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if it is responding to chemotherapy. Because tumor shrinkage is
often delayed after successful cytotoxic therapy, anatomic
imaging is typically repeated after at least 2 mo of therapy.
Even then, persistence of fibrotic or inflammatory masses may
make it difficult to judge true tumor response to treatment. PET
can aid in this task, because metabolic changes in the tumor are
expected to precede changes in size. As PET is being developed
for tumor imaging, among the major issues to be addressed are
the optimal imaging agent to be used and the timing of imaging.
Fluorodeoxyglucose (FDG) has been the most widely used
agent in PET tumor imaging. This stems in part from its
relatively straightforward synthesis, long half-life for a PET
radionuclide (I 10 mm) and high tumor uptake. FDG may
encounter problems in some situations in which tumor cells
may continue to be energetically active even after their repli
cative machinery has been damaged. Furthermore, FDG may be
taken up by inflammatory cells such as macrophages found in
dying tumors (1 ). We have, therefore, sought to study tracers
that may be more closely tied to cellular proliferation (2,3).

Because thymidine is readily taken up by cells and incorpo
rated into deoxyriboneucleic acid (DNA), it has been used for
many years to assess cell growth when labeled with long-lived
tracers such as â€˜4Cand 3H. Studies in rats have shown that
DNA and protein biosynthesis decline after therapy more
promptly than FDG uptake (4). We have been studying
I 1C-thymidine kinetics compared with FDG in patients under

going chemotherapy. The ability to label thymidine with Iâ€˜C
allows the production of images of uptake and retention (5,6).
In patients with lymphoma, Iâ€˜C-thymidine uptake correlated
with tumor grade (7). Carbon-l 1-thymidine can be produced
for PET imaging with the label in either the methyl or ring-2
positions. The nng-2 form of thymidine was chosen because it
is primarily degraded to CO2, which simplifies its quantitation
and modeling (8,9). In this study, we examined the changes
seen in thymidine uptake early after the onset of chemotherapy
in patients with small cell lung cancer and sarcoma. This study

This study was performed to determine if PET imaging with
1 1C-thymidine could measure tumor response to chemotherapy

early after the initiation of treatment. Imaging of deoxyriboneucleic
acid biosynthesis, quantitated with 11C-thymidine, was compared
with measurements of tumor energetics, obtained by imaging
with 18F-fiuorodeoxyglucose (FDG). Methods We imaged four
patients with small cell lung cancer and two with high-grade sar
coma both before and approximately1 wk after the start of chemo
therapy. Thymidine and FDG studies were done on the same day.
Tumor uptake was quantified by standardized uptake values (SUVs)
for both tracers by the metabolic rate of FDG and thymidine flux
constant (I<TdR) using regions of interest placed on the most active

part of the tumor. Results: In the four patients with clinical response
to treatment, both thymidine and FDG uptake markedly declined 1
wk after therapy.Thymidinemeasurementsof SUV and KTdRde
dined by 64% Â±15% and 84% Â±33%, respectively. FDG SUV and
the metabolic rate of FDG declined by 51 % Â±9% and 63% Â±23%,
respectively. In the patient with metastatic small cell lung cancer
who had disease progression, the thymidine SUV decreased by only
8% (FDG not done). In a patient with abdominal sarcoma and
progressive disease, thymidine SUV was essentially unchanged
(declined by 3%), whereas FDG SUV increased by 69%. Conclu
sion: Images show a decline in both cellular energetics and prolif

erative rate after successful chemotherapy. In the two patients with
progressive disease, thymidine uptake was unchanged 1 wk after
therapy. In our limited series, KTdRmeasurements showed a com
plete shutdown in tumor proliferation in patients in whom FDG
showed a more limited decrease in glucose metabolism.
Key Words: PET; thymidine; fluorodeoxyglucose

J NucIMed1998;39'.1757-1762

PETprovidesawayofmeasuringregionaltumormetabolism
and the response to therapy. At present, clinicians use tech
niques that measure the change in size of a tumor to determine
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was designed to determine if very early changes in DNA
synthesis would be useful in assessing treatment response.

MATERIALS AND METhODS

Patients
We evaluated six patients (6 men; age range 45â€”69yr; mean age

60 yr), four with small cell lung cancer and two with sarcomas.
Cancer was newly diagnosed in all patients, and none had received
prior chemotherapy. The patients with small cell lung cancer all
had extensive disease and received chemotherapy with cisplatin on
Day I and etoposide for 3 days. One patient (Patient 5) had a
high-grade sarcoma in his thigh with pulmonary metastases and
was treated with MAID [mesna, doxorubicin (Adriamycin), ifosf
amide and dacarbazine] chemotherapy (10). In the patient who had
an abdominal sarcoma, after initial surgical resection, it rapidly
recurred, and he was treated with Adriamycin and dacarbazine.
Patients were studied just before chemotherapy and again approx
imately I wk after chemotherapy started (mean 7.7 days; range
6â€”11 days). Although some patients had responses to chemother
apy, all patients subsequently died from either progressive or
recurrent disease. All imaging study protocols were approved by
institutional Human Subject and Radiation Safety Committees, and
all patients gave informed consent.

At the time of imaging, all patients were in good overall health
other than the presence of their cancers. All patients underwent
blood tests to determine hematocrit, white blood cell counts and
platelet counts before each study. All patients had hematocrits
greater than 30% and platelet counts greater than l50,000/pJ. No
patient was neutropenic. All patients had renal and hepatic function
within normal limits. All patients were interviewed, and blood
pressure and pulse measurements were taken on the day of the
study to ensure that patients were reasonably hydrated, especially
after chemotherapy. All patients fasted overnight before the study
and had plasma glucose measurements taken as part of the study.
One patient (Patient 3) had noninsulin-dependent diabetes mellitus
and required 5 U of regular insulin to bring his plasma glucose to
less than 130 mg/dl in his baseline but not post-therapy study. None
of the remaining patients had evidence of glucose intolerance.

Radiochemistry
Carbon-l l-thymidine labeled in the ring-2 position was prepared

just before use according to a modification of the method of
Vander Borght et al. (6) and Link et al. (II ). The radiochemical
purity of high-performance liquid chromatography (HPLC) iso
lated material was >96%, except in one patient in which it was
85%. The activity of â€˜â€˜C-thymidineinjectedrangedfrom 128 to
819 MBq (3.5â€”22.1 mCi, mean 550 MBq), and the specific activity
was 0.27â€”61.5 GBq4tmol (mean 15 GBq/p.mol) at the time of
injection. FDG was synthesized by the method of Hamacher et al.
(12). Radiochemical purity and specific activity were measured by
HPLC using an aminopropyl/normal phase column eluated with
acetonitrile/water and followed by radiation and refraction index
detectors. The amount of FOG injected ranged from 284 to 401
MBq (7.7â€”10.8 mCi, mean 350 MBq) and had a purity of >97%
and specific activity of >47 GBq/mmol at the time of injection.

PET Imaging and Data Analysis
Patients fasted overnight before the study but were allowed

noncaloric liquids. Thirty-minute transmission studies, obtained for
attenuation correction, were obtained before tracer injection. In all
patients, dynamic PET imaging was performed with each tracer,
starting at the beginning of a 1-mm infusion of thymidine or a
2-mm infusion of FDG. Timing of the dynamic imaging studies
was as follows: 4 X 20-sec scans, 4 X 40-sec scans, 4 X I-mm
scans, 4 X 3-mm scans and 8 X 5-mm scans. Two patients were
imaged on an SP-3000 tomography unit (PET Electronics, St.

Louis, MO) with four imaging planes (plane thickness 11.5 mm,
with a 3.5-mm gap between planes) (13, 14). Four patients were
imaged on an Advance tomography unit (GE Medical Systems,
Milwaukee, WI) operating in high-sensitivity mode with 35 imag
ing planes (plane thickness 4.25 mm without a gap) (15, 16). All
images were corrected for scattered and random coincidences.

To obtain tissue time-activity curves, region-of-interest (ROl)
analysis was performed on the dynamic images. ROIs were drawn
using both the summed 20â€”60-mm thymidine and 30â€”60-mm
FDGimagescombinedwithCTorMRimagesas guides.Thesame
ROIs were used to analyze the thymidine and FDG studies done on
the same day. ROIs were drawn over the portion of the tumor
containing maximal counts on the summed images. On SP-3000
images, a 9â€”19-mm-diameter ROI was placed on a single plane.
On the Advance tomograph, which had a thinner plane, a 19-mm
diameter ROl was placed in the three adjacent image planes with
maximal tumor counts, and counts from the three planes were
summed for each time bin. On all studies, the site of maximal
tumor counts on the thymidine image was within several pixels of
the maximal tumor site on FDG summed images. On post-therapy
studies, tumor sites could not always be identified on thymidine
images, in which case only the FDG images were used to draw
ROIs. The same size ROI was used on both pre- and post-therapy
studies. Because ROIs were drawn in the center of relatively large
tumors, no partial-volume correction was warranted. Tissue and
blood time-activity curves were decay corrected and converted to

@Ci/mlunits using calibration data obtained at the time of each
study.

To obtain the input function for the amount of thymidine
delivered to the tumor through the bloodstream, we obtained
arterial or venous blood samples when possible. These blood
samples were then analyzed to determine the total activity in whole
blood as a function of time and the fraction of activity in intact
thymidine versus labeled metabolites (9 ). Briefly, an aliquot of
each sample was mixed with NaOH to retain radiolabeled CO2 and
bicarbonate and thereby measure total activity. Selected samples
underwent treatment with acid to remove labeled C02/HCO3 and
to measure these species (CO2) by difference with the total blood
activity. Samples were also analyzed by HPLC to determine the
fraction of non-CO2 activity present as intact thymidine versus
thymine or related small molecules (called metabolites). Curve
fitting and interpolation techniques (9) were applied to blood and
labeled metabolite time-activity curves. The tissue and blood curve
data were then used to estimate thymidine influx into tissues, as
described later.

FDG blood samples were centrifuged to separate plasma and red
blood cells, and plasma was pipetted and counted to obtain FDG
blood time-activity curves from time of injection to 60 mm after
injection. All blood and metabolmte samples were counted on a
Cobra well counter (Packard Instrument Co., Meriden, CT), which
was cross-calibrated to the tomograph on the day of each study.
Plasma glucose levels were measured at least three times over the
course of the FDG study, and the average value was used in the

metabolic rate of FDG (MRFDG) calculations.
In four patients, arterial blood sampling was performed during

both the pre- and post-therapy scans. In one patient (Patient 6),
venous blood sampling was performed during the pretherapy study
for metabolite analysis, and total blood activity was determmned
from dynamic abdominal aorta images obtained as part of the
imaging study. Aortic image data were corrected for partial-volume
loss by comparison to late blood samples. In the post-therapy scan,
total blood activity was determined from the abdominal aorta, but
no blood sampling could be performed; so average metabolite
curves obtained from a pool of previously studied patients were
used (9). In one patient (Patient 4), blood samples were not
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on serial chest radiographs obtained 2 mo after the start of that
therapy. In that patient, only thymidine imaging of a pelvic
metastasis was done, and it demonstrated a decline in SUV of
only 8%. KTdR was not calculated because blood sampling
could not be done during either pre- or post-therapy scans. This
patient was subsequently treated with cyclophosphamide, doxo
rubicin and vincristine with a good response and had a stable
partial remission for 9 mo after the start of his second-line
chemotherapy. A third PET study performed approximately 2
wk after the change in chemotherapy showed a 27% drop in the
thymidine SUV compared with the study performed after the
initial chemotherapy. Brain metastases subsequently developed,
and the patient died 13 mo after first starting therapy.

In the patient with a high-grade sarcoma in his thigh, there
was marked decrease in tumor metabolism in response to
chemotherapy. Within 6 days, KTdR was 0 and MRFDG had
decreased by 58%. This patient had five cycles of chemotherapy
followed by resection of the thigh lesion and was found to have
no viable tumor left. Mediastinoscopy was also performed to
evaluate chest disease, and biopsy samples showed evidence of
viable metastatic tumor despite the complete response of the
primary tumor. Recurrent disease developed subsequently in
this patient's central nervous system. He was treated with
high-dose chemotherapy and died 20 mo after he was first
treated. Another patient with abdominal sarcoma had a negli
gible change in thymidine measurements, whereas FDG SUV
and MRFDG increased by 69% and 85%, respectively. Based
on serial CT scans, his disease progressed during the first course
of treatment. He refused further treatment and died of progres
sive disease.

SUV and KTdRfor thymidine were correlated with each other
(linear regression correlation constant, r 0.63; n 10; p
0.05), as were SUV and MRFDG (r = 0.67, n = 10, p < 0.05).
Changes after therapy in SUV versus flux estimates were also
correlated (thymidine: r = 0.86, n = 5, p = 0.06; FDG: r =
0.96; n = 5, p < 0.01). Changes in thymidine and FDG SUV
with therapy were significantly correlated (r = 0.94, n = 5, p <
0.05); however, changes with therapy in KTdR were not as well
correlated with changes in MRFDG (r = 0.62, n = 5, p > 0.20).
Thus, changes in simple uptake measures for FDG and thymi
dine, which are partly reflective of delivery and distribution of
tracer, were correlated, whereas changes in the flux measure
ments for the two tracers, which are more reflective of specific
metabolic pathways, were not.

DISCUSSION
PET gives the opportunity to measure tumor metabolism in

vivo and follow metabolic changes in response to therapy.
Currently, the response of tumors to therapy is assessed on the
basis of physical examination and anatomically based imaging.
This makes it difficult to assess the early response to chemo
therapy and does not allow clinicians to make timely decisions
to change therapy when tumors fail to respond. As a result,
patients are frequently subjected to excessive normal tissue
toxicity. Repeated measurements of tumor metabolism made on
biopsy specimens have been used successfully to obtain early
measures of response to therapy (22,23). Such biopsy studies
are limited by the necessity to invasively sample the tumor to
measure response and by the heterogeneity of the tumor.
Metabolic imaging using PET has the potential to overcome the
limitations of biopsy-based methods, and preliminary investi
gations of FDG use to measure response to therapy have been
promising (24â€”27).

This investigation of 2-' 1C-thymidine in this preliminary
group of patients demonstrates the potential of labeled thymi

Eq. 2

where [TdR] is the concentration of native (unlabeled) thymidine
in the plasma (pmol/ml) and KTdRis the thymidine incorporation
flux rate constant (ml/min/g). KTdRis estimated graphically using
a model that assumes thymidine is reversibly taken up into tissue
and that some of the label is incorporated into DNA and therefore
irreversibly bound in tissue over the time course of imaging.
Because the native plasma level of thymidine was not measured,
we used the rate constant as a measure of tumor proliferation and
refer to this as the thymidine flux constant (KTdR).The presence of
labeled metabolites was considered using blood metabolite data
with the assumption that none of the labeled metabolites were
trapped in tissue to any significant extent (8). KTdRreflects the
steady-state rate ofthymidine incorporation through the external or
salvage pathway. This has been shown to be closely tied to the rate
of DNA synthesis in the tumor (17â€”19).

FDG uptake was quantified as both SUV and metabolic rate.
SUV was calculated using Equation 1. The average tissue activity
was calculated from ROl data obtained 30â€”60mm after injection.
This measurement reflects the accumulated activity of FDG in the
tumor.

The FDG flux constant was estimated from the 0â€”60-mmblood
time-activity curve and the 20â€”60-mmtissue time-activity curve
using standard graphical analysis (20,21 ). Glucose metabolic rates
were calculated by multiplying the flux constant X the plasma
glucose concentration, obtained from measurements performed at
the time of the study. No assumptions about a lumped constant
were made so that the estimated metabolic rate is appropriately
described as MRFDG, with units @.tmol/min/100g.

RESULTS
Three of the four patients with small cell lung cancer had

pathologic or clinical evidence of a response to therapy. Patient
1 died of sepsis 19 days after the start of treatment and, at
autopsy, his tumor was >95% necrotic and fibrotic. The rapid
pathologic response of his tumor was reflected in the decline in
thymidine uptake and in the FDG uptake seen 7 days after
therapy (Fig. 1, Table 1). Patient 2 had a clinically complete
response to treatment on the basis of findings on CT scans. His
response lasted for 6 mo, and he died ofrecurrent disease 12 mo
after the start oftreatment. Patient 3 achieved a partial response,
but brain metastases developed 10 mo after the start of therapy,
and he died 12 mo after beginning treatment. In each of these
patients, there was a marked decrease in both thymidine SUV
and KTdRand FDG SUV and MRFDG (Table 1). Patient 4, with
small cell lung cancer metastatic to the abdomen and pelvis, had
no response to cisplatin and etoposide on the basis of findings

obtained and, because the patient's tumor was in the pelvis, there
were no large blood vessels for determining total blood activity. In
this patient, only standardized uptake value (SUV) determinations
were made.

Thymidine uptake was quantmfied as follows:

Average tissue activity (pCi/ml)
SUV = . . . . . Eq.]

(Injected dose (mCi)/patient weight (kg))

The average tissue activity was calculated from ROl data from the
images obtained 20â€”60mm after injection.

The thymidine blood-tissue transfer (flux) rate constant (KTdR)
was obtained from metabolite-corrected graphical analysis using
blood and metabolite time-activity curves obtained 0â€”60mm after
injection and the tissue time-activity curve obtained 20â€”60mm
after injection (8). This flux value represents the steady-state flux
of thymidine from the blood into tumor DNA (@mol/min/g tissue),
as described by the following:

Flux = [TdR] x KTdR,

PET IMAGINGWITHTHYMIDINEâ€¢Shields et al. 1759



IPOST-THERAPY

7@c
@â€˜@_:#@,

PatientThymidineAuorodeo@@@ucosesuv*KTdRsuvMRFDG*Declinetâ€¢_@@lineDec@neDeclineDisease
no. Response Pre Post(%)PrePost(%) Pre Post(%)PrePost(%)

*M@ure@ts before chemotherapy included SUV, thymidine flux constant (KTd@)and metabolic rate of FDG (MRFDG). Units for KT@ are mVmin/g and
for MRFDGare @moVmirtf100g.

tp@entage decline in indicatedmeasurement after firstcycleof therapy.
*CR= complete response inthe tumor as judged cIink@aIty.
5Patient4 did not have blood sampling,so KTdRcould not be calculated.FDGwas not done.
NA = not available.

dine to provide accurate assessments of the early response to
therapy. All four of the patients who responded to therapy
showed significant declines in thymidine uptake early after
therapy, whereas the two patients that did not respond to
therapy showed no change or only minimal declines. In one of
these patients, thymidine correctly identified a response when
the patient was switched to chemotherapy, which ultimately

proved to be initially successful in halting the progression of his
disease. Although changes in FDG uptake in response to
successful therapy were smaller than changes in thymidine
uptake, FDG imaging was able to separate the four responders
from the one nonresponder undergoing FDG imaging. These
findings agree with in vitro studies of cellular response to
therapy, in which measurements based on thymidine incorpo

TABLE I
Prechemotherapy Standardized Uptake Value (SUV)and Metabolic Rates and Percentage Decline with Therapy

Lungcancer1Completes2.90.9690.1150.0001006.73.25220.713.9332Complete4.90.8830.0510.0001006.82.66235.56.0833Partial1

.80.9480.0630.041354.92.55024.55.37945Progressive1
.61.48NANANASarcoma5

6CompleteProgressive3.31.41.5 1.355 30.1020.0200.0000.017100 1513.1 2.67.9 4.440 â€”6928.57.212.113.358 â€”85
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FiGURE1. Imagesof smallcelllungcancer (Patient1).PETand CTimageswere obtalnedbeforeand 6 days intotherapy.Thymidineimageswereobtained
20-60 mmpostinjection,and FOGimagesObtained30-60 mmpostinjection.Imagesofthymidineuptake show markeddeclineintumor uptake (longarrow).
Note thymidineuptake in vertebralmarrowis visiblebefore and after therapy (shortarrow).Pretreatment 1@Tscan was obtained withcontrast medium,
whereas post-treatmentscan was obtained withoutcontrast.



physiologic changes that occur when a tumor responds to
chemotherapy.

CONCLUSION
PET imaging early after therapy demonstrated declines in

thymidine and FDG retention within approximately I wk of
successful chemotherapy. The changes in thymidine retention
were greater, which suggests that it may be a more sensitive
early indicator of tumor response to treatment. In the two
patients with progressive disease, there was little change in
thymidine retention. In most general oncology practices, the
usual protocol is to give the patient approximately 2 mo of
therapy and then repeat anatomic imaging, such as CT or MRI,
to determine if the tumor is responding. If PET provides a more
rapid assessment of response for other tumors and treatments,
then it could help eliminate ineffective treatments after the first
cycle of therapy. A PET scan costs less than most cycles of
chemotherapy. Early assessment of response will help patients
avoid the morbidity of ineffective treatment and allow them to
receive other, potentially more effective treatments sooner.
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FIGURE 2. Blood and tumor time-activity curves. Graph demonstrates
course of tumor activity before therapy, along with blood 11C activity
measured as thymidine, metabolites (primarilythymine and dihydrothymine)
and bicarbonate. Dataarefrom Patient 2. Blood activity has been fitusing our
modelingscheme.

ration and cellular energy metabolism were both able to
measure cell death, but thymidine uptake declined more rapidly
(4).

We found that SUV and flux measurements correlated with
each tracer study. Although the changes in thymidine SUV and
FDG SUV values with therapywere correlated,changes in the
flux values were not correlated. Our explanation is that, with
thymidine, minimum SUVs are close to 1 because of the
contribution of labeled metabolites to the images, even when
the corresponding flux was nearly 0. Labeled metabolites
contribute to the simple uptake measurement but not to the flux
parameter. This difference becomes important in interpreting
post-therapy thymidine results, in which the estimation of KTdR
identified several tumors whose thymidine incorporation ap
proached 0. In these patients, clinical and pathological fol
low-up suggested a complete response to therapy. In this limited
series, thymidine flux measurements were able to show a
shutdown in tumor proliferation in patients in whom FDG
showed a more limited decrease in glucose metabolism. Further
studies are needed to determine if these concepts will remain in
a larger group of patients.

We studied only a limited number of patients undergoing
chemotherapy for relatively high-grade tumors. Besides study
ing additional patients with similar tumor types, it will also be
necessary to study patients with low-grade tumors, such as
intermediate-grade sarcomas, to determine whether these trac
ers will perform equally well for less metabolically active
tumors. Because lower-grade tumors often have a more variable
response to chemotherapy, accurate early assessment of re
sponse may be even more important than in higher-grade
tumors.

Besides the small number of patients, there are other limita
tions to this preliminary study. The ROI-based image analysis
considered only the most active portion of relatively large
tumors. Although it is likely that the most highly proliferative or
metabolically active portion of the tumor will drive clinical
decisions regarding therapy, analysis methods capable of as
sessing the heterogeneity of the tumor, both at baseline and in
response to therapy, might provide a more accurate assessment
of response. Furthermore, quantitative analysis considered only
the overall flux of tracers from blood to tissue. More detailed
compartmental analysis may provide more insight into the
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Theuseofradiolabeled2-fluoro-2-deoxy-D-glucose(FDG),
thymidine and amino acids in PET studies has been applied
increasingly to assess tumor response to different therapy
regimens through alteration in tumor metabolism. In addition to
I 8F-FDG, other tracers, especially@ â€˜C-L-methionine, have been

used for PET studies since labeling of this amino acid with â€˜â€˜C
is relatively uncomplicated for routine production. While@ 8F-
FDG and Iâ€˜C-methionineuptakesreflect metabolicactivity, the
uptake of the nucleotide precursor, Iâ€˜C-thymidine, is consid
ered a measure of proliferative activity.

Many clinical studies have demonstrated that a reduction of
â€˜8F-FDGor@ â€˜C-methionineuptake after therapy, as determined
by PET, correlates to positive clinical results obtained by other
methods. Experimental studies with transplanted tumors also
demonstrated a rapid decrease in tumor uptake of 3H-thymidine,
3H-methionine and â€˜8F-or â€˜4C-FDGafter irradiation, which
preceded a change in tumor volume (1â€”6). However, the
interpretation of the PET signal after therapy is still unclear. In
some cases, tumor uptake remained at the pretreatment level or
even increased after radiotherapy, despite a reduction in tumor
mass. Although inflammatory tumor reactions with high meta
bolic activity in invading macrophages and granulocytes have
been suggested to explain this phenomenon (7), in vitro studies
with cultured human tumor cells also have shown a significant
increase in uptake of metabolic tracers in the surviving tumor
cells after irradiation or treatment with cytostatic drugs (8â€”12).
Thus, it is important to investigate the relationship between
tumor volume or number ofviable cells and the uptake of FDG,
thymidine and methionine, with and without exposure to
irradiation, in a three-dimensional tumor model.

Multicellular tumor spheroids have several biologic charac
teristics in common with in vivo tumors. These three-dimen
sional cell aggregates represent models intermediate in com
plexity between two-dimensional monolayer cultures in vitro
and transplanted tumors in vivo (13â€”15).Tumor spheroids with
a diameter of 350 @mconsist of approximately 12,000 cells,
which allow penetration of tracers to the spheroid center within
several minutes (16, 17).

Similar to in vivo tumors, tumor spheroids are composed of
cells with different metabolic activity and, consequently, with
variable uptake of metabolic tracers. Since PET visualizes the
mean uptake per unit volume in a tumor composed of cells of
higher and lower metabolic activities as well as necrotic cells,

Tumor cell spheroids provide a good model to evaluate the relation
ship between tumor volume and the number of viable cells in the
volume with the uptake of metabolic tracers before and after
therapy. They represent the only in vitro model that allows the
determination of the activity per unit volume, a parameter which is
relevant for interpretation of PET studies. The purpose of this study
was to evaluate this model with respect to the uptake of 14C-FDG,
3H-methionine and 3H-thymidine with and without exposure to
irradiation. MethOdS.@Spheroids of the human adenocarcinoma cell
line SW 707 were incubated in media containing 14C-FDG, 3H-
methionine or 3H-thymidine for 1 hr at 1, 4, 8, 24 and 48 hr after
exposure to a single radiation dose of 6 Gy together with control
spheroids. Tracer uptake after incubation was expressed in cprn/
spheroid, cpm/1 000 viable cells and cpm/0.01 mm3. In addition, the
proliferative capacity of control and irradiated spheroids was deter
mined using the clonogenic assay. Results Spheroid uptake of
FDG decreased with time after irradiation, while the uptake per 1000
viable cells was increased significantly. The activity per unit volume
remained unchanged in comparison to control spheroids. Methio
nine uptake per spheroid was unchanged after irradiation because
of the high increase in uptake per 1000 VIablecells. Uptake per unit
volume also remained unchanged in comparison to controls. Thy
midine uptake per 1000 viable cells did not change after irradiation
but showed significant differences in uptake per spheroid and per
unit volume compared to controls. The percentage of thymidine
incorporated into the TCA-precipitable fraction containing DNAwas
50% in controls and decreased to 12% at 24 hr after irradiation. The
suppressed clonogenic capacity early after therapy recovered with
the increase in thymidine uptake and with the increase in thymidine
incorporation into DNA. Conclusion: The results show that the
activity determined within a certain tumor volume is a balance
between the increased tracer uptake by survMng cells after therapy
and the lack of tracer uptake by dead cells, which still contribute to
the tumor volume. Thus, the resulting unchanged actMty per unit
volume within the spheroid, as found for FDG and methionine, may
not fully reflect therapy-induced metabolic changes in tumors.

Key Words tumor cell spheroids; therapy monitoring; fluorodeoxy
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