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Abstract
Purpose: Tumor proliferation has prognostic value in
resected early stage non-small cell lung cancer (NSCLC) and
can, therefore, predict which NSCLCs are at high risk for
recurrence after resection and would benefit from additional therapy. It may also predict which tumor will respond
to cell cycle-targeted chemotherapy and help assess the tumor response, besides helping to differentiate benign from
malignant lung lesions. We evaluated whether the uptake
of the new positron emission tomography (PET) tracer
3ⴕdeoxy-3ⴕ-[18F]fluorothymidine (FLT) in a series of suspected NSCLCs correlated with tumor proliferation assessed by Ki-67 immunohistochemistry and flow cytometry.
Experimental Design: Ten patients with 11 biopsyproven or clinically suspected NSCLC underwent 2-h dynamic PET imaging after i.v. injection of 0.07 mCi/kg FLT.
Tumor FLT uptake was quantitated with the maximum
pixel standardized uptake value (maxSUV), the partial volume corrected maxSUV (PV-corr-maxSUV), the average
SUV over a small region-of-interest (aveSUV) and with
Patlak analysis of FLT flux (aveFLTflux). The lesion diameter from computed tomography was used to correct the
maxSUV for PV effects using recovery coefficients determined for the General Electric Advance PET scanner. Two
of the 11 lesions were benign inflammatory lesions and 9
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were NSCLCs. Immunohistochemistry for Ki-67 (proliferation index marker) was performed on all 11 tissue specimens
(10 resections, 1 NSCLC percutaneous biopsy), and the
S-phase fraction (SPF) from flow cytometry could be determined for 10. The specimens were reviewed for histology
and cellular differentiation (poor, moderate, well). Lesions
ranged from 1.6 to 7.7 cm.
Results: Excellent correlations were found between
SUV measures of FLT uptake and Ki-67 scores [percentage
of positive cells; maxSUV versus Ki-67: Rho ⴝ 0.78, P ⴝ
0.0043 (n ⴝ 11); PV-corr-maxSUV versus Ki-67: Rho ⴝ
0.83, P ⴝ 0.0028 (n ⴝ 10); aveSUV versus Ki-67: Rho ⴝ 0.84,
P ⴝ 0.0011 (n ⴝ 11)]. Correlation between Ki-67 proliferation scores and Patlak measures of FLT uptake were also
strong: aveFLTflux versus Ki-67: Rho ⴝ 0.94, P < 0.0001
(n ⴝ 11). The correlation between the SPF and all indices of
FLT uptake was weaker and reached statistical significance
for only two uptake indices [maxSUV versus SPF: Rho ⴝ
0.69, P ⴝ 0.03 (n ⴝ 10); PV-corr-maxSUV versus SPF:
Rho ⴝ 0.36, P ⴝ 0.35 (n ⴝ 9); aveSUV versus SPF: Rho ⴝ
0.67, P ⴝ 0.03 (n ⴝ 10); aveFLTflux versus SPF: Rho ⴝ 0.46,
P ⴝ 0.18 (n ⴝ 10)].
Conclusion: FLT PET may be used to noninvasively
assess proliferation rates of lung masses in vivo. Therefore,
FLT PET may play a significant role in the evaluation of
indeterminate pulmonary lesions, in the prognostic assessment of resectable NSCLC, and possibly in the evaluation of
NSCLC response to chemotherapy.

Introduction
It is important to measure the proliferation rate of lung
lesions to help differentiate benign from malignant tumors and
to characterize malignant tumors. Tumor proliferation rate can
predict which of the resectable NSCLCs3 are at risk for recurrence after a complete presumably curative resection (1–17) and
are, presumably, most likely to benefit from additional therapy,
such as adjuvant or neo-adjuvant chemotherapy. Finally, the rate

3

The abbreviations used are: NSCLC, non-small cell lung cancer; FLT,
3⬘deoxy-3⬘-[18F]fluorothymidine (or radiolabeled FLT); SPF, S-phase
fraction; ROI, region(s) of interest; GE, General Electric; SUV, standardized uptake value; maxSUV, maximum SUV; aveSUV, average
tumor SUV; PV-corr-maxSUV, partial volume corrected maxSUV; CT,
computed tomography; aveFLTflux, average FLT flux (into the tumor);
PET, positron emission tomography; FDG, [F-18] fluorodeoxyglucose;
TK1, thymidinekinase-1.
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Patients and Methods
Patient Selection
Ten patients with a total of 11 biopsy proven or clinically
suspected NSCLCs were prospectively studied. These patients
were initially evaluated in the Thoracic Surgery Clinic at the
University of Washington Medical Center or the Veterans Affairs Puget Sound Health Care System between March 2000 and
February 2001. All 11 of the lesions were considered potentially
resectable. All of the patients had CT of the chest before FLT
PET imaging. This study was conducted with University of
Washington Human Subjects and Radiation Safety Committeeapproved protocols.

FLT Synthesis
FLT was prepared according to the method developed by
Grierson (29). FLT specific activity was greater than 1 Ci/mol,
decay corrected to the end of cyclotron bombardment. FLT was
administered to patients by i.v. injection [10-ml solution of
isotonic saline containing less than 10% (v/v) ethanol (USP)].
Calculation of doses was based on the patient’s weight (0.07
mCi/kg), with a 5-mCi maximum dose. Before administration of
each dose, quality control testing for pH (pH 7 ⫾ 1) and
radiochemical purity (⬎99%, high-performance liquid chromatography, thin-layer chromatography) was insured. All of the
doses administered were also shown to be endotoxin free (⬍0.4
EU/ml, Limulus Amebocpe Lysis, Cape Cod Inc., Woods Hole,
MA test). Sterility testing for anaerobic and aerobic bacterial
contamination was performed on all of the batch dose samples,
after radioactive decay (24 h).
FLT PET Imaging
Imaging. All of the PET studies were performed on a GE
Advance PET Tomograph (GE Medical Systems, Waukesha,
WI). FLT imaging was performed to quantitate FLT uptake as a
proposed noninvasive measure of the primary tumor proliferation rate. No preparation was asked of the patients before tracer
administration. After informed consent was obtained, two i.v.
catheters or an i.v. and an intra-arterial catheter were placed in
opposite arms. The tracer was administered through the first
venous catheter, the other catheter (venous or radial arterial) was
used for blood sampling. Arterial sampling was performed with
an automated sampler described previously (42). Venous sampling was performed manually. Patients were placed supine in
the scanner with the lung lesion and at least a portion of the left
ventricular blood pool positioned to fit within the 15-cm wide
tomograph field-of-view. Imaging started with a 20 –25-min
long transmission scan, performed over the selected field-ofview. Subsequently, a [F-18]FLT dose of 0.07mCi/kilogram of
patient weight (not to exceed 5.0 mCi) was infused i.v. over one
min using a Harvard pump (Harvard Clinical Technology, Inc.,
Boston, MA). A 2-h long dynamic emission scan was performed
over the selected thoracic field-of-view starting 1 min before
tracer infusion. Two separate dynamic imaging sequences were
used: a single-field or a two-fields-of-view sequence. The imaging sequence for a single-field-of-view protocol was as follows: 8 15-s, 4 30-s, 6 1-min, 2 5-min, and 10 10-min imaging
intervals. The imaging sequence for a two-fields-of-view (FOV1
and FOV2) protocol was as follows: FOV1: 4 25-s, 3 50-s, 3
2-min, and 10 5-min imaging intervals; FOV2: four 25-s, three
50-s, three 2-min, and nine 5-min imaging intervals. FOV1 and
FOV2 imaging was interleaved from the start of imaging, and
15-s intervals were allowed for the table to move between the
two fields-of-view. This allowed us to quantitate tracer uptake in
the primary tumor (FOV1) and within another selected region
(FOV2) for dosimetry studies.
All of the studies were collected in a two-dimensional
imaging mode with scatter septae in place. Real-time randoms
correction using counts obtained with a delayed coincidence
window and deconvolution-based scatter corrections supplied
by the manufacturer were applied. The raw PET data were
reconstructed using the standard filtered back projection available on the GE Advance PET system. The following reconstruc-
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of proliferation of a NSCLC may predict its response to chemotherapeutic agents directed against dividing cells and may
allow one to tailor NSCLC patients’ therapy.
Present methods to assess tumor proliferation require a
tissue sample and are, thus, limited by potential morbidity and
sampling problems. A noninvasive method to assess proliferation might avoid unnecessary diagnostic biopsies of lung lesions
and permit serial assessments during cancer therapy. Hence,
extensive investigation has been made into evaluating tumor
proliferation noninvasively by PET (18 –24). Besides being noninvasive, PET imaging permits the evaluation of a tumor in its
entirety, overcoming issues of heterogeneity and tumor sampling errors, and can easily be repeated at any point during
treatment. Extensive work has been done at our institution and
at others in the development and characterization of [11C]thymidine for PET imaging (18 –24). However, the short half-life
of the 11C label (20 min) together with the creation of labeled
metabolites in the blood, which requires the use of compartment
models for image interpretation, have limited the routine use of
[11C]thymidine PET imaging. To overcome these limitations,
other potential tracers of proliferation such as 2⬘-[18F]fluoro-5methyl-1-␤-D-arabinofuranosyluracil and [124I]iododeoxyuridine have been investigated (25–28). Our group has investigated
the radiotracer FLT (the abbreviation used for “3⬘-deoxy-3⬘[18F]fluorothymidine” in this article; Refs. 29 –34). FLT undergoes the same first metabolic step as thymidine and is monophosphorylated by thymidine kinase-1, an enzyme expressed
during the DNA synthesis phase of the cell cycle (35–39). FLT
monophosphate then accumulates in cells and is unable to cross
the cell membrane (34). As a PET imaging tracer, FLT accumulates in cells as though it were incorporated into DNA (31,
36, 37, 40). Recent tumor cell studies performed at our institution have also demonstrated that when growth-arrested A549
human lung cancer cells were allowed to grow in fresh medium,
FLT uptake in these cells increased steadily with times later than
6 h and correlated well with the percentage of cells in S phase
(r2 ⫽ 0.91; Ref. 32). On the basis of this lung cancer cell line
evidence, we evaluated [18F]FLT in human lung masses to
explore its potential as a proliferation tracer for PET imaging.
Our hypothesis was that the proliferation rate of human lung
tumors as expressed by their Ki-67 immunohistochemistry score
and SPF could be predicted in vivo by the accumulation of the
radiolabeled FLT using PET (41).
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PV corrected maxSUV ⫽ Background SUV
⫹

tion parameters were used: 12-mm Hanning filter, 55-cm image
diameter, and 128 ⫻ 128-array size.
Quantitative Imaging Analysis. Both the SUV and the
FLT flux determined by Patlak analysis were used to quantitate
tumor FLT uptake.
SUV. The SUV is defined as the time-averaged tissue
activity C (Ci/ml), over an imaging time interval after injection, divided by the injected dose ID (mCi)/kg of patient body
weight:

Measured maxSUV ⫺ background SUV
(B)
RC

(A)

These implementations of the SUV were evaluated for correlation with the Ki-67 score and the SPF of lesions.
Patlak Analysis of FLT Flux. For each time frame of
the dynamic imaging sequence, the pixels within ROI2 over the
lesion were averaged, and the resulting set of dynamic values
was analyzed by the graphical analysis method of Patlak et al.
(45) to calculate the aveFLTflux. In this analysis, the tissue
activity normalized to the FLT blood activity at each time point
[Ctis(t)/CbFLT(t)] is plotted against the normalized integral blood
activity [兰t0 Cbtotal/CbFLT(t)]. The slope of the early linear portion of the curve (15– 45 min) is an estimation of the flux of
FLT.

C is the activity at a pixel within a tissue defined by a ROI. A
tumor ROI (ROI1) encompassing the entire lesion was placed on
all of the planes containing the lesion and applied to each of the
dynamic image sets acquired between 30 and 60 min after tracer
injection. For each pixel, the imaging data were summed up
over the 30 – 60 min interval. The SUV value was computed for
each pixel. Then, the pixel with the maxSUV within ROI1 was
extracted (see “Results”). An additional ROI was also defined as
containing all of the tumor pixels with values ⱖ50% of the
maximum pixel value (ROI2). An aveSUV was defined by
averaging the pixel SUV values within ROI2 for the images
acquired between 30 and 60 min. We, therefore, investigated
two separate definitions of the SUV: the maximum pixel SUV
and an aveSUV over the 30 – 60 min imaging interval after FLT
injection.
The maxSUV data were corrected for partial volume effects, based on the average diameter of the tumor (recovery
coefficients). The average diameter of each lesion was calculated by averaging all three of the lesion dimensions measured
from the mediastinal windows of the CT scan. The recovery
coefficients have been estimated based on lesion diameter from
phantom measurements performed in the GE Advance tomograph (43). These recovery coefficients (Fig. 1) have been
calculated for the image reconstruction parameters and the filter
used in imaging of NSCLC patients. These coefficients have
been previously used by our group to correct the maximal pixel

Surgery and Pathology
Ten of 11 lung lesions were surgically resected after FLT
PET imaging. One patient who had undergone a core biopsy of
his primary NSCLC did not undergo a primary resection because a microscopic focus of tumor was discovered in a mediastinal lymph node at mediastinoscopy. He was instead administered neo-adjuvant chemoradiotherapy before subsequent
resection. One patient had two histologically different primary
NSCLCs resected, one from each lung and at two different
surgeries. This patient’s two lesions were imaged at the same
time within a single PET field-of-view. Eleven histological
specimens were available for pathological, immunohistochemical, and flow cytometric evaluation. All of the tumor specimens
were reviewed by a pathologist (R. A. S.) to assess tumor type
and differentiation (poor, moderate, or well-differentiated).
Ki-67 Immunohistochemistry. A representative formalin-fixed, paraffin-embedded section from each specimen was
labeled using monoclonal antibody MIB-1 (Immunotech, Westbrook, ME; 1:100) after microwave antigen retrieval in citrate
buffer. Antibody binding was detected using the Vectra Elite kit
with FeCl3 intensification and hematoxylin counterstain. MIB-1
recognizes the Ki-67 antigen, a Mr 345,000 and 395,000 nuclear
protein common to proliferating human cells (46). The fraction
of labeled tumor cells (Ki-67 score) was assessed over a ⫻4
microscopic field (3-mm diameter) in the field that contained

SUV ⫽

C 共mCi/ml兲
ID 共mCi兲
Weight 共kg兲
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Fig. 1 Maximal pixel recovery coefficients calculated for spheres of
known size and activity placed in a cold background. These spheres
were imaged in the GE Advance PET scanner and the images reconstructed using the following parameters: 12-mm Hanning filter, 55-cm
image diameter, and 128 ⫻ 128-array size. The maximal pixel recovery
coefficient (RC) is equal to the measured maximal pixel activity (provided by the PET image) divided by the known activity present in the
sphere.

FDG-SUV of NSCLCs (44). For all of the lesions, these recovery coefficients (RC) were applied to the difference between
lesion and normal lung background activities as defined by Eq.
B. The aveSUV was not corrected for partial volume effects
because of the difficulty in measuring the exact size of the ROI
selected for averaging (ROI2) and the resulting inaccuracy in
the recovery coefficient to be used.
The normal lung background, i.e., the FLT uptake in normal lung, was evaluated over a large ROI placed away from the
lung mass or nodule studied, and away from the chest wall and
mediastinum. The aveSUV over this ROI was used as the
background SUV. For lesions of diameter less than 2.8 cm,
background FLT uptake contributes to the measured tumor
uptake (Eq. B) because the recovery coefficient is less than 1
(Fig. 1).
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Table 1 Summary of histological subtype and lesion differentiation, lesion average diameter, Ki-67 score, SPF, lesion aveSUV, maxSUV,
PV-corr-maxSUV, and aveFLTflux measured for the 11 lesions evaluated

Patient

1
2
3

WA
PE
RH

4
5

CI
GL

6

CL

7
8
9
10
11

CL
SR
WM
CW
PT

Histology
Benign inflammatory
UD large cell carcinoma
PD squamous cell
carcinoma
UD large cell carcinoma
PD squamous cell
carcinoma
PD squamous cell
carcinoma
MD adenocarcinoma
MD adenocarcinoma
UD large cell carcinoma
Benign inflammatory
UD large cell carcinoma

Ki-67b
(%)

SPF
(%)

aveSUV
(30–60 min)

maxSUV
(30–60 min)

PV-corrmaxSUV
(30–60 min)

aveFLTflux

3.9
1.6
2.47

2.5
90
70

1.6
1.6
49.3

0.91
3.40
4.09

0.90
4.02
5.86

0.90
6.82
6.22

0.82
5.44
4.89

5.5
2.07

90
20

19.4
13.3

5.39
2.46

6.90
2.56

6.90
3.05

6.25
1.97

7.66

60

0

1.91

2.32

c

2.01

2.57
1.73
3.7
1.97
2.5

60
30
70
2.5
80

6
1.6
2.6
0

2.80
3.28
4.29
0.76
3.53

3.77
4.26
5.60
1.42
4.64

3.92
6.41
5.60
1.75
4.89

2.59
2.85
5.16
1.78
3.88

d

a

ID, identification; UD, undifferentiated; PD, poorly differentiated; MD, moderately differentiated.
Ki-67 is defined: (a) in NSCLCs, as the percentage of tumor cells staining positive for MIB-1; (b) in benign lesions, as the percentage of all
cells staining positive for MIB-1.
c
Lesion 11 underwent a percutaneous core biopsy only, and, after immunohistochemical processing for Ki-67, insufficient tissue remained for
flow cytometry.
d
Lesion 6 was a large squamous cell carcinoma with a large area of central necrosis devoid of FLT uptake. For this reason and because the
thickness of the tumor could not be measured, no partial volume correction was performed.
b

the highest average fraction of labeled cells. The pathologist
scoring the immunohistochemical data (R. A. S.) was blinded to
the FLT PET results. This same immunohistochemistry method
was used and reported previously by our group (44).
Flow Cytometry. To provide for a meaningful comparison of SPF and Ki-67 scores, the area of a tumor selected and
scored for Ki-67 immunohistochemistry was marked on the
MIB-1 stained slide. This mark was then used to orient the
paraffin tumor block so that two 60-m thick slices of the block
could be recut for processing by the flow cytometry laboratory
(P. R.). This slice thickness was selected to provide enough
nuclei for this analysis. The nuclei of the two slices corresponding to the area marked on the immunohistochemistry slide were
evaluated by flow cytometry. An attempt was made to stain the
sample with a cytokeratin-specific antibody to selectively evaluate the epithelial component of the tumor. The SPF of the
lesion was determined by cytokeratin-gated flow cytometry on
all cellular components of the sample. All of the flow cytometry
data were reviewed by a pathologist specialized in interpreting
them (P. R.).
Statistical Analysis
Because the Ki-67 scores and SPFs are values ranging
between 0 and 100%, and not normally distributed, the nonparametric Spearman rank test was used to evaluate their correlation
with tumor FLT uptake.

Results
Data for the 11 lesions evaluated in this study are summarized in Table 1. Fig. 2 illustrates the relative uptake at FLT PET
imaging of four representative lesions spanning the range of
proliferation rates.
The 11 lesions ranged in size from 1.6 cm to 7.7 cm. Two

lesions were found to be benign inflammatory nodules at frozensection performed at the time of stapled wedge resection. The
other nine lesions were NSCLCs: three squamous cell carcinomas, four large cell carcinomas and two adenocarcinomas. For
all of the tumors except one large lesion with central necrosis,
the average lesion diameter was determined from CT scans and
the corresponding recovery coefficient was applied to the lesion
maxSUV while accounting for normal lung uptake (Eq. B). For
the 11th lesion, FLT uptake was present within the wall of this
lesion but not within the necrotic center, and conventional
imaging did not allow determination of the thickness of the wall
for partial volume correction.
Ki-67 scores, the percentage of cells positive for the MIB-1
antibody, were measured for all 11 lesion specimens. A strong
correlation is found between all three SUV-based definitions of
FLT uptake (maxSUV, PV-corr-maxSUV, aveSUV) and the
Ki-67 score of lesions (Figs. 3, 4, and 5): maxSUV versus
Ki-67: Rho ⫽ 0.78, P ⫽ 0.0043 (n ⫽ 11); PV-corr-maxSUV
versus Ki-67: Rho ⫽ 0.83, P ⫽ 0.0028 (n ⫽ 10); aveSUV
versus Ki-67: Rho ⫽ 0.84, P ⫽ 0.0011 (n ⫽ 11).
The Patlak-derived FLT flux into lesions (aveFLTflux)
shows an even stronger correlation with Ki-67 scores (n ⫽ 11):
aveFLTflux versus Ki-67: Rho ⫽ 0.94, P ⬍ 0.0001 (Fig. 6).
If the FLT uptake of the nine NSCLCs is analyzed in the
absence of the two benign inflammatory lesions, we find the
after results: maxSUV versus Ki-67: Rho ⫽ 0.61, P ⫽ 0.08 (n ⫽
9 NSCLCs); PV-corr-maxSUV versus Ki-67: Rho ⫽ 0.67,
P ⫽ 0.07 (n ⫽ 8 NSCLCs); aveSUV versus Ki-67: Rho ⫽ 0.72,
P ⫽ 0.03 (n ⫽ 9 NSCLCs); aveFLTflux versus Ki-67: Rho ⫽
0.89, P ⫽ 0.0015 (n ⫽ 9 NSCLCs).
Cytokeratin-gated flow cytometry was attempted on all of the
specimens, but only two of them resulted in a positive stain with the
ability of gating the SPF calculation on the epithelial population of
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Fig. 3 Relationship between the FLT maxSUV and the Ki-67 score of
the lung lesions [Rho ⫽ 0.78, P ⫽ 0.0043 (n ⫽ 11)].

cells within each lesion. The results reported here represent the SPF
of all of the cells within the lung tumors. One specimen obtained by
core biopsy provided insufficient material left for flow cytometry
after Ki-67 processing of the tissue block. Therefore, only 10
lesions had SPF determination. The correlations between the SPF
and all of the indices of FLT uptake were weaker and reached
statistical significance for only two uptake indices: maxSUV versus
SPF: Rho ⫽ 0.69, P ⫽ 0.03, (n ⫽ 10); PV-corr-maxSUV versus
SPF: Rho ⫽ 0.36, P ⫽ 0.35, (n ⫽ 9); aveSUV versus SPF: Rho ⫽
0.67, P ⫽ 0.03, (n ⫽ 10); aveFLTflux versus SPF: Rho ⫽ 0.46,
P ⫽ 0.18, (n ⫽ 10).
A modest correlation that did not reach statistical significance was found between Ki-67 scores and SPFs: Rho ⫽ 0.45,
P ⫽ 0.19, n ⫽ 10.
No statistically significant correlation was found between
tumor size and Ki-67 score (Rho ⫽ 0.07, P ⫽ 0.83, n ⫽ 11
lesions) or SPF of the tumor (Rho ⫽ 0.098, P ⫽ 0.79, n ⫽ 10
lesions).

Discussion
Previously reported PET imaging studies of FLT have
involved static imaging and reports of FLT SUV values com-

Fig. 4 Relationship between the PV-corr-maxSUV and the Ki-67 score
of the lung lesions [Rho ⫽ 0.83, P ⫽ 0.0028 (n ⫽ 10)].

pared with FDG SUV values as well as descriptive reports of
FLT image appearance (31, 47–50). However, the relationship
between in vivo human tumor FLT uptake and tissue proliferation indices has not been investigated yet. The results reported
here from a series of 11 lung lesions indicate that FLT uptake
(quantitated either as aveSUVs or maxSUVs or as Patlak FLT
flux) correlates strongly with lesion cellular proliferation assessed by Ki-67 immunohistochemistry (41) and to a lesser
extent with lesion SPF.
Static (SUV) and dynamic (Patlak flux) imaging measures
of tumor FLT uptake were assessed in this study. These methods
differ greatly in the complexity of their data acquisition and
analysis. We evaluated tumors with 2-h long dynamic imaging
to compare simple static SUV measures of FLT uptake with the
more complicated FLT flux determination in their potential
correlation with tissue proliferation markers. We evaluated FLT
uptake from static imaging data (SUV) for the following reasons: (a) for FLT uptake to have widespread clinical application
as a noninvasive means of grading tumor proliferation, it needs
to be easy to perform without requiring dynamic imaging;
(b) shorter imaging protocols for SUV static imaging help
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Fig. 2 This figure illustrates
the FLT PET imaging appearance of lesions with different
proliferation rates. A benign lesion and three NSCLCs with,
respectively, low, intermediate,
and high Ki-67 scores are represented, and the lesion FLT
uptake values are cross-referenced.
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Fig. 6 Relationship between the aveFLTflux (FLT Patlak Flux) and
the Ki-67 score of the lung lesions [Rho ⫽ 0.94, P ⬍ 0.0001 (n ⫽ 11)].

maximize patient enrollment and compliance with the imaging
protocol. We also quantitated FLT uptake with a Patlak determination of FLT flux from complete dynamic data to assess the
incremental benefit gained from a more extensive imaging and
analysis approach.
Tumor proliferative rates may be estimated in human tumor samples by mitotic figure counting, immunohistochemical
detection of cell cycle-specific proteins (Ki-67 and PCNA), and
the SPF determination from DNA flow cytometry. However,
mitotic figure counting is affected by interobserver reproducibility problems, use of mitotic indices versus mitoses per area,
time between tumor resection and fixation, and the laborious
nature of the analysis. The staining process for proliferating cell
nuclear antigen with the PC10 antibody has the disadvantages of
being sensitive to variations in the fixation technique, and,
moreover, the microwave treatment in the staining process can
cause nonproliferating cells to become stained (51, 52). In
addition, the PCNA protein has a long half-life in cells and can
be present after the proliferation phase has been completed (53).
Consequently, quiescent cells can stain positive for PCNA.
Evaluating the expression of the Ki-67 protein in cells can
also assess cell proliferation. Ki-67 is a protein expressed only
in proliferating cells. The protein is present in the S phase and
in G2 and M phases of the cell cycle, as well as in the proliferation-associated part of G1, but not in G0 (54). Ki-67 has been
shown to be required for cellular proliferation (55), to be synthesized as a cell begins proliferation, and to be efficiently
degraded at the end of the proliferative cycle (reviewed in Ref.
56). Ki-67 protein expression is strictly correlated with cell
proliferation and with the active phases of the cell cycle (56).
Dependent on the cell proliferation cycle phase, the cellular
level of the Ki-67 protein varies; however, detection by an
antibody to Ki-67 is possible during the entire life of the protein.
Cellular proliferation assessment with Ki-67 measures a tumorgrowth parameter that is distinct from both PCNA and flow
cytometry (57). Two antibodies against the Ki-67 protein, the
Ki-67 antibody and MIB-1, are available for use in immunohistochemical assays. MIB-1 is a more recent discovery and can be
used with formalin-fixed paraffin-embedded tissue sections,
whereas the Ki-67 antibody can be used only with fresh or

frozen tissue (58). Thus, MIB-1 is more versatile because fresh
tissue is not available for retrospective studies and because
paraffin embedding is the most common tissue preservation
technique used in clinical settings. The selection of the Ki-67
marker as a tissue correlate for tumor FLT uptake was made
in consideration of: (a) the versatility of the MIB-1 antibody;
(b) the inherent limitations of the mitotic index and PCNA;
(c) the ease with which expression of cell cycle-specific proteins, such as the Ki-67-related antigen, can be assessed semiquantitatively. Another argument for selecting the Ki-67 proliferation score is that it has been shown to have prognostic
significance in NSCLC and several other tumor types as reviewed by Scholzen and Gerdes (56). We found excellent correlations between all of the indices of FLT uptake that we
calculated and the Ki-67 score of tumors assessed by MIB-1
immunohistochemistry.
DNA flow cytometry is complicated by technical difficulties in obtaining nuclei for analysis, multiple cell populations in
the tumor sample in which the cell cycle compartments may be
inextricably intermixed, and various methods for calculating
SPFs. However, SPF is a well-accepted standard in cell culture
experiments, and such experiments performed at our institution
have revealed a correlation between FLT uptake and SPF in
A549 human lung cancer cells (32). Another group recently
reported a correlation between FLT uptake of several asynchronously growing human tumor cell lines and their SPFs (59). As
stated above, flow cytometry measures a tumor growth parameter that is distinct from Ki-67 (57). For these reasons, we also
evaluated tumor proliferation using flow cytometry. When compared with the strong correlations found between FLT uptake
and Ki-67 scores, we found more modest correlations between
indices of FLT uptake and the SPF. The lack of statistical
significance in the correlation between the SPF and the PV-corrmaxSUV or the FLT flux likely stems from the more limited
number of samples. The correlation between SPF and FLT
uptake is probably weaker because, contrary to the Ki-67 antigen, the SPF describes cells only in S phase, rather than the total
non-G0 compartment. It is known that the uptake of FLT is
tightly linked to TK1 enzyme activity (33). In cycling cells, TK1
expression increases in late G1, then significantly increases
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Fig. 5 Relationship between the FLT aveSUV and the Ki-67 score of
the lung lesions [(Rho ⫽ 0.84, P ⫽ 0.0011 (n ⫽ 11)].
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fore, opening the door to further evaluation and validation of
FLT PET imaging.
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