
probability of tumor control have been reported (4), but
they all require tumor biopsy to be performed.

Positron emission tomography (PET) using metabolic
tracers can noninvasively demonstrate various biologic
properties of tumors, including differentiating benign and
malignant disease (5-8), determining the grade of malig
nancy (9â€”12),and assessing prognosis (13). It is expected
to become a valuable method oftreatment evaluation (14-
16). Characterizationofthe behavior ofvarious metabolic
tracers in different tumor conditions is necessary to assess
the ability of each tracer to monitor the response to
treatment. In our previous study (15), L-[methyl-'â€˜CJme
thionine (â€˜â€˜C-Met)uptake by the AH1O9A tumor showed
a rapid decrease after 20 Gy ofirradiation and was followed
by necrosis and progressive tumor shrinkage. Thus, â€˜â€˜C-
Met uptake was suggested to sensitively indicate biologic
response of the tumor to radiotherapy.In this study, PET
tracers that can follow glucose, amino acid, and nucleic
acid metabolism as well as the conventional tracer 67Ga
citrate were compared in the same rat tumor model to
determine the feasibilityofmonitoring tumor radiotherapy
with a quadruple tracertechnique.

MATERIALS AND METhODS
Radiopharmaceuticals

2-Deoxy-2-['8F]fluoro-D-glucose (â€˜8FDG)and 2'-deoxy-5-
[â€˜8F]fluorouridine(â€˜8FdUrd)were synthesized using an auto
mated system(17,18).Radiochemicalpurity of both tracerswas
over 99%. The following tracers were purchased commercially:
67@ (Nihon Medi-Physics, over 99% of radiochemical purity),

â€˜4C-Met(as a substitutefor â€˜â€˜C-Met,AmershamInternational,
specificactivity: 2.07 GBq/mmol), and [6-3H]thymidine(3H-
Thd; as a substitute for â€˜â€˜C-Thd,Amersham International, spe
cific activity: 925 G&iJmmol).

Tumor and Â°CoIrradiation
A 0.1 ml suspension of 7 x 106AH1O9A cells was subcutane

ously inoculated in the thighs of young male Donryu ratsweigh

Ina ratAH1O9Atumormodel,metabolictracersforglucose,
amino acid, and nucleic acid metabolisms @2-deoxy-2-[18F]
fluoro-D-glucose(18FDG),L-[methyl-14C]methionine(14C-Met),
[6-3H]thymidine(3H-Thd),and 2'-deoxy-5-[18F]fluoroundine
(18FdLkd)@,and the conventionalradionuclide67Ga-citrate
wereusedtoassessthefeasibilityofmonitoringtumorradio
therapy using a quadruple tracer technique. Two combina
tionsof four tracers(18FDGor 18FdLkd,14C-Met,3H-Thdand
676a)were comparedina dma-coursestudyaftersingle-dose
irradiation (20 Gy) and were also used in a dose-dependency
study performed 6 days after 5, 10, 15, or 20 Gyof irradiation.
Fluorine-i 8-FDG showed a large thange in uptake and a
steady response to radiotherapy. Fluorodeoxyuhdine showed
a rapkldecrease afterradiotherapy,but the range of change
in uptake was narrow. Gallium-67 could not detect tumor
response early after treatment, but showed a marked change
in uptakelater.[6-3HJThdand 14C-Metshoweda rapidre
sponse to irradiation and a high sensitivity for monitoring
radiotherapy, suggesting that they may be feasible for PET
studies.

JNuciMed 1991;32:2118-2123

umor size measurement by x-ray or CT scan has been
the standard method of treatment evaluation in patients
undergoing radiotherapy and chemotherapy (1). However
differentiation of the residual viable tumor tissue from
areas ofnecrosis or fibrosis (2) and predicting the outcome
during treatment (3) are both difficult with such imaging
methods. Various in vitro techniques for predicting the
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studygroups
Dose-responsivestudygroups20

Gy
5, 10,15, 20 Gy1

, 2, 3, 6
6Each

studyhadnonirradiatedcon
LSC= Liquidscintillationcounter.trol

groups.

ing 160â€”200g. Irradiationwas performedwhen the tumors grew
to between1.0and 1.5cm in diameter. Ratswere anesthetized
and the tumors were exposed to a single dose of @Â°Coirradiation
at a dose rateof 1.04Gy/min usinga copperaluminumifiter
(15). Nonirradiated tumors in rats handled in the same manner,

including anesthesia,were used as controls.

Growth Curve
Tumors were measuredwith vernier calipers;the product of

the threeprincipaldiametersofeach tumor was designatedas the
â€œtumorvolume,â€•and tumor growth curves were drawn as de
scribedpreviously(19). Four groups of eight rats receivedirra
diation (5, 10, 15,or 20 Gy)and a groupofnonirradiated controls
were also used in the tumor growthstudy.

Quadruple Tracer Study
Two combinations of four tracers each (â€˜8FDGor â€˜8FdUrd,

â€˜4C-Met,3H-Thd,and 67Ga)were used to comparethese five
tracers. A dose of2.5 zCi (92.5 kBq) of67Ga in 0.25 ml of saline
was injected through a lateral tail vein. Twenty-four hours later,

a mixture of three other tracers [30 zCi (1.11 MBq) of either
â€˜8FDGor â€˜8FdUrdand 6 @Ci(222kBq) eachof â€˜4C-Metand 3H-
Thd]in 0.25 ml of salinewasinjected,and the ratswerekilled
30 mm later. There was no significantresidualtracerat the
injectionsite.Tissuesampleswereexcisedand weighed,and the
radioactivity was measured. The whole tumor was sampled in
most of the rats, but when the tumor was too large, a cross
sectional slice at its maximum diameter was sampled. For the
time-course study, the â€˜@FDGtracer combination was adminis
tered to four groups of 12â€”19rats at 1, 2, 3, and 6 days after
irradiation(20 Gy) and also to a control group. Other groupsof
7â€”13 rats were administered the â€˜8FdUrdtracer combination. For
the dose-responsestudy,the â€˜8FDOand â€˜8FdUrdtracercombi
nations were each administered to four groups of seven rats 6
days after irradiation(5, 10, 15, and 20 Gy) and were also given
to controlgroups(Table 1).Tumors at 6 daysafter 10and 20 Gy
of irradiationwereprocessedfor microscopicobservationwith
hematoxylinand eosinstaining.

Radloactivfty Measurement
Fluorine-18 radioactivity was counted just after tumor sam

pling using an automated gamma-counter with a 450â€”600keV
window(spilloverfrom 67Gawas0.133%).At this time, accurate
67Gacountingwiththe50â€”450keYwindowwasdifficultbecause
spillover from â€˜8Fwas 70.8%.Twenty-four hours afterthe exper
iment, â€˜8F(TÂ½= 109.7 mm) had decayed and 67Gacould be
counted without contamination. When liquid scintillation count
ing of3H and â€˜4Cwas performedat this time, significantcontam
ination from 67Gawas observed, probably because of the high
photonfluxfromthe low-energygammaraysof 67Ga.Accord
ingly, 33 days later when 67Ga(TÂ½= 3.2 day) had decayed, the
tumor tissue samples were digested and bleached with perchloric
acid and hydrogen peroxide (1:3) in a heater at 80Â°C.Samples
werethen mixed with the scintillation cocktail and left to stand
at room temperature overnight, after which 3H and â€˜4Cwere
measured using a liquid scintillation counter with the double
window technique.Calibrationfor quenching(channel ratio
method) and computation of the radioactivity of each nucide
wereperformedusingthecomputerprogramincorporatedin the
counter. The contamination of 3H with â€˜4Cwas 1.3%, and that

TABLE I
Time-LineDiagramDescribingthe Sequenceof the Studies

Daysâ€”7orâ€”8SubcutaneousInjectionofAH1O9Atumorcells
Day0 60Coirrad,ation*
Dayn â€”1 Intravenousinjectionof @Ga(2.5,@Ciin 0.25

ml)
Dayn* Intravenousinjectionof a mixtureof

(1@FDG+14C-Met+3H-Thd)in 0.25 ml or
(1@FdLkd+'4C-Met+3H-Thd) in 0.25 ml

Ratswerekilled30 mmlater.Tissuesampling
and15fmeasurementby â€˜y-counter(450â€”
600key)

Dayn+ 1 GaIlium-67measurementby-y-counter(50â€”
450key)

Samplesstoredat 4Â°Cfor thedecayof @Ga
Dayn + 33 Samplerepreparatlonfora-countingwitha

LSC
3H(0â€”400key)andâ€œC(400â€”670key)meas

urementsbyLSC

* Irradiation dose and the number of days after irradiation for the

of â€˜4Cwith 3H was 0.35% (Table 2). Tissue radioactivity was
expressed as the differential uptake ratio (DUR) (15):

RESULTS

DUR = tissuecounts/tissueweight
injected dosecounts/body weightS

Dose-response curves for tumor growth are shown in
Figure 1. Each curve gives the mean and standard devia
tion of the data from eight tumors. After 5 Gy of irradia
tion, tumors showed slight shrinkage followed by rapid
regrowth.Doses of 10, 15, and 20 Gy produced a similar
response oftumor swelling on 1 day after irradiation(Day
1) followed by shrinkage until Day 6. Regrowth was seen
on Day 7 after 10 Gy ofirradiation (p < 0.05) and on Day
10 after 15 Gy (p < 0.05). No tumor regrowth was observed
after a dose of 20 Gy. Instead, tumor shrinkage progressed
until the lesion disappearedcompletely (data not shown).

Tumor uptake of the five tracerswas compared after a
single dose of 20 Gy irradiation (Fig. 2). This time-course
study was continued for 6 days until tumor uptake of â€œC-
Met was reduced to that for muscle (15). In nonirradiated
control tumors, uptake of 67Gaand â€˜@FDGwas equal and
the highest. Thymidine and methionine uptake was also
equal and lower than â€˜8p@(uptake,while â€˜8FdUrduptake
was the lowest. After 20 Gy of irradiation, 3H-Thd and
â€˜4C-Metuptake decreased rapidly on Day 1 to 44.2% Â±
11.7% and 52.5% Â±19.0% ofthe control level. A gradual
and constant decrease in â€˜8fl)(iuptake became significant
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3hr

Nuclide Window 7-Counterlime

aftersamplingandmethodofcounting24hr33days

LSC-y-CounterLSC
18F ND'

LSC = liquid scintillation counter; ND' = not detectable (decayed to 0.0001%); ND@= not detectable (decayed to 0.001%); NA = not
applicable(countablebut lowcountingefficiency)and Wt= appliedfor differentialcounting.

TABLE 2
Contaminationin the DifferentialCountingof FourRadionuclides

450â€”600keV0.13% withÂ°1Ga67Ga(TÂ½:109
mm)
50â€”450keVâ€˜V%j@tJVvâ€¢tfvâ€¢tI@J\71%withâ€˜8F0Â°k withâ€˜8FNA(TÂ½:3.2

day)t%J@t.r%.AftI%J@3H0â€”400
keV63% with7Ga14C400-670

keV33% with 7Ga

ND@

1.3%dpmwith â€œC
@vW'.WtIvWj

0.35%dpmwith3H
@AWfVWv@A

when compared to the control on Days 2 and 3 (729% Â±
13. 1% and 62.8% Â±13.7% of the control level, respec
tively). Gallium-67 uptake showed a slight increaseon Day
1, followed by a rapid decrease that became significant
with respectto the control on Day 3 (53.7% Â±8.6% of the
control level). Fluorodeoxyuridine uptake showed a steady
decrease that became significant in comparison with the
control on Days 1 and 2 (87.8% Â±12.6% and 52.7% Â±
8.0% ofthe control level, respectively), although the DUR
value range was very narrow [0.97 Â±0.14 (control) to 0.23
Â±0. 13 (Day 6)]. A 50% decrease of tracer uptake was
observed on Day 1 for 3H-Thdand â€˜4C-Met,on Day 2 for
â€˜8FdUrd,and on Day 3 for 67Gaand â€˜8FDG.The results
ofa micromorphometric study of the extent of necrosis in
the AH1O9A tumors after 20 Gy of irradiation (15) are
shown in Figure 3.

The dose-response study was performed on Day 6 (Fig.
4). Fluorodeoxyglucose and 67Ga uptake by the tumors
showed a similar pattern of irradiation dose-dependency.
A significant decrease (p < 0.005) was observed between
5 and 10 Gy, but not between the control and 5 Gy for
both â€˜8FDGand 67Ga.Between 10 and 20 Gy, a significant
difference was observed for 67Gauptake but not for â€˜8FDG.

FIGURE 1. Tumor

curves after 60(@c@
irradiation.AH1O9A
s@ tumors on the
thighsof Donryurats
were irradiated on
Day 0. The dose
response study was
performedon Day 6.
Each point shows
the meanof eight tu
mors. â€¢:control, 0:
5 Gy,A: 10 Gy, @:
15Gyand @:20Gy.

Methionine and thymidine showed another pattern of
dose-dependent decrease. Significant differences (p <
0005) were observed between the control and 5 Gy, 5 and
10 Gy, and 10 and 20 Gy, while no significant difference
was observed between 10 and 15 Gy or 15 and 20 Gy.
Fluorodeoxyuridine uptake showed significant differences
between the control and 5 Gy (p < 0.05) as well as 5 and
10 Gy (p < 0.001), but not between 10 and 20 Gy.

Tumor growth rates and tracer uptake on Day 6 are
compared in Table 3. The tumors with a high growth rate
had a higher tracer uptake and those with regression had
a lower uptake, but exact correlation was not observed.
Photomicrographs ofthe tumors on Day 6 after 10 and 20
Gy ofirradiation are shown in Figure 5. Both tumors were
of the same volume (Fig. 1), but the intratumoral tissue
components were different. The lO-Gy tumor showed
multiple regenerative foci among the degenerating and
necrotic tissue (Fig. 5A), while the 20 Gy tumor showed a
large region of complete necrosis and a small area of
degenerating tissue with a clear separating zone of infil
trating mononuclear and polymorphonuclear cells (Fig.
5B).

FIGURE2. Changes
of tumor uptake for
five tracers after sin
gle-dose 60CoIrradi
ation (20 Gy). Two
separate quadruple
tracer uptake stud
ies performed using
AH1O9Atumorswere
averaged for each
point. â€¢:%a, 0:
18FDG,A: 14Câ€”Met,

@:3H-Thd and U:
18FdLfrd.

0
a

a

a2
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FIGURE4. Dose-re
sponse curves for
the tumor uptake of
five tracers 6 days
after single-dose
eoCoirradiation. Re
suIts for two sepa
ratequadrupletracer
studies are shown.
â€¢:67Ga,0: 18FDG,
A: â€˜4C-Met,L@:3H-
Thd andU: â€˜8FdUrd.

In experimental tumors, more than 70% ofthe radioactiv
ity was incorporated into the protein-bound fraction by
60 mm and about 65% by 30 mm after the injection of
â€˜4C-Met(30). The rapid reduction of â€˜4C-Metuptake by
tumors after irradiation seems to reflect both the macti
vation of protein synthesis and damage to the membrane
transport system. The same pattern of 3H-Thd and â€˜4C-
Met uptake after irradiation may suggest some linkage of
amino acid metabolism to DNA synthesis in the process
of radiation injury and repair.

After experimental radiotherapy, â€˜8p@uptake was
reduced in radiosensitive tumors but not in radioresistant
tumors (31). AH1O9A is a radiosensitive tumor cell line
and 18@TV@uptake by this tumor showed a gradual and
constant decrease with time after irradiation. Fluorodeox
yuridine may be a useful tracer for PET monitoring of
radiosensitive tumor response to radiotherapy because of
the wide range of changes in its uptake. The process of
radiation damage to glucose metabolism seems to be dif
ferent from that affecting DNA and amino acid metabo
lism. Clinical â€˜8p@studies monitoring radiochemother
apy ofhead and neck cancer (14), brain tumors (32), lung
cancer (33), and liver tumors (34) have shown that the
changes of â€˜8@j( uptake after tumor therapy correlated
with the clinical evaluation of the effects of treatment.

The mechanism of 67(3@accumulation in tumors has
been studied since 1969 and various hypotheses have been
presented, but its complexity still precludes general agree
ment (35). A large number of clinical studies have dem
onstrated its value for treatment evaluation, especially in
malignant lymphoma (36). However, 67Gaaccumulation
in inflammatory tissue and the presence of false-negative
tumors aretwo known limitations (37). The slight increase
of 67@3@uptake by the tumors one day after irradiation in
this study may be explained by its accumulation in the
leukocytes and macrophages which were observed within
and around the tumor after radiotherapy (38). This re
sponse was different from that ofthe metabolic tracers. Its

0

a

a

0

FIGURE3. M@rOmorphometryof thenecrotictissuevolume
In AHI 09A tumors after @Â°Coirradiation(20 Gy). (Reprintedby
permissionfrom Ref. 15.)

DISCUSSION

In this study, 3H-Thdand â€˜4C-Metuptake by the tumors
showed a rapid response to radiotherapy. Thymidine is
rapidly incorporated into DNA in vivo in a manner that
is independent of tissue perfusion (20) and has been used
as a marker ofcell proliferation (11,21). Thymidine uptake
by experimental tumors shows a linear correlation to the
tumor growth rate (22). The rapid reduction of 3H-Thd
uptake by irradiated tumors thus seems to result from
damage to DNA synthesis and suggests the cessation of
proliferationearly after irradiation.

Fluorodeoxyuridine is incorporated into RNA synthesis
and is also involved in the activity of thymidylate synthe
tase, the rate-determining enzyme of DNA synthesis (23,
24). Accordingly, the distribution of3H-Thd and â€˜8FdUrd
in tumors is shown to be different by autoradiography
(23). The distribution of 3H-Thd and 3H-deoxyuridine is
also different, but both tracers are only observed in the
viable cell zone and never in the necrotic region on auto
radiography (25). In vitro, 3H-Thd is incorporated into
cells mainly in the exponential growth phase, but â€˜4C-
uridine incorporation occurs in both the exponential and
confluent phases (26). These findings suggest that 3H-Thd
is a marker of proliferatingcells and â€˜8FdUrdis a marker
ofviable cells regardless oftheir proliferative status. In this
study,changes in â€˜8FdUrduptakeweredifferentfrom those
for 3H-Thd. The decrease of â€˜8FdUrduptake may have
representedthe extension of tumor necrosis. Fluorodeox
yuridine uptake decreased faster than that of â€˜8FDGand
67Ga after radiotherapy, but the change was within a
narrow range. Although the value of â€˜8FdUrdin the diag
nosis ofbrain tumors has been reported(27), such narrow
uptake changes require sensitive detection, which is not
advantageous when attempting to monitor tumor radio
therapy with PET.

Amino acid accumulation in tumor cells is mediated by
active transport at the cell membrane (28) and by the
increased metabolic demand of the cells themselves (29).
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Volumetrictumorgrowthrate Traceruptake(DUR)and%changeDoubling

Volumetime
increase â€˜FDG â€˜Fdlfrd 67@â€˜4C-Met3H-ThdTumor

(days) (%) n = 7 n = 7 n = 12 n = 12n =12Control

1.21 +73% 4.99Â±0.74 1.04Â±0.23 4.87Â±0.62 2.28Â±0.552.59 Â±0.60(100%)
(100%) (100%)(100%)(100%)5

Gy 3.26 +23% 4.44Â±1.42 0.78Â±0.l2@ 4.78Â±0.60* 1.62Â±0.411 .74Â±0.48@(89%)
(75%) (98%)(71%)(67%)10

Gy 7.61 +9% 2.14Â±0.79' 0.39Â±0.10' 2.20Â±0.70* 1.04Â±0.34@0.99 Â±0.38@(43%)
(38%) (45%)(46%)(38%)15

Gy â€”8.47 â€”8% 1.86Â±0.59 0.40Â±0.03 1.79Â±0.65 0.78Â±0.320.74 Â±0.29(37%)
(38%) (37%)(34%)(29%)20

Gy â€”6.67 â€”10% 1.78Â±0.53* 0.33Â±0.07 1.57Â±0.52@ 0.48Â±0.13*0.51 Â±0â€¢16a(36%)
(32%) (32%)(21%)(20%)Student's

t-testwasperformedfor comparisonsbetweenthecontroland5 Gy,5 and10Gy,and10and20Gy.a
Notsignificant.tp.<O.05.5p<0.005.a

@ < o.ooi.

TABLE 3
Comparison of Tumor Growth Rate and Tracer Uptake 6 Days After Various Doses of Irradiation

these data shows that 3H-Thd and â€˜4C-Metuptake after 20
Gy ofirradiation decreasedbeforethe extension of necrosis
and the reduction of tumor volume occurred. Both
â€˜8FdUrdand â€˜8pj@juptake decreased before tumor
shrinkage occurred, but almost paralleled the extension of
.necrosis.To determinethe histologiccorrelationwith
tracer uptake, further autoradiography studies are in
progress.

Tumors given 10 and 20 Gy ofirradiation had the same
volume on Day 6, but their tissue contents were clearly
different as shown in Figure 5. The lO-Gy tumor had
multiple foci of proliferationwhich representedthe begin
nings of recurrence, while the 20-Gy tumor had a large
region of necrosis with a small area of degenerating cells
and no signs of recurrence. Detection of these differences
is very important when monitoring the effects of radio
therapy. Flurodeoxyglucose and â€˜8FdUrdcould not detect
differences between 10 Gy and 20 Gy ofirradiation, while
â€˜4C-Met,3H-Thd, and 67Gashowed significant differences
in uptake between these two irradiation doses. This sug
gests that â€˜4C-Met,3H-Thd, and 67Gamay be more sensi
tive for the detection ofearly foci ofrecurrence than â€˜8FDG
and â€˜8FdUrd.

CONCLUSION

We performed two separate quadruple tracer studies
that demonstrated the relationships and responses of five
tracers in the course of radiotherapy and obtained the
following results:

1. Thymidine and â€˜4C-Metuptake showed a rapid and
sensitive response to irradiation preceding both vol
umetric shrinkage and necrotic extension and de
tected early foci of recurrence.

uptake mechanism may not be metabolic, but the wide
range of change in uptake later in the postirradiation
period supports its value in monitoring the effects of
radiotherapy.

The tumor growth depends on the balance between cell
production and cell loss (39) and the tumor volume can
be influenced by edematous swelling, the collapsing of
dying tissues, or recurrent cell proliferation. Therefore, the
volumetric tumor growth rate dose not directly reflect the
tumor growth fraction, especially after therapeutic inter
vention. The histometric changes of necrotic and viable
tumor tissue afterradiotherapyareshown in Figure3 (15).
Nonirradiated AH1O9A tumors contained 12.6% Â±5.4%
of necrotic tissue (87.4% viable). In the irradiated(20 Gy)
tumors, the necrotic areawas increasedto 32.0% Â±11.3%
(68.0% viable) on Day 1, to 49.0% Â±6.6% (5 1.0% viable)
on Day 3, and to 68.6% Â±7.4% (3 1.4% viable) on Day 6
(n = 7â€”8,each). On the other hand, the irradiatedtumor
volume still remained at about 76% of the control tumor
volume on Day 6. A comparison of tracer uptake with

A@@ B

:@
-@ .@

. â€¢, .- .

FIGURE5. PhotomicrographsofAH109Atumors6 daysafter
irradiationat 10 Gy (A)and 20 Gy (B). HE stain. Bar indicates1
mm.
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2. Fluorodeoxyglucose uptake showed a wide range of
change and a steady response to irradiation.It nearly
paralleled the necrotic extension that precedes volu
metricshrinkage.

3. Fluorodeoxyuridine showed a narrow range of
change in uptake. Its response was similar to but
occurred slightly earlier than that of â€˜8FDG.

4. Gallium-67 uptake did not change early after treat
ment, but showed a wide rangeofalteration later. Its
uptake seemed not to be metabolically based, but it
detected early foci of recurrence.

Our results suggest that thymidine and methionine, if
labeled with â€˜â€˜C,have a higher potential for rapid and
sensitive PET monitoring of tumor radiotherapy. Our
study was not able to demonstrate the mechanisms of
metabolic damage by irradiation, but was able to demon
strate the feasibility of using tracers to monitor tumor
radiotherapy.
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