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T he glucose analog 2-['8F]fluoro-2-
deoxy-D-glucose (FDG) was first

utilized with positron emission to
mography (PET) in humans to quan
tify cerebral glucose metabolism (1-
3), based on a tracer kinetic method
initially developed for autoradi
ographic rat studies with â€˜4C-deoxy
glucose by Sokoloff et al. (4). The
method has been extended, with ap
propriate modifications, to other or
gan systems, including the heart (5).
Because of the high glycolytic rate of
many malignancies, qualitative and
quantitative PET FDG imaging eval
uations oftumors ofthe central nerv
ous system (CNS) and other organ
systems have demonstrated the poten
tial utility of the method to detect the
presence of malignant tissue and to
quantify changes in tumor glycolysis
during and after treatment (6). While
reported quantitative PET FDG tu
mor studies during and after treat
ment are limited in number, most of
these investigations have concerned
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radiotherapy, although some results
with chemotherapy have also been re
ported (7-12). The majority of quan
titative PET FDG tumor studies,
other than those of astrocytomas (13,
14), have been based on nonkinetic
evaluations of relative tumor FDG
uptake, compared either to normal
tissue or to injected dose per body
weight (6,7,15).

Following facilitated diffusion from
plasma to tissue, FDG is phosphoryl
ated by hexokinase and trapped intra
cellularly as FDG-6-P04 (2,4,16,17),
with, for most tissues, a very slow rate
of dephosphorylation. Therefore, the
5 11 keY photons resulting from an
nihilation of the positron emitted by
â€˜8Foriginate both from FDG distrib
uted between plasma and tissue, and
from FDG-6-P04 within cells. After
about 40 mm following intravenous
injection of FDG, the majority of the
â€˜8Flabel in the brain, heart,and most
tumors originates from intracellular
FDG-6-P04. In tissues with low rates
of glucose-6-phosphatase mediated
dephosphorylation, the accumulated
amount of FDG-6-P04 is propor
tional to the glycolytic rate. Since by
40 mm the majority of tissue activity

is in the form of FDG-6-P04, images
of total â€˜8Factivity represent relative
rates of glycolysis. This approxima
tion is appropriate over a wide range
of glycolytic rates, although it is less
accurate at very low glycolytic rates.

One may therefore analyze PET
FDG tumor studies on three levels:
(1) qualitative inspection of static im
ages, taken 40 mm after injection, for
identification of high local activities
characteristic ofa@essive tumors; (2)
nonkinetic quantitative analyses of
relative lesion activity concentration
compared to injected dose per body
weight or region ofinterest ratio meth
ods; and (3) kinetic evaluations of tu
mor glucose metabolic characteristics,
utilizing either the closed-form solu
tion for the FDG model (Equation 2
below) and a priori estimates of model
parameters (i.e., rate constants) with
images obtained at a single time (the
autoradiographic method) or employ
ing a dynamic acquisition sequence
and directly estimating model rate
constants with nonlinear regression
(Equation I below) (MR, in units of
@tmol/l00 g/min) (2â€”4).

The kinetic methods then produce
estimates of the tissue glucose meta

339QuantitatingTumorGlucoseâ€¢Hawkinset al

EDITORIAL

QuantitatingTumorGlucoseMetabolismwithFDGandPET



bolic rates with either ofthe following
equations:

MRâ€”@ K@'k@
â€” u: (ky' + kj')

K1'kl'
where K = (ks' + ks')

or, the autoradiographic method:

MR =

c@[ @T)â€”a2I@::?ai1(ld'â€”ai)eah*

+ (a2 kt)@â€•2'@0 C@(t)]

(LC)@@@ (C@1t eâ€•21)Â®C@'(t)

where 0 denotes operation of convo
lution, and

a@ (ky' + k@'+ k@'

â€” v'(k@' + k@' + Id')2 â€” 4k1'ld')/2

a1 (k@ + k@+ k@

+ @J(kr+ k@+ k@')2â€”4k@'k@)/2.

The rate constants K*1 and k*2 refer
to forward and reverse capillary trans
port of FDG, while k*3 and k*4 refer

to phosphorylation of FDG and de
phosphorylation of FDG-6-P04, re
spectively. C@ is the plasma-glucose
concentration, C*1(T) is the tissue con
centration of FDG + FDG-6-P04 at
time of imaging (T), C'@,(t) is the
plasma activity concentration as a
functionof time(theinput function),
and the lumped constant (LC) is a
term derived from the principles of
competitive enzyme kinetics that de
scribe the differing transport and
phosphorylation characteristics of glu
cose and FDG (1-4).

Becausethe autoradiographic method
(Equation 2) requires a priori popu
lationestimatesofthe modelratecon
stants and the lumped constant, it is
generally not applicable for neoplasms
outside of the CNS for which popu
lation estimates of these parameters

are not yet available. If one assumes

that LC in a given tumor is constant
over time, then quantitative estimates
of absolute changes in tumor glucose
metabolism are possible with Equa

Eq. 1 tion 1 when the model rate constants
are measured directly with a dynamic
imaging sequence.

Enhanced aerobic glycolysis of ma
lignant cells, first noted by Warburg
(18,19), facilitates detection and
quantification of tumor glucose met
abolic rates with the FDG and PET.
Advances in the understanding of the
molecular biology of cancer also have
implications for quantitative bio
chemical imaging with PET. Flier et
al. (20) demonstrated that in cultured
rodent fibroblasts transfected with ras
or src oncogenes, the uptake of [3H]2-

Eq. 2 deoxy-D-glucose was significantly in
creased. The production of the trans
porter protein for glucose and the
mRNA for this protein were also in
creased. Thus, amplified glucose
transport capability may be one of the
factors associated with the high gly
colytic rate of neoplastic cells, and
illustrates that tumor FDG kinetics
(i.e., transport and phosphorylation)

Eq. 3 may differ from normal tissues in a
variety of ways.

It is important to remember that
the rate constants are not universal
constants, but rather constants reflect
ing a particular steady state condition
of transport and phosphorylation.
Changes in rates oftransport and me
tabolism occur with changes in the
rate constants and precursor pool con
centrations. In recognition ofthis, the
original Sokoloff model was formu
lated to have a low sensitivity to the
absolute value of the rate constants
themselves. This was possible because
the end product of metabolism, deox
yglucose-6-P04, was stoichiomet
rically accumulated and retained in
tissue over the time of measurement.
This permits a great deal of latitude
in the use of average or population
values for rate constants and in the
qualitative interpretation of images.
There are, however, limits to this flex
ibility that must be defined in various
tissues and metabolic states.

In this issue of the Journal, Oka
zumi et al. (21) evaluated the FDG
rate constants K*1, k*2, k*3, and k*4
in 35 patients with liver tumors (23
with either hepatocellular carcinomas
or cholangiocarcinomas, 10 with met
astatic disease to the liver, and 2 with
liver hemangiomas), in 12 normal
volunteers and in 10 patients with
cirrhosis of undescribed etiology. Uti
lizing a 60-mm dynamic imaging se
quence consisting of 2-mm scans for
the first 10-mm interval and 10-mm
scans thereafter, they estimated the
model rate constants with nonlinear
regression methods, focusing their
analysis on small regions ofinterest in
areas of peak tumor metabolic activ

ity. They did not include a tissue
blood volume term in their model,
and arterial blood samples were used
as the input function. Evidently to
minimize the partial volume effect, all
the tumors evaluated in this series
were 3 cm or larger in diameter. Ad
ditionally, the authors directly assayed
tissue hexokinase levels in resected
specimens of hepatocellular carci
noma (seven cases), liver metastases
(two cases) and one hemangioma.

While the authors investigated a va
riety of relationships between the rate
constants in the patients in their se
ries, the most important were the sig
nificant, ifnot striking, correlation be
tween k*3 and hexokinase activity (r
= 0.658) in the above assayed cases, a

threshold value for k*3ofO.025 min1,
above which all lesions were malig
nant, k*4values near zero for cholan
giocarcinoma and liver metastases,
and k*4 values of similar or greater
magnitude than k*3for hepatocellular
carcinoma, cirrhotic livers and con
trols. Because, as noted by the au
thors, the liver contains a high con
centration of glucose-6-phosphatase
activity, the relatively high values of
k*4 in tumors of liver cell origin and
in normal and cirrhotic liver are not
surprising. Interestingly, the variable
intensity of net FDG uptake in hepa
tocellular carcinomas on late images
could be explained by variable levels
of k*4, even when k*3 (and hexoki
nase) values were similar. The authors

LC
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proposed using the k*4/k*3ratio as an
index of differentiation of hepatocel
lular carcinoma (a higher value is
more similar to normal liver tissue, a
lower value suggests malignant dedif
ferentiation). The investigators also
describe two cases of hepatocellular
carcinoma treated with transcatheter
arterial embolization (TAE) who had
significant decreases in k*3 following
intervention.

The work represents an interesting
contribution to the PET FDG oncol
ogy literature, because so little pub
lished FDG kinetic data for non-CNS
tumors exist. Okazumi et al. have also
demonstratedthe potentialutilityof
analyzing FDG model microparame
ters in hepatic neoplasms, and have
shown that metabolic characteristics
ofspecific organ systems must be con
sidered when analyzing FDG kinetics.
Their results following transcatheter
arterial embolization are interesting,
but too limited in numbers of subjects
to indicate more than the potential
usefulness of FDG assays following
interventions.

One omission from the results re
ported by Okazumi Ct al. was a de
scription ofthe subjects' dietary states
and measurements of their plasma
glucose levels. Equation 1 indicates
that local glucose metabolic rates are
a function of K, the plasma-glucose
level and the lumped constant. While
the lumped constant is not known for
normal liver and liver pathological
conditions, one may still assess
changes in absolute rates of tumor
glucose metabolism if(using Equation
1) it is assumed that LC for a given
lesion does not change, and if the
plasma-glucose concentration is
measured. Significant variations in
plasma-glucose concentrations could
affect the values of the FDG rate con
stants.

Two of the most important appli
cations of PET FDG studies in oncol
ogy promise to be the quantitative
characterization of tumor glycolytic
characteristics as a way of differentiat
ing subtypes of neoplasms, as dem
onstrated by Okazumi et al., and, per
haps more importantly, quantitative

measurements of tumor glycolytic
rates during and after treatment. Max
imizing the accuracy and defining the
precision of such measurements will
be necessary, particularly if numerical
results generated by one institution
are to have significance for other sites.
In oncology, where multicenter trials
are often the only means to generate
enough data to meaningfully assess
clinical trials and treatment regimens,
this process will be particularly im
portant.

Factors to be considered in defining
and improving the precision of mess
urements of tumor FDG uptake in
dude:

1. Patient Preparation. While the
impact ofdietary preparation, includ
ing duration of fasting, has been eval
uated for the heart and brain (5), little
information exists concerning the im
pact ofdiet on FDG studies in tumors
and other tissues. However, as dis
cussed above, it is prudent to evaluate
patients in a reproducible dietary
state, such as fasting. With medias
tinal malignancies, such as lympho
mas, fasting will facilitate lesion detec
tion by minimizing myocardial FDG
uptake.

2. Tomograph Characteristics. This
topic has been the subject of reviews
(22), but a few critical parameters to
consider include in plane and axial
resolution, axial field ofview (number
of rings and slice thickness), and
counting sensitivity. Measured atten
uation correction methods are man
datory outside of the brain if truly
quantitative measurements are to be
performed.

A major issue is the use of whole
body PET tomography versus a lim
ited axial range of transaxial, coronal
and saggital views. Since metastatic
disease is an important factor in ther
apeutic decisions and prognosis,
whole body tomographic studies pro
vide a means, in a single examination,
to determine the distribution of organ
involvement ofdisease (23, 24). With
FDG, these studies can be performed
immediately after completing a quan
titative kinetic study.

Because tumors will include a wide

range ofphysical sizes and will change
over time, assessing the impact and,
when possible, correcting for the par
tial volume induced errors in tumor
radiopharmaceutical concentration
measurements is important. Correla
tion and registration of PET results
with anatomic imaging modalities
such as MRI and CT will permit direct
measurements of tumor recovery
coefficients (the fraction of true iso
tope concentration recovered in a
given region of interest). Another ap
proach is to estimate the tumor size
(and the recovery coefficient) and ra
dioactiveconcentrationtogetherby
assuming a defined shape or configu
ration of the lesion (25, 26). A third
approach is to use PET dynamic im
aging itself: object size (and recovery
coefficient) can be included as a pa
rameter in a kinetic model for an ap
propriate physically characterized to
mography (27).

3. ModelFormulationand Tumor
Metabolic Characteristics. Nonki
netic measurements of tumor FDG
uptake, such as the â€œstandarduptake
valueâ€•(SUV) and â€œdifferentialuptake
ratioâ€•(DUR) (7,15) that are based on
tissue activity levels and body weight
are, to a certain extent, model inde
pendent. They obviate the need to
address issues related to the FDG
model per se, including the rate con
stants, lumped constant, and model
configuration, but are time-dependent
quantities that are still affected by all
factors related to FDG kinetics and
quantification. With appropriate val
idation and attention to reproducibil
ity of the measurement protocol, the
nonkinetic measurements have the
advantage oftechnical simplicity. Ad
ditionally, ifthere is little loss of FDG
6-P04 from tissue (low values of k*4),
the total tumor activity level will be
proportional to the glycolytic rate. As
illustrated by the work of Okazumi et
al., however, some tumors may have
more complex kinetics that can only
be understood with a true kinetic ac
quistion and analytical approach. It
must also be remembered that if k*4
is numerically small, considerably
more time than a one hour acquisition
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sequence is necessary to accurately es
timate its value (13,28). Of course, if
k*4 @Ssmall, it has little effecton the
glycolytic estimates at shorter time in
tervals.

Refinements of the FDG model
may, in some tumor systems, be nec
essary. Addition of a tissue vascular
space to the model provides improved
estimates of metabolism when the
blood activity is a significant fraction
of the tissue activity, and in addition,
it yields physiological insight into the
relative blood volume of tumors, as
demonstratedin astrocytomas(13).
Because the relative vascular volume
on non-CNS tumors is probably van
able in different tumors, this issue re
mains to be explored.

Another issue of potential signifi
cance to FDG tumor kinetic studies
is tissue heterogeneity. While the ef
feet of tissue heterogeneity has been
investigated in some detail for PET
measurements of cerebral blood flow
with â€˜@Omethods (29,30), only a few
studies of tissue heterogeneity effects
with cerebral deoxyglucose studies
have been reported (31,32). Because
some tumors will be markedly heter
ogeneous, understanding this effect
could be important.

4. The Input Function.Asdiscussed
by Okazumi et al., the input fraction
to the liver actually consists of two
inputs: the hepatic arterial and portal
venous systems. Approximating this
input function with peripherally
measured arterial concentrations is
reasonable if model parameters are
interpreted appropriately.The bi
phasic arrival of a bolus of activity to
the liver permits kinetic estimations
of the relative flow through the he
patic arterial and portal venous sys
tems with tracers that are not highly
extracted by the liver (33). In the con
text of FDG studies of hepatic neo
plasms, it is the glycolytic character
istics of tumors that are of primary
interest. Nevertheless, one must exer
cisc appropriate caution interpreting
the numerical value of the transport
rate constant K@1 in this context.
Model configurations incorporation
the concentration gradient across the

capillary have also been developed
(34) and may have utility in tumor
studies.

Additional potential issues of con
cern relative to the input function in
dude the advisability of approximat
ing arterial concentrations with ye
nous samples or arterialized venous
samples, as previously investigated for
kinetic studies of the brain (13). In
some circumstances, the input func
tion may be obtained directly from
the images, with a rapid dynamic im
aging sequence. While this is most
feasibleif the heart is in the fieldof
view (35,36), modern PET systems
are also capable of generating good
quality input functions from the ab
dominalaorta, if partialvolumecor
rections are applied (26).

All FDG tumor quantitative meth
ods, including tracer kinetic models,
must strike a balance between being
comprehensive, but impractical, and

very simple, but potentially mislead
ing. The autoradiograpic FDG
method has the advantage of yielding
absolute estimates of glucose metab
olism, but requires a priori estimates
of representative population rate con
stants, a numerical value of the IC,
and an understanding of the physio
logical state of tissue. These condi
tions are not met for oncology studies
at this time. Kinetic studies with non
linear regression, like those performed
by Okazumi, yield potentially useful
numerical information, but are some
what cumbersome computationally
and are fairly labor-intensive in terms
of regions of interest definition.

A potentially useful alternative is
parametric imaging of relevant phys
iological and biochemical parameters.
For tissues with low or defined values
of k*4, the Patlak graphical approach
yields pixel by pixel estimates of K
that are directly proportional to tissue

B@ast @ancr

Param@

FIGURE1 RepresentativetransaxialFDGimagesfromtwo patientswithmetastatic
disease to the liver. The row of images above is from a patient with metastatic melanoma,
andtheimagesbelowarefroma patientwithmetastaticbreastcancer.Imagesonthe
left representsummedimagesfromtimeof injectionto 60 minutesafter injection,images
in the center are a single imageat 60 minutesafter injection,and imageson the right
are parametricimages, scaled in units of the composite parameter K (for net uptake
andphosphorylationof FOG,Equation1)that is proportionalto theglucosemetabolic
rate.Bothpatientshadmultiplehepaticmetastasesthat arebetterdefinedon single
frame image (center) than on the summed images (left). The melanomapatient had
many metastasesin the liver and spleen,while the breast cancer patient had several
metastases,two of which are identifiedby arrows on the single frame and parametric
images.Theparametricimageson the right illustratebetterlesioncontrastthanthe
summed or single time images, because the method tends to minimize the image
contnbutior@of structures not progressivelyincorporatingFDG,such as vascularstruc
turesand,inthiscase,normalliverbecauseof itshighglucose-6-phosphataseactivity.
The methodcan be appropriatelymOdifiedto incorporatethe effects of non-zerovalues
of k**(35 37,38).

342 The Journal of Nuclear Medicine â€¢Vol. 33 â€¢No. 3 â€¢March 1992

Oto6OmIn 60mm
Aft,r InJ.ctlon Aftir Inj.ctlon



ment of local cerebral glucose utilization in
man.CirRes1979;44:127â€”137.

2. PhelpsME,HuangS-C,HoffmanEl,ScmC,
Sokoloff L., Kuhi DE. Tomographic measure
ment oflocal cerebral glucose metabolic rate in
humans with (F-l8)-2-fluoro-2.deoxy-D-glu
cose: validation of method. Ann Neurol
1979;6:371â€”388.

3. Huang S-C, Phelps ME, Hoffman EJ, Sideris
K, Selin U, Kuhi DE. Noninvasive determi
nation of local cerebralmetabolicrate of glu
cose in man. Am IPhysiol 1980,238:E69-E82.

4. Sokoloff L, Reivich M, Kennedy C, ci al. The
(@C).deoxyglucose method for the measure
ment of local cerebral glucose utilization: the
ory, procedure and normal values in the con
scious and anesthetized albino rat. I Neuro
chem1977,28:897â€”916.

5. PhelpsME, Mazziotta JC, SchelbertHR. Pos
itron emission tomographyand autoradiogra
phy. Principlesand applicationsfor the brain
andheart. New York: Raven Press;1986.

6. Hawkins RA, Hoh C, Dahiborn M, ci al. PET
cancer evaluations with FDG. I Nucl Med
1991;32:1555â€”1558.

7. Haberkorn U, StraussLO, Dimitrakopoulou
A, et al. PET studies of fluorodeoxyglucose
metabolism in patients with recurrent colorec
tal tumors receiving radiotherapy. I Nuc! Med
1991;32:1485â€”1490.

8. Kubota K, Ishiwata K, Kubota R, et al. Tracer
feasibility for monitoring tumor radiotherapy:
a quadruple tracer study with fluorine-18-fluo
rodeoxyglucose or fluorine-18-fluorodeoxyuri
dine,L-[methyl-'4qmetkiothne, [6-3H]thymi
dine, and gallium-67. I Nucl Med 1991;32:
2118â€”2123.

9. Minn H, Paul R, Ahonen A. Evaluation of
treatment responseto radiotherapy in headand
neck cancer with fluorine-18-fluorodeoxyglu
cose.JNuclMed 1988;29:1521â€”1525.

10. AbeY, MatsuzawaT, FujiwaraT, etal Clinical
assessment of therapeutic effects on cancer
using â€œF-2-fluoro-2-deoxy-D-glucoseand pos
itron emission tomography: preliminary study
of lung cancer. liii I Radiat Oncol Bio! Phys
l990;l9:1005â€”lOlO.

11.NagataT, YamamotoK, HiraokaM, et al
Monitoring livertumortherapy with [â€˜8F]FDG
positron emission tomography. I Comput As
51stTomogr l990;l4:370â€”374.

12. WahI RL, Cody R, Zasadny K, Ct al. Active
breast cancer chemohormonotherapy se
quentially assessed by FDG PET: early meta
bolic decrements precede tumor shrinkage
[Abstract]. INuciMed 1991;32:982.

13.HawkinsPA, PhelpsME, HuangSC.Effects
of temporal sampling, glucose metabolic rates
and disruptions of the blood-brain barrier
(BBB) on the FDG model with and without a
vascular compartment: studies in human brain
tumors with PET. I Cereb Blood Flow Metab
1986;6:170â€”183.

14. Di Chiro G. Positronemissiontomography
using [â€˜8Fjfluorodeoxyglucosein brain tumors.
InvestRadio! l98722:360â€”371.

15. Adler LP, Blair HF, Makley JT. Noninvasive
grading of musculoskeletal tumors using PET.
JNuclMed l991;32:l508â€”l512.

16. Horton RW, Meidrum BS,BachelardHS. En
zymic and cerebral metabolic effects of 2-
deoxy-D.glucose.I Neurochem l973;2l:506-
520.

17. Som P, Atkins HL, Bandoypadhyay D, et al. A
fluorinated glucose analog, 2-fluoro-2-deoxy

D-glucose('8F): nontoxic tracer for rapid tumor
detection.JNuclMed 1980;21:670â€”675.

18. Warburg0. Themetabolismoftumors.Lon
don: Constable & Co.; 1930.

19. Warburg 0. On the origin ofcancer cells. Sci
ence l956;l23:309â€”314.

20. Flier JS, Mueckler MM, Usher P. Lodish HF.
Elevated levels of glucose transport and trans
porter messengerRNA are induced baa ras or
srconcogenes.Sciencel987@,235:l492â€”1495.

21. Okazumi S, Isono K, Enomoto K, et al. Eval
uation of liver tumors using â€˜8F-fluorodeoxy
glucose PET: characterization of tumor and
assessment of effect of treatment. I Nucl Med
1992;33:333â€”339.

22. Hoffman EJ, Phelps ME. Positron emission
tomography: principles and quantitation. In:
Phelps ME, Mazziotta JC, Schelbert HR, eds.
Positron emission tomographyand autoradi
ography. Principlesand applicationsfor the
brain and heart. New York: Raven Press;
1986:237â€”286.

23. Guerrero TM, Hoffman EJ, Dahlbom M, et aL
Characterization ofa whole body imaging tech
nique for PET. IEEE Trans Nuc! Sci
l990;37:676â€”680.

24. Tse N, Hoh CK, Hawkins BA, et a!. Applica
tion of positron emissiontomographywith 2-
[F-l8Jfluoro.2-deoxy-D-gJucose(FDG) to the
evaluation ofbreast masses. Ann Surg 1992: in
press.

25. Yu DC, Huang SC, Grafton ST, et al. MethOds
for improving quantitation of putamen uptake
constant of FDOPA in PET studies@I Nuc!
Med 1992:submitted.

26. Germano G, Chen BC, Huang SC, et aL Use
of the abdominal aorta for arterial input func
tion determination in hepatic and renal PET
studies.JNuclMed 1992:inpress.

27. Gambhir SS. Quantification of the physical
factors affecting the tracer kinetic modeling of
cardiac positron emission tomography data
[PhD dissertation]. University of California,
Los Angeles, 1990.

28. Huang SC, Phelps MR. Hoffman El, Kuhi DE.
Error sensitivity offluorodeoxyglucose method
for measurement of cerebral metabolic rate of
glucose. I Cereb Blood Flow Metab
l98l;l:39lâ€”40l.

29. Baron JC, Frackowiak PSi, Herholz K. et al.
Use of PET methods for measurement of cer
ebral energy metabolism and hemodynamicsin
cerebrovascular disease. I Cereb Blood Flow
Metab l989;9:723â€”742.

30. Huang SC, Mahoney DK. Phelps ME. Quan
tification in positron emission tomography. 8.
Effectsof nonlinear parameter estimation on
functional images. I Comput Assist Tomogr
1987;l1:314â€”325.

31. Schmidt K, Mies G, Sokoloff L Model of
kinetic behavior of deoxyglucose in heteroge
neous tissues in brain: a reinterpretation of the
significance ofparameters fined to homogene
ous tissuemodels.I CerebBloodFlowMetab
l991;l1:10â€”24.

32. HerholzK, Patlak @S.Theinfluenceof tissue
heterogeneity on results of fitting nonlinear
model equations to regional tracer uptake
curves: with an application to compartmental
models used in positron emission tomography.
I CerebBloodFlowMetab 1987;7:2l4â€”229.

33. HawkinsRA. Radionucidestudiesofthe liver
and hepatobiliary system. Current Opinion in
Radiologyl989;l:499â€”507.

34. BassingthwaighteJB.A concurrentflowmodel

glucose metabolism (Equation 1).
Choi et al. (35) have demonstrated
the utility of this method in quanti
fying myocardial glucose metabolism.

Figure 1 illustrates this method ap
plied to two patients with metastatic
disease to the liver. The method (39)
does not require nonlinear regression
and is therefore computationally fast.
It increases the contrast of tissues,
such as tumors, with high glycolytic
rates, relative to surrounding tissues,
with lower metabolic rates, high local
tissue vascular content, or other fac
tors that result in a lower fraction of
irreversibly bound FDG-6-PO4 in tis
sue, including, in the case of normal
liver, the high levels of glucose-6-
phosphatase activity. Herholz (40) has
also demonstrated the feasibility of
parametric imaging of FDG parame
ters with pixel by pixel nonlinear
regression, with appropriate filtering
of data, to reduce noise, prior to fit
ting.

PET FDG studies of neoplasms
produce both images of relative FDG
uptake and, with appropriate process
ing, numerical estimates oftumor rate
constants for capillary transport,
phosphorylation, dephosphorylation
and other parameters. Most funda
mentally, these studies produce qual
itativeand quantitativeevaluationsof
tumor glycolytic rates, and will im
prove our understanding of the most
appropriate and reliable methods to
employ PET for evaluating the accel
crated glycolytic rates associated with
malignant transformation. The poten
tial implicationsforoncologicalappli
cations of these numerical results are
just now beginning to become appar
ent.
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ITEMS 1.5: Effects of Acute Whole-Body RadIatIon EXpOsUre
ANSWERS:1,1;2, F;3, 1@4, F;5, F
Ingeneral,whole-bodydosesover100radshavesignificanteffectson
immunesystemresponsiveness.A whole-bodyexposureof 100rads
will reduce the peripheral blood lymphocyte count by about 50%. In
fact,the immunosuppressivepropertiesof whole-bodyradiationhave
beenusedto preventrejectionof transplantedorgans.

Thedosein humansthatproducespermanentsterilizationisabout
500â€”600 rads. Such an effect is highly unlikely from a whole-body radia
tionexposurebecauseadoseofthismagnitudeisIiI@Iytobelethalbefore
sterility is manifest. In males, doses as low as 15-30 rads markedly reduce
thespermcountatabout8 wkafterexposure.Thespermcountslowly
recoversover the next severalmonths.At doses above 100-150 rads,
thespermcountbeginstofallearlier,andafterfallingpracticallytozero
may recover,but very slowly.

Evenwithhighdosesof radiationthelikelihoodof radiation-induced
cancerinanirradiatedindividualissmall.Forawhole-bodydoseof100
radsthelifetimeriskof radiation-inducedfatalcancerisaboutlOb.The
riskofradiation-inducedgeneticeffectsintheoffspringofsuchirradiated
individualswouldbe quitesmall.In fact,the studyof 18,946children
bornto parentswhowereA-bombsurvivors(witha meandoseof 117
radsreceivedjointlybythetwoparents)showednostatisticallysignificant
increaseinstillbirths,congenitaldefects,prematuredeath,andabnormal
bloodproteins.

Epilationandbleedingofgumswouldbequiteunlikelyaftera dose
of100rads;theseeffectsgenerallyoccurafterdosesofabout400rads.

ITEMS 6-10: Nonstochastlc Effects
ANSWERS:6,1@7,F;8,T9,T10,F
Nonstochastic effects of radiation arethose for which the severity, rather
thanthe probability,of an effectvarieswiththedose,and for whicha
thresholdmayoccurNonstochasticeffectsofradiationincludenonmalig
nant damage to the skin, cell depletion of the bone marrow,induction
of cataracts,and gonadal cell damage leading to impaired fertility.Be
cause the thresholds forthese effects are well above the dose equivalent
limitsfor occupationalexposure,thesenonstochasticeffectscan be pre
vented.

Stochasticeffects(carcinogenesis)appearto saturateathigh doses
thelikelyexplanationforthisphenomenoniscellkilling.Manynonstochas
ticeffects,ontheotherhand,specificallyoccurasa resultofcellkilling.

ITEMS 11-14: GenetIcally SIgnIfIcant Dose
ANSWERS:11,F;12,F;13,F;14,T
The geneticallysignificantdose (GSD)is notthe dose of radiationeach
person receivesfrom birth to death and is notthe dose of radiationthat
can be shown to lead to a genetic death. Rather,the GSD is an index
ofthepresumedgeneticimpactofradiationexposureonthepopulation.
The GSD is defined as the dose that, if received by every member of
the population, would be expected to produce the same total genetic
injurytothe populationas is produced bythe actualdoses receivedby
variousindividuals.TheGSDfor medicalradiationsiscalculatedfrom
the frequency of the particular examination in a certain age group of
the population, the corresponding gonadal doses and the appropriate
weighting factors that take into account the expectancy of offspring in
thepopulation.Becausethepresumedgeneticinjuryisonlyassociated
withtheoffspringof irradiatedindividuals,estimationofGSDfromthe

gonadaldosesreceivedbytheseindividualsrequiresthatthesedoses
beweightedfortheprobabilityofoffspring,i.e.,notonlymusttherebe
gonadalradiation,theremustbea probabilityofoffspringfor itto have
a geneticeffect.A nuclearmedicineprocedureresultingin gonadairadia
tion exposure to a 70-yr-oldwoman would not contribute to the GSD
becausetheprobabilityofoffspringisnil.Theannualcontributionsto
the GSDfrom background,diagnosticradiology,and nuclearmedicine
proceduresin theU.S.are:82, 20,and2-4 mrems/year,respectively.
Rfrencâ€¢
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Health Phys 1986;51:377-379.

ITEMS 15â€”19:GenetIc â€œDoublingDoseâ€•
ANSWERS:15,1@16,F; 17,F; 18,T; 19, F
By definition, the doubling dose is the amount of radiation that would
be expected to add as many new mutationsas occur spontaneously.
Thus,thehigherthedoublingdosethelowerwouldbetheriskofmutation
fromanyparticularradiationdose.Thedoublingdoseisthereciprocal
of the relativemutation risk, the fraction by which each added rad of
radiationdose would increasethe mutationrateabovethe spontaneous
level.Thus,a relativemutationrateof0.01/rad,a riskof1/100perrad,
would give a doubling dose of 100 rads. A doubling dose would not
dout@etheincidenceofmutationsinthe nextgenerationbutwould require
several generationsto befully expressed, i.e@to reach a new equilibrium.
This is because elevationsin radiation dose must persist over many
generationsto resu@ina newandhighermutationburdenin thegene
poolofthepopulation.Mutantgenesareeliminatedfromthepopulation
fasteras the numberof mutantgenesin the populationincreases.
Eventually(afterperhapsten or moregenerations)a balance will occur
betweenthe rateof increaseandeliminationof mutationsanda new
equilibriumâ€•will be established.
The BEIRâ€”1980estimate of a doubling dose of 50-250 rads was

obtained from data on mice because no genetic effects have been
observed in humans.
Rsfrncos
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WaggenerRG,WebsterEW,eds. BiologicalRisksolMedicalirradiation. Medi
cal PhysicsMonographNo.5. NewYork:AmericanInstituteof Physics,
1980:1-20.

ITEMS 20-24: Genetic Effects of Radiation
ANSWERS:20, T;21, F; 22, F; 23, F; 24, T
Mutations are almost always detrimental to the organism. Any gene,
presumably,isthebearerof somebitof valuablegeneticinformation,
a particular command that must be executed if the cell is to function
properly.In itsmutatedformthegene'sâ€œactionâ€•will be missing.

Becausethere is no direct evidence in humansof radiation-induced
genetic damage (even in the progeny of the A-bomb survivors)it has
been necessaryto relyon animalstudiesto estimatethe riskto humans.
Animalstudieshaverevealedthatthetype and magnitudeofthe genetic
effectdependson:(1)thestageofgermcelldevelopmentat irradiation
(immaturegerm cellsappearto becapableof repair,whereas,in mature
germ cellsthere is littleor no repair);(2)dose rate(lowerdose ratesand
fractionation produce fewer mutations); and (3) the interval between

(continued on p. 397)
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