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Purpose: To determine the dose–response relationship between the probability of tumor control on the basis of
pathologic tumor response (pTCP) and the residual metabolic rate of glucose (MRglc) in response to preoperative
chemoradiotherapy in locally advanced non–small-cell lung cancer and to define the level of residual MRglc that
corresponds to pTCP 50% and pTCP>95%.
Methods and Materials: Quantitative dynamic 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) positron emission
tomography was performed to measure regional MRglc at the primary lesion before and 2 weeks after
preoperative chemoradiotherapy in an initial group of 13 patients with locally advanced NSCLC. A simplified
kinetic method was developed subsequently from the initial dynamic study and used in the subsequent 16
patients. The preoperative radiotherapy programs consisted of (1) a split course of 42 Gy in 28 fractions within
a period of 28 days using a twice-daily treatment schedule for Stage IIIA(N2) NSCLC (n � 18) and (2) standard
once-daily radiation schedule of 45–63 Gy in 25–35 fractions during a 5–7-week period (n � 11). The
preoperative chemotherapy regimens included two cycles of cisplatin, vinblastine, and 5-fluorouracil (n � 24),
cisplatin and etoposide (n � 2), and cisplatin, Taxol, and 5-fluorouracil (n � 3). Patients free of tumor
progression after preoperative chemoradiotherapy underwent surgery. The degree of residual MRglc measured
2 weeks after preoperative chemoradiotherapy and 2 weeks before surgery was correlated with the pathologic
tumor response. The relationship between MRglc and pTCP was modeled using logistic regression.
Results: Of 32 patients entered into the study, 29 (16 men and 13 women; 30 lesions) were evaluated for the
correlation between residual MRglc and pathologic tumor response. Three patients did not participate in the
second study because of a steady decline in general condition. The median age was 60 years (range 42–78). One
of the 29 patients had two separate lesions, and MRglc was measured in each separately. The tumor histologic
types included squamous cell carcinoma (n � 9), adenocarcinoma (n � 13), large cell carcinoma (n � 6), and
poorly differentiated carcinoma (n � 2). The extent of the primary and nodal disease was as follows: Stage IIB
(T3N0M0), Pancoast tumor (n � 2); Stage IIIA, T2-T3N2M0 (n � 18); Stage IIIB: T1-T3N3M0 (n � 5) and
T4N0M0 (n � 2); a second lesion, T1 (n � 1); and localized stump recurrence (n � 2). A pathologically complete
response was obtained in 14 (47%) of the 30 lesions. The remaining 16 lesions had residual cancer. The mean
baseline value of the maximal MRglc was 0.333� 0.087�mol/min/g (n � 16), and it was reduced to 0.0957�
0.059�mol/min/g 2 weeks after chemoradiotherapy (p � 0.011). The correlation between residual MRglc and
pTCP was made using an increment value of 0.02�mol/min/g between the maximal and minimal values of
MRglc. A pathologically complete response was obtained in 6 of 6 patients with residual MRglc of<0.050
�mol/min/g, 3 of 4 with <0.070, 4 of 7 with<0.090, 0 of 4 with<0.110, 1 of 3 with<0.130, and 0 of 6 with>0.130
�mol/min/g. The fitted logistic model showed that residual MRglc corresponding to pTCP 50% and pTCP>95%
was 0.076 and<0.040�mol/min/g, respectively.
Conclusion: The correlation between the gradient of residual MRglc after chemoradiotherapy and pTCP is an
inverse dose–response relationship. Residual MRglc of 0.076 and<0.040�mol/min/g, representing pTCP 50%
and pTCP >95%, respectively, may be useful surrogate markers for the tumor response to radiotherapy or
chemoradiotherapy in lung cancer. © 2002 Elsevier Science Inc.
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INTRODUCTION

A conventional dose schedule of radiotherapy (RT) admin-
istering a total dose of 60 Gy in 30 fractions during a
6-week period is suboptimal in providing tumor control to
most patients with Stage III non–small-cell lung cancer
(NSCLC) (1–8). Even when combined with a sequential
neoadjuvant and consolidation chemotherapy regimen (i.e.,
a cisplatin-based regimen), the local failure rate remained
high at �70% and the added chemotherapy was able to
decrease the distant failure rate from 70% to 49% (5–7).

Dose–response relationships between the radiation dose
and local tumor control have been reported in Stage III
NSCLC. Perez et al. (1) compared four levels of radiation
dose: 40 Gy in a split course (20 Gy in five fractions in 1
week, a 2-week rest, and then 20 Gy in five fractions in 1
week) and 40, 50, and 60 Gy administered in 2-Gy dose
fractions, five fractions weekly during 4, 5, and 6 weeks in
a continuous course of RT for patients with unresectable
locoregional NSCLC in a Phase III study. The rate of tumor
response was found to be dependent on the radiation dose.
The 3-year survival rate was 23%, 10%, and 5% for those
with a complete response, partial response, and stable dis-
ease, respectively. Choi and Doucette (2) reported a radia-
tion dose-escalation study in which the radiation dose was
escalated sequentially from 40–45 Gy to 60–64 Gy using
1.8–2.0-Gy dose fractions, five fractions weekly, for pa-
tients with unresectable Stage III NSCLC. Their study
showed that the actuarial 3-year survival rate with a mini-
mal follow-up of 2 years was 0%, 5%, 15%, 19%, and 28%
for doses of 40–45 Gy (n � 14), 46–49 Gy (n � 40),
50–55 Gy (n � 54), 56–59 Gy (n � 26), and 60–64 Gy
(n � 28), respectively. Saunders et al. (8) conducted a Phase
III study in which a total dose of 54 Gy administered in 36
fractions during a 12-day period, using 1.5-Gy fractions at
three fractions daily, as a continuous hyperfractionated ac-
celerated RT regimen was compared with a conventional
dose schedule of 60 Gy in 30 fractions for 6 weeks for
patients with medically inoperable Stage I and II and unre-
sectable Stage III NSCLC. The 2- and 3-year survival rate
was 30% and 20%, respectively, with the continuous hy-
perfractionated accelerated RT regimen compared with 21%
and 13%, respectively, with the conventional dose schedule
(p � 0.004). Their study showed that an increase in radia-
tion dose intensity by administering three treatments daily,
including the weekend, resulted in an improvement in over-
all survival. For a subgroup of patients with squamous cell
carcinoma, there was a significant decrease in the relative
risk of the following: local tumor progression by 21%,
metastasis by 24%, and death by 22%.

Therefore, it seems highly likely that an increase in
radiation dose and dose intensity in concurrent chemoradio-
therapy will lead to an increase in locoregional tumor con-
trol beyond that achieved with the current radiation dose
schedule of 60 Gy in 30 fractions during 6 weeks and that
this gain in locoregional tumor control may be translated
into an improvement in survival. A number of Phase I-II

studies have been conducted using either two- or three-
dimensional (3D) conformal RT in searching for the max-
imal tolerated dose of radiation for inoperable and/or unre-
sectable NSCLC (9–14).

Although these Phase I-II studies have been conducted to
search for the maximal tolerated dose of radiation and to
evaluate its effectiveness in improving locoregional tumor
control with concurrent chemoradiotherapy, it is desirable
that these studies are also guided by noninvasive biologic
imaging studies capable of providing reliable information of
the tumor response in a timely manner for individually
tailored dose escalation.

Computed tomography (CT) of the chest is the current
standard imaging method for restaging lung cancer after RT
or chemoradiotherapy. It relies on changes in tumor size in
assessing tumor response. Because it may take weeks or
even months to know the success or failure of RT or
chemoradiotherapy, CT cannot provide useful information
in a timely manner for individually tailored escalation of the
radiation dose or salvage therapy (15–18).

Warburg (19) described accelerated glucose transport,
one of the most characteristic biochemical changes occur-
ring with malignant cellular transformation. A significant
increase in the uptake of 2-deoxy-D-glucose and amino
acids was reported by Isselbacher (20) when cells were
transformed in culture by polyoma virus and simian virus
40. Flier et al. (21) evaluated the molecular mechanism of
altered glucose transporter activity in cultured rodent fibro-
blasts transfected with activated myc, ras, and src onco-
genes. In cells transfected with myc, the rate of 2-deoxy-
D-glucose transport was unchanged. In contrast,
transfection with ras and src oncogenes resulted in dramat-
ically increased glucose transport that was paralleled by
marked increases in the amounts of glucose transporter
protein and messenger RNA. Similarly, exposure of the
cells to the tumor-promoting phorbol ester 12-O-tetrade-
canoyl phorbol 13-acetate also resulted in accelerated glu-
cose transport and increased concentrations of transporter
mRNA. Thus, a decrease in glucose metabolism in lung
cancer as a result of RT or chemoradiotherapy may be an
early marker for subsequent pathologic tumor response.

The glucose analog, 2-fluoro-2-deoxy-D-glucose (FDG)
allows measurement of the metabolic rate of glucose (MR-
glc) representing regional glucose use by quantitative study
of 18F-FDG with positron emission tomography (PET)
(22–27). Therefore, biologic imaging may be useful in
detecting biochemical/metabolic changes in tumor cells as a
result of RT or chemoradiotherapy. It is also anticipated that
such biochemical changes will occur much sooner than
changes in tumor size. Such a change in the metabolic status
may be an early biochemical marker for subsequent his-
topathologic tumor response.

We hypothesize that cessation of glucose uptake by tu-
mor cells after RT or chemoradiotherapy is a reflection of
the cell’s inability to continue its vital function (i.e., glyco-
lysis). MRglc measured with 18F-FDG uptake after RT or
chemoradiotherapy depends on the number and metabolic
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activity of the remaining tumor and host cells. No uptake is
strong evidence of no residual cells. Residual uptake could
reflect the presence of (1) reproductively dead but metabol-
ically intact tumor cells (in full or part) admixed with (2)
reproductively intact cells and (3) host cells (28–30). As the
dose of fractionated radiation is increased, the number of
reproductively intact tumor cells decreases, and the sum of
both tumor cell populations also decreases as reproductively
dead but metabolically intact cells undergo lysis. The
change in the host cell population may not be significant.
Therefore, it may be possible to measure MRglc, after
radiation or chemoradiotherapy, representing the residual
metabolic activities of two groups of the cell population:
residual tumor cells that are only metabolically alive but
reproductively dead and host cells (tumor stroma) by an in
vivo assay in a clinical setting. Such a MRglc level is likely
to correspond to a subsequent complete tumor response.

The goals of this study were to determine the relationship
between the probability of pathologic tumor control (pTCP)
and the gradient of residual MRglc in response to RT or
chemoradiotherapy in advanced stage NSCLC and to define
the level of residual MRglc that corresponds to the �95%
probability of pathologic tumor control (MRglc-pTCP
�95%).

METHODS AND MATERIALS

Study plan
The study design consisted of (1) a measurement of the

rate constants, K1, k2, and k3, of a three-compartment
metabolic model using quantitative dynamic 18F-FDG PET
before and 2 weeks after preoperative RT or chemoradio-
therapy in patients with locally advanced NSCLC; (2) cal-
culation of MRglc using the measured value of K1, k2, k3,
and the formula MRglc � Pglc/LC � [K1 � k3/(k2 � k3)]
�mol/min/g, where LC is the lumped constant, assumed to
be 1 and corrected for plasma glucose (Pglc); and (3)
correlation of residual MRglc after preoperative RT or
chemoradiotherapy with the pathologic tumor response in
patients with Stage III NSCLC. The rate constants K1 and
k2 are the rates of 18F-FDG transport from plasma into
tissue and from tissue back into plasma, and k3 is the rate of
18F-FDG phosphorylation. The rate of 18F-FDG dephos-
phorylation was assumed to be 0. The LC is represented by
the formula LC � MRfdg/MRglc (where MRfdg is the
metabolic rate of FDG) and indicates the different affinities
of FDG and glucose for transportation and phosphorylation.

Patients
Patients with Stage IIIA (N2) NSCLC who were enrolled

into an institutional Phase II study for preoperative chemo-
radiotherapy were accrued to this study. This was conducted
as a companion study with informed consent approved by
the Subcommittee on Human Studies. Also eligible for this
study were patients with potentially operable Pancoast tu-
mor (T3-T4N0M0 lesion), a highly selected subset of pa-
tients with Stage IIIB (T1-T3N3M0, T4N0M0) NSCLC,

and patients with recurrent tumor limited to the bronchial
stump after prior lobectomy judged potentially resectable
after preoperative chemoradiotherapy.

Preoperative therapy
The treatment program of the institutional Phase II study

consisted of preoperative concurrent chemoradiotherapy,
surgery on Day 57, and postoperative chemoradiotherapy.
The details of the program and results of this Phase II study
were reported earlier (31). In brief, the preoperative RT
consisted of split-course RT in which a total dose of 42 Gy
was administered in two sessions using a twice-daily treat-
ment schedule: (1) 21 Gy in 1.5-Gy fractions, twice daily,
with an intertreatment interval of 5 h, 5 days weekly for 7
treatment days starting on Day 1 with the first course of
chemotherapy; (2) a 10-day rest; and (3) an additional dose
of 21 Gy in the same way as the first starting on Day 19.
Postoperatively, patients received two levels of additional
doses: Either 18 Gy for positive resection margins or gross
residual tumor in the resected specimen or 12 Gy for mi-
croscopic residual disease only or a pathologically complete
response using the same twice-daily treatment schedule for
a total dose of 60 Gy and 54 Gy, respectively. Postoperative
RT was started on Day 85 with the third course of concur-
rent chemotherapy. Patients with Stage IIIA, N2 disease
were treated with this program (n � 15).

The chemotherapy regimen consisted of three courses,
two courses preoperatively beginning on Days 1 and 29 and
the third starting on Day 85, 1 month after surgery. The
chemotherapy regimen for patients with Stage IIIA, N2
NSCLC (n � 15) consisted of 5-fluorouracil 30 mg/kg/d by
72-h continuous i.v. infusion beginning Day 1 of each cycle,
cisplatin 100 mg/m2 i.v. for 30 min with prior hydration,
2–6 h after initiating 5-fluorouracil on Day 1, and an i.v.
bolus of vinblastine 4 mg/m2 on Day 1 of each cycle.
Patients with Stage IIIB NSCLC (n � 7) and stump recur-
rence (n � 2) were administered the same chemotherapy
regimen as above with concurrent RT of 54–63 Gy in
30–35 fractions during a 6–7-week period. For patients
with Pancoast tumor, T3N0M0 lesion (n � 2), preoperative
therapy consisted of cisplatin 50 mg/m2 on Days 1, 8, 29,
36; etoposide 50 mg/m2 on Days 1–5 and 29–33; and
concurrent RT of 45 Gy in 25 fractions during a 5-week
period. Patients who were entered into a new preoperative
chemoradiotherapy protocol in 1998 and 1999 were treated
with a chemotherapy regimen of cisplatin 33 mg/m2/d i.v.
for 1–2 h on Days 2–4 (cycle 1) and Days 30–32 (cycle 2),
5-fluorouracil 800 mg/m2/d by 24-h continuous infusion on
Days 1–4 and 29–32, and paclitaxel 100 mg/m2 i.v. by 3-h
infusion on Days 1 and 29, and preoperative concurrent
radiation of 45 Gy in 25 fractions within a 5-week period
(n � 3). Growth factors were not given as a part of this
protocol.

After preoperative chemoradiotherapy, all patients under-
went restaging with CT of the chest and upper abdomen,
bone scan, and CT of the head. Patients who remained free
of distant metastasis underwent thoracotomy 4 weeks after
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completion of preoperative therapy with the aim of com-
plete resection of the primary lesion and involved regional
lymph nodes.

Quantitative dynamic 18F-FDG PET
18F-FDG PET imaging was performed with an eight-ring

whole-body imaging system (Scanditronix PC4096-16WB,
Uppsala, Sweden). The primary imaging parameters of this
instrument are an in-plane and axial resolution of 7.0-mm
full width (of photopeak measured at) half maximal (count)
(FWHM), 15 contiguous slices of 6.5-mm separation and
sensitivity of 5000 cps/�Ci/cm3. All images were recon-
structed using a conventional filtered back-projection algo-
rithm to an in-plane resolution of 7-mm FWHM. Transmis-
sion scans acquired with a rotating pin source containing
68Ge were used to confirm the positioning and to correct for
tissue attenuation. All projection data were corrected for
nonuniformity of detector response, dead time, random co-
incidences, and scattered radiation. The PET camera was
cross-calibrated against a well scintillation counter by com-
paring the camera response from a uniform distribution of
an 18F solution in 20-cm cylindrical phantom with the
response of well counter to an aliquot of the same solution.

The Human Studies Committee of the Massachusetts
General Hospital approved the 18F-FDG PET study proto-
col, and each patient provided written informed consent.
Paired studies were to be obtained in each patient whenever
it was feasible. The first and second studies were performed
a few days before treatment began and 2 weeks after the
preoperative therapy completion, respectively. The patients
fasted for at least 6 h before imaging. Immediately before
the study, the blood glucose concentration was determined.
The detailed procedure of this quantitative dynamic 18F-
FDG PET study has been reported earlier (25). In brief,
patients were positioned supine on the imaging bed of the
PET camera with arms extended out of the field of view.
Dynamic image collection was started immediately before
i.v. injection of 10 mCi of 18F-FDG. Sequential images
were acquired in 15-s frames for the first 1.75 min, 30-s
frames for the next 2 min, 60-s frames for the next 2 min,
2-min frames for the next 4 min, 5-min frames for the next
20 min, 10-min frames for the next 40 min, and a final
15-min frame for the final 15 min. At the conclusion of
imaging, the emission and transmission images were recon-
structed using a conventional filtered back-projection algo-
rithm to an in-plane resolution of 7-mm FWHM.

Arterial input curves were measured from both arterial
blood samples and left ventricular time activity curves in 6
patients and from the left ventricular time activity curves
alone in 7 patients (32). The use of left ventricular time-
activity curves as arterial input functions is a well-estab-
lished technique. In addition, in the 6 patients studied, the
analysis was performed both with left ventricular time-
activity curves and curves obtained by direct sampling. In
all cases, the results were essentially identical.

Areas of the tumor were screened for analysis using a
constant circular region of interest (ROI) with a 16-mm

diameter. The regions were positioned over areas of tumor
with high metabolic activity, thus avoiding any apparent
necrotic areas. Of the several possible methods for defining
ROIs, we believed that a fixed ROI centered over the region
of greatest FDG activity on the 90-min scan was the most
appropriate. This type of ROI is very convenient for com-
parisons between repeated studies. This dynamic method
was used for the initial 13 patients.

Simplified kinetic method of 18F-FDG PET
After the initial 13 patients completed the quantitative

dynamic 18F-FDG PET study for the measurement of MR-
glc, we developed a simplified kinetic method based on the
measured blood curves from a control group that requires a
correction for blood glucose concentration in the beginning
of the study and one venous blood sample at the end of the
imaging for blood 18F-FDG activity. It was found out that
the coefficient of determination between MRglc measured
with the dynamic and simplified methods was 0.96, 0.94,
and 0.98 for pretherapy, posttherapy, and pooled data. Thus,
the observed tumor tissue uptake of 18F-FDG, corrected for
blood 18F-FDG activity and glucose concentration, can
reliably predict the MRglc from a single static image ac-
quired at between 45 min and 1 h after injection. The details
of the dynamic study and the simplified kinetic method have
been reported earlier (26).

This simplified kinetic method was used for the remain-
der of the study. For this method, approximately 10 mCi
(370 MBq) of 18F-FDG was injected intravenously as a
bolus after the patient had fasted for �6 h. The blood
glucose levels were measured just before injection of 18F-
FDG. The static emission images began about 45 min after
injection of 18F-FDG. The patients underwent imaging in
three contiguous bed positions over the chest; each scan was
10 min. A blood sample was obtained at the end of the
imaging for the correction of blood 18F-FDG activity.

Several areas of the tumor were screened for analysis by
selecting the ROI over the highest 18F-FDG activity in the
tumor as visualized in the final acquisition. From the images
acquired between 45 and 60 min, the value of MRglc for
tumor tissue was calculated according to the simplified
kinetic method by correcting the observed 18F-FDG activ-
ity at 55 min with the blood 18F-FDG activity at 55 min and
the blood glucose concentration. The MRglc of the primary
tumor was determined using the maximal value in the ROI
positioned over the area with the highest activity as deter-
mined by visual analysis. When little or no tumor-related
radioactivity was discernible by visual analysis (posttherapy
studies), the ROI was positioned on the basis of CT scan
data.

Statistical analysis
The relationship between MRglc and pTCP was modeled

using logistic regression. As a secondary analysis, logistic
regression analysis was used to test the significance of
MRglc for pathologic tumor control (33–35). To determine
the sensitivity and specificity of the relationship between
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MRglc and pTCP, receiver operating characteristic analysis
and Hosmer-Lemshow goodness-of-fit tests were performed
(36, 37).

RESULTS

Patient characteristics
The study began in April 1992 with a limited availability

of 18F-FDG PET for study patients with lung cancer. Of 32
patients who were entered into the study, 29 (16 men and 13
women; 30 lesions) were available for assessment for the
correlation between residual MRglc and pathologic tumor
response. Three patients did not undergo the second study
because of a steady decline in general condition. Thirteen of
the 29 patients were enrolled between 1992 and 1994. The
next 16 patients were enrolled between 1997 and 1999. The
demographics of these patients and the tumor stage are
presented in Table 1. The median age was 60 years (range
42–78). One of the 29 patients had two separate lesions for
which MRglc was measured in each separately. The tumor
histologic types included squamous cell carcinoma (n � 9),
adenocarcinoma (n � 13), large cell carcinoma (n � 6), and
poorly differentiated carcinoma (n � 2). The extent of the
primary and nodal disease was as follows: Stage IIB (Pan-
coast tumor), T3N0M0 (n � 2); Stage IIIA, T2-T3N2M0
(n � 18); Stage IIIB: T1-T3N3M0 (n � 5) and T4N0M0
(n � 2); a second lesion, T1 (n � 1); and localized stump
recurrence (n � 2).

Tumor response
The tumor response was measured 1 month after com-

pletion of the preoperative therapy. A complete pathologic
response of both the primary lesion and the involved lymph
nodes was obtained in 11 (38%) of 29 patients. For the
primary lesion (n � 27), localized stump recurrence (n �

2), and the second primary lesion (n � 1), a complete
pathologic response was obtained in 14 (47%) of the 30
lesions. The remaining 16 lesions showed residual cancer.
Among those with N2 lesions, conversion from N2 to N0
was noted in 11 (58%) of 19 patients.

MRglc measured using a three-compartment model
The metabolic rate of 18F-FDG representing MRglc was

calculated using a three-compartment model. The details of
the measurement of the rate constants, K1, k2, and k3, and
the calculation of the deoxyglucose metabolic rate were
reported earlier (26). The mean values for the rate constants
K1, k2, and k3 of the initial 13 patients derived from the
three-compartment model were as follows: K1 remained
essentially unchanged at 0.0781 � 0.0243 min�1 before
treatment to 0.0774 � 0.030 min�1 after treatment; k2
increased from 0.0271 � 0.023 min�1 before treatment to
0.0835 � 0.0189 min�1 after treatment (p �0.01); and k3
was markedly decreased from 0.0592 � 0.0178 min�1

before treatment to 0.0176 � 0.0030 min�1 after treatment
(p �0.01). The metabolic rate of deoxyglucose was calcu-
lated using the measured value of K1, k2, and k3 from the
dynamic uptake study and the formula MRglc � Pglc/LC �
[K1 � k3/(k2 � k3)] �mol/min/g for the initial 13 patients.
The LC was assumed to be 1.0 in lung cancer.

For the remaining 16 patients with 17 lesions, it was
measured using a simplified kinetic method also described
in detail in an earlier report (26). Because of the limited
availability of the FGD-PET studies with short notice and a
long waiting period, FDG-PET was obtained in only 16 of
29 patients (17 of 30 lesions) before preoperative therapy
was started. In these 16 patients, the mean MRglc before
preoperative therapy was 0.333 � 0.087 �mol/min/g and
was reduced to 0.0957 � 0.059 �mol/min/g 2 weeks after
completion of preoperative therapy. This represents a 71%
decrease (p � 0.011) from the pretherapy value.

Residual MRglc after chemoradiotherapy or RT and its
correlation with pathologic tumor control

The rate of pathologic tumor control was correlated with
the residual MRglc using an increment value of 0.02 �mol/
min/g between the maximal and minimal values of MRglc.
An inverse dose–response relation was noted between the
magnitude of residual MRglc and the rate of complete
pathologic tumor response (Table 2). A complete pathologic
response was noted in 6 of 6 patients when the residual
MRglc was �0.050 �mol/min/g. In contrast, no complete
pathologic response was observed in any of 6 patients when
the residual MRglc was �0.130 �mol/min/g.

Analysis and modeling of tumor response as a function of
deoxyglucose metabolic rate

The following logistic model of pTCP as a function of the
logarithm of MRglc was investigated (33–35):

ln� pTCP

1�pTCP� � �0 � �1 ln(MRglc)

Table 1. Patient characteristics

Patients (n) 29
Lesions (n) 30
Median age (y) 60 (42–78)
Gender (n)

Male 16
Female 13

Histologic type (n)
Squamous cell carcinoma 9
Adenocarcinoma 13
Large cell carcinoma 6
Poorly differentiated carcinoma 2

Tumor stage
IIB

T3N0M0 2
IIIA

T2N2M0 13
T3N2M0 5

IIIB
T1-T3N3M0 5
T4N0M0 2

Second lesion, T1 1
Stump recurrence 2
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The logarithm of MRglc was used (instead of MRglc itself),
because MRglc can have only positive values and because
the distribution of MRglc levels in the population of patients
is likely to be positively skewed.

The maximal likelihood estimates of the model parame-
ters were obtained and were as follows: �0 � �12.0 (95%
confidence interval [CI] �21.1 to �3.0) and �1 � �4.7
(95% CI �8.2 to �1.1).

The value of MRglc50 (level of MRglc corresponding to
a 50% chance of tumor control) and the corresponding 95%
CI were estimated using Fieller’s theorem (35). In addition,
the values of MRglc90 (level of MRglc corresponding to a
90% chance of tumor control) and MRglc95 (level of MRglc
corresponding to a 95% chance of tumor control) were also
estimated. These values were as follows: MRglc50 � 0.076
(95% CI 0.051–0.11); MRglc90 � 0.047 (95% CI 0.009–
0.064); MRglc95 � 0.040 (95% CI 0.005–0.057).

The goodness-of-fit model was evaluated using the Pear-
son chi-square test and Hosmer-Lemeshow test: Pearson
chi-square � 22.5 (26 degrees of freedom), p greater than
chi-square � 0.66; Hosmer-Lemeshow chi-square � 0.71
(data divided into five groups on the basis of the predicted
probability), p greater than chi-square � 0.87. According to
both tests, the model fit the data well.

A comparison of the observed pathologic tumor response
and model predictions is shown in Table 3. The pathologic
response was 1 if the tumor was controlled. The level of
MRglc, the observed pathologic response, and the corre-
sponding predicted probability of pathologic tumor control
for all 30 lesions are shown. The classification statistics are
shown in Table 4 in which T0 represents pathologic tumor
control and greater than T0 represents no tumor control; the
classification was positive if the predicted probability (TCP)
was �0.5. On the basis of the values in Tables 3 and 4 and
assuming a cutoff of 0.5, we calculated the sensitivity of the
model as 86%, the specificity as 81%, the positive predic-
tive value as 80%, and the negative predictive value as 87%.
The percentage of cases correctly classified was 83% (i.e.,
25 of 30 cases).

The receiver operating characteristic curve showing sen-
sitivity vs. one minus specificity is presented in Fig. 1. The
area under the curve, which was 0.90, suggested a good
predictive power of the model (a model with no predictive
power has an area of 0.5; a perfect model has an area of 1).

Figure 2 shows the sensitivity and specificity of the model
vs. the probability cutoff. For a probability cutoff of 0.5, the
corresponding sensitivity and specificity was 86% and 81%,
respectively. Both values suggest that the model has good
predictive value.

Figure 3 shows the fitted logistic model of pTCP as a
function of residual MRglc with the corresponding 95% CI.
The residual MRglc corresponding to a pTCP of 50% and
pTCP of �95% was 0.076 �mol/min/g and �0.040 �mol/
min/g, respectively.

Table 2. Residual MRglc after radiotherapy or
chemoradiotherapy and corresponding pathologic tumor control

Residual MRglc (�mol/min/g) Tumor control (%)

�0.050 (0.009–0.048) 6/6 (100)
�0.070 (0.054–0.064) 3/4 (75)
�0.090 (0.071–0.082) 4/7 (57)
�0.110 (0.096–0.107) 0/4 (0)
�0.130 (0.115–0.127) 1/3 (33)
�0.130 (0.131–0.211) 0/6 (0)

Abbreviation: MRglc � metabolic rate of glucose.
Numbers in parentheses are the range, unless otherwise noted.

Table 3. Comparison of observed pathologic tumor response and
model predictions

Pt. No.
MRglc

(�mol/min/g)
Pathologic
response

Model
prediction

1 0.009 1 �1
2 0.017 1 �1
3 0.019 1 �1
4 0.032 1 0.98
5 0.042 1 0.94
6 0.048 1 0.90
7 0.054 1 0.84
8 0.056 1 0.81
9 0.058 0 0.79

10 0.064 1 0.70
11 0.071 1 0.59
12 0.071 0 0.59
13 0.074 0 0.54
14 0.075 1 0.52
15 0.076 1 0.51
16 0.077 0 0.49
17 0.082 1 0.42
18 0.096 0 0.26
19 0.096 0 0.26
20 0.107 0 0.17
21 0.108 0 0.17
22 0.115 0 0.13
23 0.117 0 0.12
24 0.127 1 0.08
25 0.131 0 0.07
26 0.143 0 0.05
27 0.159 0 0.03
28 0.171 0 0.02
29 0.200 0 0.01
30 0.211 0 �0.01

Abbreviations: Pt. No. � patient number; MRglc � metabolic
rate of glucose.

Table 4. Classification statistics

Classified

True (n)

Total (n)T0 �T0

� 12 3 15
� 2 13 15

Total (n) 14 16 30

Abbreviations: T0 � pathologic tumor control; �T0 � no
tumor control.

Classified � if predicted probability �0.5.
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DISCUSSION

FDG PET studies, in establishing a diagnosis of lung
cancer and assessing tumor response to RT or chemoradio-

therapy, have been interpreted using the following methods:
(1) qualitative (visual reading method); (2) semiquantitative
(i.e., differential uptake ratio [DUR] or standard uptake
value [SUV] representing the difference in FDG uptake

Fig. 1. Receiver operating characteristic (ROC) curve showing sensitivity vs. one minus specificity. The area under the
curve was 0.90, suggesting good predictive power of the model (a model with no predictive power has an area of 0.5
and a perfect model has an area of 1).

Fig. 2. Sensitivity and specificity of the model vs. probability cutoff. For a probability cutoff of 0.5, the corresponding
sensitivity was 86% and specificity was 81%. Both values suggest that the model has a good predictive value.
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between the ROI placed over the tumor and the background
activity in the normal tissue normalized to body weight);
and (3) quantitative using three-compartment modeling
(38).

Visual interpretation and the DUR-based method of 18F-
FDG PET image analysis have been used to diagnose pri-
mary lung cancer clinically and detect metastatic disease at
either the regional lymph nodes or distant organs (39–47).
In a meta-analytic comparison of FDG PET and CT in
detecting mediastinal nodal metastasis in NSCLC (29 stud-
ies, 2226 patients), Dwamena et al. (43) reported that the
sensitivity and specificity was 79% and 91%, respectively,
for FDG PET and 60% and 77%, respectively, for CT. FDG
PET has also been reported to be effective in detecting
recurrent disease after surgery, RT, or chemoradiotherapy
(48, 49).

The qualitative interpretation for tumor response after RT
or chemoradiotherapy is helpful when no residual FDG
uptake is present in the tumor or a new lesion appears.
However, the interpretation becomes difficult and subjec-
tive when the changes in FDG uptake are subtle. In current
practice, the SUV of FDG PET is obtained at 45–60 min
after administration of 18F-FDG. However, the optimal
timing for measuring FDG uptake remains controversial. It
has been shown that FDG uptake in lung cancer may not
reach the maximal plateau value within 60 min after admin-
istration of 18F-FDG (50–53). In fact, Hamberg et al. (25)
showed that it takes 2–3 h to reach the plateau value of
uptake after administration of 18F-FDG in Stage III
NSCLC. Lowe et al. (54) performed a dynamic FDG PET
study to determine the optimal time for emission data ac-
quisition in 14 patients with focal pulmonary abnormalities,
10 with malignant and 4 with benign lesions by biopsy.

Dynamic PET data were acquired as sequential 5-min im-
ages for 2.5 h. However, the DUR values provided the
greatest separation between benign and malignant abnor-
malities beginning at 50 min and no advantage was realized
by later imaging. The tumor size may make a difference in
the period between the injection of 18F-FDG and the time to
reach the maximal uptake value. Patients with focal pulmo-
nary abnormalities were studied by Lowe et al., but patients
in the study by Hamberg et al. had Stage III NSCLC. It is
well described that regions with a poor blood supply and
hypoxia are more frequent with larger tumors than with
small ones. Therefore, the FDG uptake at 45–60 min after
administration of 18F-FDG may be an underestimation of
the true value of FDG uptake in large tumors or tumors with
hypoxic regions. Pitfalls in the interpretation of FDG PET
using visual reading and DUR in lung cancer have been
described (55–58).

Regional glucose metabolism was originally measured
using an autoradiographic method and three-compartment
model by Sokoloff et al. (22) in brain tissue. Phelps et al.
(23) used FDG PET to measure regional MRglc in the
human brain and validated the method. Patlak et al. (24)
introduced a graphic analysis method in measuring regional
MRglc in brain in which dephosphorylation (k4) is assumed
to be negligible.

We explored a quantitative kinetic method of 18F-FDG
uptake in Stage III NSCLC to determine the characteristics
of the FDG uptake curve and measure the maximal value at
the plateau phase of uptake. We measured the rate con-
stants, K1, k2, and k3, of the three-compartment model to
calculate the MRglc. Because the dynamic method requires
continuous imaging for 80 min after the administration of
18F-FDG, it is a very difficult procedure to undergo for

Fig. 3. Fitted logistic model of pTCP based on pathologic tumor control as a function of MRglc with corresponding 95%
CIs. The abscissa is in log scale.
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most patients with advanced-stage lung cancer. This di-
lemma led us to explore a simplified kinetic method with
which regional MRglc can be estimated with a single static
image acquired between 45 and 60 min after injection of
18F-FDG and with a correction for blood glucose concen-
tration in the beginning and 18F-FDG activity at the end of
the 18F-FDG PET imaging (26). It was noted from our
earlier study that the coefficient of determination between
MRglc measured with the dynamic method and estimated
using the simplified method was 0.96, 0.94, and 0.98 for
pretherapy, posttherapy, and pooled data, respectively.
Thus, it indicates that the observed tumor uptake of 18F-
FDG between 45 and 60 min after administration, corrected
for blood 18F-FDG activity and glucose concentration, can
reliably predict MRglc from a single static image acquired
between 45 and 60 min.

Torizuka et al. (59) compared regional MRglc, measured
with a dynamic method and a three-compartment model
[Ki � K1k3/(k2 � k3)] with SUV normalized for lean body
weight (SUVlean) obtained 50–60 min after 18F-FDG in-
jection in patients with untreated primary lung cancer (n �
19). The estimate of the net 18F-FDG phosphorylation rate,
Ki � K1k3/(k2 � k3), correlated highly with SUVlean in
lung cancer with a correlation coefficient of 0.937. How-
ever, the correlation between k3 alone and SUVlean was
poor, with a correlation coefficient of 0.032. Thus, the
combination of facilitated transportation of FDG (Glut-1)
and k3 seem to be the major contributors to the total
accumulation of FDG in lung cancer. Therefore, the authors
concluded that the kinetic data of FDG uptake are expected
to be robust in assessing the biologic activity of lung cancer
and monitoring therapy response. Minn et al. (60) evaluated
the reproducibility of quantitative measurement of FDG
uptake in 10 patients with untreated lung cancer by per-
forming two dynamic FDG PET studies after a 4-h fast
within 1 week. Kinetic modeling of tumor FDG uptake was
performed on the basis of a three-compartment model. The
mean difference was 6% � 6% (standard deviation) and 6%
� 5% for SUVlean and FDG influx constant Ki over the
repeated PET scans.

The simplified kinetic method developed by us for mea-
suring regional MRglc in lung cancer showed a good in-
verse correlation between residual MRglc and pTCP. Lu-
cignani et al. (61) conducted 120-min dynamic FDG PET
studies in 4 healthy and normal human subjects in searching
for an optimal yet practical procedure for the determination
of regional MRglc in heterogeneous tissues of brain. Re-
gional MRglc was determined at various intervals up to 120
min after administration of 18F-FDG to determine the set of
rate constants and best time for the determination of re-
gional MRglc with the three-rate constant model and single-
scan procedure. When the regional MRglc, measured by
dynamic scanning at 0–30, 0–75, and 0–120 min after the
injection of 18F-FDG, correlated with that of the single-
scan method, the coefficient of determination was 0.994. It
was concluded that regional MRglc could be measured with
three-rate constant model, combined with the use of mass-

weighted average population rate constants and a single-
scan procedure. Wakita et al. (62) also explored the possi-
bility of replacing serial arterial sampling, which is required
in dynamic quantitative 18F-FDG PET studies, with one
point arterial or venous blood sampling in 120 patients with
a variety of cerebral or suspected cerebral diseases, includ-
ing brain tumor, cerebrovascular disease, epilepsy, and oth-
ers. This study showed that the correlation between the
estimated integral value determined by a one-point arterial
blood sample at 12 min after the injection of 18F-FDG and
the real integral value obtained by multiple arterial blood
sampling was quite excellent with the coefficient of deter-
mination 0.9974 (n � 120). The correlation between the
estimated integral value determined by a one-point venous
blood sample at 40 min after injection, and the real integral
value obtained by multiple arterial blood sampling was also
excellent with a coefficient of determination of 0.9966 (n �
10). The percentage of error of the integral value estimated
was 1.7% with arterial blood at 12 min (n � 120) compared
with 3.64% with venous blood at 40 min (n � 10). The
authors concluded that the simplified one-point sample
method works in a manner that is comparable with serial
arterial sampling and should be useful in clinical PET.
Therefore, the results of the studies by Lucignani et al. (61)
and Wakita et al. (62) are supportive of our study and results
using the simplified kinetic method.

We used a preoperative radiation dose schedule of 42–54
Gy in 1.5-Gy fractions twice daily for the total dose of 42
Gy (n � 15) and 45–54 Gy in 1.8–2.0-Gy fractions, five
fractions weekly (n � 13), which was judged unlikely to
cause a significant decrease in blood supply (nutrient) to the
tumor. Therefore, it is reasonable to assume that a possible
decrease in nutrient supply to the tumor as a result of the
preoperative therapy is unlikely to be a significant contrib-
uting factor to the dose–response relationship between re-
sidual FDG uptake and pTCP. Indeed, Thews et al. (63)
showed that there was an increase in the tissue glucose level
from 0.38 � 0.17 �mol/g at 0 Gy (control) to 1.20 � 0.23
�mol/g at 45 Gy in 15 fractions within 3 weeks and no
decrease in the partial pressure of oxygen in an experiment
in which a rat model of R1H rhabdomyosarcoma was
treated with fractionated radiation of 75 Gy in 25 fractions
within a 5-week period. Although the concentration of aden-
osine triphosphate and lactate steadily declined as the radi-
ation dose was increased, the glucose concentration in-
creased approximately linearly throughout the entire period
of RT. Thus, they concluded that the increase in tissue
glucose level, paralleled with the increment in total radia-
tion dose, might be the result of a reduced glucose demand
by the tumor because of a decrease in the number of tumor
cells for a concurrent decrease in tumor volume was present.

Other factors that influence the magnitude of residual
FDG uptake after RT or chemoradiotherapy include the
timing of the study after RT completion and the proportion
of FDG uptake contributed by inflammatory and tumor
stromal cells. A hallmark of cellular response to radiation is
the loss of the capacity for sustained proliferation (28–30).
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The time course for tumor cells that lose viability (biolog-
ically dead but metabolically active) as a result of lethal
radiation damage to undergo pyknosis or lysis depends on
the proliferative activity of tumor cells. Tumor cells with a
high mitotic index would be expected to regress rapidly
after RT (i.e., small-cell lung cancer). The time course for
NSCLC cells to undergo lysis after being inflicted with
lethal radiation damage remains to be determined. However,
clinical observation suggests that it may take 8–12 weeks
for biologically lethally damaged cancer cells of NSCLC to
undergo lysis. Therefore, the value of MRglc obtained 2
weeks after RT or chemoradiotherapy, such as was done in
this study, is likely higher than the value attainable if FDG
PET were done 2 months after RT. However, such a delay
in obtaining FDG PET after therapy may not be helpful if
the treatment course were supplemented with a boost dose
of radiation according to the value of residual FDG uptake,
because a long break in fractionated RT has a significantly
negative impact in achieving tumor control.

Tumor stromal cells and infiltrated inflammatory cells
may have made a contribution to the overall FDG uptake.
According to the study by Brown et al. (64), monocytes/
macrophages defined by CD68-positive staining in resected
NSCLC without preoperative therapy (n � 23) accounted
for 7.4% � 6.4% of all cells (range 0–22%). Infiltrating
inflammatory white blood cells positive for Glut-3 (glucose
transporter protein-3) also represented a small fraction of
the tissue sample. Therefore, they concluded that the con-
tribution by noncancerous elements to the overall FDG
uptake was probably not substantial. Marom et al. (65) also
correlated FDG uptake with Glut-1 and Glut-3 expression in
early-stage lung cancer of 73 patients. Their study showed
a linear relationship between SUV and tumor size, but not
with Glut-1 or Glut-3.

Technical factors that affect the accurate measurement of
MRglc include in-plane resolution of an imaging system
that is 7 mm3, object size, object geometry, and size and
shape of the ROI. Thus, an object size smaller than about 15
mm will result in significant underestimation of the true
value of MRglc. The biologic heterogeneity of tumors that
affect the accurate measurement of MRglc includes the
fractions of proliferating tumor cells, amount of inflamma-
tory/stromal cells in tumor, and degree of differentiation of
NSCLC. Although regional MRglc measured with dynamic
method is highly reproducible (60), absolute values of re-
gional MRglc need to be considered with caution, because
LC values, which indicate the different affinities of FDG

and glucose for transportation and phosphorylation, are not
yet fully clarified for cancer cells (55).

Despite the shortcomings of the current FDG PET study
in lung cancer, the correlation seen in this study between the
residual MRglc reflecting the status of regional glucose use
by residual lung cancer after preoperative chemoradiother-
apy and the rate of histopathologic complete response is of
clinical significance. The inverse correlation we observed
between the residual amount of MRglc and pTCP supports
the hypothesis that no uptake is strong evidence for no
residual cells. The significance of the pretherapy value of
MRglc in predicting the tumor response to chemoradiother-
apy remains to be determined. This will be pursued in the
future.

Residual MRglc with corresponding pTCP may be a
surrogate biomarker for therapy response. Residual MRglc
�0.040 �mol/min/g corresponds to almost 99.9% pTCP
and may represent a biochemically complete response. An
incorporation of FDG uptake data with corresponding pTCP
into the gross target volume (GTV) defined with CT image
would result in a 3D biologic target volume for 3D confor-
mal therapy. Indeed, an improvement in outlining the GTV
for RT has also been reported by combining both CT and
FDG PET images (66–68). With the advent of intensity-
modulated RT technology, it is feasible that the radiation
dose/dose intensity can be allocated according to the distri-
bution/magnitude of the biologic target volume within the
GTV to attain the highest possible tumor control. Radiation
dose-painting in two-dimensional or dose-sculpting in 3D
planning has been alluded to by Ling et al. (69) as a means
of differential allocation of radiation dose/dose intensity
according to the size and distribution of the biologic target
volume within the GTV.

CONCLUSION

The data of regional MRglc measured with the dynamic
method initially and later with the simplified kinetic method
represents at best surrogate values. Nonetheless, this surro-
gate quantity showed a good correlation between residual
regional MRglc after chemoradiotherapy and the degree of
pathologic tumor control in locally advanced-stage NSCLC.
The relationship between pTCP and the gradient of residual
MRglc after RT or chemoradiotherapy is an inverse corre-
lation. Residual MRglc corresponding to pTCP 50% and
pTCP �95% was 0.076 �mol/min/g and �0.040 �mol/
min/g, respectively. The gradient of residual MRglc with
corresponding pTCP represents the residual biologic target
volume within the tumor mass.
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