PREFACE

Asthetreatment of cancer continuesto evolve, clinicians are constantly seeking new
and innovative strategies to expand the use of currently available treatment modalities.
Among the different strategies to improve therapy, the combining of chemotherapeutic
drugs with radiation has perhaps had the strongest impact on current solid tumor treat-
ment practice. This combination has been in use for many decades, but now has become
acommon treatment optioninmany clinical settings. Thisisparticularly truefor concur-
rent chemoradi otherapy, whichin many recent clinical trials has been shown to be supe-
rior to radiotherapy alonein controlling local—regional disease and inimproving patient
survival. Combining chemotherapeutic drugs with radiotherapy has a strong biologic
rationale. Such agents reduce the number of cellsin tumors undergoing radiotherapy by
their independent cytotoxic action and by rendering tumor cells more susceptible to
killing by ionizing radiation. An additional benefit of combined treatment isthat chemo-
therapeutic drugs, by virtue of their systemic activity, may also act on metastatic disease.
Most drugs have been chosen for combination with radiotherapy based on their known
clinical activity in particular disease sites. Alternatively, agents that are effective in
overcoming resistance mechani smsassociated with radiotherapy could bechosen. There
have been recent clinical successes of concurrent chemoradiotherapy using traditional
drugs, such as cisplatin and 5-FU, but these studies have led to extensive research on
exploring newer chemotherapeutic agentsfor their interactionswith radiation. A number
of new potent chemotherapeutic agents, including taxanes, nucleoside analogs, and
topoisomerase inhibitors, have entered clinical trial or practice. Preclinical testing has
shown that they are potent enhancers of radiation response and thus might further
improve the therapeutic outcome of chemoradiotherapy. Also, there arerapidly emerg-
ing mol ecul ar targeti ng strategi esaimed at improving theefficacy of chemoradiotherapy.
All these important aspects of combined modality therapy in solid tumors are discussed
in thisbook, particularly for tumorsthat historically have had apoor prognosis and few
treatment options.

Curry and Curranreview theliterature on the combined modality treatment of patients
with malignant glioma, focusing on the data from prospective randomized trials, and
discuss future directions in research to improve outcome for patients affected by this
disease. It is clear that any one systemic agent or multiagent regimen will not have
substantial effects on altering the natural history of malignant glioma. A significant
improvement in survival will be realized only when improvements in local—regional
control are combined with progressin the systemic management of the disease. Specific
opportunitiesto improve surgical and radiotherapy approachesto thisdisease need to be
explored concurrently with devel opment of novel agentstargeted to modify thebiologic
response of these tumors to chemotherapy and radiation. However, novel approaches
when combining standard cytotoxic chemotherapy agents with new cytotoxic and cyto-
static agents and improved radiotherapy techniques are promising in promoting
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decreased radioresistance, toxicities, and possibly increased overall survival of head and
neck cancer. Outside of an academic setting, cisplatin and 5-FU still remain the standard
of treatment. Though more aggressive, as mentioned in Drs. Eng and Vokes' chapter,
these drugs have overall demonstrated improved responseratesin locally advanced and
recurrent disease. Newer agents will continue to be discovered and provide a basis for
further consideration in the treatment of head and neck cancer.

It isapparent that significant progress has been made in improving the outcome of
treatment for stage |11 nonsmall-cell lung cancer, even though thereisstill along way to
go before victory can be declared. It is clear that radiation alone and surgery alone are
inadequate for most stage |11 disease. Preoperative radiation therapy alone is of limited
benefit. Postoperativeradiationiscontroversial, but theremay bealimitedroleinresected
N2 patients. For selected stage 111 cases (N2), there may be a role for surgery after
chemoradiation, but this conclusion awaits the outcome of amajor phase |11 study. For
inoperable stage |11 disease, combined modality now appears to be the new standard of
care. Concurrent chemoradiation seemsto be superior to sequential chemoradiation, but
combined sequential followed by concurrent chemoradiation remains under investiga-
tion as does consolidative chemotherapy after concurrent chemoradiation. The best re-
sults combining chemotherapy with radiation therapy were also seen in limited-stage
small-cell lung cancer. At this time, standard treatment for patients with limited-stage
small-cell lung cancer is early concurrent twice-daily radiation therapy of 1.8 Gy frac-
tions for atotal dose of 45 Gy and platinum-based chemotherapy.

As discussed by Brahmer et al., newer chemotherapy regimens emerge for the
treatment of small-cell lung cancer, and these regimens are currently undergoing evalu-
ation for combining chemo- and radiation therapy. As far as esophageal cancer goes,
results from surgery alone or primary chemoradiation are equivalent, and both can be
offered as options for patients with locally advanced esophageal cancer. The optimal
treatment may be based on individual patient selection criteria such as the ability to
undergo major surgery, histology, and the location of the tumor. The fact that local
recurrence is high despite primary chemoradiation, provides arationalefor tri-modality
therapy that includes surgery following preoperative chemoradiation.

The major advance in the treatment of local—regional gastric carcinoma had been
the new standard of adjuvant chemoradiotherapy following a curative resection.
Laparoscopy ismore or less established as a staging procedure prior to surgery. Staging
with endoscopic ultrasonography hasimproved. New strategies will include the use of
preoperative approachesand incorporation of new agents. Similar tothe carcinomaof the
esophagus, the use of molecular markers to predict response and survival is needed.
Investigativeeffortsareunderway tofurtherimprovetheresultsof multimodality therapy
of colorectal carcinoma. In addition to phase Il trials discussed in Chapter 14, other
studiesareincorporating novel chemotherapeutic agentstoimprove systemic control and
radiosensitization, to optimize physical delivery of radiation, and to perform risk strati-
fication with current molecular and genetic techniques. Chronomodul ation may have a
role in combined modality therapy for colorectal cancer by affecting higher response
rates and less stomatitis and neuropathy in metastatic colorectal carcinoma and may
become a viable option for treatment of primary disease.
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Theinferior resultswith radiotherapy alone compared to cystectomy in patientswith
muscle-invasive disease have prompted alarge number of trialsadding systemic chemo-
therapy to radiotherapy in an attempt to increase local control and eliminate
micrometastatic disease frequently present at the time of diagnosis of muscle-invasive
disease.

Asdiscussed by Dr. Roth, it isnot easy to directly compare surgical serieswithtrials
of bladder-sparing approaches. A number of confounding factorscan potentially compli-
catetheinterpretation of trialsof chemoradiotherapy, including the effect of the TURBT
on the natural history of this disease, the errors of clinical staging both before and after
chemotherapy/radiotherapy, and the endpoints utilized to determine efficacy. Nonethe-
less, his approach can certainly be offered to patients who are not surgical candidates
because of medical co-morbidities, or the occasional patient who refuses surgical inter-
vention. Recent studies in a variety of gynecologic malignancies have convincingly
demonstrated that concurrent chemotherapy can significantly improve the outcome of
some patients who reguire radiation therapy for treatment of their disease. Despite the
fact that controversies persist about the indications for chemoradiation and ideal drug
regimens, the fundamental value in patients with loco—regionally advanced cervical
cancer has been established.

Thechapter by Dr. Eifel reviewstrialsof chemoradiationin cervical cancer, including
the recent trials that established the value of this approach, and discusses several ques-
tions that remain to be resolved regarding this treatment, including the ideal dose and
schedule and the effect of chemoradiation on compliance and complications.

One of the most exciting areas of combined modality therapy is the specific
mol ecul ar targeted therapy in combination with radiation. Over the past decadethere has
been aquantum increasein the understanding of molecular mechanismsthat underliethe
process of tumor development, proliferation, invasion, and metastasis.

Thishasledtoagrowing awarenessof mechani smsby whichtumorsand normal tissue
areableto overcomedamagefromradiationinjury. Thisknowledge hasresultedin avast
amount of preclinical study of ways that these molecular abnormalities may be specifi-
cally targeted to result in clinical benefit, not only by potentially impacting on systemic
disease, but by enhancing radiosensitivity. The last part of this book describes some of
these agents and pathways.

Although we have made significant progressin our understanding of therole of com-
bined modality therapy, much remains to be accomplished. Current and future research
may provide exciting opportunities to improve response and survival for patients with
tumors previously associated with adismal prognosis.
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1. INTRODUCTION

Radiation sensitization with concurrent chemotherapy with an aim to improve
radioresponse has long been a focus of investigation. As a result of these efforts, the
concomitant use of cytostatic drugs and radiation has become the standard approach for
many tumors including head and neck, rectal, anal, esophageal, pancreatic, and gastric
cancers. The combined chemoradiation offers many potential advantages vs single
modality treatment, such asreductioninlocal failurerates, eradication of micrometastases
to enhance distant control, preservation of organ function, and decrease in tumor bulk
prior to surgery to make complete resection possible and improve survival.
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Fig. 1. Floxuridine radiosensiti zation—long-term freedom from liver progression for patients
with nondiffuse primary hepatobiliary cancer treated with combined radiation therapy and hepatic
artery infusion of floxuridine.

Anideal radiosensitizer would bethe onethat can maximizeradiation therapy benefit,
can be easily administered, can be optimally sequenced with radiation therapy for best
effects, and have no overlapping toxicities with radiation. Although falling short in
certain of these characteristics, 5-fluorouracil (5-FU) has become the most promising
clinical radiosensitizer in combined chemoradiotherapy regimens.

Randomizedtrialshavedemonstrated that acombination of fluorouracil (5-FU)-based
chemotherapy and radiotherapy significantly improvesthe survival of patientswith both
pancreatic (1) and rectal cancers (2,3) when compared with the administration of radia-
tion alone. Furthermore, theimproved response rateswith use of biomodulators of 5-FU,
such aslecovorin (LV) in colorectal cancers, led to the use of this biomodulator also in
thecombined chemoradiotherapy regimensinvolving 5-FU (4). FdUrdisarel ated nucl eo-
side, which hasal so been used with radiation. FdUrd isactively metabolized by theliver,
and results in high regional drug concentrations with minimal systemic toxicity when
administered viahepatic artery infusion (5). FdUrd has al so been tested with concurrent
whole-liver radiation for colon carcinoma metastatic to the liver (6,7) (Fig. 1).

5-FU is an analog of uracil in which the hydrogen in the 5 position is replaced by
fluorine, whereasFdUrdisan anal og of deoxyuridine (Fig. 2). Itscytotoxicity isachieved
through several mechanisms. In vitro studies have demonstrated enhanced cytotoxicity
of radiation by fluorouracil. The combined effects of radiation and fluorouracil in con-
trolling tumor growth are better than the additive effects of the two modalities given
independently. Theradiosensitizing efficacy of 5-FU dependson continuous exposure of
tumor cellsto 5-FU for 8 h or morefollowing radiation (8). Because of the short half-life
of 5-FU, the drug must be administered as a continuous infusion (Cl) to achieve pro-
longed tumor cell exposure to effective levels of 5-FU. This schedule of administration
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Fig. 2. Structure of fluorouracil (5-FU) and floxuridine (5-fluoro-2'-deoxyuridine, FdUrd).

isalso associated with less myel otoxicity. Use of Cl 5-FU infusion regimens, however,
has been limited by the need for an indwelling venous catheter and a portable infusion
pump. These catheters are associated with development of complications including
thrombosis and infection (9).

Therecent availability of oral formulationsof 5-FU, may providenot only animprove-
ment in the ease of administration and the efficacy of fluoropyrimidinetherapy, but also
aleviatecomplicationsrelated to the catheters. Such agentsinclude uracil:tegafur (UFT)
and capecitabine (Xeloda).

The mechanisms of interaction between fluorouracil and radiation are not clearly
understood. Different hypotheses have been postulated to explain the synergistic or
potentiated effect of 5-FU with radiation including redistribution of cells to a more
radiosensitive cell cycle phase, deranged pyrimidine pools with reduced capacity for
repair of DNA damage, and activation of apoptosis. The effect of 5-FU on radiation
damage also appearsto vary in different cell lines, thus complicating the extrapolation
of laboratory resultsinto clinical practice.

2. PHARMACOLOGY OF FLUOROPYRIMIDINES

Thefluoropyrimidinesasagroup can affect the synthesis and function of both deoxy-
ribonucleic acid (DNA) and ribonucleic acid (RNA), and both of these two mechanisms
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Fig. 3. Metabolism of the fluoropyrimidines: dTMP = deoxythymidine monophosphate, dUMP
= deoxyuridine monophosphate, FAUDP = fluorodeoxyuridine diphosphate, FAUMP - fluoro-
deoxyuridine monophosphate, FAUTP = fluorodeoxyuridine triphosphate, FU-DNA= fluorouracil -
deoxyribonucleic acid, FUDP = fluorouracil diphosphate, FUMP = fluorouracil monophosphate,
FU-RNA = fluorouracil-ribonucleic acid, FUTP = fluorouracil triphosphate.

havelead to different consequences. Some cell lines are more sensitiveto 5-FU' sDNA-
directed pathways, whereas RNA-medicated cytotoxicity predominates in other cell
lines (10,11).

2.1. DNA-Directed Effects of Fluropyrimidines

5-FU can be metabolized to form fluorodeoxyuridine monophosphate (FAUMP),
whichfinally affectsDNA. FdUrdisphosphorylatedto FAUM Pis(viathymidinekinase).
For 5-FU to be converted into FAUMP, it involves at least two steps (Fig. 3). FAUMP s
a potent inhibitor of the enzyme thymidylate synthase (TS), which is responsible for
converting deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate
(dTMP). TSinhibition leads to depletion of thymidine nucleotides and accumul ation of
deoxyurindine nucleotides, which leads to several events, including perturbations in
other nucleotide pooals, arrest in S phase of the cell cycle (growth arrest), and, ultimately,
to DNA fragmentation and loss of clonogenicity (12,13). In addition to inhibition of TS
activity, FAUMP can be converted to fluorodeoxyuridine triphosphate (FAUTP) and
become incorporated into DNA. The relative importance of TS inhibition and FAUTP
incorporation into DNA on FdUrd-mediated DNA damage is not yet clear (14,15).

2.2. RNA-Directed Effects of Fluropyrimidines

Although FdUrd produces only DNA-medicated cyotoxicity, 5-FU can also be
metabolized to fluorouracil monophosphate (FUMP) and ultimately to fluorouracil tri-
phosphate (FUTP), which can beincorporated into RNA in place of uridinetriphosphate
(UTP). In other words, incorporation of 5-FU into RNA mimicsuracil de novo synthesis
and affectsthe production of ribosomal RNAs(rRNAS) (16,17). 5-FU also affectsseveral
aspects of messenger RNA (mRNA) function, including transcription (18), translation
(19), and dlicing (20).
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Fig. 4. 5-FU-induced radiosensitization of HT29 human colon cellsis potentiated by LV. HT29
cellswere exposed for 14 h to: median aone (O), 10 umol/L LV (@), 1 umol/L 5-FU (H). Cells
were assessed and data are expressed as described in Fig. 4.

3. BIOMODULATION

The DNA-mediated effects of fluropyrimidines can be modulated by a number of
agents, such asleucovorin (LV), levamisole, and interferon-alpha (IFN-alpha). LV pro-
longs T Sinhibition by increasing theavailability of thereduced fol ate cof actor necessary
for formation of the inactive TS-FAUMP complex (21) (Fig. 4). Studies show a pha-
interferon can potentiate 5-FU-mediated cyotoxicity, but the mechanisms are not yet
defined (22,23). Another approach to modulate the activity of fluoropyrimidinesisthe
use of the nucleoside transport inhibitor dipyridamole. Dipyridamole probably permits
5-FU toenter thecell, and may trapintracel lular nucleosidemetabolites, henceincreasing
cytotoxicity (24,25), but the exact mechanism underlying the selective cytotoxicity
against tumor cells compared with normal tissues still needs to be determined.

4. FLUOROPYRIMIDINE-RADIATION INTERACTIONS

Fluoropyrimidine-radiation interactions can best be understood in terms of the funda-
mental mechanismsby whichfluoropyrimidinesleadto DNA damageand ultimately cell
death. Two such mechanisms have been described as:

1. Futilerepair.
2. Endonuclease activation.

4.1. Futile-Repair Hypothesis

The futile-repair hypothesis is based on the concept that “FdUrd treatment lethally
deranges normal mechanisms of the cellsfor removing low levels of dUTP that become
misincorporated in DNA.” dUTP is agood substrate for DNA polymerases (al pha and
beta). A high dUTP/thymidine triphosphate (dTTP) ratio occurs after treatment with
sufficient concentrations of FdUrd, which subsequently leads to misincorporation of
dUTP into DNA. Uracil-N-glycosylase, an enzyme that recognizes uracil misincor-
poration and cleaves the glycosidic bond, producing an apyrimidinic site. This site is
recognized by an apurinic/apyrimidinic nuclease, producing a DNA break. The cell has
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several mechanismsfor repairing DNA single-strand breaks(26). Onesuchrepair mecha-
nism under normal conditionsis asfollows: neighboring nucleotides are cleaved, DNA
polymerasefillsinthegap, and DNA ligaseseal sthenew, correct bases(includingdTTP)
into place. On the other hand, in the case of ahigh dUTP/dTTP ratio, such asfollowing
administration of FdUrd, dUTP will still be favored over dTTP, and this futile cycle of
excision and repair would repeat itself. As mentioned earlier, FAUTP can also beincor-
porated into DNA in place of dTTP, which would be expected to produce asimilar futile
cycletothat produced by dUTPincorporation. It has been hypothesized that larger gaps
would occur over time that would be sensitive to other cellular nucleases, resultingin a
potentially lethal DNA double-strand break and DNA fragmentation (27). Thisiscalled
“futile-repair hypothesis.”

4.2. Endonuclease Activation

Hirotaet al. (28) observed that treatment of FM 3A murine mammary carcinomacells
with FdUrd produced cytotoxicity that was accompanied by the generation of DNA
fragments having an unusually discrete size distribution (ranging from 50 to 200 kb).
Thelack of incorporated uracil in these cellsand the finding that this damage could also
be caused by agentsthat did not cause dUTPelevation and dT TP depletion argued agai nst
thefutilerepair hypothesis (28). It wasfound that the fragment size range noted in these
cellsissimilar to the estimated size of anindividual replication unit, and it was proposed
that the observed pattern of damage resulted from selective digestion of actively repli-
cating DNA by aninduced endonucl ease activity. Thishypothesiswasfurther supported
by findings that |ysates prepared from FdUrd-treated FM 3A cells contained an endonu-
clease activity that was absent from control cells, and that the appearance of this endo-
nuclease activity could be prevented by inhibiting protein synthesiswith cyclohexamide
treatment (29).

In brief, it is postulated that futile repair and endonuclease activation may both lead
to DNA fragmentation after FdUrd treatment, with the dominant process depending on
acell-line-specific factor. Neither of thetwo observed fragmentation patternsresembles
the random damage produced by ionizing radiation.

5. MECHANISMS OF RADIOSENSITIZATION
BY FLUOROPYRIMIDINES

Therearefour hypothesesthat underlinethe combined effect of chemoradiationtherapy
employing fluoropyrimidines:

1. Fluoropyrimidines cause changesin nucleotide pool sthat al oneincreasethe cytotoxicity
of radiation (i.e., by depleting substrates used in the repair of radiation-induced DNA
damage).

2. Fluoropyrimidines do radiosensitize by causing redistribution of cellsinto arelatively
sensitive phase of the cell cycle (early S).

3. Radiosensitization depends on the incorporation of FAUTP into DNA.

4. Radiation as a potentiation for fluoropyrimidine-mediated cytotoxicity.

5.1. Nucleotide Pool Perturbations

One hypothesis for fluoropyrimidine-induced radiosensitization is that fluoro-
pyrimidines induce changes in nucleotide pools including the ability of polymerasesto
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Fig. 5. HUTu80 human colon cancer cells are radiosensitized by FddUrd. HuTu80 cells were
irradiated under control conditions (O) or after a 14-h exposure to 100 nmol L FdUrd (ll). They
were then assessed doe survival using aclonogenic assay. Data are expresses as the mean (point)
+ SE (bar), which is within the symbol unless indicated.

find the correct base required for DNA repair. Thisalteration leadsto either misrepaired
or unrepaired DNA double-strand breaks, which is consistent with the decrease in sub-
lethal damage repair and DNA double-strand break repair. Studies haveindicated that
both 5-FU (30) and FdUrd (12) deplete dTTP pools in human colorectal cancer cells
within 1-2 h of drug exposure, whereas radiosensitization takes many hours to ensue.
This suggests that nucleotide pool perturbations may result in radiosensitization under
some circumstances, but pool changes alone do not seem to be the sole mechanism
responsible to fluropyrimidine-induced radiosensitization.

5.2. Cell Cycle Redistribution

Another proposal is that radiosensitization embarks from 5-FU-induced cell cycle
redistribution. Both 5-FU and FdUrd result in arrest of S phase cellsand block cellsthat
arenot in S phase at the G1/S interface. Studiesin rodent (31) and HeL acells (32) have
reveded that early S phase is a relatively sensitive phase of the cell cycle, thereby
suggesting that fluoropyrimidine-mediated radiosensitization may result from redistri-
bution into a more radiosensitization phase of the cell cycle. Investigators also tried to
evaluate dependence on the timing of exposureto fluoropyrimidinesinrelation to radia-
tion on the resultant radiosensitization, such as to correlate the enhancement ratio with
the fraction of cellsin early S phase (12) (Fig. 5).

Cell cycle redistribution may not be the sole factor if cells are irradiated before
drug exposure, but it has been shown that 5-FU can sensitize even when cells are
irradiated before drug exposure. Byfield et al. found that 5-FU radiosensitizesHel a
cells only when the drug exposure followed radiation (the cells were treated with 5-
FU, either before or after radiation, for up to 8 d). A similar finding was observed on
HT29 human colon cancer cells, except that in these experiments cells were exposed
to 5-FU for a maximum of only 30 min before radiation (33). These observations
demonstrate that radiosensitization can be produced in the absence of cell cycle
redistribution.
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Fig. 6. FdUrd-induced radiosensitization is greater under treatment conditionsthat produce cyto-
toxicity. Datafrom Miller and Kinsella et al. and the datafrom Bruso et al. and Lawrence et .,
the average radiation enhancement ratio is shown for avariety of FdUrd treatment conditions.

Investigations were also focused to assess cell cycle redistribution when cells are
exposed to fluoropyrimidines before radiation. Lawrence et al. used amechanical tech-
niquecalled centrifugal el utriation to obtain populationsenrichedinvariousphasesof the
cell cycle and found large differencesin radiation sensitivity during different phases of
the cell cycle, HT29 cells evidenced no significant differences in radiation sensitivity
during different phases of cell cycle (34,35). These findings suggest that although cell
cycleredistribution accompaniesfluoropyrimidinetreatment, it does not appear to cause
the increase in radiation sensitivity observed.

5.3. Incorporation of FAUTP into DNA
CB3717 isaTSinhibitor and does not incorporate into DNA. CB3717 is dso a potent

radiosensitizer of HT29 cells(under the sameconditionsas FdUrd) (35). Thisfinding reflects
that incorporation of FAUTP into DNA may not be a prerequisite for radiosensitization.

5.4. Radiation as a Potentiation for Fluoropyrimidine-Mediated Cytotoxicity

It has been postul ated that radiation may act asapotentiator of fluoropyrimidine-medi-
cated cytotoxicity. This possibility is borne out of the observation that fluoropyrimidine-
induced radi osensitization of human colon cancer cell stendsto occur under conditionsthat
produce at least some cytotoxicity by the drug alone (15,33,36,37). This hypothesis is
further supported by the dataemploying FdUrd treatment in HT 29 cells, which showed that
enhancement ratio was significantly greater when surviving fraction was <0.7 than when
the surviving fraction was =0.7 (p < 0.05 by t test) (Fig. 6).

6. PHARMACOLOGICAL AND SCHEDULING REQUIREMENTS
FOR OBTAINING EFFECTIVE RADIOSENSITIZATION
WITH FLUOROPYRIMIDINES

6.1. Effect of Pharmacology of 5-FU on Radiosensitization

5-FU hasashort half-life (10—15 min). Bolus doses of 5-FU disappear from the blood
stream rapidly because of hepatic degradation of drug. Since radiosensitization requires
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constant drug exposure, bolus drug dosing cannot achieve effective radiosensitization
(38). Pharmacol ogic studieshave al so shown that 5-FU hasnonlinear pharmacokinetics,
which is another pharmacol ogic factor as with its radiosensitizing effect (39,40). Non-
linear pharmacokineticsmay occur dueto the presenceof two mechanismscompeting for
drug removal: removal of drug by proliferating body tissues, largely through incorpora-
tioninto RNA, and hepatic degradation (40). It is postul ated that these two mechanisms
are antagonistic because hepatic degradation eliminates the drug whereas incoporation
of the drug into RNA is one of the mechanisms of action responsible for the cytoxicity
of 5-FU (41). Clinically, these two phenomenainteract and result in essentially no drug
demonstrable when 5-FU is infused at doses below 15 mg/kg/24 h. The investigators
hypothesi zed that under such conditions, 5-FU “ clearance” equal sthecardiac output,i.e.,
thedrug istotally cleared during asingle passage (subject to minor differencesin tissue
bed uptake). However, at dosages higher than about 15mg/kg/24 h, alinear relationship
between infusion dose and mean plasma level have been noted (>15-65 mg/kg/24 h).
The plasma5-FU level s obtained during continuousinfusions between doselevelsof 15
and 65 mg/kg/d provide the concentrations necessary to cause significant cytotoxicity in
human tumor cells in tissue culture and to induce radiosensitization. This observation
suggested aquantitativerel ationship betweentissueculturedataand 5-FU level srequired
for in vivo cytotoxic radiosensitization of tumor cells (42).

6.2. Effect of Scheduling of 5-FU on Radiosensitization

The studies have also suggested the “scheduling” requirements for obtaining
radiosensitization induced by 5-FU, and that 5-FU must be present for at |east 24 h after
each (and every) radiation fraction to achieve maximum radiosensiti zation. I nvestigators
also tried to determine the optimum duration of theinfusion. Moertel et a. studied Cl up
to 24 hin duration and found no significant difference in toxicity vs bolustherapy (43).
On the other hand, Seifert et al. showed that 5-FU infusionsfor 5 d resulted in amarked
shiftin limiting toxicity (44). Byfield et a. examined 72-h infusions of 5-FU and found
central nervoussystem (CNS) toxicity, previously not seenwith shorter infusions (where
marrow suppression is the main toxicity) (40). Lokich et al. studied “ protracted” infu-
sionsin which 5-FU is essentially infused constantly until toxicity, tumor progression,
or mechanical complications affected the therapy (45). The studies proposed that infu-
sion between 96 h and infinite hours (PI: protracted infusion) can be used for
radiosensitizing regimens provided the drug isinfused to limiting toxicity. In amost all
patients this toxicity will involve some components of each patient’s squamous cell
renewal system.

6.3. Integration of 5-FU and Radiation

Byfield proposed certain principles that may govern the development of radio-
sensitization produced by 5-FU (23,46,47).

6.3.1. DURATION OF SCHEDULE

Theinfusionshould beat |east 96 h and preferably beprotractedinfusion. Theschedule
is based on the degree of radiosensitization as afunction of primary 5-FU cytotoxicity.
Although radiosensitization can be achieved with infusions shorter than 96 h, neurol ogi-
cal side-effectsbecomealimitingtoxicity (40). Therefore, probably 96 histhe* shortest”
infusion that is both safe and effective in inducing radiosensitization (Figs. 7 and 8).
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Fig. 7. A schematic representation of treatment of 5-FU and external irradiation. The stippled
rectanglesrepresent weekly irradiation (9 Gy total/wk, givenin fivedosesof 1.8 Gy). Concurrent
5-FU isrepresented by the solid bars beneath theirradiation, and the height of the bars represents
the peak level of radiosensitizing chemotherapy. By using protracted infusional schedules of
5-FU, radiosensitizing chemotherapy can be given with each daily dose of irradiation (from 5 to
35d). Newer schedul es using continuousintermittent and circadian schedules have achieved high
tumor activity with acceptable toxicity in recent trials.
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Fig. 8. Diagram of 5-FU radiosensitization. Curve 1: Radiation survival curvefor cellsnot treated
with 5-FU. Curve 2: Radiation survival curve for cellstreated postradiation with sufficient 5-FU
tokill 50% of the cellswithout radiation (partial responseequivalent). Curve 3: Radiation survival
curve with 5-FU killing to 10% (typical of cell system very sensitive to 5-FU).
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Table 1
Cancers Sensitive
to 5-FU Radiosensitization

Cancers

Esophagus
Anus

Larynx

Vulva

Penis

Bladder
Rectum

Head and neck
Pancreas
Gastric

6.3.2. FRACTIONATION SCHEME OF RADIATION

Investigatorshave employed all schemesinducing conventional fractionation (180—
200 rad/d), hyperfractionation, and hypofractionation. There is no convincing evi-
dence that infused 5-FU affects the late effects of radiation, which are a function,
primarily, of the daily treatment fraction size. However, the capacity to combine
radiosensitizing infused 5-FU with hyperfractionated radiation should be considered,
especialy in patients requiring retreatment where tolerance is an issue and can be
increased by hyperfractionation.

6.3.3. CycLiciTY oF ADMINISTRATION OF 5-FU

Cyclicity of administrationisvital intheuse of 5-FU asaradiosensitizer. The concept
of cyclical treatment has been well established in cancer chemotherapy and alien to
classical radiation therapy (where it is termed “split-course” therapy). 5-FU radio-
sensitizes tumor tissue as well as normal cells. However, this normal tissue radio-
sensitizationislimitedtotheirradiatedfield. Suitablefractionation (i.e., cyclical therapy)
can permit rapid normal tissue recovery (23). The results of infused 5-FU and radiation
in head and neck cancer supportsthe principlethat cyclical treatment with 5-FU does not
suffer from the limitations apparent in split-course radiation treatments.

Theabovedescribed “ principles’ imply that optimal therapy should includetumorsthat
are 5-FU-sensitive or, in other words, are derived from normal tissues sensitiveto infused
5-FU. Tumorsinsensitive to 5-FU cannot be radiosensitized using this approach (42).

Practically speaking, 5-FU infused at 25-30 mg/kg/d continuously for 5 d will
radiosensitize virtually all 5-FU-sensitive tumors listed in Table 1. Although the “opti-
mal” regimen hasyet to be established, the 5-d schedule of 5-FU currently appearsclose
to an ideal regimen.

7. ROLE OF p53 IN 5-FU-INDUCED RADIOSENSITIZATION

Theroleof p53inflouropyrimidine-radiationinteractionremainscontroversial. Some
investigators have suggested that cells which are p53 mutated are more resistant to
radiation (48), whereas others have found that p53 statusis unrelated to radiation sensi-
tization (49-51). Studies on SW620 cells (which are not sensitized) and HT29 cells
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(which aresensitized) that havetheidentical p53 mutations, reveal ed that p53 status does
not play anindependent rolein fluoropyrimidine-mediated radiosensitization (52). It has
also been found that RKO cells, which are mutant, wild-type (wt), or effectively null
(through EG6 transfection) in p53, are equally radiosensitized by FdUrd. Interestingly
enough, fluoropyrimidines lead to elevation of p53 levelsin cellswith wt p53 (53). Itis
also known that p53 el evation produced by TSinhibition occurswhen cellsenter S(i.e.,
after having passed through the G, checkpoint) (54). This all leads to amodel in which
fluoropyrimidine-treated cells progress through the classic G; checkpoint and into S
phase for several hours before arresting or progressing (slowly); the latter condition is
associated with radiosensitization.

8. ROLE OF 5-FU RADIOSENSITIZATION IN GENE THERAPY

Although it isbeyond the scope of this chapter to delve deeply into genetherapy, itis
worth mentioning that 5-FU could have a potential role as aradiosensitizer in this com-
plex areaaswell. It hasbeen reveal ed that the bacterial enzyme cytosine deaminase (CD)
can be introduced into cells, so that they become capable of converting 5-flucytosine
(nontoxic antifungal agent) into 5-FU (55). 5-FU produced from 5-flucytosine in cells
containing CD can also radiosensitize (56). Another possibility is that the activation of
this agent under the control of acarcinoembryonic antigen (CEA) promoter could allow
nonspecificity of theintroduction of the CD gene, relying on the presence of CEA for the
tumor specificity. However, only afraction of cellsaretransduced in vivo and these cells
must be capable of killing the rest of the tumor (the bystander effect), thereby disquali-
fying this concept. In the case of intracellular CD, high levels of intracellular 5-FU are
generated from 5-flucytosine, which tendstokill the“factory” beforethe bystander (57).
It underlinesthe basisto devel op genetherapy strategiesfor both direct cytotoxicity and
radiosensitization that maximize the bystander effect.

9. ORAL FORMS OF 5-FU

The recent availability of oral formulations of 5-FU involving the ability to modu-
late the anabolic and catabolic metabolism of 5-FU with LV and dihydropyrimidine
dehydrogenase (DPD) inhibitors has provided asubstantial improvement in the ease of
administration and may probably improve the efficacy of fluoropyrimidine-induced
radiosensitization. Such oral fluoropyrimidinesinclude UFT (uracil:tegafur) plusoral
LV (Orzel™), an oral DPD-inhibitory fluoropyrimidine (DIF), and capecitabine
(Xeloda; Roche).

With daily administration, Orzel results in similar concentrations of 5-FU as those
achievedwith Cl 5-FU, without thenecessity for indwelling cathetersand infusion pumps.
The predominant toxicity of Orzel is gastrointestinal and myelosuppression (58).
Capecitabineisanoral prodrug of 5-FU. Capecitabineisan approved agent (by FDA) that
offers potential for simulating an intermittent continuous infusion of 5-FU without the
inconvenience and morbidity associated with indwelling catheters. Clinical datasuggest
a favorable safety profile when given alone. Another compelling reason to evaluate
capecitabine in combination with radiotherapy is that some tumors have high levels of
thymidine phosphorylase (dThdPase). In the clinical studies, high tumor levels of this
enzyme correlated with low likelihood of benefit to 5-FU. In contrast, high intra-
tumoral dThdPase levelsin preclinical models are associated with enhanced sensitivity
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to capecitabine. Moreover, combining capecitabine with radiotherapy may mimic the
radiosensitizing effect of 5-FU when given intravenously (59).

9.1. Orzel in Combination with Radiation Therapy

The regimes combining Orzel and capecitabine with radiation therapy have become
the focus of increasing interest in the management of patients' various malignancies
including rectal, anal, locally advanced head and neck, esophageal , and pancreati c cancers.

9.2. Head and Neck Cancer

Takahashi et al. (60) found that UFT with concurrent radiotherapy washboth effectiveand
wdll tolerated, with aresponse rate approaching 94%. Fujii et a. (61) performed aphase |
study and reported that UFT 300 mg/m? daily and carboplatin AUC: 5.0d 1 every 8wk was
well tolerated with local radiation and recommended this dose schedule for phase Il evalu-
ation. Riveraet a. (62) in aphase Il study in patients with stage |11 and 1V squamous cell
cancer of the head and neck involving UFT (6 mg/kg on d 1-21), vinorel bine (25 mg/m? on
d1and8) and CDDP (100 mg/m?ond 1), thecombination being repeated every 21 dfor four
cyclesfollowed by UFT (5 mg/kg/d) and carbopl atin (100 mg/m?/wk) administered concur-
rently with radiation found encouraging results. Gonzalez-Larriba et a. (63) performed a
phase 11 study comparing UFT (300 mg/m? d 2 to 20) and CDDP (100 mg/m?d 1) with Cl
5-FU (100 mg/m? d 2—6) and CDDP (100 mg/m? d 1) (both regimens repeated every 21d
for four cycles) asneoadjuvant therapy prior toradiationtherapy (50-70 Gy) in patientswith
stagelll and IV head and neck cancer. The overall responserates of thetwo armswere 79%
vs 73%, overdl survival of 37 vs 15 wk, and time to progression of 14.5 and 8.5 wk,
respectively. However, the trend in each efficacy parameter favored the UFT/CDDP arm.

9.3. Nonsmall-Cell Lung Cancer

Takedaet al. (64) performed a phase I/Il study consisting of low-dose CDDP (6-10
mg/m2/d) and UFT (600 mg/d) combined with radiotherapy (50 Gy/25 fractions) as
postoperative adjuvant therapy following curative resection for patients with nonsmall-
cell lung cancer (NSCLC). The combined therapy was well tolerated and resulted in a
disease-freesurvival rateof 78%at 2 yr. Another study inasmall number of patientswith
unresectable stage 111 nonsmall-cell lung cancer, UFT (400 mg/m? on d 1-52) and
CDDP (80 mg/m?ond 8, 29, and 50) were administered with radiation therapy (total dose
of 60.8 Gy in 38 fractions on d 1-52). Among 17 evaluable patients, 94% (16 patients)
achieved partial responses with median time to tumor progression of 30 wk, and the
1-yr survival rate of 80% (65).

9.4. Gastric Cancer

UFT wasstudiedincombinationwithradiationtherapy in patientswithlocally advanced,
inoperable gastric carcinoma. Tsukiyamaet al. (66) eval uated combined modality therapy
(CMT) consisting of UFT and mitomycin-C administered together with radiation therapy,
and reported local control in 70% of patients with advanced inoperable gastric cancer.

9.5. Pancreatic Cancer

Raobertetal. (67) conducted aphasel trial in patientswith pancreatic cancer, consisting
of UFT/LV (starting dose of UFT was 150 mg/m?/d, escalated in increments of 50 mg/
m?/d with three patients per cohort to acurrent level of 300 mg/m?/d), LV 90 mg/d, both
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in three divided doses for 35 d starting on d 1 of radiation, and concurrent radiation
therapy (45 Gy; 1.8 Gy/d). The preliminary results revealed minimal hematol ogic tox-
icity (except for oneepisodeof grade4 neutropeniaond 38) and infrequent andreversible
nonhematol ogic toxicity, median survival of 12.5 mo (range 4-19 mo) and the median
timeto progression of 9 mo. Patient accrual was stopped because an MTD had not been
reached at the 300 mg/m?/d dose of UFT. A second phase of the study is planned incor-
porating changes in patient selection criteria and in treatment schedule.

9.6. Rectal Cancer

Hoff etal. (68) performed aphasel study in patientswithclinical stagell and 11 rectal
carcinoma involving preoperative chemoradiotherapy consisting of UFT starting at
250 mg/m?/d (escal ated by 50 mg/m?/d for subsequent levels) plusLV (90 mg/d) com-
bined with radiotherapy (45.0 Gy) followed later by surgery. Then postoperatively,
patients received adjuvant UFT/LV (UFT 300 mg/m?d and LV 90 mg/d) in a 28-d
scheduleevery 35dfor four cycles. Therecommended doselevel of UFT withradiation
was 350 mg/m?/d with 90 mg/d of LV. delaTorreet al. (69) conducted aphase |1 study
of UFT/LV (300 mg/m%d UFT and 30 mg/d LV on days 8-35) administered with
concurrent pelvic radiation (total dose of 35 Gy) in patients with unresectable or recur-
rent rectal cancer, and found that 13% of patientshad acompleteresponse, 69% apartial
response, and complete pathologic response was observed in 9%. Studies aiming at
postoperative UFT/LV plus radiotherapy are ongoing at present.

10. CAPECITABINE (XELODA) IN COMBINATION
WITH RADIATION THERAPY

Xelodamimicscontinuous FU infusion with amore convenient administration sched-
ule. In addition, it has been demonstrated in experimental models that radiation
upregulated dThdPaseactivity intumor tissue. It hasal so been demonstrated that X eloda
given in combination with radiation therapy was associated with superior activity when
compared to either given alone, whereas FU and XRT in combination did not show clear
evidence of an additive effect (70).

A phasel study of Xelodain combinationwith XRT inrectal cancer isintheadjuvant,
neoadjuvant, and palliative settings (71-73). The DLT of the combination is hand-foot
syndrome and mild to moderate leukopenia, diarrhea, and local skin reaction (71-73).
The recommended dose for phase 2 studies is X eloda 825 mg/m? twice daily without
interruption in combination with standard dose of radiation. Promising activity hasbeen
demonstrated in neoadjuvant therapy with six objective responses in seven evaluable
patients including one pathological confirmed CR.

11. CLINICAL INDICATIONS
OF FLOUROPYRIMIDINE-INDUCED RADIOSENSITIZATION

The use of 5-FU in combination with radiotherapy has shown improved survival in
various malignancies including unresectable pancreatic cancer, resectable pancreatic
cancer, Dukes B2 and C rectal cancer, esophageal cancer, and hepatobiliary cancer
(Table 2). Similarly, 5-FU with concurrent radiation has also been used for organ
preservation in different tumors involving bladder cancer, anal cancer, and laryngeal
cancer (Table 3).
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Table 2
Malignancies in which Fluoropyrimidines and Radiation Therapy Appear to Improve Survival
Ref. Disease Group Treatment Survival
1  Unresectable pancreatic GITSG Radiation (40 Gy) + 5-FU 42.2 wk?
cancer Radiation alone (60 Gy) 22.9 wk?
78  Resectable pancreatic GITSG Radiation alone (40 Gy) + 5-FU  21.0 mo®
cancer No adjustment treatment 10.9 mo?
2 DukesB2and Crectal  GITSG No adjuvant therapy 35040
cancer Radiation (40-44 Gy + 5-FU 559%°
+ semustine
3 DukesB2and Crectal NCCTG Radiation (45-50.4 Gy) alone 35%°
cancer Radiation (45-50.4 Gy)+ 5-FU 55%°
+/- semustine
80 DukesB2andCrecta NCCTG Radiation (54 Gy) + bolus 5-FU 6096
cancer +/- semustine
Radiation (54 Gy) +infuson5-FU  70%°
+/- semustine
76  Esophagea cancer RTOG Radiation (64 Gy) alone 8.9 mo?
Radiation (50 Gy)+5-FU 12.5 mo?
+ cisplatin
85  Primary hepatobiliary University of Radiation + hepatic arterial 16 mo
cancer Michigan floxuridine
SM edian survival.
5-yr survival.
7-yr survival.
d4—yr survival.
®Phase I/11 study.
Table 3
Malignancies in which 5-FU and Radiation Therapy Have Been Used for Organ Preservation
Number Percentage
Ref. Disease Treatment of patients  of organ sparing
86 Bladder cancer Radiation (60 Gy) + 5-FU 34 70%
87 Radiation (60-65 Gy) 19 89%
81 Anal cancer Radiation (30 Gy) + 5-FU + 45 76%
mitomycin
82 Radiation (3045 Gy) + 5-FU + 22 100%
mitomycin
88 Laryngea cancer 5-FU + cisplatin + radiation 332 64%
(66-76 Gy)?

8sequential delivery of chemotherapy and radiation.

11.1. Esophageal Cancer

The feasibility of concomitant chemoradiotherapy has been evaluated in numerous
studiesinesophageal cancer, given either aspreoperativetreatment or asprimary therapy.
In most of these studies, fluorouracil was an integral part of the chemotherapy regimen.
Byfield et al. (74) evaluated theefficacy of 5-FU infusion (for 5d) and 10 Gy of radiation
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(infour fractions given every 2 wk) for atotal of six cycles. Fiveof six patientsachieved
complete responses and were alive at the time of thereport (range: 1-22 mo). Coiaet al.
(75) reported the results of 57 patientswith stage| or 11 esophageal cancer who received
fluorouracil infusion (for 4 d x two cycles, startingond 2 and 29), and CMT (ond 2) with
radiation (60 Gy in 30 fractions). The 3- and 5-yr actuarial survivalswere 29% and 18%,
respectively. The disease-specific survival was41% and 30% at 3 and 5 yr, respectively.
In a randomized intergroup trial, 121 patients with localized esophageal cancer were
administered either 64 Gy of radiation alone or four cycles of fluorouracil and cisplatin
plus 50 Gy of radiation. The results showed 24-mo survival of 38% in the chemo-
radiotherapy arm vs 10% in the radiation-alone arm (p = 0.001). An additional follow-
up revealed a 3-yr survival of 31% in the chemoradiotherapy arm vs no 3-yr survival in
theradiation-only arm (77). Thelocal failureratewas44%in thecombined-modality arm
vs65% intheradiation-only arm (p < 0.01). Within 12 mo, the rate of distant metastasis
was 22%inthe combined-modality armvs 38%intheradiation-only arm (p=0.005), and
moretoxicity was associated with the combined-modality treatment. In addition, 44% of
patients in the combined-modality arm had severe side effects and 20% had life-threat-
ening side effects vs 25% and 3%, respectively, in the radiation-alone arm.

The results of the intergroup trial compound the concept of radiosensitization, since
alower dose of radiation in the combined-modality group improved local control com-
pared with the radiation-alone group. The chemotherapy also decreased the risk of
micrometastasis. Despite the better outcome with chemoradiotherapy, the overall prog-
nosi sof thesepati entsremainspoor. No randomized trial scomparing chemoradi otherapy
with esophagectomy have been performed; it seems that chemoradiotherapy providesa
reasonabl e alternative to esophagectomy in selected patients.

11.2. Pancreatic Cancer

In a Gastrointestinal Tumor Study Group (GITSG) trial (78), patients were random-
ized to adjuvant chemoradiotherapy or to observation alone after complete resection.
Radiation was administered in two courses of 20 Gy each, separated by an interval of
2wk, for atotal dose of 40 Gy. Fluorouracil was given for three consecutive days at the
beginning of each radiation courseand wasthen continued onceweekly for 2yr. Although
only asmall number of patientswereeval uated, the study suggested asignificant survival
benefit for the combined treatment arm vsthe control arm (median survival: 20 mo vs
11 mo, respectively). However, 71% of the treatment arm and 86% of the control arm
developed recurrent disease.

TheGITSG then randomized 194 patientswithlocally advanced, unresectabl e pancre-
atic cancer to receive 60 Gy of radiation alone, 40 Gy of radiation plus fluorouracil, or
60 Gy radiation plus fluorouracil (1). The median time to progression was 12.6 wk for
theradiation group vs 30—-34 wk for the combined-modality groups. Themedian survival
for radiation-alone group was 5.5 mo vs 10 mo for the combined-modality group.
Although the median survival of patientsreceiving 60 Gy was slightly better than those
who received 40 Gy, the difference was not significant.

In another GITSG study, patients with locally unresectable pancreatic cancer were
randomized to multidrug chemotherapy (streptozocin, CM T, and fluorouracil) or to 54 Gy
of radiation plus fluorouracil followed by the same three-drug chemotherapy regimen.
Overall survival for the combined chemoradiotherapy group was superior, i.e., 41% at
one year vs 19% for the chemotherapy group (79).
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11.3. Rectal Cancer

The GITSG randomized patients with resected Dukes B2 or C rectal cancer to one of
four arms: no adjuvant therapy, postoperative radiotherapy of 4048 Gy, postoperative
chemotherapy with fluorouracil (500 mg/m? on the first 3 d and the last 3 d of radio-
therapy) and semustine, or combined chemotherapy and radiotherapy (2). Two hundred
and two evaluabl e patientsof theoriginal 227 patientsshowed at 7 yr, thesurvival of 56%
for the combined treatment group compared with 32% for the control group (p = 0.005).
Bothlocoregional and distant recurrencedecreased, but the main advantagewasimproved
locoregional control. The chemotherapy alone or radiotherapy alone groups did not
improve local control or survival significantly.

The Mayo Clinic/North Central Cancer Treatment Group (NCCTG) randomized
patientswith resected rectal cancer and tumor penetration through therectal wall or with
metastatically involved lymph nodeswereassigned to postoperativeradiation alone (45—
50.4 Gy) or totwo courses of chemotherapy with fluorouracil and semustinefollowed by
concomitant fluorouracil and radiotherapy and two additional courses of chemotherapy
(3). At 5yr, therecurrence-free survival was 37% for the radiation group vs 58% for the
combined-modality group (p = 0.0016). The overall survival was 44% for the radiation
group vs 57% for the combined-modality group (p = 0.025). Theincidence of severelate
complications was similar between the two treatment groups. An intergroup trial dem-
onstrated the benefit of protracted fluorouracil infusion when given concomitantly with
radiation as indicated by a significant decrease in recurrence (from 47% to 37%) and
distant metastasis (from 40% to 31%) compared with those who received bolusfluorou-
racil (80). Survival was better in patients treated with protracted venous infusion of
fluorouracil. Patientsintheprotracted fluorouracil group had ahigher incidenceof severe
diarrhea, whereas the bolus fluorouracil group had more severe myel osuppression.

11.4. Anal Cancer

The Wayne State regimen consisted of two cycles of fluorouracil infusion (1000 mg/
m?/d d 1-4 and on d 29-32), and CMT (15 mg/m? on d 1) with radiation (total dose of
30 Gy) (81). Theresultsrevealed overall 5-yr survival rates of 70-90% and preservation
of anal sphincter function in more than two-thirds of the patients. The main toxicities of
CMT may include severe, life-threatening hematologic and pulmonary toxicity, and
hemolytic uremic syndrome. Cummings et al. (82) evaluated its contribution to the ef-
ficacy of the combined modality therapy in aseries of nonrandomized protocolsinwhich
patients were treated with radiation plus fluorouracil and CMT, radiation plus fluorou-
racil, or radiation only. Thelocal control and cause-specific survival for patientsreceiv-
ing radiationand fluorouracil plusCMT weresignificantly superior compared with those
receiving radiation and fluorouracil or radiation alone. In a randomized trial by the
Radiation Therapy Oncology Group (Study 87-04), patients were treated with 45 Gy of
radi ation and two courses of fluorouracil (1000 mg/m?%/dfor 4donwk 1 and 4) (82). They
were randomized to receive or not receive CMT (10 mg/m? on d 1 and 29). Preliminary
resultssuggested significantimprovementsinthefour-year |ocoregional control (82%vs
64%, respectively), colostomy-free survival (71% vs 59%, respectively), and survival
without evidence of disease (73% vs 51%, respectively) for patients who received both
fluorouracil and CMT vsthosewho received fluorouracil alone. Thedifferenceinoverall
survival was not statistically significant (76% vs 67%, respectively). Patients receiving
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fluorouracil and CM T were al so noted to have ahigher incidence of severetoxicitiesthan
thosereceivingfluorouracil alone. Thisstudy confirmedthat CM T constitutesanimportant
component of the combined chemoradiotherapy modality at the cost of increased toxic-
ity. In a study that included 20 patients with locally recurrent and/or metastatic anal
cancer, fluorouracil and cisplatin achieved a 55% response rate (83). The preliminary
result of a phase Il trial by the Eastern Cooperative Oncology Group (ECOG) using
fluorouracil, cisplatin, and 59.4 Gy of radiation showed an overall response rate of 92%
and acompleteresponse rate of 74% (84). Anintergroup randomized study isunderway
to determinewhether ahigh dose (59.4 Gy) ismore effective than amoderate dose (45 Gy)
of radiation and whether fluorouracil plus cisplatin is a more effective chemotherapy
regimen than fluorouracil plus CMT.

12. SUMMARY

The pharmacologic studies indicated that intrinsic pharmacokinetics of 5-FU hinder
their ability to reproducethe conditionsrequired for radi osensitization. Indeed, the short
half-lifeof thedrug (from hepatic removal) precludeanything other than addictive effects
when bolusdrug isadded to any variety of radiation fractionation scheme. Thesetwo sets
of requirementstogether demonstrated that acontinuousinfusion (inwhich drugismade
present for at least 24 h after each radiation fraction) would be optimal. In summary,
5-FU is a potent radiosensitizer under the following defined circumstances.

1. 5-FU hasto be present for at least 24 h after each radiation exposurein order to establish
theradiosensitivestate. Prior exposuretothedrug (withitsremoval after X -ray exposure)
has no effect on radiation survival.

2. In order for 5-FU to render cells sensitive to radiation, a demonstrable degree of cell
killing by 5-FU hasto occur. In other words, some effectiveness of drug aone must be
seen (equivalent quantitatively to killing slightly short of aclinical partial response).

3. 5-FU-insensitive human cancers probably cannot be radiosensitized by 5-FU.

Although, there are theoretical advantages of combining chemotherapy and radio-
therapy to enhance cytotoxicity, 5-FU combined with concurrent radiation has been
shown to improve treatment outcomein several malignancies, in particular, gastrointes-
tinal cancers. Despite this progress, further efforts are required to improve the current
results by well-designed randomized clinical trials, especially involving newer/oral
agents. Basic laboratory research is also indicated to elucidate the underlying mecha-
nisms of interaction between 5-FU and radiation, to facilitate the development of more
effective drugs, and to provide the framework for future clinical trials.
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