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PURPOSE: To study the precision of
repeated 2-[fluorine-18]-fluoro-2-de-
oxy-D-glucose (FDG) uptake mea-
surements at positron emission to-
mography (PET) in patients with
primary lung cancer.

MATERIALS AND METHODS: Ten
patients with untreated lung cancer
underwent two dynamic FDG PET
examinations after a 4-hour fast
within 1 week. Kinetic modeling of
tumor FDG uptake was performed
on the basis of a three-compartment
model. The tumor concentration of
F-18 (standardized uptake value cal-
culated on the basis of predicted lean
body mass [SUV-lean]) was also mea-
sured 50-60 minutes after injection of
a tracer. Blood glucose, insulin, and
free fatty acid levels were monitored.

RESULTS: SUV-lean and the FDG
influx constant K, were measured
with a mean ± standard deviation

difference of 10% ± 7 and 10% ± 8,

respectively, over repeated PET scans.

The mean difference was reduced to
6% ± 6 and 6% ± 5 by multiplying
SUV-lean and K1 by plasma glucose
concentration.

CONCLUSION: SUV-lean and graph-
ical K1 can be measured reproducibly,
supporting their use in quantitative
FDG PET algorithms.

Index terms: Emission CT (ECT), 60.12163
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P OSITRON emission tomography
(PET) has the potential to im-

prove the diagnosis, staging, and
treatment monitoring of a variety of

human tumors (1). Thoracic tumors
represent a particular challenge for
oncologists because they are not al-
ways readily accessible for tissue diag-
nosis without invasive procedures.
PET imaging with 2-[fluorine-18]-
fluoro-2-deoxy-D-glucose (FDG) or
L-[methyl-carbon-11]-methionine has
been shown to be useful for assessing
solitary pulmonary nodules on the
basis of the differential uptake in
nonneoplastic and malignant lesions
(2-6). Furthermore, the recent Radio-
logic Diagnostic Oncology Group trial
showed the accuracies of computed
tomography (CT) and magnetic reso-
nance imaging to be comparably poor
in the staging of mediastinal nodal
metastases (about 50%-60%) (7). Their
data indicated that FDG PET was sig-
nificantly superior to CT in staging
mediastinal tumors in patients with
newly diagnosed lung cancer (8).
Clearly, the use of PET to evaluate
patients with lung cancer may even-
tually reduce the need for certain in-
vasive or diagnostic procedures (9,10).
Diagnostic algorithms based on the

extent of FDG uptake have been pro-
posed to fully implement PET as a
diagnostic tool for the evaluation of
solitary pulmonary opacities and me-
diastinal nodes (3,5,6,8).

The measurement of FDG uptake
with PET provides an index of glu-
cose metabolism in tumor, which, in
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turn, is used to assist in diagnostic
workup and evaluation of treatment
options. FDG uptake can be calcu-
lated with kinetic models that require
measurement of tracer radioactivity
input function by means of frequent
blood sampling (11) or noninvasive
measurement of radioactivity in the
arterial blood pool (eg, from the left
atrium [12] or aorta [13,14]). A simpler
approach for the evaluation of FOG
uptake in tumor is to measure tumor
radioactivity concentration with nor-

malization to the injected dose and
total or lean body mass (11,15,16). In
both kinetic and single-scan methods,
patients are asked to fast to minimize
unwanted elevations in blood glucose
and insulin concentrations, which
may affect the bioavailability of the
tracer and, thus, tumor uptake (17,18).
The standardization of the FOG PET
imaging protocol is necessary not
only for initial primary tumor and
lymph node characterization but also
for comparison with repeat scans
once treatment has been started.

Unfortunately, the precision of
these quantitative methods-even if
carried out in fasted patients without
intervening treatment-has not, to
our knowledge, been carefully stud-
ied in patients with malignant tu-
mors. It is not known how sensitive
various quantitative measurements
are to changes in host and tumor-re-
lated factors over a short time span
when the effect of tumor growth on
tracer uptake would be considered
negligible. Consequently, quantitative
FOG uptake studies in tumor tissue
have generally been interpreted with
caution by using reference to visual
assessment of radionuclide accumula-

Abbreviations: FDG = 2-[fluorine-18j-fluoro-
2-deoxy-D-glucose, FFA = free fatty acid, PET =

positron emission tomography, ROI = region of
interest, SD = standard deviation, SUV-lean =

standardized uptake value calculated on the
basis of predicted lean body mass.



Plasma

membrane

Plasma pool Precursor pool Metabolite pool

Figure 1. Three-compartment model for calculating the regional metabolic rate for glucose

with FDG PET. The model assumes three compartments: free FDG in plasma, a precursor pool
of unmetabolized FDG in tissue, and phosphorylated FOG (FDG-6-P) in tissue. The phospory-
lated FDG in the third compartment is not considered substrate for further forward metabo-
lism. K1, k,., k3, and k4 are rate constants for FDG forward and reverse transport, phosphoryla-
tion, and dephosphorylation, respectively. (Adapted from reference 23.)
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tion, morphologic imaging methods,
and clinical history (19,20). We carried
out the current study in patients with
newly diagnosed lung cancer to as-
sess variability and reproducibility of
both kinetic and single-scan methods
for measurement of FOG uptake in
tumor. The rationale was to provide a
basis for the use of quantitative meth-
ods in further clinical trials assessing
the accuracy of PET in lung cancer
management but with the expectation
that our results could be generalized
to other forms of cancer.

MATERIALS AND METHODS

Patient Population

Our study group consisted of 10 pa-
tients evaluated at the Thoracic Tumor

Board between 1993 and 1994. All patients
underwent routine diagnostic work-up
including CT of the thorax and abdomen
and pulmonary function tests. Patients
were admitted to the study if they had a
newly detected primary lung cancer or a
lung nodule with a high suspicion of ma-
lignancy. We included only patients in
whom the diameter of the primary lesion
measured at least 2.0 cm in all three or-
thogonal dimensions (as measured from a
CT scan) to avoid the need for correction
of partial volume effects. None of the pa-
tients had known diabetes or was taking
drugs known to affect glucose metabolism.
One patient (patient 2) had undergone

resection of the left upper lobe because of
a stage I bronchogenic adenocarcinoma 1
year earlier, and one (patient 10) had un-
dergone resection of the right lower lobe
because of a reportedly limited ipsilateral
small cell lung carcinoma 5’/2 years earlier.
Both patients had received radiation ther-
apy and patient 10 also received chemo-
therapy at the time of the previous diag-
nosis. None of the other patients was
receiving any treatment for a malignant
disease at the time of participating in the
present study protocol.

The protocol was reviewed and ap-
proved by the Institutional Review Board
of the University of Michigan. FOG was
prepared under conditions of an Investi-
gational New Drug Exemption accepted
by the U.S. Food and Drug Administra-
tion. The nature of the study was ex-
plained orally to the patients before ob-
taming written informed consent. After
completion of the current protocol, the
diagnosis and tumor stage were confirmed

at thoracotomy in all patients with non-
small cell lung cancer (21). In contrast, two
patients later shown to have a small cell
carcinoma at fine-needle biopsy were sub-
sequently referred to nonsurgical treat-
ments.

Imaging Procedure

PET was performed in eight patients
with an ECAT 921/EXACT scanner (CTI,
Knoxville, Tenn, distributed by Siemens

Medical Systems, Iselin, NJ); in two pa-
tients (patients 3 and 7), imaging was per-
formed with an ECAT 931/08 scanner
(CT!). The ECAT 921 scanner permits si-
multaneous acquisition of 47 transverse
planes of 3.4-mm thickness encompassing
a 15.0-cm axial field of view; the ECAT 931
scanner permits acquisition of 15 trans-
verse planes with a 6.75-mm thickness and
a 10.3-cm axial field of view. The patients
fasted for at least 4 hours (except for ad
libitum water) before undergoing PET.
Two serial FOG PET examinations (de-
noted as study 1 and study 2) were per-
formed in each patient within 1 week. At

each examination, a catheter was placed in
the antecubital vein opposite to the tumor
and blood drawn prior to scanning to de-
termine concentrations of plasma glucose,

insulin, and free fatty acid (FFA). Brief
transmission scanning (4-5 minutes) was
performed with patients in the supine po-
sition and a ring source filled with germa-
nium-68 and gallium-68. The transmission

scan typically enabled the precise localiza-
tion of the primary tumor and bronchial
carina, which is essential for final determi-

nation of the level imaged to ensure that

both tumor and areas of possible regional
metastatic spread were included. The field
of view was then marked with a felt pen
on the skin by using a laser beam align-
ment system to enable accurate reposition-
ing for the second study. Subsequently, a
12-minute transmission scan was obtained
for photon attenuation correction used in
the subsequent PET acquisition data re-
constructions.

FDG was produced according to a stan-
dard nucleophilic fluorination method as
previously described (22). A bolus of ap-
proximately 370 MBq of FOG was injected
over 30 seconds by using the previously
attached venous line. The mode of data
acquisition was identical in sequential
scans and consisted of six 10-second

frames, three 20-second frames, two 90-
second frames, one 300-second frame, and
five 600-second frames. Finally, blood was

again drawn to measure glucose and insu-
in levels at the conclusion of scanning.

Image Processing and Data
Analysis

The average scanner efficiency rate for
the study period was 156 cps/pixel/kBq/
mL for the ECAT 921 scanner and 170 cps/
pixel/kBq/mL for the ECAT 931 scanner.
Cross-sectional sinogram data were cor-

rected for dead time, decay, random co-
incidence, and attenuation. Image recon-
struction was performed by means of a
filtered back projection algorithm employ-
ing a Hanning ifiter with a cut-off fre-
quency of 0.3 and a 128 x 128 matrix. The
average x-y spatial resolution was 1.2 cm
full width half maximum in plane for both
and scanners. The last (50-60-minute)
frame of the dynamic acquisition was
used to define regions of interest (ROIs)
for analysis of uptake of F-18 activity in
tumor, which was invariably easily de-
tectable as a “hot” area on a lower pulmo-
nary tissue activity background. A corn-

puterized serniautomated algorithm was
employed to eliminate interobserver dis-
crepancy and to maximize interstudy re-
producibility. This method helps define
the maximal FOG uptake in a small square
1.2 x 1.2-cm ROI (4 x 4 pixels) placed
within a large ROI covering the whole tu-
mor and resulted in 100% agreement be-
tween two observers (H.M., K.R.Z). The
ROIs over all planes covering tumor were
reviewed, and counts were averaged in
three (ECAT 921 scanner) or two (ECAT
931 scanner) contiguous sections with the
highest activity. Standardized uptake val-
ues calculated on the basis of predicted
lean body mass (SUV-lean) were deter-
mined in this maximal uptake ROI, as de-
scribed previously (16). The same volume-

averaged ROIs were also used in the
kinetic analysis.

To define the input function needed for
kinetic parameter estimation, blood time-



Table 1

Clinical and Histologic Findings in 10 Patients with Primary Lung Cancer

Lean
Patient

No/Age
(y)/Sex

Weight
(kg)

Body

Mass
(kg)*

Tumor

Size
(cm)t

Tumor
Location

Histologic
Finding

Tumor
Staget

1/66/M 79 79 4 x 3 x 5 Left upper lobe Adenocarcinoma hA

2/82/M 70 67 5 x 5 x 7 Left upper lobe Squamous cell cardnoma 1115
3/71/F 61 55 3 x 3 x 6 Right lower lobe Squamous cell carcinoma lilA

4/61/M 75 59 3 x 4 x 4 Left hilum Small cell carcinoma Limited
5/69/M 75 73 4 x 3 x 4 Lingula Small cell carcinoma Limited
6/56/F 68 68 3 x 2 x 2 Right hilum Squamous cell carcinoma lilA
7/58/F 63 55 7 x 9 x 8 Right upper lobe Large cell carcinoma ifiA
8/65/M 97 73 4 x 4 x 4 Right lower lobe Squamous cell carcinoma lilA
9/49/M 76 67 4 x 5 x 4 Right upper lobe Squamous cell carcinoma lIlA

10/62/M 75 75 5 x 3 x 4 Right upper lobe Squamous cell carcinoma lIlA

* Lean body mass = weight in cases where estimated lean body mass was larger than true weight

(15).
t Maximum extent in three orthogonal dimensions as determined from CT scan.

t Determined surgically in non-small cell cancer and clinically in small cell carcinoma. Stage is given

according to guidelines of the American Joint Committee on Cancer (20).
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Figure 2. (a) PET scan shows determination of the ROI from the ascending aorta (arrow) at
the level of the bronchial canna for noninvasive measurement of arterial input function of
radioactivity. The descending aorta is also well delineated. (b) Representative time-activity
curve derived from the ascending aorta.
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activity curves were generated by center-
ing a 4-pixel ROI in the ascending aorta at
the level of the carina and a 16-pixel ROI
in the left atrium (12-14). Typically, the
second or third frame of the dynamic study
was used for ROI definition, and the maxi-
mal counts per pixel within the aorta were
averaged over three contiguous planes.

For the left atrium, only one plane was
used. The mean diameter of the ascending
aorta (measured at the level of the carina
on the CT scan obtained 1-14 days before
PET) was 3.3 cm (range, 2.8-3.9 cm).

A standard three-compartment meta-
bolic model (Fig 1) was used to quantita-

tively assess kinetics of FOG transport and
phosphorylation in tumor tissue (23). The
formalism of the model generates kinetic
parameters (ie, transfer rate constants for

FDG transport from blood to tissue [K1],
return of the unmetabolized tracer to
plasma pool [k2], and intracellular phos-

phorylation of FDG to FDG-6-phosphate
[k3]). Because the rate of conversion of
FDG-6-phosphate to FDG was empiri-

cally found to be negligible compared
with K1 - k3 in the first three patients of

the present study and in our previous

study of breast tumor kinetic modeling

(12), the rate of dephosphorylation (k4)
was assumed to be zero in further analysis.

The kinetic model produces an estimate
of the net rate of FOG phosphorylation in
tumor (Kr), as follows: K� = (K1 . k3)/(k2 + k3).

K� is equal to the influx constant K,, which

is determined from a graphical analysis of

unidirectional FDG influx as defined by
Patlak et al (24). By multiplying Kc or K, by
the average plasma glucose concentration
during PET scanning, the metabolic rate of
FDG in tumor can be obtained (11). This
index is considered to reflect tumor use of
glucose, although absolute values for glu-

cose metabolism cannot be estimated with

certainty due to the variable differences in

the affinities of FDG and glucose for trans-
port and phosphorylation in generally
heterogenous malignant tissue (25).

Statistical Analysis

The reproducibility of blood curves was

assessed by comparing the differences in
areas under the dynamic time-activity
curves corrected for injected dose in stud-

ies I and 2. The differences in individual

quantitative parameters between the two

studies were compared with the pairwise
Student t test. To assess the intrasubject
variability of all parameters, mean per-
centage differences were calculated with
the following formula:

�‘ lxii -x�2I
�

where X,1 is the parameter value in study
1, X,2 the corresponding value in study 2,
and X, the mean of X,1 and X,2. To assess
the reproducibility of each parameter,
standard deviations (SDs), confidence in-
tervals, and reliability coefficients were

determined. The reliability coefficient
measures intraclass correlation (ie, the cor-
relation between two measurements ob-
served in the same individual at different
times) (26,27). Briefly, one-way analysis of
variances using patients as independent

variables were computed for determina-

lion of intraclass correlation coefficients.
The correlation coefficient was obtained
from the F statistics of the analysis of van-
ance, as follows: r = (F - 1)/(F + n - 1),
where n is the number of measurements

for each subject. All P values are two-tailed.

RESULTS

A summary of the patient charac-

teristics is shown in Table 1. Figure 2

shows the ROI selection and the time-

activity curve obtained from the as-

cending aorta. Figure 3 shows a rep-

resentative example of sequential
thoracic FOG PET scans obtained in
patient 3. Table 2 shows individual
tumor-related quantitative parameters

and concentrations of plasma glucose,
insulin, and FFA. Table 3 shows the
mean ± SO for each of the measured
parameters from studies 1 and 2. The
difference between the parameters for
the two studies was not statistically
significant, although borderline sig-
nificance was suggested for difference
in FFA concentration (P = .072).

The reproducibility of blood curves
obtained from the ascending aorta
was better than that of curves ob-
tamed in the left atrium in terms of
both the mean ± SO of the percentage

difference of areas under the curve
(9% ± 6 and 12% ± 8, respectively)

and reliability coefficients (.942 vs
.813). The interobserver variability in
defining blood curves from the as-
cending aorta showed a mean per-

centage difference of only 3% in area

under the curve defined from 14
scans of seven patients. Because fur-

ther kinetic analyses of FOG uptake
showed invariably better reproduc-
ibiity of parameters obtained from
the aorta rather than the left atrium,
only the former are reported here.

Figure 4 shows individual inter-

study differences of FOG uptake pa-



a.

I
b.

Figure 3. Thoracic (a) emission and (b) transmission PET scans of a patient with a right lower

lobe primary squamous cell carcinoma (patient 3). Both emission scans, obtained on consecu-

tive days in the fasting state, show intense FDG uptake in tumor. The SUV-lean was 8.6 in
study 1 and 8.7 in study 2. Note that the tumor is easily visualized as an opacity in the right

posterior lung on the transmission scan (arrow in b).
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rameters in all patients. The SUV-lean

and graphical analysis-derived FOG

influx values (K) showed high repro-

ducibility, as indicated by their low
mean ± SO percentage differences of

10% ± 7 and 10% ± 8, respectively,

and high reliability coefficients (0.987
and 0.969, respectively) (Table 4). SUV-

lean and K1 had a strong correlation
(r2 = .92, P < .001; Fig 5) in all 20 FOG
PET studies performed. By multiply-

ing the FOG uptake index with the
mean plasma glucose concentration, a

tendency toward further reduction in

the difference was obtained for both
SUV-lean and K-to 6% ± 6 (P = .058)

and 6% ± 5 (P = .265), respectively.

This was also true for the kinetic
model-derived influx constant (K,.),

which showed slightly higher van-

abilities of 16% ± 12 (baseline) and

1 1 % ± 1 1 (glucose corrected, P =

.075) than SUV-lean and K,. I<� was

always greater than K, (P < .001).

The individual rate constants (K1 - k3)
had notably higher between-study
variability, as evidenced by their
mean differences of 24% ± 15, 42% ±

31, and 24% ± 13, respectively. The

nate constant for intracellular FOG
phosphorylation (k3) still had a high
reliability coefficient of 0.953. The

sensitivity of graphical analysis and

model-derived parameters for inter-

observer variability or the use of an

alternate fit starting point in a single

study was studied separately (Table

5). Of all quantitative tracer-uptake

parameters studied, that depicting
FOG efflux from the intracellular com-
partment (k2) again showed the high-

est variability in terms of all modes of

statistical evaluation.

The absolute difference in glucose
and insulin concentrations between
studies 1 and 2 was not statistically
significant, showing that none of the

patients had abnormally high fasting
values suggestive of impaired glucose
tolerance. The somewhat higher van-

ability in FFA concentrations was not

reflected in parallel changes of tumor

FOG uptake. Of these three factors
illustrating patient metabolic state

during PET, only glucose concentra-

tion appeared to be associated with

tumor uptake of FOG.

DISCUSSION

The current study was designed to
investigate the precision at which var-

ious measurements of FOG uptake
could be assessed in patients with po-

tentially resectable lung cancer. The

study is a part of a larger protocol

evaluating the utility of PET in pre-
surgical staging of non-small cell lung

cancer. We studied clinically nondia-

betic patients in the fasting state twice

within 1 week to minimize tumor-

growth and patient-related factors

known to increase the variability of

FOG uptake measurements. Indeed,

we detected normal fasting glucose

and insulin concentrations on sequen-
tial PET scans where slight changes of

8% and 20% probably indicated dif-
ferences in times since last meal rather
than subclinical diabetic disease. The
larger mean difference of 29% in
plasma FFA concentration may be in

accordance with slower clearance of

fatty acid residues after food inges-

tion and length of fast before PET

(28). The effect of the blood fatty acid
pool on FOG uptake in tumor is poorly

understood, although it is assumed to

be small because of the low use of

fatty acids in comparison to glucose

seen in preclinical studies (29,30).

We found that SUV-lean, graphical

K,, and, to a lesser extent, model-de-
nived influx constant K,. showed only

modest variability, which could be

further reduced by multiplying the

FDG uptake index by mean glucose

concentration. On the basis of our

initial data, a change in SUV-lean or

K, of more than 25% that corresponds

to a change of mean variability ± two

SOs would be suggestive of a true in-

crease or decrease in tumor glucose

metabolism caused by, for example,
radiation or chemotherapy. Con-

versely, a change in k3 of more than

50% is required to be certain that the

observed difference is due to treat-
ment-related variance. These obser-
vations were made in a series of lung

tumors of at least 2 cm in diameter in

all three orthogonal dimensions to

overcome problems associated with
partial volume effects and reposition-
ing errors. One may speculate that
larger variability is possible in very
small lesions where decreased count

recovery and possible positional dif-
ferences on serial scans may have a

proportionately larger effect.

Although, to our knowledge, the

usefulness of quantitative evaluation

of cancer treatment with PET has not

been conclusively shown (31), the mi-
tial experience in breast (12) and head

and neck cancer (32) has been promis-
ing. We thus would advocate the use

of simple methods of quantitation like

SUV-lean and graphical K because

they are less sensitive than compart-

mental analysis to slight differences

during data acquisition and recon-
struction and thus more reproducible.
The noninvasive method for determi-

nation of the blood input curve from
the left atrium or aorta is feasible in

thoracic tumors but necessitates dy-
namic scanning from the outset of the

study. However, the constraints of the

selection of the proper time-point for

steady-state evaluation can be avoided

(33). This is a concern after treatment

and may affect phosphorylation and

transport of FOG in an unpredictable

way and change the temporal pattern
of FDG uptake. Another concern is

how to implement partial volume con-

rection in serial studies of small le-
sions. Because of the irregular shape

and often poor demarcation of shrink-
ing tumors, their size may not be eas-

ily defined on morphologic images.
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Table 2
Summary of Sequential Quantitative PET Parameters in 10 Patients with Lung Cancer

Patient
No.

Study
No.

Glucose
Level

(mmol/L)

Insulin
Level

(pmol/L)

FFA
Level

(mEq/L)
SUV-
lean* K K� K1 k2 k3

Interval

between
Studies (d)

1 1 5.7 66 0.48 16.4 0.0777 0.0813 0.242 0.454 0230 2
2 6.3 65 0.50 14.7 0.0841 0.0979 0.191 0.160 0.168

2 1 7.6 102 0.68 6.3 0.0345 0.0349 0.102 0.552 0.287 1
2 7.2 54 1.82 6.1 0.0351 0.0396 0.146 0.607 0.225

3 1 5.5 63 1.12 8.6 0.0441 0.0525 0.135 0.264 0.169 1
2 5.4 45 1.47 8.7 0.0514 0.0558 0.178 0.550 0.250

4 1 5.8 143 0.83 7.7 0.0432 0.0504 0.117 0.186 0.141 1
2 5.4 147 0.9 8.0 0.0458 0.0534 0.112 0.094 0.087

5 1 5.9 147 0.88 9.3 0.0521 0.0571 0.080 0.022 0.054 1
2 6.7 132 1.03 7.6 0.0442 0.0473 0.065 0.018 0.049

6 1 55 32 0.99 3.4 0.0159 0.0252 0.100 0.219 0.074 1
2 5.6 44 1.29 2.9 0.0163 0.0201 0.122 0.294 0.058

7 1 4.9 125 1.03 12.4 0.0716 0.0820 0.133 0.044 0.070 1
2 5.7 146 0.83 10.6 0.0591 0.0679 0.115 0.056 0.081

8 1 5.8 158 0.31 4.6 0.0335 0.0340 0.049 0.180 0.406 7
2 6.1 201 0.59 4.3 0.0332 0.0326 0.049 0.162 0.319

9 1 5.1 164 054 6.9 0.0323 0.0393 0.188 0.267 0.070 1
2 5.3 174 0.57 7.7 0.0337 0.0420 0.123 0.127 0.066

10 1 5.4 122 0.48 7.4 0.0365 0.0489 0.105 0.096 0.084 2
2 6.2 137 0.65 6.6 0.0295 0.0311 0.064 0.070 0.068

* SUV-lean is a dimensionless parameter. The unit for all the kinetic FDG uptake parameters is I - min’.

Table 3
. . . .

QuantitabvePararnetersmSequential

Lung Cancer

croparameters tend to cancel each
other out, measurements of the total
FOG metabolic rate graphically or by
calculating from individual rate con-
stants will consistently lead to a
smaller variability (36).

The use of the ascending aorta in-

model-related dynamic acquisition
data fitting.

The increasing demand for clinical
applications of PET imaging in pa-

tients with cancer has not resulted in
a consensus over how increased up-

take of FOG in tumors should be as-

Parameter Study 1 Study 2

Glucose
(mmol/L) 5.7 ± 0.7 5.9 ± 0.6

Insulin

FFA(mEq/L) a73 ± 028 097 ± 044
SUV-lean 8.3 ± 3.8 7.7 ± 3.3

stead of the left atrium to noninva-

sively obtain the blood input curve
was found consistently to yield more
reproducible measurements, as con-

sessed. The rationale for quantitative

imaging is reflected in the difficulties
of pure visual and morphologic tu-
mon characterization and a need for

K, 0.044 ± 0.019 0.043 ± 0.019 firmed by the excellent match of accurate assessment of treatment ef-
Ic 0.051 ± 0.019 0.049 ± 0.022

K1 0.125 ± 0.055 0.117 ± 0.047

k2 0.228 ± 0.169 0.214 ± 0.207

k3 0.159 ± 0.117 0.137 ± 0.097

curves defined independently by the
two observers. In line with this less

. . . . . .

vanability was found for kinetic fits of

FOG uptake when the aorta instead
of the left atrium was used to measure

blood radioactivity. Indeed, the fairly

good reproducibility of the sequential

aortic input curves (mean percentage

difference of 9% in area under the

fects. There has been a general con-
cern about whether auantitation of

. .
glucose metabolism in tumors is fea-

sible with FOG PET owing to the het-
erogenous nature of malignant tissue

even in tumors of the same histologic

and pathologic grade (25). The very

limited knowledge about the so-called

lump constant values in neoplastic

Note-None of the differences between the
twostutheswerestatistically significant. Data

Finally, the influence of inflammatory curve measurements) suggests that tissues, which depict the differential
cells and fibroblasts within residual differences in the blood radioactivity affinities of FOG and glucose for trans-
tumor could be confusing after treat- measurements are not responsible for port and phosphorylation (23), mdi-
ment (15,34). the observed variability in k3, K�, and cate twofold regional differences in a

As expected, there was a wide K,, that is, the variability of parameters single experimental tumor system for

range of individual rate constants that depict FOG accumulation rather lump constants (37). It is doubtlessly

(24%-42%), which reflects the diffi- than instantaneous uptake and re- safer not to translate FOG uptake
culty of applying a rather simple verse transport. As discussed by Lam- rates in tumors to measures of glucose

three-compartment model to quanti- mertsma et al (34), differences in the use, although phosphorylation of
tate metabolism in a heterogenous FOG injection technique may affect FOG, once transported to tumor cells,

tissuelike tumor. Nevertheless, similar the precision of rate constant mea- obviously reflects aerobic and anaero-
observations have been characteristi- surements and probably affect more bic glycolysis, which is a major form

cally seen in noncancerous tissues as greatly those related to transport (K1 of energy metabolism in cancer (38).

well, showing that more robust nu- and k2) than K,. and K. However, even The controversy in defining abso-
meric indexes of the net phosphoryla- when interobserver evaluation of the lute values of glucose use in tumors

tion rate of FOG (K1 and K,.) are less same tissue and blood data sets was has resulted in the development of
sensitive to errors due to the come- performed by experienced observers, simpler means for quantitation of
lation between the individual rate a variability of 4%-34% was detected. FOG uptake (eg, SUV-lean). Even

constants in the fitting process (35). This supports inherent limitations when employing these generally ac-
Because the errors in estimating mi- and discrepancies in interpretation of ceptable and useful methods, it must



Table 4

Variability of Quantitative Parameters between Studies 1 and 2

Parameter
Percentage
Difference*

Reliability
Coefficient

95% Confidence
Interval (%) P Value

Glucose 8 ± 5 .844 5, 11 .009
Insulin 20 ± 19 .949 8, 32 <.003
FFA 29 ± 28 .603 12, 46 .080

Area under the curve
Ascending aorta 9 ± 6 .942 5, 13 <.001
Left atrium 12 ± 8 .813 7, 17 .014

SUV-lean 10 ± 7 .987 6, 14 <.001
K, 10±8 .969 5,15 <.001

i#{231} 16±12 .935 9,23 <.001
SUV-lean� 6 ± 6 .995 2, 10 <.001
K,t 6 ± 5 .987 3, 9 <.001
j#{231}t 11 ± 11 .968 4, 18 <.001

K1 24±15 .812 14,34 .015

k2 42 ± 31 .765 23, 61 .025
k3 24±13 .953 16,32 <.001

* Data are given as mean ± standard deviation.

t Glucose corrected.
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be realized that many temporally

changeable factors (eg, blood glucose

and insulin levels and general patient
nutritive status) strongly affect FDG

uptake and must be controlled if

quantitation is the goal of the PET
study. Hyperglycemia and hyperin-

sulinemia, which are common in dia-

betic and malnourished cancer pa-

tients, result in delayed clearance of

FOG from blood or shift tracer uptake
to insulin-sensitive tissues (eg, muscles)

(17,39). Although fatty acids do not

generally interfere with glucose up-

take of insulin-insensitive tissues like

tumor (29,39), they may affect the ap-

pearance of FOG PET signal by com-
petitive inhibition with glucose in, for
example, adjacent muscles (28). Effect
of patient nutrition is also reflected
in the proportions of various tissue

compartments of which body fat is

considered to be devoid of FOG accu-
mulation (11,16). This has led to defi-
nition of less weight-dependent pa-

rameters where SUV is corrected for

lean body mass (16) or body surface
area (11,40).

The commonly adopted SUV for-

malism is confined to the measure-

ment of radioactivity concentration at

a fixed time point, leading to criticism

of what would be the most appropni-

ate time for assessment of tumor me-
tabolism and comparison of biologic

behavior of cancer between different

patients (41). Hamberg et al (33) mea-

sured FOG uptake in eight lung tu-
mors over 90 minutes and extrapo-

lated time to reach a plateau tracer

concentration on the basis of FOG

kinetic model-derived estimations of

progressive increase in dose uptake

ratio, which is identical to SUV. In all
cases, they found steadily increasing

dose uptake ratios after a “conven-

tional” imaging time of 60 minutes

and predicted the average time to
reach 95% of the plateau dose uptake

ratio to be 298 minutes ± 42 in the

pretreatment phase. They concluded
that the true malignant nature of lung

tumors may be overlooked in a single

static acquisition. Although it may be

inconvenient to determine the pla-
teau phase of FOG uptake kinetics, it

is relatively easy to measure the rate

of accumulation (K, K,.), which is con-

stant over standard acquisition times.

However, results of our study and a

larger series of FOG PET in 46 pa-
tients with head and neck cancer and

lymphoma (r2 = .83 for K multiplied

by glucose vs SUV and r2 = .88 vs

SUv corrected for body surface area)
(11) indicate a very strong correlation

between kinetic and SUV evaluation

50-60 minutes after injection. Similar

strong correlations have been seen

between SUV and K, in patients with

breast cancer (12). These observations

and precision speak in favor of a
single-scan approach for diagnostic

purposes, and we believe that it is a

precise method for evaluating solitary

pulmonary nodules (3,5,6,8). A pos-

sible exception is an insulin-resistant

diabetic state that has not been con-
trolled with adequate dietary and
pharmacologic measures (11).

Although treatment effects on ki-

netic parameters have been success-

fully evaluated in breast and liver tu-

mors (12,42), the widespread use of

kinetic analysis in lung cancer outside

research protocols is not supported

by the current study. Rather, the sub-

stantial variability in K1 - k3 suggests

they may be much more challenging

to apply in treatment monitoring to

�: � QQ�9759 +100050779

�...R- � � �._

��%F�T

individual patients than simple pa-

rameters like SUV-lean or K. How-

ever, the usefulness of these param-

eters should be assessed in trials that

address a treatment effect on a spe-

cific step of FOG metabolism (eg,



Table 5

Sensitivity of FDG Uptake Parameters on Interobserver Analysis
Model Fit Starling Point (n = 10) in One PET Study

(n = 7) and Kinetic

Mean
Interobserver Percentage

Mean 95% Difference of 95%
Percentage Reliability Confidence Alternate Fit Reliability Confidence

Parameter Difference Coefficient Interval (%) Parameters Coefficient Interval (%)

SUV-lean 0 1.000 NA NA NA NA
K, 4 0.993 1,7 0 1.000 0,0
Kc* 5 0.978 1,9 0 1.000 0,0

K1 11 0.957 1, 21 5 0.971 0, 13
k2 34 0.910 0,71 10 0.932 0,25
k3 22 0.914 1,42 3 0.991 0,8

transport, which may be affected by
increasing levels of hypoxia) (43). In

the evaluation of indeterminate lung
tumors, the use of modeling does not
appear justified and indeed may be

misleading.

In summary, we showed that both

the single-scan approach with cal-

culation of SUV-lean and a dynamic

method where the FOG influx con-

stant is determined graphically (K1)

provide highly reproducible indexes

of glucose metabolism. Correction for

plasma glucose concentration may
further enhance precision of SUV-
lean and K, measurements. Estimates

of microrate constants (k1 - k3) ob-

tamed from a three-compartment

model to assess FOG transport and
metabolism are much less precise in

individual patients and should be

used with caution. We advocate using

simple methods of quantitating glu-
cose metabolism in tumor for imaging
lung cancer with FOG PET, making

the initial diagnosis, and monitoring
therapy. U

Volume 196 #{149}Number I Radiology #{149}173

Note-NA = not applicable.
* Glucose corrected.
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