the transfer constants
we obtained for untreated tumors fall within same range found

by Molnar et al. (35) in their investigation of thymidine uptake
in subcutaneously transplanted rat gliomas. Furthermore, in the
one instance where there was pathological confirmation of the
absence of viable cancer cells in a tumor post-therapy, the
graphical method found a blood-tissue transfer rate for thymi
dine incorporation equal to zero. The accuracy of the graphical
estimates of blood-tissue transfer constants for labeled thymi

dine will need to be assessed as the compartmental model
undergoes more rigorous validation through ongoing animal
studies.

Further work is necessary to understand the limitations of this
method for general application to patient studies. For example,
our simulations did not consider noise in the blood measure
ments. Although blood time-activity curve noise levels are
likely to be lower than for the tissue time-activity curves
derived from images, even small amounts of noise in these
measurements may significantly affect the data since blood
activity appears in the denominator of the graphical variables.

Finally, we caution that the extended graphical estimation
technique is not a substitute for kinetic modeling, but rather a
tool for estimating tracer blood-tissue transfer constants, given
an appropriate model for the behavior of the tracer and its
labeled metabolites. To be assured that it is appropriate to apply
this method, rigorous knowledge of the kinetic behavior of the
tracer and metabolites is required. When the method is appli
cable, it provides a simple technique for calculating the rate of
trapping of tracers that would otherwise require complex
compartmental analysis. This method therefore makes quanti
tative imaging of tracers with metabolites a much more tracta
ble task.

CONCLUSION
We have presented a general formulation and preliminary test

results of an extension of the Patlak graphical analysis method
that applies to systems with labeled metabolites. Our results
show that it should be reliable in estimating thymidine incor
poration rates for 2-["C]-thymidine. This method provides a

computationally efficient tool for estimating tracer blood-tissue
transfer constants for appropriate tracers and may therefore be
useful in pixel-wise image analysis.
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One-Day Protocol for Cerebral Perfusion Reserve
with Acetazolamide
Naoya Hattori, Yoshiharu Yonekura, Fumiko Tanaka, Torii Fujita, Jinyi Wang, Koichi Ishizu, Hidehiko Okazawa,
Nagara Tamaki and Junji Konishi
Department of Nuclear Medicine, Kyoto University, Faculty of Medicine, Kyoto; and Biomedicai Imaging Research Center,
Fukui Medical School, Fukui, Japan

A one-day protocol with a double injection of 99mTc-ECD was

introduced for the assessment of cerebral perfusion reserve with
acetazolamide (ACZ). The purpose of this study was to investigate
the feasibility and effectiveness of this protocol. Methods: Thirty
subjects were given double injections of ""Tc-ECD (first dose 370

MBq; second dose 740 MBq) for consecutive brain perfusion
studies. Serial dynamic SPECT scans (1 min x 50 frames) were
performed with the first set of SPECT data obtained by totaling the
data for the frames taken between 5 and 20 min, and the second by
subtracting the decay and dose-corrected initial SPECT data from
the sum of the data obtained between 35 and 50 min. To evaluate
the feasibility and effectiveness of the procedure, 23 of the 30
subjects were injected with ACZ 14 min after the first dose. To
evaluate the reproducibility, seven subjects were not given the ACZ.
The washout rate (WR) was calculated for three stages (WR1 = from
6 to 14 min, WR2 = from 20 to 28 min, and WR3 = from 36 to 44
min). Regional count increase (percent increase) and the percent
count difference between normal and affected side (percent differ
ence) were also calculated. Results: Values for WR1, WR2 and WR3
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did not show significant differences among the stages (WR1 =
-1.43% Â±6.09%, WR2 = -0.65% Â±6.57%, and WR3 = -1.60%
Â±4.28%; F-value = 0.33, p-value = 0.72). Reproducibility was
excellent (second SPECT = 0.964 x first SPECT; r = 0.997). Mean
count increase after ACZ was 21.7%. In patients with unilateral
cerebrovascular disease, the percent increase after ACZ loading
was significantly greater on the normal side (26.6% Â±13.0%) than
on the affected side (19.3% Â±13.2%) (p < 0.01), resulting in a
significant increase in percent difference (control: 14.3% Â±10.7%,
ACZ: 19.2% Â±11.5%; p < 0.01). Conclusion: ECD washout was
minimal during the first 50 min after injection and was not affected
by ACZ, which supports the feasibility of this protocol. The simple
procedure and short acquisition time of this method renders it
clinically useful for measuring cerebral perfusion reserve.
Key Words: acetazolamide; technetium-99m-ECD; double-injec
tion protocol; cerebral perfusion reserve
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Assessment of cerebral perfusion reserve in patients with an
occlusive disease of the major cerebral arteries is important for
the evaluation of hemodynamic compromise and candidate
selection for revascularization surgery (1-6). Carbon dioxide or
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