
concentration of â€˜8F-FDGin tissue is independent of the
details of FDG transport. As long as DUR is assessed
during the plateau, the precise time of measurement is
unimportant.

Typically, DUR measurements have been made at 45â€”60
min after injection. This approach has worked well in nor
mal brain tissue where plateau concentrations are achieved
within the first hour after injectionof the tracer (7,8). In
contrast to normal brain, much less is known about the
kinetics of glucose and FDG metabolism in tumors. In
these tissues, the time to reach plateau is dependent on
specific tumor biology, and extrapolations from normal
brain data may not be valid. In many clinical studies of
tumor metabolism by â€˜8F-FDG-PET,DUR measurements
have also been performed at 45â€”60min, ignoring that up
take of FDG is still occurring in many tumors at this time
(1â€”6).Despitethese potentialuncertainties,DUR mea
surements have been used to predict prognosis and to
monitor the effects of treatment (2,4). On a population
basis, DUR measurements performed at a fixed time point
(e.g., 60 min postinjection) may correlate with glucose
metabolic rate (6). However, in individual patients, there is
a potential for substantial underestimation if a significant
amount of tracer accumulation occurs after this time. Thus
if a single measurement of DUR at 60 min is used to
classify tumor malignancyor assess treatment outcome,
potentially serious errors can result. If DUR measurements
are made at the plateau, more robust estimates of treat
ment response or classification of malignancy might be
achieved.

In this study, we examined the temporal changes in
DUR and the resultingdifferences from the plateau value.
As an example, we used pre- and post-treatment studies of
patients with stage III non-small-cell lung cancer. From
dynamic â€˜8F-FDGstudies analyzed with a three-compart
ment model, analytical expressions for the time-depen
dence of 18F-FDG concentration in the tumors were de
rived. These relations were used to predict the DUR at
plateau and calculate the potential errors associated with
making DUR measurements at earlier times.

The doseuptakeratio(DUR)hasbeenusedas a quantitative
index of glucose metabolism for tumor classifIcation and moni
tonngresponsetotreatment.Inorderto provideconsistentre
suits,DURmeasurementsshouldbe madewhenthe concen
trationof tracerhasreacheda plateau.Thetimeof thisplateau
cannotbeidentifiedfroma singlestaticacquisition.Methods:In
this study, we investigated the changes in DUR as a function of
time in eight patientswith stage Ill lung cancer.All patients
underwenta quantitativedynamic18F-FDGPETstudybefore
and after treatment and the data were analyzed with a three
compartment model. Using the fitted model parameters, the
DUR was predictedat the plateauand intermediatetimes.
Results: Tumor concentrations of 18F-FDGdid not reach a
plateauwithinthe90mmofimaginginanyofthepre-treatment
studies and only in one case post-treatment The average time
toreach95%oftheplateauvaluepre-treatmentwas298Â±42
mm (range: 130â€”500mm); in post-treatment, it was 154 Â±31
mm (range: 65â€”240mm). The difference between the plateau
DUR and the 60-mmvaluewas 46% Â±6% pre-treatment
and17% Â±5%post-treatment.Conclusions:Thesedatamdi
catethat DURcanvarywidely with the time of measurementand
that DURshouldbe interpretedwith cautionin any indMdual
patient

Key Words: PET-FDG; DUR; glucose metabolism; compart
mentalanalysis;lungcancer@diagnosticimaging

J NucIMed1994;35:1308-1312

he dose uptake ratio, DUR, (also referred to as the
standardized uptake value, SUV), has been used as a quan
titative index of glucose metabolism in â€˜8F-FDGPET stud
ies of normal and malignant tissue (1â€”6).However, to
achieve a model independent assessment of glucose me
tabolism, DUR should be measured after tissue concentra
tions of â€˜8F-FDGhave reached a plateau. At this time, the
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k,k2@ @i@c (k2+k,))t
C@t)= eâ€”(k2+k3)t@AiI

k2+k3@ L b1â€”(k2+k3)

MATERIALS AND METHODSexpression for the time dependence of the concentration of18F-Human

SubjectsFDO intissue:Eight

patients with stage III non-small-cell lung cancerwerestudied
by dynamic â€˜8F-FDG-PET.The study protocol was ap

proved by the human studies committee of Massachusetts Gen
eral Hospital, and written informed consent was obtainedfromeach

patient. Paired studieswere obtained in each patient. The
first study was performed a few days before treatment and the
second was performed 2 wk after completion of therapy. The
patientswere fasted for at least 6 hrbefore imaging.Immediatelye

k,k3@ A[1 b, J' EC@@@
+

k2+k3before

the study, blood glucose concentration wasdetermined.Quantitative

18F-FDG PET StudIeswhere
k1and k@are the rates of 18F-FDGtranSpOrtfromplasma

intotissueandfromtissuebackintoplasma;k3is therateofAll
imaging was performed with an eight-ring whole-body im

agingsystem (ScanditronixPC4096-16WB).The primaryimaging
parametersof this instrumentare in-planeand axialresolutionsof
6.0mm FWHM, 15contiguousslicesof 6.5mmseparationand a
sensitivity of 5,000 cps/@CVcc.All images were reconstructed
using a conventional ifitered backprojectionalgorithmto an in

â€˜8FFDGphosphorylation; and k, the rate of â€˜8F-FDGdephos
phorylationwas assumedto be zero. The rationale for this has
been discussedby LucignaniCtal. (10). b1, b2 and b3 are rate
constants for disappearance of â€˜8F-FDGfrom plasma. As t in
C1@C@5@S,the first term approaches zero and the second term sim

PhifieSto:plane
resolution of 7 mm FWHM. Transmission scans, acquired

using a rotatingpin source containing @Ge,were used to confirm

datawere correctedfornonuniformityofdetector response,dead
positioning and to correct for tissue attenuation. All projectionk,k3

@
k2+ k3@ b@@ E@i@2Cr(t)time,

random coincidences and scattered radiation. Regions of
interest(ROIs)were circularwith a fixeddiameterof 16mm.The
PET camera was cross-calibratedagainst a well scintillation
counter by comparingthe PET camera response from a uniform
distribution of an â€˜8Fsolution in a 20-cm cylindrical phantom with
the response of the well counter to an aliquot of the same solution.

The subjects were positioned supine on the imagingbed of the
PETcamerawitharmsextendedoutofthe fieldofview. Dynamic
image collection was started immediately before intravenous in
jection of 10mCiof â€˜8F-FDO.Sequentialimageswere acquiredin
15-sec frames for the first 1.75 mm, 30-sec frames for the next
2 mm, 60-sec frames for the next 2 mis, 2-mm frames for the next
4 min,5-mmframesforthenext20-mm,10-mmframesforthe
next 40-mis and a final 15-mm frame.

Arterial input curves were measured from arterial blood sam
pies or regions of interest placed over the left ventricle. The use of
leftventriculartime-activitycurvesas arterialinputfunctionsis a
well establishedtechnique(9). In addition,in severalof the pa
tients that were studied, analysis was performed both with LV
time-activity curves and curves obtained by direct sampling. In all
cases, the results were essentially identical. Areas of the tumor
were chosen for analysis using a constant circular ROI with aflOflhnC&

least-squares fitting ofthe plasma and tissue time

activity curves to the model defined by Equation 1, k1, k2 and k3
were derivedforeachstudy.Thecoefficientofdetermination(R2)
fo@@this fittingwas 0.98 for the pre-treatment data and 0.99 for the
Post-treatment data. Using the fitted values of these rate con
SthfltS@ the time-activity curves were extrapolated to infinity.

Based on the data presented by Lucignani, itwas assumed that k1,
k2 and k3do not change significantly after 90 min, making extrap
olationbeyondthis timemeaningful(10). In allcases, the extrap
olated time-activity curves reached plateau by 10 hr after injec
tion, this was therefore used as the reference time in all
subS@luentanalYsis.

The time-activity cwves were transformed to time-DUR
@ by dividing by injected dose normalized to the patient's

weight. DUR difference curves were obtained by calculating the
@ difference between the DUR value at each time and

the plateau reference value. The differencecurves from each
patientwere f@OOlC@dand a composite time-DUR curve was con
stfl1@ted.The time at which the DUR reached 95% of the plateau
value (mean Â±s.d.) was also determined. This analYsiswas per
formed independent@for pre- and post-therapyresults.16-mm

diameter. The regions were positioned over areas of the
tumor with high metabolicactivity, thus avoidinganyapparentRESULTSnecrotic

areas. Of the several possible methods for defining ROIs,
we felt that a fixedROIcenteredover the regionof greatestFDG
activity on the 90-min scan was most appropriate. This type of
ROlis ve,y convenientforcomparisonsbetweenrepeatstudies.
Compartmental analysis by a three-compartment FDG-kinetic
modelyieldedthe rate constantsof FDG metabolismin metabol
ically active regions of the tumors.In

all of the pre-treatment studies, tumor concentrations
of â€˜8F-FDGdid not reach plateau values within the 90 mm
of imaging. In the post-treatment studies plateau concen
trations were reached within 90 min in onlYone case. The
average rate constants derived using compartmental anal
ysis are shown in Table 1. These results indicate that treat
ment did not affect k1 but resulted in a significantincreaseSimulation

ofDURValues
The arterialblood andtissue time-activitycurves were fittedto

a three-compartment, three-rate constant model of â€˜8F-FDG
transport and metabolism (7). Assuming that the disappearance of

I8Fp-1@G from plasma can be described by tn-exponential func

in 1(2(p < 0.01) and a significant decrease in k3 (p < 0.01).
Linear correlation of the DUR measured at 60 mm with
MRG1c yielded an R2 of 0.65.

FigUre 1 shows representative time-DUR curves for one
of the patients, before and after treatment. In this case, itistions,

integration of the model equations yields the followingclear that plateau DURs are not achieved until several

DUR:UsefulIndexorOversimplification?â€¢Hambergatal. 1309
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RateconstantPro-treatment(min1)Post-treatment(min1)ki0.084

Â±0.0240.079 Â±0.018k20.021
Â±0.0250.077 =0.025k30.072
Â±0.0180.016 Â±0.004

Afti

TABLE 1
Mean 18F-FDGRate Constants Derivedfrom COmpartmental

Modeling
A ioo__80
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hours after injection. In the pre-treatment study, the DUR
at 60 mm is derived from the steeply increasing part of the
time-DUR curve, while the post-treatment curve is in
creasing at a relatively slow rate. Assessment of tumor
response based on the 60-min time points would yield a
different value from that obtained at plateau. At 60 min, the
DUR change is from 11.3 to 6.1 while at plateau it is from
18.5 to 8.7. Similar results were observed in all of the
patients that were studied. In the pre-treatment studies, the
average time to reach 95% of the plateau DUR was 298 Â±
42 min (range: 130â€”500mm). In the studies acquired after
treatment, the average time to reach 95% of the plateau
value was 154 Â±31 min (range: 65â€”240mm).

Figure 2 shows the difference curves, pre- and post
treatment for all patients that were studied. These results
indicate that measurements of DUR within 90 mm after
injection results in significant error in all the pre-treatment
studies. Although these errors are less dramatic in the
post-treatment studies, an acceptable level of error (within
5% of calculated plateau value) was present in only one

case. The large variation between tumors clearly reflects
marked heterogeneity in the kinetics of glucose metabo
lism. For DURs measured at 90 min after injection, the
percentage differences from plateau values ranged between
22% and 67% pre-treatment, and up to 28% post-treatment.
These data indicate that the use of DUR as an index of
glucose metabolism in lung tumors is variable, even when

FIGURE2. lndMdualDURerrorcurves,(A)beforeand(B)after
treatment,for all patientsstudied.Measurementsof OURwithin
90 mmafter injectionresultsin significanterror in all pretreatment
studies.Theseerrorsar9lessdramaticinthepost-treatmentstudies,
butanacceptablelevelbferrorwaspresentinonlyonecase.

the value is calculated at 90 mm. This is particularly true in
pre-treatment studies. The magnitude of this error in
creases as the interval between injection and measurement
is reduced.

DISCUSSION

Currently, the use of DUR as an index of glucose me
tabohism is widespread. In the context of the management
of patients with cancer, DUR has been used to classify
lesions as benign or malignant and to monitor therapy
response. Despite its apparent simplicity, some authors do
not recommend the use of DUR while others have reported
that it is a useful index of glucose utilization (3,5). In
several studies, attempts have been made to refine DUR
measurements in order to make it more reproducible and
clinically useful; examples include correction for body sur
face area (11) and serum glucose (6). In no case has alIen
tion been paid to the effect of the time of measurement on
the meaning of the result. In this study, we have explored
the impact of measurement time on the validity of DUR.

In the assessment of cancer patients with â€˜8F-FDG,the
parameter of choice to classify a particular neoplasm,

20

15

@10

S

0
0 120 240 360 480 600

Time [mini

120 240 360 480 600
Time [mini

FIGURE 1. Representativetime-DURcurvesforone of the pa
tients,beforeandaftertreatmentSimilarresultswereobservedinall
patientsstudied.
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and/or to monitor its response to treatment is the glucose
metabolic rate, MRG1c. However, because determination
of this parameter is complex and time-consuming, it is not
routinely performed. In contrast, the use of DUR to mon
itor metabolic activity in tumors is seductive in its simplic
ity, since the measurement is convenient to perform for
both the patient and the clinician. Justification for the use
of DUR is based on the assumption that the concentration
of â€˜8F-FDGin tissue, corrected for patient weight and
injected dose, is correlated with MRG1c. In the present
study, DUR at 60 min was found to be correlated with
MRGIc, R2 = 0.65 (n = 8). In a previous study, Lindholm
et al. reported an R2 of 0.76 in five patients (6). Although
these results confirm that DUR is positively correlated
with MRG1c, the quality of the correlation is inadequate to
draw meaningful conclusions in individual patients.

In recent reports, it has been suggested that DUR can
have significant value in differentiating benign from malig
nant lesions (11â€”13).However, these studies have reported
inconsistent cut-off DUR values for separating benign and
malignant activity. Other studies have failed to reach a
consensus that DUR can separate malignant from benign
lesions (14â€”16).Overall, these studies indicate a potential
for considerable variability when DUR is used as an index
of MRG1c. These variations can be unpredictable and are,
therefore, uncontrollable. The effects of blood glucose 1ev
els were examined in a study of bronchial carcinoma by
Langen et al. who performed both dynamic and static
imaging at two different plasma glucose levels (5). The
dynamic data were acquired over 60 min and static mea
surements were performed at between 30 and 60 min after
injection. The results of this study indicated that although
glucose metabolic rates derived from the dynamic studies
were not greatly affected by plasma glucose concentration,
widely varying DURs were measured from the static im
ages; the reliability of these data could be improved by
correction for plasma glucose concentration. Neverthe
less, the authors concluded that the static approach was of
questionable value and that: â€œWherean accurate evalua
tion of tumor glucose metabolism is needed, such as mea
suring tumor response to therapy, it is advantageous to
adhere to kinetic evaluation.â€•

In order to identify the variability in DUR with time of
measurement, we calculated the transport and phosphory
lation rate constants for â€˜8F-FDGin a series of lung tu
mors, by fitting plasma and tissue time-activity curves to a
three-compartment, three-rate constant model. Since there
was no observed loss of tissue radioactivity during the
experiment, the fourth rate constant, k4,was considered to
be negligible. This assumption is supported by the work of
Lucignani et al. (10). The data were consistently well de
scribed by this model.

Using the model parameters, the â€˜8F-FDGuptake curves
were extrapolated to plateau and the corresponding time
DUR curves were calculated. In Figure 2, there are sub
stantial variations in the shapes of the curves for different
patients. These variations underline the point that large

differences exist, even between similar tumors. Clearly, if
DUR is measured at a time when tissue radioactivity is still
changing rapidly, the potential for incorrect diagnosis,
prognosis or classification in any individual patient is mag
nified.

Thus, as presently measured, the DUR may be a gross
oversimplification of a very complicated metabolic situa
tion. At best it is semiquantitative and its use for tumor
monitoring may be associated with significant and unavoid
able error, which is unpredictable. The use of dynamic
studies is much more complex but has a firmer theoretical
basis (17). With dynamic imaging, effects of therapy on
metabolic activity can be monitored without assumptions
about concentration plateau or the shape of the time-activ
ity curve. By performing dynamic studies in a variety of
tumors, it may be possible to categorize the times at which
plateau measurements can be made in individual tumor
types. This in turn, may result in more robust estimates of
DUR. Although this may require extremely delayed imag
ing with some tumors, recent advances in PET camera
technology have made these measurements feasible. For
example, new three-dimensional imaging devices have sen
sitivities that are sixfold to tenfold greater than in our
present instrument (18, 19). With glucose-avid tumors such
as lung carcinomas, excellent quality images should be
obtainable with these devices as late as 8â€”10hr postinjec
tion.
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