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ABSTRACT
The purpose of this study was to determine the relationship between
2-[11C]thymidine positron emission tomography (PET) in vivo-derived
parameters and the ex vivo Ki-67 index of proliferation in human tumors.
The study comprised 17 treatment-naı̈ve patients with advanced intraabdominal malignancies. Tumor thymidine kinetics were measured using
2-[11C]thymidine PET. Tissue data were analyzed to give the standardized
uptake value, the area under the time activity curve, and the fractional
retention of thymidine (FRT) obtained by kinetic modeling. For the latter,
the contribution of labeled metabolites was accounted for by measuring
thymidine metabolites in arterial plasma. To examine the influence of
tumor blood flow on the thymidine PET data, a perfusion scan using
inhaled [15O]CO2 was carried out in a subset of 11 patients. Biopsies were
stained with a MIB1 antibody to obtain a Ki-67 index, and correlations
with the PET-derived parameters were investigated. There was no relationship between tumor blood flow and the thymidine PET data, showing
that the retention of 2-[11C]thymidine in tumors was independent of
tumor perfusion. There was no correlation between the Ki-67 index and
either standard uptake value or area under the curve. There was a
correlation between the Ki-67 index and FRT (r ⴝ 0.58; P ⴝ 0.01). The
correlation between the Ki-67 index and FRT in this dataset was not
influenced by the interval between biopsy and imaging (0.1–126 weeks),
the origin of the biopsy for Ki-67 staining (primary tumor or metastasis),
or whether the biopsy was from an imaged or a nonimaged tumor. This is
the first report in human tumors showing that 2-[11C]thymidine PETderived parameters correlate with the level of tumor proliferation measured using Ki-67 immunohistochemistry. The study shows that the in vivo
measurement of 2-[11C]thymidine in tumors using PET can provide a surrogate marker of proliferation and supports the potential use of the technique
in the early assessment of response to antiproliferative cancer treatment.

INTRODUCTION
In vivo metabolic imaging with PET3 allows the diagnosis and
assessment of therapeutic response in cancer patients (1). The most
widely used PET radiotracer in oncology is the glucose analogue
[18F]FDG, which measures energy metabolism based on the rationale
that FDG transport and phosphorylation are generally higher in tumor
than in surrounding normal tissue. PET tracer development studies
seek imaging agents with greater tumor selectivity and specificity for
diverse tumor characteristics. The increased proliferation of tumor
compared with surrounding normal tissue cells is a feature that has
long been the target of antitumor drug and prognostic marker develReceived 4/28/02; accepted 8/15/02.
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opment. Whereas glucose is required by many cell types, particularly
macrophages and other inflammatory cells that may be present in
tumors (2), imaging proliferation rather than energy metabolism has
the potential to be more selective for tumor cells. Moreover, DNA
synthesis in tumors decreases after therapy more rapidly than FDG
uptake (3), and hence a PET measure of tumor proliferation has the
potential to provide a noninvasive tool for the early evaluation of
antiproliferative treatment response (4). There are currently a number
of PET radiotracers under development to provide a method for
measuring human tumor proliferation in vivo.
There are a number of important issues relevant to determining the
optimal PET tracer for imaging tumor proliferation. The interpretation
of PET data can be complicated by the presence of labeled metabolites
of the injected tracer. The position of the label on the tracer will
influence the type and number of labeled metabolites, and the isotope
half-life influences the quality of the PET data. The presence of a high
concentration of labeled metabolites may mask the signal of the parent
compound. Pyrimidine nucleoside incorporation into DNA has been
used to study proliferation for many years. Thymidine and its analogues, such as the halogenated pyrimidines BrdUrd and IUdR, are
particularly useful because of their specificity for DNA. Although the
long half-life of [124I]IUdR is attractive for protracted studies over
several days, its use may be limited because of low tumor radioactivity compared with high levels of tissue metabolites (5). Similarly
[76Br]BrdUrd is extensively metabolized, and only a minor fraction of
the radioactivity is found in DNA (6). The latter findings have driven
a search for tracers that are metabolized less readily, such as [18F]FLT
(3⬘-deoxy-3⬘fluorothymidine; Ref. 7) and [11C]FMAU (2⬘-fluoro-5methyl-1-␤-D-arabinofuranosyluracil; Ref. 8). It is labeled thymidine,
however, that is currently the most widely studied proliferation
marker for PET.
Initial attempts to use thymidine labeled in the methyl position
yielded poor results because of a large number of labeled metabolites,
and the method requires individual HPLC analysis of metabolites in
blood samples (9). A better approach has been the use of thymidine
labeled in the 2-C position that was developed initially by Vander
Borght et al. (10, 11) and subsequently by Shields et al. (4, 12, 13).
In comparison with methyl-labeled thymidine, 2-C-labeled thymidine
yields fewer radioactive metabolites and yields metabolites that are
less likely to be trapped in tissue and mistaken for labeled thymidine
incorporated into DNA (10, 12). Although 2-C-labeled thymidine is
metabolized in vivo at the same rate as the methyl derivative,
[11C]CO2 is the main metabolite (11). Much of the labeled CO2 is
rapidly eliminated from the lungs (14), and what remains can be
analyzed using developed methodology (15–17). In addition, kinetic
modeling techniques have been developed that attempt to account for
the confounding influence of the tissue metabolites (4, 18, 19). Preliminary studies have already described the potential of the method to
measure proliferation (10) and tumor response to therapy (4).
Despite the publication of studies demonstrating the potential of
2-[11C]thymidine PET, there are no reports correlating 2-[11C]thymidine PET-derived parameters with conventional measures of proliferation in human tumors. The aim of the study reported here, therefore,
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was to further explore 2-[11C]thymidine PET methodology as a
marker of human tumor proliferation. The study was designed to
measure tumor proliferation using 2-[11C]thymidine in a series of
patients with advanced intra-abdominal malignancies and correlate
PET-derived parameters with a well-established immunohistochemical measure of tumor proliferation, the Ki-67 index (20).
MATERIALS AND METHODS
Patients. The study was approved by the ethical committee of the Imperial
College School of Medicine, Hammersmith Hospital (London, United Kingdom). Permission to administer the radioactive tracers was obtained from the
Administration of Radioactive Substances Advisory Committee of the United
Kingdom. Patients with advanced intra-abdominal malignancies were enrolled,
and all gave their written informed consent.
Production of Radiotracers. Production of [15O]CO2 was carried out by
deutron bombardment of a 14N target in a Scanditronic MC40 cyclotron. The
gas was then exposed to a mixture of N2 and CO2 to produce [15O]CO2. All
gaseous CO2 produced was analyzed for radiochemical purity and sterility
before administration. A detailed description of the method for producing
2-[11C]thymidine has been given elsewhere (21). Formulations for i.v. injection were analyzed by HPLC to ensure chemical and radiochemical purity and
by the Limulus amoebocyte lysate test to ensure apyrogenicity. Random
samples were shown to be sterile.
Patient Imaging. Imaging was performed on an ECAT 931-08/12 scanner
(CTI/Siemens, Knoxville, TN) after insertion of arterial and i.v. lines for blood
sampling and injection of radiotracer, respectively. Patients were positioned on
the scanner using skin markings of bony landmarks that were obtained using
X-ray simulation of a ROI including the tumor that was defined from a CT
scan. CT-PET image coregistration was not possible because of poor image
alignment in the abdomen. To derive quantitative image data, results were
calibrated and corrected for tissue attenuation and dead time. A 68Ge phantom
was used to calibrate the PET data with radioactivity measured in a well
counter and enabled the image data to be expressed in kBq䡠ml⫺1. An initial
20-min transmission scan was obtained for correction of tissue attenuation. In
a subset of patients, the transmission scan was followed by a 10-min perfusion
scan using inhaled [15O]CO2 (activity ⫽ 4 MBq) and a constant flow rate of
500 ml䡠min⫺1 for 210 s, starting 30 s into the scan. Arterial blood was
withdrawn at a rate of 5 ml䡠min⫺1, and radioactivity due to 15O was monitored
continually by passing the arterial whole blood through an on-line bismuth
germinate detector cross-calibrated with a well counter (16, 22).
The 2-[11C]thymidine scan was performed approximately 15 min after the
perfusion scan. 2-[11C]Thymidine was administered i.v. as a bolus over 30 s,
30 s after starting scanning. An on-line measuring system was used to record
the radioactivity of arterial blood samples at 1-s intervals. Discrete blood
samples were also taken up to 60 min after tracer administration to calibrate the
radioactive counts, define the plasma to blood partitioning (n ⫽ 10), and
measure the relative amounts of parent and metabolite compounds in the
plasma (n ⫽ 6) using HPLC (23).
PET Image Analysis. The tomographic data were reconstructed using the
method of filter back-projection. Voxel dimensions were 2.1 ⫻ 2.1 ⫻ 6.4 mm,
and the radial, tangential, and axial full half width maximum values were 8.4,
8.3, and 6.6 mm, respectively. Inspection of a recent CT scan was used to assist
the delineation of tumor and normal tissue regions. ROIs were defined using
Analyze image analysis software (Biomedical Imaging Resource, Mayo Foundation) on integral images. To ensure only viable tumor was analyzed, tumor
rims were defined using the conventional images, the perfusion scans, and the
2-[11C]thymidine data. To minimize the effect of organ movement, tumor
volume was defined on a minimum of five planes, avoiding those at the top and
bottom and those at the apparent edge of an organ. All tumors greater than 4
cm2 contained areas of central necrosis that were excluded from the ROIs
(patients 4–7, 9 –11, and 14–17). Once the ROIs were defined, they were applied
to the dynamic images to generate time-activity curves for the tumor regions.
Quantification of Tissue Tracer Uptake. Changes in the imaged tumor
tracer concentration measured over time, together with the plasma data, were
used to estimate physiological parameters. In a subset of patients given
[15O]CO2, values for tissue perfusion (ml䡠min䡠mg⫺1) were obtained using the
model described originally by Kety and Schmidt (24). A SUV was calculated

for each time frame [SUV ⫽ measured tissue activity/(injected activity/patient
weight)] from the start (t ⫽ 0) to the end (t ⫽ 3600 s) of the scan. The data
were analyzed to give SUV3000 –3600 (kg䡠ml⫺1) calculated as the midpoint
between the SUV obtained at 3000 and 3600 s. The integral of the SUV time
curve was used to calculate the area under the time-activity curve, AUC3600
(kg䡠min䡠ml⫺1).
Kinetic modeling of the PET activity versus time data was carried out using
spectral analysis, which fits a large number of discrete exponential curves to
the data with no predefined compartments. Spectral analysis was used to
calculate the tumor IRF using a plasma metabolite corrected input function and
the corresponding tumor time-activity curve (15). Values for IRF were obtained for the delivery (IRF1 min) and the uptake (IRF60 min) of tracer in tumor.
The FRT in tissue at 1 h was calculated as IRF60 min/IRF1 min. FRT values can
range from 0 –1, corresponding with 0 –100% of the delivered tracer being
retained in a tissue at 60 min.
Ki-67 Immunostaining. Before PET scanning, samples of the tumor to be
imaged (the primary disease or a synchronously occurring metastasis) were
taken for immunocytochemical analysis by MIB1 antibody staining. The
antibody staining was performed on paraffin-embedded sections of tumor
using published methodology (20). Briefly, after dewaxing and blocking
endogenous peroxidase with 3% H2O2 for 20 min, sections were rinsed and
immersed in boiling 10 mM citric acid (pH 6) and placed in a pressure cooker
at 15 p.s.i. for 1 min. After rinsing further, sections were incubated with normal
rabbit serum diluted 1:5 in PBS for 5 min, followed by 1 h with MIB1 antibody
(Immunotech, S.A., Marseilles, France). Visualization of the antibody was
obtained by incubation with conjugated streptavidin/biotin complex for 30 min
followed by 0.5% diaminobenzidine and 0.03% H2O2 in PBS for 2–7 min.
Finally, sections were counterstained with hematoxylin. Cell counting was
performed without prior knowledge of the PET scan results. For each section,
2000 tumor cells were counted, and the number of nuclear-labeled tumor cells
was expressed as a percentage of the total to provide the Ki-67 labeling index.
The relationships between variables were investigated using the Pearson correlation coefficient.

RESULTS
Patient Characteristics. The study comprised 17 treatment-naı̈ve
patients with histologically confirmed advanced intra-abdominal malignancy. All patients had documented normal liver and renal functions. Tables 1 and 2 list the patient characteristics and PET variables.
The mean age and weight were 65 years and 65 kg, respectively. The
mean values with SDs for the injected radiotracer dose, radiochemical
purity, and specific activity were 336 ⫾ 145 MBq (range, 80 –547
MBq), 99 ⫾ 0.8% (range, 97.3–99.7%), and 19378 ⫾ 13786 MBq/
mol (range, 5433– 63060 MBq/mol), respectively. The volume of
tumor tissue imaged ranged from 2.8 to 17.6 cm3 (mean, 7.5 cm3).

Table 1 Patient characteristics and Ki-67 index data
Patient
no.

Primary
site

Imaged
site

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Anus
Bowel
Liverc
Bowel
Bowel
Bowel
Unknown
Kidney
Bowel
Bowel
Pancreas
Pancreas
Pancreas
Bowel
Bowel
Bowel
Bowel

Primary
Ovary
Primary
Liver
Liver
Liver
Liver
Lung
Liver
Liver
Liver
Primary
Primary
Liver
Liver
Liver
Liver

a
b
c

Age Weight Biopsy from Time
LI
Gender (yrs)
(kg)
imaged tumor (wks)a (%)b
F
F
M
M
M
M
M
F
F
F
F
F
M
M
F
M
F

86
69
49
67
61
60
62
58
59
56
65
59
51
58
59
76
69

57
51
89
75
50
69
90
60
60
58
67
62
71
88
42
84
37

Y
Y
Y
Y
N
N
N
N
Y
N
N
Y
Y
Y
N
Y
Y

Time, interval between biopsy for Ki-67 staining and scan.
LI, Ki-67 index.
Cholangiocarcinoma.
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2
9
126
4
22
34
0.1
4
22
9
86
26
4
2
2
3
4

42
46
8
17
64
75
42
6
44
52
32
36
34
63
63
33
45
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2-[11C]Thymidine Distribution in Blood. Fig. 1 illustrates a typical time course for the distribution of 2-[11C]thymidine in plasma. After
a bolus injection of 2-[11C]thymidine, the plasma radioactivity increased
rapidly and reached a peak approximately 60 s after tracer administration.
This was followed by a rapid fall in activity to approximately 5% of the
starting value 5 min after injection. The percentage concentration of
[11C]CO2, the predominant labeled metabolite, reached a plateau by 900 s
and contributed 65–70% of all of the 11C detected.
2-[11C]Thymidine Distribution in Tissue. A rapid increase in
tracer concentration was seen in all tissues and was followed by
variable degrees of retention. Maximum tumor concentrations were
seen 1–2 min after administration (Fig. 1). Tracer distribution was
pronounced and most homogeneous in the tumor rims, aiding the
definition of ROIs. ROIs drawn in normal tissues showed a rapid
delivery of the tracer in the liver and spleen followed by slow
washout, with faster clearance in the spleen. Rapid accumulation of
2-[11C]thymidine was seen in the kidney followed by minimal clearance.
Analysis of the Influence of Tissue Perfusion on PET Data.
Table 2 lists the tumor PET data obtained from the scans. Values for
the FRT ranged from 0.096 to 0.690, with a mean of 0.343. In a subset
of 11 patients, tumor blood flow ranged from 0.17 to 0.97
ml䡠min䡠mg⫺1, with a mean of 0.52 ml䡠min䡠mg⫺1. There was no
significant relationship between tumor blood flow and the FRT
(r ⫽ ⫺0.40; Fig. 2).
Table 2 PET data
Patient
no.

Tumor
volume (cm3)

SUVa

AUCb

FRT

IRF60minc

Flowd

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

2.8
4.1
10.9
6.6
6.6
13.7
9.6
5.4
4.4
17.6
4.8
5.7
9.4
2.9
6.8
11.2
4.8

2.14
1.64
2.61
0.98
0.05
0.80
0.04
0.01
0.02
0.04
0.02
0.06
0.09
0.02
0.01
0.05
0.02

9.38
7.26
12.07
8.73
10.54
9.50
13.16
8.36
7.99
13.41
9.82
12.44
9.84
5.81
9.66
14.83
9.60

0.405
0.635
0.153
0.240
0.508
0.486
0.295
0.096
0.274
0.197
0.186
0.189
0.578
0.690
0.276
0.372
0.248

0.0015
0.0015
0.0011
0.0011
0.0027
0.0059
0.0022
0.0003
0.0012
0.0011
0.0009
0.0007
0.0017
0.0012
0.0051
0.0019
0.0018

0.65
0.17
0.46
0.32
0.35
0.63
0.66
0.97
0.18

0.51
0.52

SUV, SUV3000 –3600 in kg 䡠 ml⫺1.
AUC in mg 䡠 min 䡠 ml⫺1.
c
IRF60min in s⫺1.
d
Tumor blood flow in ml 䡠 min 䡠 mg⫺1.

Fig. 2. The lack of relationship between the FRT and tumor perfusion. Data are for 11
patients given a [15O]CO2 perfusion scan followed by a 2-[11C]thymidine proliferation scan.

Relationship with KI-67 Index. There was a wide range of values
(6 –75%) for the Ki-67 index (Table 1), with a mean of 42%. Fig. 3
illustrates the relationship between Ki-67 index and 2-[11C]thymidine
PET measurements of tracer incorporation. No significant relationship
was seen between the Ki-67 index and either SUV or AUC. The
IRF60 min was also studied as a measure of the retention of the tracer.
Although there was a correlation between IRF60 min and Ki-67 index
(r ⫽ 0.68; P ⫽ 0.01), it was skewed by two outlying points. There was
a significant correlation between Ki-67 index and FRT (r ⫽ 0.58;
P ⫽ 0.02) that was not influenced by outlying data points.
Influence of Biopsy Variables. The influence of biopsy variables
was evaluated on the relationship between the tumor FRT and Ki-67
index (Fig. 4). The median interval between biopsy and PET scan was
4 weeks (range, 0.1–126 weeks; Table 1). Biopsies for Ki-67 staining
were obtained from either nonimaged (n ⫽ 7) or imaged (n ⫽ 10)
tumor. The correlation between the in vivo PET and ex vivo immunohistochemical measurement of tumor proliferation was not influenced by the timing of the biopsy (⬍4 weeks or ⬎4 weeks before PET
scan), the origin of the biopsy for Ki-67 staining (primary or metastasis), or whether the biopsy was from imaged or nonimaged tumor.

a
b

DISCUSSION

Fig. 1. The kinetics of 2-[11C]thymidine uptake in blood and tumor in a patient with
an advanced intra-abdominal cancer. Activity is the decay-corrected ECAT counts.

This study investigated the potential for 2-[11C]thymidine PET to
assess tumor proliferation in vivo in man. Heterogeneity was found in
the tumor retention of 2-[11C]thymidine between patients that was
independent of blood flow. A study in mice showed that the initial
distribution of thymidine measured 20 s after injection correlated with
blood perfusion measurements, but all measurements of thymidine
uptake made between 1 and 60 min after injection showed no correlation with perfusion (25). The work reported here has now shown in
humans that the distribution of a thymidine tracer more than 1 min
after injection is independent of tumor blood flow.
The analysis demonstrated no significant correlation between Ki-67
index and either SUV or AUC. The AUC is strongly influenced by
data collected at an early time point because of the fall in activity
within the ROI. This makes the AUC dependent on tracer delivery.
Similarly, SUV does not correct for differences in the delivery of the
tracer. The full potential of the PET technique requires the use of an
appropriate model to relate the observed time course of the tracer in
tissue to the concentration of tracer in plasma. The conventional
approach to tracer kinetic modeling of PET data is to use a compart-
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Fig. 3. The relationship of the ex vivo Ki-67
index of proliferation with the in vivo PET parameters SUV, AUC, IRF60 min, and FRT. Data are for
17 patients with advanced intra-abdominal malignancies.

Fig. 4. Lack of influence of biopsy variables on the relationship between FRT and
Ki-67 index. The relationship was not influenced by the interval between biopsy for Ki-67
staining and PET scanning (top panel), whether the biopsy was from the primary tumor
or a metastasis (middle panel), or whether the biopsy was from the imaged or nonimaged
tumor (bottom panel).

mental model with different compartments representing a particular
tissue space or chemical form of the compound. Compartmental
models require some knowledge of the biological fate of the compounds in vivo, and, because the number of compartments and relationships between them are fixed, they are highly constrained. If the
assumptions are incorrect, then the model will be inaccurate. The
model described by Mankoff et al. (18) included five tissue compartments requiring the estimation of eight rate constants from three
measured blood input functions (thymidine, intermediate metabolites,
and CO2) and the time-activity curve. The latter approach can lead to
a problem in identifying parameters. It was anticipated that it would
not be possible to estimate all parameters accurately due to the
similarity in time courses for each input function and the inherent
noise in the tissue data. Spectral analysis (26) was therefore used to
obtain pharmacokinetic parameters because it requires no a priori
decision about the most appropriate compartmental structure (26 –28).
Spectral analysis allows for the characterization of the IRF of the
tracer and accounts for the interpatient variability in tracer delivery.
The FRT parameter is related to the mean transit time of the tracer
that equals the volume of distribution/delivery. The FRT is more
robust to partial volume effects than other parameter estimates. Partial
volume effects result from the limited spatial resolution of the tomograph. Thus, if a region contains tissue that is not homogeneous (for
instance, where much of it is necrotic and lacks a signal), then the
SUV and AUC parameters will underestimate the level of tracer
incorporation. The FRT, however, will be independent of these partial
volume effects. The FRT, like the other parameters, will still be
susceptible to partial volume effects that relate to the spill in and out
of regional signals due to the tomograph’s inherent point spread function.
A relationship was seen between the level of tracer retained in
tumors, measured using the spectral analysis, and Ki-67 index. Although the spectral analysis offers an improvement over SUV and
AUC, it is important to note that none of the parameters obtained
attempted to correct for the contribution of labeled metabolites in
tissue. [11C]CO2 has been shown to comprise around 15% of the
tumor activity (15), and the contribution of the other labeled metabolites is unknown. A method, based on a dual-scan approach, was
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developed to correct for the presence of radiolabeled metabolites (15),
but only after the data presented in this study were collected. It is
likely, therefore, that there may be potential for improving the level of
correlation between Ki-67 index and the in vivo measure of proliferation if further measurements of the metabolite contribution to the
tissue could be made.
The IRF60 min/IRF1 min ratio (FRT) appeared more robust than
using IRF60 min. The correlation between Ki-67 index and FRT was
similar to those reported for Ki-67 index and tritiated thymidine (29,
30), BrdUrd (31–33), and IUdR (34) indices. The wide range of Ki-67
indices seen in the cohort of patients studied was representative of a
heterogeneous patient group, reflected by a similar range in values for
FRT. The difference in tissue sampling techniques between the PET
and pathology methods will contribute to the modest correlation
between the parameters. For example, a tumor with a small number of
highly proliferative cancer cells and a large number of nonproliferating normal cells (e.g., fibroblasts, endothelial cells, macrophages, and
lymphocytes) might appear less active using PET than a tumor with a
high proportion of more slowly proliferating tumor cells and a small
number of normal cells. A number of physiological and biological
properties of tumors may also negatively influence the relationship
between FRT and Ki-67 index. Some of the tissue samples were
obtained many weeks before the PET study at the time of initial
diagnosis. The biological variability between primary tumors and
metastases may also be a confounding factor because of heterogeneity
in the number of proliferating and metastasizing cells (35). In addition
to the biological heterogeneity of these tumors that could potentially
mask any true differences in proliferative behavior, physiological
factors such as tumor perfusion may be important. The level of
correlation seen between the Ki-67 index and FRT in the group of
patients studied, despite the above-mentioned potentially confounding
factors, supports the continued development of the methodology as a
measure of human tumor proliferation.
In summary, this study has shown a statistically significant correlation between tumor FRT obtained in vivo using 2-[11C]thymidine
and proliferative index measured ex vivo using Ki-67 staining. The
finding supports the use of 2-[11C]thymidine PET as a means of
measuring changes in tumor proliferation in vivo in response to
antiproliferative treatment. This may be potentially useful in the
selection or modification of treatment based on the individual biological characteristics of a tumor with the aim of improving treatment
outcome.
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