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tion is difficult to eradicate. Tumor regrowth in
between cycles of therapy (repopulation) also
contributes to limited efficacy.

Experimental evidence suggests that single ra-
diation doses result in 1% or less cell survival
compared with 10-50% with cytotoxic drugs.
Although clinically impressive remissions of
solid tumors might occur after chemotherapy,
the underlying cell kill is often not larger than
1-2 log and pathological examination of tissue
specimens reveals residual viable tumor cells.
The two Stockholm breast cancer trials in
women treated with modified radical mastec-
tomy provide a comparison of postoperative
radiotherapy and chemotherapy with a median
follow-up of 18 years. Locoregional recurrence
was observed in 14% after radiotherapy and
24% after chemotherapy in premenopausal pa-
tients (hazard ratio 0.67, p=0.048) and in 12%
after radiotherapy and 26% after chemotherapy
in postmenopausal patients (hazard ratio 0.43,
p<0.001).
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e The curative potential of chemotherapy alone
has remained low in most solid tumors. Ob-
viously chemotherapy or medical treatment
alone is unable to control definitively macro-
scopic solid tumors in adults (either metasta-
ses or primary tumors) with the exception of
testicular carcinomas. As a result of the limited
efficacy, current studies are trying to enrich
the patient population that is likely to respond,
based, for example, on gene signatures or dif-
ferent pathology features that might predict the
outcome.

¢ The introduction of combined modality ap-
proaches was a highly significant step in the
evolution of curative cancer treatment. The
most pronounced increase in therapeutic gain
was probably seen by combining surgery and/
or radiation with chemotherapy. As recently
suggested from the data of patients with glio-
blastoma, head and neck, and esophageal can-
cer who received radiotherapy alone or radio-
and chemotherapy, the effect of the drugs in
combined modality treatment corresponds to
the equivalent of 9-12 Gy in 2-Gy fractions. In
many clinical situations, radiation dose escala-
tion by 9-12 Gy would result in increased late
toxicity risks. Under these circumstances, com-
bining radio- and chemotherapy increases the
therapeutic window.

e In practice, the efficacy of radiotherapy might
be reduced by limitations in imaging/detection
of malignant cells (target volume definition),
precision of treatment delivery (intra- and in-
terfraction motion), and various factors related
to tumor biology (oxygenation, cell cycle dis-
tribution, etc.).

® Both experimental and clinical observations
have repeatedly confirmed the influence of ini-
tial tumor volume or cell number on local con-
trol and the need for administration of higher
radiation doses in large-volume disease.

Abstract

This chapter contains a review of the potential of radio-
and chemotherapy to eradicate tumor cells. With regard
to the amount of quantitative cell kill, important differ-
ences exist between ionizing radiation and chemother-

apy. In principle, radiation treatment can be designed
to cover the whole tumor with a homogeneously dis-
tributed full radiation dose, capable of inactivation of
all tumor cells. In contrast, pharmacotherapy is limited
by the fact that the dose of the active, cell-killing form
of the compound is variable within the tumor and its
cells. This results from problems in the delivery of drugs
(perfusion, interstitial fluid pressure, tissue pH, protein
binding, etc.), cellular uptake, efflux, inactivation, and
other mechanisms of resistance. In many instances,
the agent does not reach the relevant therapeutic tar-
gets in the required concentration and for a sufficient
time period. In fact, the pharmacokinetic profile of an-
ticancer drugs is characterized by substantial interpa-
tient variability where two- to threefold variation is not
uncommon. These issues even gain complexity with si-
multaneous administration of two or more drugs. Such
multiagent regimens with different modes of action
might be valuable when each agent kills different tumor
cells, which would not become inactivated by the other
agent. Depending on variations in actual drug concen-
tration, a fixed combination of two drugs might either
show additivity or antagonism in the same tumor cells.
Both preclinical and clinical data confirm that rationally
designed drug combinations often lead to improved re-
sults. Several studies support the superior quantitative
cell kill of radiotherapy and suggest that simultaneous
application of radio- and chemotherapy is an important
measure to increase the efficacy of non-surgical cancer
treatment.

Introduction

10.1.1
Clinical Relevance
of Radio- and Chemotherapy

The curative potential of radiotherapy, for example, for
limited-stage malignancies of the skin and other organs
that could be treated to high doses with the technology
available at that time, was explored very soon after the
landmark discoveries by Wilhelm Conrad Roentgen
and many other enthusiastic pioneers in the newly
emerging field of radiation medicine. As early as 1912,
the German journal Strahlentherapie ¢ Onkologie
was published for the first time. The elegant work on
dose-effect relationships of, for example, Magnus
Strandqvist, which was published in 1944, has been
summarized in one of the early issues of the Interna-
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tional Journal of Radiation Oncology Biology and Physics
(DEL REGATO 1989). Driven by rapid progress in both
machine development, discovery of new isotopes, and
understanding of the basic biological principles, the
number of indications and successful treatment strate-
gies has increased tremendously during the twentieth
century. Eventually, the basis for high-precision proton
and heavy ion beam application has been established
(LAWRENCE etal. 1963). Today, patients with early-
stage solid tumors (T1, T2; NO; M0), such as prostate
cancer or non-small cell lung cancer (NSCLC), are
cured by linear accelerator photon radiation treatment
alone [prostate: brachytherapy or intensity modulated
radiation treatment (IMRT) (NGUYEN and ZIETMAN
2007); lung: stereotactic fractionated radiation treat-
ment (ZIMMERMANN et al. 2006)].

Later during that century, the first encouraging ef-
forts in systemic chemotherapy with cytotoxic drugs,
in particular in patients with leukemias, malignant
lymphomas, and testicular cancer, contributed to a con-
tinuous increase and refinement of cancer treatment
approaches (BEN-ASHER 1949; ScortT 1970). More
and more specific drug targets have been discovered,
rational drug combinations have been designed, and,
thus, an unprecedented number of clinically established
neoadjuvant, adjuvant, and palliative regimens have be-
come available today. However, the curative potential
of chemotherapy alone has remained low in most solid
tumors. The introduction of combined modality ap-
proaches was a highly significant step in the evolution
of curative cancer treatment. Parallel to refinements of
each single modality, combined treatment has actively
been investigated in recent decades in both preclinical
and clinical studies around the world. When judged at
this time, the most pronounced increase in therapeutic
gain was probably seen by combining surgery and/or
radiation with chemotherapy.

Meanwhile a huge body of evidence supports the
use of combined modality approaches based on the
combination of ionizing radiation with cytostatic and
cytotoxic drugs. In this regard, several randomized
phase III trials for many relevant cancer sites provide
a sound basis for level-one evidence-based decisions.
This holds true especially for glioblastoma multiforme
(Stupp etal. 2005), head and neck cancers includ-
ing nasopharyngeal cancer and laryngeal cancer (Bri-
ZEL et al. 1998; FORASTIERE et al. 2003; BupAcH et al.
2005), esophageal cancer (MINSKY et al. 2002; SIEWERT
etal. 2007), colorectal and anal cancer (BARTELINK
et al. 1997; SAUER et al. 2004), cervical cancer (GREEN
etal. 2001), as well as lung cancer (SCHAAKE-KONING
et al. 1992).

Basic Considerations

10.2.1
Treatment Aims

The most important aim of curative cancer treatment is
to eradicate all tumor cells. With regard to the amount
of quantitative cell kill, it has to be emphasized that im-
portant differences exist between ionizing radiation and
chemotherapy (Fig. 10.1). In principle, radiation treat-
ment can be designed to cover the whole tumor with a
homogeneously distributed full radiation dose, capable
of inactivation of all tumor cells. In contrast, pharmaco-
therapy is limited by the fact that the dose of the active,
cell-killing form of the compound is variable within the
tumor and its cells (Fig. 10.2). This results from problems
in the delivery of drugs (perfusion, interstitial fluid pres-
sure, tissue pH, protein binding, etc.), cellular uptake,
efflux, metabolization, inactivation, and other molecu-
lar and cellular mechanisms of resistance. In many in-
stances, the agent does not reach the relevant therapeutic
targets in the required concentration and for a sufficient
time period (TANNOCK et al. 2002; PRIMEAU et al. 2005;
MincHINTON and TANNOCK 2006). In fact, the pharma-
cokinetic profile of anticancer drugs is characterized by
substantial interpatient variability where two- to three-
fold variation is not uncommon (BRUNSVIG et al. 2007).
These issues even gain complexity with simultaneous ad-
ministration of two or more drugs. Such multiagent reg-
imens with different modes of action might be valuable
when each agent kills different tumor cells, which would
not become inactivated by the other agents; however,
sometimes all agents might act on the same cell, caus-
ing much more damage than necessary for cell death.
Depending on variations in actual drug concentration,
a fixed combination of two drugs might either show ad-
ditivity or antagonism in the same tumor cells (LEE et al.
2006). Cells surviving initial chemotherapy may up-
regulate active resistance mechanisms, which allows for
growth despite therapy (TEICHER et al. 1990; GRAHAM
etal. 1994). Furthermore, cells may survive until ther-
apy cessation by downregulating metabolism/cycling,
becoming temporarily quiescent (STEWART et al. 2007).
Another factor that interferes with our ability to deliver
tumor-eradicating treatment is toxicity/damage to nor-
mal tissues and organs. While such toxicity typically
is limited to the tumor surroundings in the context of
surgery and radiotherapy, more widespread effects limit
the maximum tolerable doses of systemically adminis-
tered agents (bone marrow toxicity, neuropathy, cardiac
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Fig. 10.1. Differences in quantitative cell kill and time course. Influence of different thera-
peutic modalities on number of tumor cells during a course of treatment, based on models
(TaANNOCK 1989, 1992; MINCHINTON and TANNOCK 2006). The dashed line represents the
border between microscopic and macroscopic tumors, defined as a size of approximately
5 mm. Compared with surgical resection and fractionated radiotherapy, multiple courses of
chemotherapy (in this case six, indicated by arrows) are less efficient in cell kill. While mi-
croscopic disease might be eradicated (lower chemotherapy curve), clinical evidence suggests
that most macroscopic solid tumors (exception: more sensitive testicular cancers) will shrink
temporarily but eventually regrow from surviving residues (upper chemotherapy curve). As
shown in the inset, the strength of chemotherapy in combination with radiation treatment
(in addition to spatial cooperation) is the modification of the slope of the curve

lonizing Radiation Pharmaceuticals
Homogeneous dose distribution. Tumor cell Inhomogeneous dose distribution. Tumor cell
kill depends on intrinsic radiosensitivity, local kill depends on delivery of the drug, uptake in
physiology and biochemical status of the tumor tumor tissue and cells, local physiology,
subvolumes. In principle, the whole tumor can biochemical status, multidrug resistance etc.
be covered by the radiation dose required to Often, subvolumes and relevant therapeutic
kill all tumor cells. targets are not covered by the full drug dose
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Fig. 10.2. Comparison between tumor dose distribution in radiation treatment and pharmaceutical treatment. Il-
lustrative tumor sections from a squamous cell carcinoma demonstrate biological heterogeneity, reflected by the
differently colored areas, within the tumor. Homogeneous radiation dose distribution within the tumor irrespective
of differences in biology, physiology, functional factors, structure, and morphology. Heterogeneous dose distribution
for drug treatment, related, for example, to regional differences in perfusion, pH, metabolism, etc. Drug molecules
are shown as red circles. (The histological section is courtesy of W. Miiller-Klieser, Johannes Gutenberg University,
Mainz, Germany)
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damage, kidney damage, infertility, etc.). Here it is also
worth noting that in contrast to malignant tissues the
normal tissue of the different organs does not develop
resistance toward anticancer pharmaceuticals. Systemic
radiotherapy such as radionuclides for the treatment of
bone metastases or certain types of lymphomas will of
course also be able to cause some of the systemic effects.
This particular type of radiation treatment, however, will
not be discussed in greater detail in this chapter.

10.2.2
Aspects Specific to Radiotherapy

As illustrated in Fig. 10.1, the quantitative cell kill of
ionizing radiation is significantly larger than that of
chemotherapy (TaANNOCK 1992, 1998; MINCHINTON
and TANNoOck 2006). The magnitude of the relatively
low efficiency of chemotherapy might vary with cell
type, culture conditions, drug, exposure time, etc. Ex-
perimental evidence suggests, however, that single ra-
diation doses result in 1% or less cell survival compared
with 10-50% with cytotoxic drugs (EPsTEIN 1990; Kim
et al. 1992; SIMOENS et al. 2003; EL1AZ et al. 2004). Al-
though clinically impressive remissions of solid tumors
might occur after chemotherapy, the underlying cell kill
is often not larger than 1-2 log and pathological exami-
nation of tissue specimens reveals residual viable tumor
cells. From these cells local, regional, and distant failure
can eventually emerge.

In practice, the efficacy of radiotherapy might be re-
duced by limitations in imaging/detection of malignant
cells (target volume definition), precision of treatment
delivery (intra- and interfraction motion), and various
factors related to tumor biology, which will be discussed
later in this chapter. However, the experience with im-
age-guided high-precision radiotherapy based on com-
bined biological and anatomical imaging suggests that
the magnitude of such limitations is likely to diminish
(Grosu et al. 2006).

Extensive discussion of radiobiological principles is
beyond the scope of this chapter, yet a few definitions
will be mentioned. The response of tumors to radio-
therapy is determined by several factors such as repop-
ulation, reoxygenation, number of clonogenic cells, and
their intrinsic radiosensitivity. Since the introduction of
mammalian cell survival curves, the parameters D, and
N have been used as quantitative measures of inher-
ent radiation sensitivity, as was the shoulder width Dq
(THAMES and SurT 1986). Today the ratio alpha/beta
is the most common parameter for characterization of
cell survival curves. It is also a measure of fractionation
sensitivity.

When combining two treatment modalities, the
resulting net effect on cell killing is mainly described
by the terms “additivity, synergism, and subadditivity;’
which are derived from experimental investigations.
They are not applicable to the clinical situation and do
not reflect the results of clinical trials, where changes
from radiation as a monotherapy to multimodal treat-
ment usually do not result in extraordinarily favorable
cure rates (or supra-additivity), although they have led
to important gradual improvement. It appears prudent
to refer to the term “enhancement of radiation effect”
within a clinical context.

The smaller the tumor, the higher is the success rate
of radiation treatment, as illustrated in the Japanese
study of carbon ion therapy for stage I NSCLC (M1va-
MoTO et al. 2007). For T1 disease, the local control rate
was 98% at a median follow-up of 39 months, while it
was 80% for T2 tumors. With the same modality, 97% of
choroidal melanoma were locally controlled at 3 years
(Tsuyr et al. 2007). For skull base chondrosarcomas, lo-
cal control was achieved in 90% of the cases at 4 years
(ScHULz-ERTNER etal. 2007). In small early-stage
NSCLC, comparable local control data were published
for stereotactic radiosurgery with photon beams (Z1m-
MERMANN et al. 2006; HoF et al. 2007). In early, stage Ib
squamous cell carcinoma of the uterine cervix, radiation
therapy alone resulted in 5-year survival of 93.5% and
local control of 92% (OTA et al. 2007). Radiation doses
that control early stage T1 prostate cancer result in less
favorable outcome when administered to advanced T3
disease (ZELEFSKY et al. 2008). With higher doses and/
or combined radiation and androgen ablation, however,
high 5- and 10-year local control rates can be achieved
even in T3 tumors (ZELEFSKY etal. 2008). Both ex-
perimental and clinical observations have repeatedly
confirmed the influence of initial tumor volume or cell
number on local control (KHALIL etal. 1997; ZHAO
etal. 2007) and the need for administration of higher
radiation doses in large-volume disease. The preclinical
data of radiotherapy under hypoxic and ambient condi-
tions also suggest that the dose-volume relationship is
present under both conditions, i.e., not just related to
increasing hypoxia in larger tumors.

Whether surgery and radiotherapy are equally effec-
tive in small-volume disease is difficult to judge as very
few direct randomized comparisons with sufficient sam-
ple size have been published. One of the best examples
is probably the French trial comparing 658 breast cancer
patients with clinically uninvolved lymph nodes, which
were treated with lumpectomy plus axillary dissection or
axillary radiotherapy (Louls-SYLVESTRE et al. 2004). In
the group with dissected axilla, 21% of the patients were
node positive. The median follow-up was 180 months.




174

M. Molls et al.

Recurrence in the axillary nodes was less frequent in the
surgery arm (1% versus 3%, p=0.04); however, distant
metastases rates and overall survival were not signifi-
cantly different, suggesting that the small difference in
axillary control is not clinically meaningful. Different
non-randomized studies, for example, in patients with
inflammatory breast cancer initially treated with in-
duction chemotherapy at the University of Texas M. D.
Anderson Cancer Center in Houston, Texas, USA, also
suggest that local treatment with either surgery or radio-
therapy is equally effective (UENO et al. 1997). Compar-
ing urological and radiotherapeutic literature one can
state that in early prostate cancer (up to T2a category,
cNO, cM0) the cure rates of radiation treatment and
prostatectomy do not differ in a significant manner. A
similar situation exists also for other tumor entities, es-
pecially, for example, for head and neck cancers.

10.2.3
Aspects Specific to Chemotherapy

Many anticancer drugs are cell-cycle specific and there-
fore most active against cells that are proliferating.
Thus, the non-proliferating fraction is difficult to eradi-
cate. Tumor regrowth (repopulation) in between cycles
of therapy also contributes to limited efficacy. Typically,
one tries to administer the highest possible dose of
drugs in the shortest possible time intervals. Even the
use of dose-dense regimens, high-dose treatment with
bone marrow or hematopoietic stem cell transplanta-
tion, and the development of non-cross-resistant regi-
mens has not yet resulted in cure of the most common
solid tumors with chemotherapy.

In earlier studies of neoadjuvant chemotherapy for
locally advanced breast cancer, pathological complete re-
mission (pCR) at surgery was seen in 5-15% of patients
(typically anthracycline-based regimens) and it was
found that pCR patients had better long-term outcomes
(FERRIERE et al. 1998; KARLSSON et al. 1998). Even with
modern drug combinations, pCR after neoadjuvant
chemotherapy (for breast cancer with or without trastu-
zumab) is seen in only 15-38% of breast cancer patients
(DEoO et al. 2003; SMITH et al. 2004; EvaNs et al. 2005;
REITSAMER etal. 2005; VoN MINCKWITZ et al. 2005;
ARDAVANIS etal. 2006; HURLEY etal. 2006; VEYRET
et al. 2006; ARNOULD et al. 2007) and 9-20% of cervi-
cal cancer patients (Bupa et al. 2005; MODARRESS et al.
2005). In a randomized setting, the pCR rate in cervical
cancer was much lower after neoadjuvant chemother-
apy alone than after radiochemotherapy (10% versus
43%; p<0.05; MODARRESs et al. 2005). The definitive
cure rates with chemotherapy alone would certainly be

lower than the pCR rates, because some surviving clo-
nogenic tumor cells, which are not readily detectable,
are still present in the histopathological specimen. As
mentioned above, the curves shown in Fig. 10.1 depend
on several variables related to patient selection, tumor
microenvironment and sensitivity, agent and dose, etc.
They are meant to illustrate the principle; however, the
results of some neoadjuvant chemotherapy trials dem-
onstrate the variability in the steepness of these curves.
As a result of the limited efficacy of chemotherapy, cur-
rent studies are trying to enrich the patient population
that is likely to respond, based, for example, on gene
signatures or different pathology features that might
predict the outcome (MINNA et al. 2007).

As recently demonstrated from an exploratory anal-
ysis of data from two parallel phase III chemotherapy
studies in metastatic colorectal cancer, even non-re-
sponders, despite a poorer prognosis than responders,
achieved extended progression-free and overall survival
from more effective drug combinations, which were
tested against older standards (GROTHEY et al. 2008).
One of the trials examined IFL (irinotecan, 5-fluoroura-
cil, leucovorin) versus IFL plus the angiogenesis inhibi-
tor bevacizumab, and the other trial compared IFL to
oxaliplatin, 5-fluorouracil, and leucovorin. The hazard
ratios for the different study endpoints and drug regi-
mens ranged from 0.63 to 0.76 in responders and non-
responders. In a large analysis of 1,508 patients with
advanced or metastatic colorectal cancer treated in a
phase III study, 4% had complete remission after chemo-
therapy alone (DY et al. 2007). The three treatment arms
of the study consisted of IFL, oxaliplatin plus 5-fluorou-
racil/leucovorin, and irinotecan plus oxaliplatin. The
highest rate of complete remissions was 6%, observed in
the oxaliplatin plus 5-fluorouracil/leucovorin arm. Size
of the metastases significantly influenced the likelihood
of complete remission. Of the patients with initial com-
plete remission to chemotherapy, 84% developed pro-
gression within 5 years. The median time to progression
was 15 months. With second-line chemotherapy, com-
plete remission is even more unlikely in this disease.

Attempts to Compare the Efficacy
of Radio- and Chemotherapy

10.3.1
Animal Studies

In this section, examples are discussed that are focused
on the undifferentiated human hypopharyngeal cell line
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FaDu. This cell line was first described in 1972 and has
a doubling time in vitro of about 1.2-2.8 days. Extensive
experiments by the group from Dresden, Germany, are
summarized in Table 10.1 and compared to data from
other groups. Among different, but equally sized hu-
man head and neck squamous cell carcinomas growing
in nude mice, which received total body irradiation be-
fore tumor transplantation, the radiation dose to con-
trol 50% of the tumors (TCDs,) after a sufficient follow-
up of 120 days varied tremendously (YAROMINA et al.
2007). After local radiation treatment with 30 fractions
over 6 weeks, the TCDs, was, for example, 45 Gy for UT-
SCC-8 cells, 85 Gy for FaDu cells, and 127 Gy for SAS
cells. Thus, FaDu represents a cell line that is neither
particularly sensitive nor resistant. Another reason for
focusing on this cell line is the number of data available
for review. Some in vitro data from experiments with
FaDu are shown in Table 10.2. Comparable variations
in sensitivity across a panel of cell lines were made for

different pharmacological agents and tumor cell lines,
emphasizing the role of intrinsic sensitivity. As shown
in Table 10.1, FaDu tumors can be controlled with clini-
cally readily achievable doses of radiation, while the re-
sults of chemotherapy at the maximum tolerated dose
vary tremendously. Some drug combinations achieve
better results than the respective single treatments. As
previously described by other authors, reduction of the
tumor volume before the start of radiotherapy, in this
example by the use of epidermal growth factor recep-
tor-tyrosine kinase inhibition, failed to translate into
improved local tumor control after sufficient follow-up
(KrAUSE etal. 2007). All these observations question
the value of clinical strategies where radiotherapy or
simultaneous radiochemotherapy is preceded by induc-
tion chemotherapy or tyrosine kinase inhibitors. Sum-
marizing this paragraph it is also very important to note
that one has to be very cautious when transferring ex-
perimental in vitro and in vivo results into the clinical

Table 10.1. Overview of animal experiments with subcutaneously implanted FaDu tumor cells

Reference Model Treatment details
ScHUTZE et al. (2007a) Nude mice

having received

Ambient conditions without
anesthesia, air-breathing

Results

Single dose 25 Gy controlled 29% at day 120
Single dose 35 Gy controlled 57% at day 120

4 Gy TBI animals
KRAUSE et al. (2007)  Nude mice Ambient conditions without ~ Total doses 8-60 Gy, 5 fractions in 5 days
having received anesthesia, air-breathing Evaluation of tumor control at day 120
4 Gy TBI animals Up to 32 Gy: <25% of tumors are controlled
TCDso=41 Gy
TCDIOO =60 Gy
Cao et al. (2005) Nude mice Maximum tolerable dose 10-20% cure with capecitabine or irinotecan
80-90% cure with combination of both agents
AZRAK et al. (2004) Nude mice Maximum tolerable dose <30% cure with irinotecan
0% cure with 5-fluorouracil
60-100% cure with combination of both agents
Joscuko et al. (1997) Nude mice Maximum tolerable dose Daily gemcitabine results in a median time to
having received regrowth to 200% of the initial volume of 5 days
5 Gy TBI Once weekly gemcitabine results in a median
time to regrowth to 200% of the initial volume of
13 days
Twice weekly gemcitabine results in a median
time to regrowth to 200% of the initial volume of
16 days
JoscHKko et al. (1997) Nude mice Ambient conditions without 40 Gy in 20 fractions in 2 weeks results in a
having received anesthesia, air-breathing median time to regrowth to 200% of the initial
5 Gy TBI animals volume of 43 days

TBI Total body irradiation

Note that the sensitivity to drug treatment might change with tumor location within the host animal, as described by (HoLDEN
et al. 1997). In general, time to regrowth is a less valuable and accepted endpoint than local tumor control




176

M. Mollis et al.

Table 10.2. Overview of in vitro experiments with the FaDu cell line (cell culture conditions varied between the individual

reports)

ICso (pmol/l)  Resistance fraction
Cisplatin 1.02 + .15 53+1.5
5-Fluorouracil 7.59 + 1.15 254+1.1
Paclitaxel 1.25 £ 0.57 11.8+£2.3

Radiation therapy parameters

SF 0.1
SF 0.01

Reference

LEE et al. (2006)

4.1-4.5 Gy ScHUTZE et al. (2007b)

7.3-7.7 Gy

ICso Inhibitory concentration at 50% survival, SF 0.1 radiation dose reducing the survival fraction to 1%

ICs values for FaDu are within the range of those reported for other squamous cell carcinoma, for example, RAITANEN et al.

(2002)

ICso values for different cell lines treated with the same agent are variable: 3-35 nM, for example, for paclitaxel (GORODETSKY et al.

1998) and 5-50 nM for docetaxel (CLARKE and Rivory 1999)

situation. Often one must conclude that experimental
treatments especially with pharmacological substances
are highly efficient whereas with corresponding treat-
ments in patients the efficiency cannot be reproduced.

10.3.2
Clinical Data

Direct randomized comparisons unfortunately are very
rare. However, the two Stockholm breast cancer trials
in women treated with modified radical mastectomy
provide a comparison of postoperative radiotherapy
and chemotherapy with a median follow-up of 18 years
(RurqvisT and JoHANssON 2006). All patients had
node-positive disease or a tumor diameter exceeding
30 mm. The radiation dose was 46 Gy in 2-Gy fractions
to the chest wall, axilla, supraclavicular fossa, and the
ipsilateral internal mammary nodes. Chemotherapy
initially consisted of 12 cycles (later 6 cycles) of cyclo-
phosphamide 100 mg/m? orally on days 1-14, metho-
trexate 40 mg/m’ i.v. on days 1 and 8, and 5-fluorouracil
600 mg/m’ i.v. on days 1 and 8 (CMF). In the trial that
included premenopausal patients, 291 were allocated to
CMF and 256 to radiotherapy. In each arm, 12% were
node negative. Sixty-two and 64% were estrogen-recep-
tor positive, respectively. Locoregional recurrence was
observed in 14% after radiotherapy and 24% after che-
motherapy (hazard ratio 0.67, p=0.048). The absolute
benefit increased with the number of positive lymph
nodes. As might be expected, fewer patients developed
distant recurrence after CMF and the eventual differ-
ence in breast cancer deaths was 50% versus 56%. This

difference in favor of CMF was not statistically signifi-
cant (p=0.12), but the sample size was very limited. In
the trial that included postmenopausal patients, 182
were allocated to CMF and 148 to radiotherapy. Ten
and 12% were node negative, respectively. Sixty-seven
and 68% were estrogen-receptor positive, respectively.
Locoregional recurrence was observed in 12% after ra-
diotherapy and 26% after chemotherapy (hazard ratio
0.43, p<0.001). Again, distant recurrence was reduced
by treatment with CMEFE, as were breast cancer deaths
(p=0.07). While treatment of breast cancer has changed
to a greater extent after the initiation of these two tri-
als, their results add to the evidence of increased local
cell kill after radiotherapy compared to systemic che-
motherapy. Data from a subgroup of patients from the
Stockholm trials suggest that the magnitude of expres-
sion of certain DNA repair proteins (Mrell, Rad50,
Nbs1) is associated with the favorable response to ra-
diotherapy (SODERLUND et al. 2007).

In an observational study in patients with metastatic
melanoma, local treatment with fractionated radiother-
apy, single-fraction radiosurgery, or hyperthermia each
was superior to systemic treatment (dacarbazine, fote-
mustine, carboplatin, temozolomide) with regard to lo-
cal response rates (RICHTIG et al. 2005). Another study
describes the response rate and time to progression
in patients with metastatic esophageal cancer treated
with chemotherapy alone or combined chemo- and
radiotherapy (LEE et al. 2007). All 74 patients initially
received two cycles of capecitabine/cisplatin chemo-
therapy. Patients with distant lymph node metastases
continued with lower doses of the same two drugs plus
radiotherapy to 54 Gy, while patients with non-lymph
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node distant metastases continued on full-dose chemo-
therapy. Partial response to the first two cycles was ob-
served in 20% and 15%, respectively (not significantly
different). After treatment completion, a significant
difference in favor of radiotherapy-containing treat-
ment was observed (36% versus 63%). Median time
to progression also was longer, 5.9 versus 8.4 months
(p=0.03).

Interesting data can also be derived from various
recently published randomized studies in stage IITB/
IV NSCLC. Some of these studies used chemotherapy
combinations, while one focused on palliative radio-
therapy to the chest (different fractionation regimens)
with only a few of the patients receiving additional che-
motherapy (SUNDSTROM et al. 2004). With the lowest
radiation dose of 17 Gy in 2 fractions, 2-year survival
was 8%. With 15 fractions of 2.8 Gy, 13% was achieved.
These figures are very close to those reported by the
same group with carboplatin/vinorelbine or carbopla-
tin/gemcitabine, i.e., 7% (HELBEKKMO et al. 2007), and
those from studies of cisplatin/vinorelbine (Yasupa
etal. 2006) or carboplatin/paclitaxel (PACCAGNELLA
et al. 2006). Although various types of imbalances be-
tween the study populations might exist and some
chemotherapy patients likely will also have received ra-
diotherapy, the data are compatible with the hypothesis
that the cell kill induced by commonly used cytostatic
regimens can only be compared to that of palliative ra-
diotherapy with low to moderate total doses.

While radiotherapy with or without androgen de-
privation has long been accepted as the primary cura-
tive treatment modality in patients with prostate cancer,
the limited experience with chemotherapy before pros-
tatectomy (docetaxel or epirubicin) suggests that pCR
is very unlikely. In fact, it was not observed at all in the
studies by DREICER et al. (2004), FEBBO et al. (2005),
and FRANCINI etal. (2008). Assuming that surviving
cancer cells will ultimately result in treatment failure,
current cytotoxic drugs are not suitable for curative
treatment in this disease, although their palliative role
in hormone-refractory disease clearly has been estab-
lished in recent years (BERTHOLD et al. 2008).

In most clinical situations, chemotherapy augments
the radiation-induced cell kill within the irradiated vol-
ume and may improve distant control. To maximize
augmentation of cell kill, optimization of parameters
of drug exposure is necessary. It has been shown, for
example, that continuous infusion is better than bolus
administration of 5-fluorouracil. The following example
illustrates the efficacy of chemotherapy as a radiation
enhancer. In the large randomized FFCD 9203 trial
in rectal cancer preoperative radiotherapy (45 Gy in
25 fractions) resulted in a pCR in 4%, whereas the ad-

dition of 5-fluorouracil and folinic acid improved this
figure to 12% (GERARD et al. 2005). As recently sug-
gested from the data of patients with glioblastoma who
received radiotherapy alone or radiotherapy plus temo-
zolomide (STUPP et al. 2005), the effect of the drug in
combined modality treatment corresponds to the equiv-
alent of 9.1 Gy in 2-Gy fractions (JoNES and SANGHERA
2007). In patients treated with neoadjuvant combined
chemo- and radiotherapy for esophageal cancer (data
from 26 trials combined), it was estimated that 1 g/m?
of 5-fluorouracil was equivalent to a radiation dose of
1.9 Gy and that 100 mg/m? cisplatin was equivalent to a
radiation dose of 7.2 Gy (GEH et al. 2006). A combined
analysis of 14 head and neck cancer trials confirms
these data (KASIBHATLA et al. 2007). With 2-3 cycles of
cisplatin, carboplatin, and/or 5-fluorouracil containing
radiochemotherapy regimens, the additional dose cor-
responds to 12 Gy in 2 Gy per fraction daily. In many
clinical situations, radiation dose escalation by 9-12 Gy
would result in increased late toxicity risks. Under these
circumstances, combining radio- and chemotherapy in-
creases the therapeutic window.

While radiation alone can be considered as a cura-
tive treatment in a variety of early-stage solid tumors
(especially T1-2 NO MO, for example, skin, anal, cer-
vix, larynx, lung, and prostate cancers, see also above),
long-term control with chemotherapy alone is rarely
observed. Even in the adjuvant situation, chemotherapy
often fails to control micrometastatic disease. Current
concepts of cancer biology suggest that most traditional
chemotherapy approaches fail to eradicate cancer stem
cells, which are slow-cycling cells that often express
multidrug resistance (MDR) proteins (MILLER et al.
2005). It has been proposed that approaches targeting
this subpopulation of cancer cells might increase the ef-
ficacy of drug treatment (KorkayAa and WicHA 2007).
Previous strategies of chemotherapy intensification, ei-
ther by local delivery, systemic high-dose treatment, or
simultaneous administration of several non-cross-resis-
tant drugs, for example, 8-drugs-in-1-day, were mostly
disappointing (FARQUHAR et al. 2005). Among newer
concepts is the so-called metronomic chemotherapy,
which refers to prolonged administration of compara-
tively low doses of cytotoxic drugs with minimal or no
drug-free breaks. This strategy is thought to have an
antiangiogenic basis and shows encouraging results in
preclinical models (SHAKED et al. 2005). It is now also
combined with maximum-tolerated dose chemother-
apy and targeted agents in vivo (PIETRAS and HANA-
HAN 2005). Again we like to mention here that in sum-
mary one has to assume that especially in macroscopic
but very often also in microscopic tumors the specific
pathophysiology (vessel architecture, blood flow, inter-
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stitial pressure, etc.) is the predominant biological factor
minimizing drug efficiency due to an inhomogeneous
drug distribution within the tumor tissue and leaving
tumor subvolumes with inefficient drug concentrations
(MiNcHINTON and TANNOCK 2006).

Interaction of Radiation and Chemotherapy

Therapeutic gain is defined by an increase of tumor
control and finally survival without a parallel increase
in the severity of specific side effects (Fig. 10.3). Only
a few reports are available proving that the combina-
tion of radiation and chemotherapy actually results in
an increased therapeutic gain. A very nice preclinical
example is the comprehensive studies with cisplatin
and 5-fluorouracil in different tumors transplanted into
mice, which were reported by KALLMAN et al. (1992).
In our opinion, this group has demonstrated in an ex-
cellent fashion how clinically relevant experiments of
radiochemotherapy can be designed. Also worth men-
tioning is a clinical example, a randomized German
phase III trial (BuDACH etal. 2005), where a total of
384 stage I1I and stage IV head and neck cancer patients
were randomly assigned to receive either 30 Gy (2 Gy/
day) followed by 1.4 Gy b.i.d. (2 fractions per day) to a
total dose of 70.6 Gy concurrently with 5-fluorouracil

and mitomycin C (C-HART) or 14 Gy (2 Gy/day) fol-
lowed by 1.4 Gy b.i.d. to a total dose of 77.6 Gy (HART).
The overall treatment time was equal in both groups.
At 5 years, the locoregional control and overall survival
rates were significantly better in the radiochemotherapy
arm compared with the radiation-only arm. Interest-
ingly, the maximum acute reactions of mucositis, moist
desquamation, and erythema were significantly lower
in the radiochemotherapy arm compared with ra-
diotherapy alone. No differences in late reactions and
overall rates of secondary neoplasms were observed;
thus, this trial impressively documents that the combi-
nation of radiotherapy with chemotherapy agents may
effectively widen the therapeutic window; however, it
is clear that although the specific toxicities may not be
increased, new toxicities in terms of hemotoxicity will
be added; thus, the net effect of radiochemotherapy re-
sults from a cooperation regarding tumor control and,
in parallel, a diversification of toxicities. Independently
of the term “therapeutic gain,” the interaction of radia-
tion with chemotherapy follows a precise nomenclature
based on some groundbreaking theoretical consider-
ations published in the late 1970s (STEEL 1979; STEEL
and PECkHAM 1979). In every case of a scientific de-
scription and quantification of the effects of combined
modality therapy in appropriate models, it is highly
recommended to adhere to the proposed nomencla-
ture. The complexity of effects increases with each step
of investigation, i.e., from cell culture to tumor-bearing
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Fig. 10.3. Therapeutic gain. Therapeutic gain is defined as the resulting benefit when tu-
mor control is weighted against the normal tissue damage. In an ideal setting (left) the
probability of normal tissue damage is minimal at a dose level with a maximal probability
of tumor control. More realistically (middle), doses required to achieve local control are
associated with a certain, but low, probability of normal tissue damage. In situations where
the doses required to control the tumor are continuously higher than the doses being toxic

(right), treatment will be palliative in most cases (“worst case”)
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animal to cancer patient (WURSCHMIDT et al. 2000). A
thorough examination of all possible treatment combi-
nations and administration schedules for a given drug
plus radiation is very challenging, as can be seen in the
publication by KALLMAN et al. (1992), who studied in
depth the radiosensitizing effects of cisplatin and other
chemotherapeutic substances.

10.4.1
Spatial Interaction

On a large scale, chemotherapy and radiation may be
effective on several levels. The concept of spatial in-
teraction was devised to mean that chemotherapy and
radiation act on spatially distinct compartments of the
body, resulting in a net gain in tumor control. The con-
cept of spatial interaction does not take into account any
drug-radiation interaction on the level of the tumor it-
self, but rather assumes that radiation or chemotherapy
would be active in different compartments, respectively.
In a narrow sense, this concept describes the fact that
chemotherapy would be employed for the sterilization
of distant microscopic tumor seeding, whereas radiation

Spatial interaction
(classical)

CHX affects
local control

< Improved
local control
& less
secondary
seeding

would achieve local control (Fig. 10.4). Obviously, this
is a theoretical consideration only, since chemotherapy
also increases local control and radiotherapy reduces
distant metastasis via increased local control rates; thus,
when integrating the concept of spatial interaction into
a more complete view on combined modality, spatial co-
operation is still of major importance. In a more narrow
sense, the aspect of spatial interaction is of major impor-
tance when one attempts to adequately cover sanctuary
sites during multimodality approaches for certain types
of leukemia and lymphomas. Next to spatial effects,
several other important mechanisms may increase the
efficacy of a combined treatment approach. In this re-
gard, inhibition of repopulation and effective killing of
hypoxic radioresistant cells by medical substances may
contribute to the efficacy of a combined treatment.

10.4.2
Role of Repopulation

The fractionated treatment of tumors with ionizing ra-
diation is associated with the phenomenon of repopula-
tion (Kim and TANNOCK 2005). Speaking simply, a cer-
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(complex)
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Fig. 10.4. Spatial interaction. In a classical interpretation (left) the term spatial interaction refers to the fact that che-
motherapy (CHX) is effective on tumor compartments where radiation (XRT) has no efficacy, and vice versa, resulting
in a generally increased control rate. In a more complex view (right), spatial interaction is relevant on multiple interact-
ing levels: increased local control by radiation reduces the risk of a secondary seeding. Furthermore, the interaction of
radiation with chemotherapy increases local control; thus, in addition to the classical spatial interaction, several levels of
interacting feedback loops exist, which increase efficacy of spatial interactions
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tain amount of tumor cells repair the induced damage
in between two fractions and proliferate. Repopulation
may neutralize around 0.5 Gy/day; however, the range
of repopulation is considerably large and may reach
higher levels (TROTT 1990; BAUMANN et al. 1994; Bu-
DACH etal. 1997). Based on these findings, radiation
biologists advocated the use of accelerated radiation
schedules; however, the acute and late effects of such ap-
proaches turned out to be more intense so that the final
value of those approaches in terms of a real therapeutic
gain remains unclear (BECK-BORNHOLDT et al. 1997;
DiscHE et al. 1997; Hor1or et al. 1997). The phenom-
enon of repopulation must also be taken into account
when trying to design combined modality regimens.
In theoretical models, cell loss from neoadjuvant che-
motherapy preceding fractionated radiation treatment
might trigger accelerated repopulation (Fig. 10.5).
Then, a certain percentage of the daily radiation dose is
wasted to counteract increased tumor cell proliferation.

Under such conditions, despite a response to chemo-
therapy, cell survival after radiotherapy is no better than
after the same course of radiotherapy alone (yet toxicity
results from both modalities). Accelerated repopulation
has also been described after treatment of murine breast
tumors with sequential, weekly cycles of 5-fluorouracil
and cyclophosphamide (Wu and TANNOCKk 2003).

The clinical observation that the simultaneous
combination of 5-fluorouracil, mitomycin C, or cis-
platin with radiation is of value in rapidly proliferat-
ing squamous cell cancers has led to the assumption
that the addition of drugs may influence the potential
of cancer cells to repopulate. At least for mitomycin C
this effect was documented precisely using a xenograft
model (BuDAcH et al. 2002). In this model, transplanted
tumors were treated with 11 x 4.5 Gy fractionated radia-
tion under ambient conditions with or without mito-
mycin C followed by a graded top-up dose on days 16,
23, 30, or 37 given under hypoxic conditions. Repopula-
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Fig. 10.5a,b. Influence of tumor cell repopulation on outcome. a Cell survival during a fraction-
ated course of radiotherapy depends not only on the proportion of cells killed with each dose (which
is equal for the two examples shown), but also on the rate of proliferation of surviving cells between
the fractions, which differs between the two curves. b Hypothetical diagram to illustrate the number
of surviving cells in a tumor during treatment with radiation alone, or during radiation treatment in
a tumor that has responded to neoadjuvant chemotherapy (i.e., cell number reduced to 1% at start
of radiotherapy) but where proliferation has been stimulated. Despite neoadjuvant chemotherapy,

ultimate cell survival is similar. (From TANNOCK 1989, 1992)
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tion in the interval between the fractionated treatment
and the top-up dose accounted for 1.33 Gy top-up dose
per day in animals not receiving mitomycin C, but only
0.68 Gy in animals receiving the drug; thus, at least mi-
tomycin C may increase the efficacy of radiation by the
inhibition of repopulation.

10.4.3
Role of Hypoxia

As known for years, radiation-induced cell kill is
strongly dependent on the presence of adequate oxy-
gen tensions. In larger tumors, for example, head and
neck cancers, areas of hypoxia and even anoxia are
present leading to an increased radiation resistance of
clonogenic tumor cells within such areas (MoLLs and
VAUPEL 1998; STADLER et al. 1999; NORDSMARK et al.
2005; WouTeRrs etal. 2005). It has been speculated
that chemotherapeutic agents, especially those killing
even hypoxic cells, may overcome global radiation re-
sistance simply by killing radioresistant hypoxic cells,
thereby being of special value in highly hypoxic tumors
(TEICHER et al. 1981; ROCKWELL 1982).

Comparing the effects of several cytostatic drugs
in combination with radiation on the growth of a C3H
mammary carcinoma, it turned out that cyclophosph-
amide, adriamycin, and mitomycin C had the most sig-
nificant effect on the proportional cell kill of hypoxic
cells. In contrast, bleomycin and cisplatin did not ex-
ert strong effects on hypoxic cells (GRau and OVER-
GAARD 1988). In addition, it has clearly been shown
that tumor blood flow in xenografts is increased after
mitomycin C treatment (DURAND and LEPARD 1994).
Using two different squamous cell carcinomas, the lat-
ter authors tested the drug’s influence on the outcome
of radiation treatment with or without hypoxia (Du-
RAND and LEPARD 2000). The authors reported neither
an increased killing of hypoxic cells by mitomycin C
nor a consistent increase in tumor blood flow rates;
however, mitomycin C in combination with radiation
was associated with a slight increase in cell killing of
hypoxic subpopulations of the xenograft system. Based
on this observation it was concluded that the efficacy
of a combined treatment with mitomycin C and ra-
diation cannot be rationalized on either a complemen-
tary cytotoxicity or on drug-induced improvement in
tumor oxygenation secondary to an increased blood
flow.

In the case of paclitaxel it has been tested whether
the enhanced killing by the combination of paclitaxel
and radiation is connected to the presence of oxygen.

Using an MCA-4 xenograft system, the authors could
show that in the absence of oxygen the paclitaxel-medi-
ated change of the TCDs, value is strikingly less promi-
nent (MILAS et al. 1994, 1995); thus, it can be concluded
that at least in part the influence of paclitaxel on the ra-
diation response is mediated via an optimized oxygen-
ation. In a clinical trial of neoadjuvant chemotherapy
in breast cancer, paclitaxel significantly decreased the
mean interstitial fluid pressure and improved oxygen-
ation, effects which were not observed in a randomized
control group receiving doxorubicin (TAGHIAN et al.
2005).

In conclusion, several sets of data indicate that the
efficacy of chemotherapy in combination with radiation
may be related to an increased oxygenation of hypoxic
tumors; however, it still remains speculative whether or
to what amount the efficacy of a combined treatment is
strictly related to specific influences on the hypoxic cell
compartment (Fig. 10.6).

Molecular Interactions

10.5.1
DNA Damage

One of the underlying molecular aspects of the efficacy
of the combination of radiation and chemotherapy,
which has been understood in more detail, is the influ-
ence on DNA repair. The induction of DNA damage is
probably one of the most crucial events after irradiation
of cells. In this regard, ionizing radiation triggers a wide
array of lesions including base damage, single-strand
breaks, and notably, double-strand breaks (DSB). After
irradiation, different molecular systems are involved in
recognition and repair of the damage. Whereas most of
the induced damage is quickly repaired, DSB repair is
slow and unrepaired DSBs are considerably important
for the final induction of cell death.

Many chemotherapeutic agents, especially those
known to be of value in combination with radiation,
also induce considerable DNA damage or interfere with
effective DNA repair; therefore, two general patterns
of interactions may be separated: (1) the combination
of the drug with radiation directly leads to more dam-
age and (2) the drug may interact with the DNA repair
pathway thus increasing the level of DNA damage more
indirectly; however, one has to assume that none of the
potential mechanisms acts without the other in real
settings.
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Fig.10.6. Mechanisms of chemoradiation on a cellular level. At least four major mechanisms contribute to
the efficacy of the combination of radiation with chemotherapy. In general, the addition of chemotherapy
adds to the combined effect simply by an additional independent killing of clonogenic tumor cells. This
mechanism is backed up by several other more interactive pathways: chemotherapy may induce a certain
reassortment of tumor cells in more vulnerable phases of the cell cycle, chemotherapy may reduce the level
of repopulation during a course of fractionated radiotherapy, and, finally, chemotherapy may partially over-

come hypoxia-mediated radiation resistance

Cisplatin, for example, acts by complex formation with
guanosine residues and subsequent adduct formation
ultimately resulting in intra- and interstrand crosslinks.
This type of damage is mostly removed by base excision
repair and mismatch repair. Several sets of data suggest
that single-strand damage induced by radiation in close
vicinity to DNA damage triggered by cisplatin results in
a mutual inhibition of the damage-specific repair sys-
tem; thus, the amount of resulting damage leads to an
increased net cell kill (BEGG 1990; YANG et al. 1995).

Similarly, etoposide, which is a strong topoiso-
merase Ila-directed toxin, induces DSBs mostly dur-
ing the S-phase of the cell cycle (BERRIOS et al. 1985;
EarNsHAW and HEcCK 1985). Again, several lines of evi-
dence show that the combination of both agents results
in a strongly increased level of damage (GIOCANT!I et al.
1993; Yu et al. 2000).

The biochemical pathways involved in DNA repair
and DNA synthesis overlap in several regards; thus,
drugs acting on the synthesis of DNA putatively also
interfere with the repair of DNA damage after applica-

tion of ionizing radiation. Several prototypical radiation
sensitizers may act via these mechanisms. Besides cis-
platin, 5-fluorouracil is probably the most commonly
employed drug in clinical combined modality settings.
Basically, 5-fluorouracil inhibits thymidylate synthase
thereby reducing the intracellular pool of nucleoside
triphosphates (PINEDO and PETERS 1988; MILLER and
KINSELLA 1992). In addition, the drug is integrated into
DNA via fluorodeoxyuridine, also contributing to its
antineoplastic effects. Several lines of evidence suggest
that the amount of 5-fluorouracil integrated into DNA
directly correlates with the radiosensitizing effect. In ad-
dition, the complementation of the cell culture medium
with higher levels of thymidine reverses the effects of
5-fluorouracil on the radiation sensitivity (LAWRENCE
et al. 1994; McGINN et al. 1996).

Gemcitabine, which is another radiation sensitizer,
was also shown to deplete the pool of deoxynucleosides
and is integrated into DNA. The drug is known to exerta
pronounced radiosensitizing effect in squamous cancer
cells, as well as adenocarcinoma cells from pancreatic
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cancer. In vitro this effect was especially pronounced
during the S-phase passage (ROBERTSON etal. 1996;
LAWRENCE et al. 1997; ROSIER etal. 1999). Although
few data regarding the mechanistic basis of the inter-
action between radiation and gemcitabine are available,
the exact mechanism remains elusive. The radiation-
sensitizing effect was seen over a prolonged time period
(~48 h) after incubation of HT29 cells with low doses of
gemcitabine (100 nm). During the first 48 h the level of
S-phase cells increased, whereas the amount of deoxy-
nucleosides remained low even up to 72 h (SHEwACH
et al. 1994; LAWRENCE et al. 1997); thus, it seems likely
that the depletion of the deoxynucleoside pools in com-
bination with an increased killing of cells in S-phase is a
mechanism responsible for an enhanced radiation sus-
ceptibility mediated by gemcitabine.

10.5.2
Radiation Sensitization
Via Cell Cycle Synchronization

The fact that striking differences in the radiation sensi-
tivity occur as cells move through the different phases
of the cell cycle has stimulated the speculation that the
efficacy of a combined treatment may also be related to
possible effects on the reassortment of cells in more vul-
nerable cell cycle phases.

Several experimental settings provide evidence that
cell cycle effects are involved in the modulation of the ef-
ficacy of combined modality approaches. In this regard
the use of a temperature-sensitive p53 mutant allows the
analysis of cell cycle effects. The underlying hypothesis
was that fluoropyrimidine-mediated radiosensitization
occurs only in tumor cells that inappropriately enter S-
phase in the presence of drug resulting in a subsequent
repair defect of the radiation-induced damage. The use
of the mutated p53 allowed p21-mediated arrest prior to
S-phase entry when cells are grown under 32°C, in con-
trast to no arrest in cells grown at the non-permissive
temperatures of 38°C. The radiation-sensitizing effect of
fluoropyrimidine was directly connected to the lacking
GI1 arrest when cells were grown under non-permissive
temperatures; thus, the fluoropyrimidine-mediated
radiosensitization clearly requires progression into S-
phase (NAIDA et al. 1998).

In an extension of these findings, Naipa etal.
(1998) analyzed the effects of fluorodeoxyuridine on the
radiation sensitivity in HT29 and SW620 human colon
cancer cells under nearly complete inhibition of thy-
midylate synthase (both cell lines harbor a similar p53
mutation). Interestingly, only the HT29 cells were sen-
sitized. As an underlying feature, the authors found that

only the HT29 cells progressed into S-phase and dem-
onstrated increased cyclin E-dependent kinase activity.
In contrast, SW620 cells were found to be arrested just
past the G1-S boundary and an increase in kinase activ-
ity was not detectable; thus, the findings underline the
requirement of an S-phase transition for the efficacy of
halogenated fluoropyrimidines in combination with ra-
diation. These findings also highlight the role of mol-
ecules involved in cell cycle regulation as key players
for the modulation of a combined modality approach
(McGINN et al. 1994; LAWRENCE et al. 1996a—c). In ad-
dition to the fact that the S-phase transition is required
for the radiosensitization effect, it has also been shown
that fluoropyrimidines under defined dosage conditions
facilitate the accumulation of cells in S-phase (MILLER
and KINSELLA 1992).

In addition to the findings on halogenated fluoro-
pyrimidines, several other sets of data obtained with
paclitaxel suggest that an increased radiation sensitivity
occurred at the time of a taxane-induced G2-M block;
however, the situation for taxane combinations is highly
complex in so far as other data provide evidence that the
mitotic arrest is not sufficient for the effects of paclitaxel
(GEARD and JoNES 1994; HENNEQUIN et al. 1996). The
picture becomes even more complicated when taking
into account that radiation was shown to decrease the
net killing of taxanes (Sut et al. 2004). In this regard, it
has been shown that the combination of paclitaxel and
gamma radiation did not produce a synergistic or addi-
tive effect in a breast cancer and epidermoid cancer cell
model. Instead, the overall cytotoxicity of the combina-
tion was lower than that of the drug treatment alone.
In particular apoptosis induction was found to be strik-
ingly reduced. A detailed analysis revealed that radia-
tion resulted in cell cycle arrest at the G2 phase prevent-
ing the G1-M transition-dependent cytotoxic effects of
paclitaxel. Furthermore, radiation inhibited paclitaxel-
induced IkBa degradation and bcl-2 phosphorylation
and increased the protein levels of cyclin B1 and inhibi-
tory phosphorylation of p34(cdc2).

Taken together, the impact of chemotherapy-in-
duced cell cycle alterations as a major mechanism for
the efficacy of the combined action is still questionable.
In clinical settings, the importance of an adequate cell
cycle progression for the efficacy of radiochemother-
apy approaches has been impressively documented.
In the case of a neoadjuvant 5-fluorouracil-based ra-
diochemotherapy for rectal cancer, it has been shown
that a decrease of the cell cycle inhibitory protein p21
during neoadjuvant treatment is strongly associated
with an improved disease-specific survival. This finding
has been corroborated by the observation that a paral-
lel increase of the expression level of the proliferation
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marker ki-67 is similarly associated with an improved
outcome (RauU et al. 2003); thus, preclinical findings on
the action of 5-fluorouracil in combination with radia-
tion are clearly reflected by clinical observations.

Potential Influences on Programmed
Cell Death Pathways

In order to inactivate a tumor cell, several distinct yet
overlapping pathways may be activated. Besides the in-
duction of pure apoptosis, other cell inactivation mo-
dalities, including programmed necrosis, mitotic catas-
trophe, senescence, or terminal differentiation, may be
triggered (BELKA 2006). The influence of a combined
modality treatment on any of these end points has never
been analyzed in greater detail; thus, only very few data
are available showing that the combination of paradig-
matic radiation sensitizers with radiation quantitatively
alters the induction of certain predefined mechanisms
of cell death (Fig. 10.7).

In the case of gemcitabine, the efficacy of a com-
bined treatment in terms of apoptosis induction has
been analyzed in more detail using HT29 colon cancer
cells, UMSCC-6 head and neck cancer cells, and A549
lung cancer cells. A key feature was that all cell systems

* Increase of DNA damage
* Inhibition of DNA damage repair

differ substantially in the ability to undergo radiation-
induced apoptosis, with HT29 being the most apopto-
sis-sensitive cell in this experimental setting. It turned
out that the radiosensitization of HT29 cells was ac-
companied by an increase in apoptosis, whereas in UM-
SCC-6 cells and A549 cells, the radiosensitizing effect
was mediated via non-apoptotic mechanisms; thus, this
effect is rather a cell-type-specific feature than a general
property of the drug.

In the case of definitive treatment approaches in
esophageal or rectal cancer, the importance of apopto-
sis signaling has been documented. Esophageal cancer
patients with lack of the proapoptotic Bax molecule
have significantly reduced outcome rates (STURM et al.
2001). Similar findings have been observed for neoad-
juvant radiation or radiochemotherapy in patients with
rectal tumors with a low expression of Bax (CHANG
et al. 2005; NEHLS et al. 2005).

Effects of Protracted Drug Exposure

More than 30 years ago, in vitro studies demonstrated
increased efficacy when tumor cells were exposed to
mitomycin C or several other drugs for a prolonged
time (SHIMOYAMA 1975). This finding was confirmed

» Enhanced activation of
death pathways

» Activation of non-cross active
death pathways

(P53 & p21)
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Fig. 10.7. Mechanisms of chemoradiation on a molecular level. The most prominent points of
interaction of radiation with chemotherapy being of importance for the efficacy of a combined mo-
dality treatment are found on the level of DNA damage induction and repair, cell death induction,

and cell cycle control
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in clinical trials of continuous infusion versus bolus
5-fluorouracil (SEIFERT et al. 1975). Furthermore, and
probably related to avoidance of peak concentrations,
reduced normal tissue toxicity was observed. In prin-
ciple, these divergent effects on tumor and normal tis-
sues improve the therapeutic window. Considering
tumors, longer exposure times of 5-fluorouracil result
in enhanced cell killing also in the context of simulta-
neous radiation therapy (Moon etal. 2000). A com-
bined analysis of more than 3,100 patients with rectal
cancer treated with preoperative radiochemotherapy
demonstrated that the pCR rate was significantly higher
when continuous infusion 5-fluorouracil was used,
as compared with other modes of delivery (HARTLEY
et al. 2005). Protracted exposure is also currently being
tested for other drugs such as temozolomide. Whether
such regimens hold promise depends on the mode of
action of the drug, cell-cycle specificity, pharmacoki-
netics, etc.

Conclusion

A large body of in vitro results and data from animal ex-
periments and clinical trials show very clearly the high
efficacy of radiotherapy and the fact that cell kill from
chemotherapy is often comparable to that of rather low
doses of radiation. The underlying principles are now
better understood than in earlier decades. They provide
the basis for development of improved methods of deliv-
ery, modification of blood flow and microenvironment,
measures to counteract resistance and metabolization,
and, maybe most importantly, rationally designed com-
bination treatment. Compared with the relatively ho-
mogeneous models used for description of experimen-
tal end points, the clinical situation is complicated by a
very complex tumor biology with changes in physiolog-
ical and microenvironmental parameters over time, and
even differences between the primary tumor itself and
regional lymphatic metastases, which receive identical
treatment. There has been a long-lasting interest in pre-
diction of individual response, for example, by means of
pretherapeutic ex vivo chemosensitivity testing in cell
culture or determination of molecular marker genes
(SHIMIZU et al. 2004; STAIB et al. 2005). More recently,
treatment monitoring early during a course of chemo-
therapy or radiochemotherapy by means of positron
emission tomography, diffusion magnetic resonance
imaging, and other biological imaging methods has
shown promising results (WEBER 2005). Nevertheless,
treatment individualization, also with regard to nor-

mal tissue toxicity and drug metabolism, for example,
based on single nucleotide polymorphisms (EFFERTH
and VoLM 2005; ROBERT et al. 2005), continues to be an
area of active investigation.

References

Ardavanis A, Scorilas A, Tryfonopoulos D, et al (2006) Mul-
tidisciplinary therapy of locally far-advanced or inflam-
matory breast cancer with fixed perioperative sequence
of epirubicin, vinorelbine, and fluorouracil chemotherapy,
surgery, and radiotherapy: long-term results. Oncologist
11:563-573

Arnould L, Arveux P, Couturier J, et al (2007) Pathologic com-
plete response to trastuzumab-based neoadjuvant therapy
is related to the level of HER-2 amplification. Clin Cancer
Res 13:6404-6409

Azrak RG, Cao S, Slocum HK, et al (2004) Therapeutic syn-
ergy between irinotecan and 5-fluorouracil against human
tumor xenografts. Clin Cancer Res 10:1121-1129

Bartelink H, Roelofsen F, Eschwege F, et al (1997) Concomi-
tant radiotherapy and chemotherapy is superior to radio-
therapy alone in the treatment of locally advanced anal
cancer: results of a phase III randomized trial of the Euro-
pean Organization for Research and Treatment of Cancer
Radiotherapy and Gastrointestinal Cooperative Groups. ]
Clin Oncol 15:2040-2049

Baumann M, Liertz C, Baisch H, et al (1994) Impact of overall
treatment time of fractionated irradiation on local control
of human FaDu squamous cell carcinoma in nude mice.
Radiother Oncol 32:137-143

Beck-Bornholdt HP, Dubben HH, Liertz-Petersen C, Willers
H (1997) Hyperfractionation: where do we stand? Radio-
ther Oncol 43:1-21

Begg AC (1990) Cisplatin and radiation: interaction probabili-
ties and therapeutic possibilities. Int J Radiat Oncol Biol
Phys 19:1183-1189

Belka C (2006) The fate of irradiated tumor cells. Oncogene
25:969-971

Ben-Asher S (1949) Nitrogen mustard therapy: the use of
methyl-bis(B-chloroethyl) amine hydrochloride in Hodg-
kin’s disease, leukemia, lymphosarcoma and cancer of the
lung. Am J Med Sci 217:162-168

Berrios M, Osheroff N, Fisher PA (1985) In situ localization of
DNA topoisomerase II, a major polypeptide component of
the Drosophila nuclear matrix fraction. Proc Natl Acad Sci
U S A 82:4142-4146

Berthold DR, Pond GR, Soban F, et al (2008) Docetaxel plus
prednisone or mitoxantrone plus prednisone for advanced
prostate cancer: updated survival in the TAX 327 study. ]
Clin Oncol 26:242-245

Brizel DM, Albers ME, Fisher SR, et al (1998) Hyperfraction-
ated irradiation with or without concurrent chemotherapy
for locally advanced head and neck cancer. N Engl ] Med
338:1798-1804




186

M. Mollis et al.

Brunsvig PF, Andersen A, Aamdal S, et al (2007) Pharma-
cokinetic analysis of two different docetaxel dose levels in
patients with non-small cell lung cancer treated with do-
cetaxel as monotherapy or with concurrent radiotherapy.
BMC Cancer 7:197

Buda A, Fossati R, Colombo N, et al (2005) Randomized trial
of neoadjuvant chemotherapy comparing paclitaxel, ifos-
famide, and cisplatin with ifosfamide and cisplatin fol-
lowed by radical surgery in patients with locally advanced
squamous cell cervical carcinoma: the SNAPO1 Italian
Collaborative Study. ] Clin Oncol 23:4137-4145

Budach W, Gioioso D, Taghian A, et al (1997) Repopulation
capacity during fractionated irradiation of squamous cell
carcinomas and glioblastomas in vitro. Int ] Radiat Oncol
Biol Phys 39:743-750

Budach W, Paulsen F, Welz S, et al (2002) Mitomycin C in com-
bination with radiotherapy as a potent inhibitor of tumour
cell repopulation in a human squamous cell carcinoma. Br
J Cancer 86:470-476

Budach V, Stuschke M, Budach W, et al (2005) Hyperfraction-
ated accelerated chemoradiation with concurrent fluo-
rouracil-mitomycin is more effective than dose-escalated
hyperfractionated accelerated radiation therapy alone in
locally advanced head and neck cancer: final results of the
radiotherapy cooperative clinical trials group of the Ger-
man Cancer Society 95-06 Prospective Randomized Trial.
] Clin Oncol 23:1125-1135

Cao S, Durrani FA, Rustum YM (2005) Synergistic antitumor
activity of capecitabine in combination with irinotecan.
Clin Colorectal Cancer 4:336-343

Chang HJ, Jung KH, Kim DY, et al (2005) Bax, a predictive
marker for therapeutic response to preoperative chemora-
diotherapy in patients with rectal carcinoma. Hum Pathol
36:364-371

Clarke SJ, Rivory LP (1999) Clinical pharmacokinetics of doc-
etaxel. Clin Pharmacokinet 36:99-114

Del Regato JA (1989) Magnus Strandqvist. Int ] Radiat Oncol
Biol Phys 17:631-642

Deo SV, Bhutani M, Shukla NK, et al (2003) Randomized trial
comparing neo-adjuvant versus adjuvant chemotherapy in
operable locally advanced breast cancer (T4b N0-2 MO0). J
Surg Oncol 84:192-197

Dische S, Saunders M, Barrett A, et al (1997) A randomised
multicentre trial of CHART versus conventional ra-
diotherapy in head and neck cancer. Radiother Oncol
44:123-136

Dreicer R, Magi-Galluzzi C, Zhou M, et al (2004) Phase II trial
of neoadjuvant docetaxel before radical prostatectomy for
locally advanced prostate cancer. Urology 63:1138-1142

Durand RE, LePard NE (1994) Modulation of tumor hypoxia
by conventional chemotherapeutic agents. Int J Radiat
Oncol Biol Phys 29:481-486

Durand RE, LePard NE (2000) Effects of mitomycin C on the
oxygenation and radiosensitivity of murine and human
tumours in mice. Radiother Oncol 56:245-252

Dy GK, Krook JE, Green EM, et al (2007) Impact of complete
response to chemotherapy on overall survival in advanced
colorectal cancer: results from intergroup N9741. J Clin
Oncol 25:3469-3474

Earnshaw WC, Heck MM (1985) Localization of topoi-
somerase II in mitotic chromosomes. ] Cell Biol
100:1716-1725

Efferth T, Volm M (2005) Pharmacogenetics for individualized
cancer chemotherapy. Pharmacol Ther 107:155-176

Eliaz RE, Nir S, Marty C, Szoka FC Jr (2004) Determination
and modeling of kinetics of cancer cell killing by doxoru-
bicin and doxorubicin encapsulated in targeted liposomes.
Cancer Res 64:711-718

Epstein RJ (1990) Drug-induced DNA damage and tumor
chemosensitivity. ] Clin Oncol 8:2062-2084

Evans TR, Yellowlees A, Foster E, et al (2005) Phase III ran-
domized trial of doxorubicin and docetaxel versus doxoru-
bicin and cyclophosphamide as primary medical therapy
in women with breast cancer: an Anglo-Celtic cooperative
oncology group study. ] Clin Oncol 23:2988-2995

Farquhar C, Marjoribanks J, Basser R, et al (2005) High dose
chemotherapy and autologous bone marrow or stem cell
transplantation versus conventional chemotherapy for
women with metastatic breast cancer. Cochrane Database
Syst Rev:CD003142

Febbo PG, Richie JP, George DJ, et al (2005) Neoadjuvant
docetaxel before radical prostatectomy in patients with
high-risk localized prostate cancer. Clin Cancer Res
11:5233-5240

Ferriere JP, Assier I, Cure H, et al (1998) Primary chemother-
apy in breast cancer: correlation between tumor response
and patient outcome. Am J Clin Oncol 21:117-120

Forastiere AA, Goepfert H, Maor M, et al (2003) Concurrent
chemotherapy and radiotherapy for organ preservation in
advanced laryngeal cancer. N Engl ] Med 349:2091-2098

Francini G, Paolelli L, Francini E (2008) Effect of neoadju-
vant epirubicin and total androgen blockade on complete
pathological response in patients with clinical stage T3/T4
prostate cancer. Eur J Surg Oncol 34:216-221

Geard CR, Jones JM (1994) Radiation and taxol effects on syn-
chronized human cervical carcinoma cells. Int ] Radiat
Oncol Biol Phys 29:565-569

Geh JI, Bond §J, Bentzen SM, et al (2006) Systemic overview of
preoperative (neoadjuvant) chemoradiotherapy in patients
with oesophageal cancer: evidence of a radiation and che-
motherapy dose response. Radiother Oncol 78:236-244

Gerard J, Romestaing P, Bonnetain F, et al (2005) Preopera-
tive chemoradiotherapy (CT-RT) improves local control
in T3-4 rectal cancers: results of the FFCD 9203 ran-
domized trial (abstract). Int J Radiat Oncol Biol Phys
63(suppl 1):52-S3

Giocanti N, Hennequin C, Balosso J, et al (1993) DNA re-
pair and cell cycle interactions in radiation sensitization
by the topoisomerase II poison etoposide. Cancer Res
53:2105-2111




Quantitative Cell Kill of Radio- and Chemotherapy

187

Gorodetsky R, Levdansky L, Ringel I, et al (1998) Paclitaxel-
induced modification of the effects of radiation and altera-
tions in the cell cycle in normal and tumor mammalian
cells. Radiat Res 150:283-291

Graham CH, Kobayashi H, Stankiewicz KS, et al (1994) Rapid
acquisition of multicellular drug resistance after a single
exposure of mammary tumor cells to antitumor alkylating
agents. ] Natl Cancer Inst 86:975-982

Grau C, Overgaard J (1988) Effect of cancer chemotherapy on
the hypoxic fraction of a solid tumor measured using a lo-
cal tumor control assay. Radiother Oncol 13:301-309

Green JA, Kirwan JM, Tierney JF, et al (2001) Survival and re-
currence after concomitant chemotherapy and radiother-
apy for cancer of the uterine cervix: a systematic review
and meta-analysis. Lancet 358:781-786

Grosu AL, Molls M, Zimmermann FB, et al (2006) High-
precision radiation therapy with integrated biological
imaging and tumor monitoring: evolution of the Munich
concept and future research options. Strahlenther Onkol
182:361-368

Grothey A, Hedrick EE, Mass RD, et al. (2008) Response-inde-
pendent survival benefit in metastatic colorectal cancer: a
comparative analysis of N9741 and AVF2107. ] Clin Oncol
26:183-189

Hartley A, Ho KF, McConkey C, Geh JI (2005) Pathological
complete response following pre-operative chemoradio-
therapy in rectal cancer: analysis of phase II/III trials. Br J
Radiol 78:934-938

Helbekkmo N, Sundstrom S, Aasebo U, et al (2007) Vinore-
Ibine/carboplatin versus gemcitabine/carboplatin in ad-
vanced NSCLC shows similar efficacy, but different impact
of toxicity. Br ] Cancer 97:283-289

Hennequin C, Giocanti N, Favaudon V (1996) Interaction
of ionizing radiation with paclitaxel (Taxol) and doc-
etaxel (Taxotere) in HeLa and SQ20B cells. Cancer Res
56:1842-1850

Hof H, Muenter M, Oetzel D, et al (2007) Stereotactic single-
dose radiotherapy (radiosurgery) of early stage nonsmall-
cell lung cancer. Cancer 110:148-155

Holden SA, Emi Y, Kakeji Y, et al (1997) Host distribution
and response to antitumor alkylating agents of EMT-6
tumor cells from subcutaneous tumor implants. Cancer
Chemother Pharmacol 40:87-93

Horiot JC, Lopez-Torrecilla ], Begg AC, et al (1997) Acceler-
ated fractionation (AF) compared to conventional frac-
tionation (CF) improves loco-regional control in the ra-
diotherapy of advanced head and neck cancers: results
of the EORTC 22851 randomized trial. Radiother Oncol
44:111-121

Hurley J, Doliny P, Reis I, et al (2006) Docetaxel, cisplatin, and
trastuzumab as primary systemic therapy for human epi-
dermal growth factor receptor 2-positive locally advanced
breast cancer. ] Clin Oncol 24:1831-1838

Jones B, Sanghera P (2007) Estimation of radiobiologic param-
eters and equivalent radiation dose of cytotoxic chemo-
therapy in malignant glioma. Int ] Radiat Oncol Biol Phys
68:441-448

Joschko MA, Webster LK, Groves ], et al (1997) Enhance-
ment of radiation-induced regrowth delay by gemcitabine
in a human tumor xenograft model. Radiat Oncol Invest
5:62-71

Kallman RF, Bedarida G, Rapacchietta D (1992) Experimental
studies on schedule dependence in the treatment of can-
cer with combinations of chemotherapy and radiotherapy.
Front Radiat Ther Oncol 26:31-44

Karlsson YA, Malmstrom PO, Hatschek T, et al (1998) Multi-
modality treatment of 128 patients with locally advanced
breast carcinoma in the era of mammography screening
using standard polychemotherapy with 5-fluorouracil,
epirubicin, and cyclophosphamide: prognostic and thera-
peutic implications. Cancer 83:936-947

Kasibhatla M, Kirkpatrick JP, Brizel DM (2007) How much ra-
diation is the chemotherapy worth in advanced head and
neck cancer? Int ] Radiat Oncol Biol Phys 68:1491-1495

Khalil AA, Bentzen SM, Overgaard J (1997) Steepness of the
dose-response curve as a function of volume in an experi-
mental tumor irradiated under ambient or hypoxic condi-
tions. Int ] Radiat Oncol Biol Phys 39:797-802

Kim JJ, Tannock IF (2005) Repopulation of cancer cells during
therapy: an important cause of treatment failure. Nat Rev
Cancer 5:516-525

Kim JH, Kim SH, Kolozsvary A, Khil MS (1992) Potentiation
of radiation response in human carcinoma cells in vitro
and murine fibrosarcoma in vivo by topotecan, an inhibi-
tor of DNA topoisomerase I. Int ] Radiat Oncol Biol Phys
22:515-518

Korkaya H, Wicha MS (2007) Selective targeting of cancer
stem cells: a new concept in cancer therapeutics. BioDrugs
21:299-310

Krause M, Prager J, Zhou X, et al (2007) EGFR-TK inhibi-
tion before radiotherapy reduces tumour volume but does
not improve local control: differential response of cancer
stem cells and nontumourigenic cells? Radiother Oncol
83:316-325

Lawrence JH, Tobiascarborn JL, Gottschalk A, Linfoot JA,
Kling RP (1963) Alpha particle and proton beams in ther-
apy. JAMA 186:236-245

Lawrence TS, Davis MA, Maybaum ] (1994) Dependence of
5-fluorouracil-mediated radiosensitization on DNA-di-
rected effects. Int ] Radiat Oncol Biol Phys 29:519-523

Lawrence TS, Davis MA, Tang HY, Maybaum ] (1996a) Flu-
orodeoxyuridine-mediated cytotoxicity and radiosen-
sitization require S phase progression. Int J Radiat Biol
70:273-280

Lawrence TS, Davis MA, Loney TL (1996b) Fluoropyrimidine-
mediated radiosensitization depends on cyclin E-depen-
dent kinase activation. Cancer Res 56:3203-3206

Lawrence TS, Chang EY, Hahn TM (1996¢) Radiosensitization
of pancreatic cancer cells by 2',2'-difluoro-2'-deoxycyti-
dine. Int J Radiat Oncol Biol Phys 34:867-872

Lawrence TS, Chang EY, Hahn TM, Shewach DS (1997) De-
layed radiosensitization of human colon carcinoma cells
after a brief exposure to 2'2'-difluoro-2'-deoxycytidine
(gemcitabine). Clin Cancer Res 3:777-782




188

M. Mollis et al.

Lee JW, Park JK, Lee SH, et al (2006) Anti-tumor activity of
heptaplatin in combination with 5-fluorouracil or pacli-
taxel against human head and neck cancer cells in vitro.
Anticancer Drugs 17:377-384

Lee SS, Kim SB, Park SI, et al (2007) Capecitabine and cispla-
tin chemotherapy (XP) alone or sequentially combined
chemoradiotherapy containing XP regimen in patients
with three different settings of stage IV esophageal cancer.
Jpn J Clin Oncol 37:829-835

Louis-Sylvestre C, Clough K, Asselain B, et al (2004) Axil-
lary treatment in conservative management of operable
breast cancer: dissection or radiotherapy? Results of a ran-
domized study with 15 years of follow-up. J Clin Oncol
22:97-101

McGinn CJ, Miller EM, Lindstrom M], et al (1994) The role of
cell cycle redistribution in radiosensitization: implications
regarding the mechanism of fluorodeoxyuridine radiosen-
sitization. Int ] Radiat Oncol Biol Phys 30:851-859

McGinn CJ, Shewach DS, Lawrence TS (1996) Radiosensitiz-
ing nucleosides. J Natl Cancer Inst 88:1193-1203

Milas L, Hunter NR, Mason KA, et al (1994) Enhancement of
tumor radioresponse of a murine mammary carcinoma by
paclitaxel. Cancer Res 54:3506-3510

Milas L, Hunter NR, Mason KA, et al (1995) Role of reoxy-
genation in induction of enhancement of tumor radiore-
sponse by paclitaxel. Cancer Res 55:3564-3568

Miller EM, Kinsella TJ (1992) Radiosensitization by fluorode-
oxyuridine: effects of thymidylate synthase inhibition and
cell synchronization. Cancer Res 52:1687-1694

Miller SJ, Lavker RM, Sun TT (2005) Interpreting epithelial
cancer biology in the context of stem cells: tumor proper-
ties and therapeutic implications. Biochem Biophys Acta
1756:25-52

Minchinton Al, Tannock IF (2006) Drug penetration in solid
tumours. Nat Rev Cancer 2006:583-592

Minna JD, Girard L, Xie Y (2007) Tumor mRNA expression
profiles predict responses to chemotherapy. J Clin Oncol
25:4329-4334

Minsky BD, Pajak TE, Ginsberg R], et al (2002) INT 0123 (Ra-
diation Therapy Oncology Group 94-05) phase III trial of
combined-modality therapy for esophageal cancer: high-
dose versus standard-dose radiation therapy. J Clin Oncol
20:1167-1174

Miyamoto T, Baba M, Sugane T, et al (2007) Carbon ion ra-
diotherapy for stage I non-small cell lung cancer using a
regimen of four fractions during 1 week. ] Thorac Oncol
2:916-926

Modarress M, Maghami FQ, Golnavaz M, et al (2005) Com-
parative study of chemoradiation and neoadjuvant chemo-
therapy effects before radical hysterectomy in stage IB-1IB
bulky cervical cancer and with tumor diameter greater
than 4 cm. Int ] Gynecol Cancer 15:483-488

Molls M, Vaupel P (1998) Blood perfusion and microenviron-
ment of human tumors. Springer, Berlin Heidelberg New
York

Moon Y, Todoroki T, Ohno T, et al (2000) Enhanced radiation
killing by 5-fluorouracil of biliary tract cancer cell lines.
Int ] Oncol 16:987-994

Naida JD, Davis MA, Lawrence TS (1998) The effect of acti-
vation of wild-type p53 function on fluoropyrimidine-
mediated radiosensitization. Int ] Radiat Oncol Biol Phys
41:675-680

Nehls O, Okech T, Hsieh CJ, et al (2005) Low BAX protein
expression correlates with disease recurrence in preopera-
tively irradiated rectal carcinoma. Int J Radiat Oncol Biol
Phys 61:85-91

Nguyen PL, Zietman AL (2007) High-dose external beam ra-
diation for localized prostate cancer: current status and
future challenges. Cancer ] 13:295-301

Nordsmark M, Bentzen SM, Rudat V, et al (2005) Prognostic
value of tumor oxygenation in 397 head and neck tumors
after primary radiotherapy. An international multicenter
study. Radiother Oncol 77:18-24

Ota T, Takeshima N, Tabata T, et al (2007) Treatment of
squamous cell carcinoma of the uterine cervix with ra-
diation therapy alone: long-term survival, late compli-
cations, and incidence of second cancers. Br J Cancer
97:1058-1062

Paccagnella A, Oniga E, Bearz A, et al (2006) Adding gemcit-
abine to paclitaxel/carboplatin combination increases sur-
vival in advanced non-small cell lung cancer: results of a
phase II-III study. J Clin Oncol 24:681-687

Pietras K, Hanahan D (2005) A multitargeted, metronomic,
and maximum-tolerated dose “chemo-switch” regimen is
antiangiogenic, producing objective responses and sur-
vival benefit in a mouse model of cancer. ] Clin Oncol
23:939-952

Pinedo HM, Peters GF (1988) Fluorouracil: biochemistry and
pharmacology. J Clin Oncol 6:1653-1664

Primeau AJ, Rendon A, Hedley D, et al (2005) The distribution
of the anticancer drug doxorubicin in relation to blood
vessels in solid tumors. Clin Cancer Res 11:8782-8788

Raitanen M, Rantanen V, Kulmala J, et al (2002) Supra-ad-
ditive effect with concurrent paclitaxel and cisplatin in
vulvar squamous cell carcinoma in vitro. Int J Cancer
100:238-243

Rau B, Sturm I, Lage H, et al (2003) Dynamic expression pro-
file of p21WAF1/CIP1 and Ki-67 predicts survival in rectal
carcinoma treated with preoperative radiochemotherapy. J
Clin Oncol 21:3391-3401

Reitsamer R, Peintinger F, Prokop E, Hitzl W (2005) Patholog-
ical complete response rates comparing 3 versus 6 cycles of
epidoxorubicin and docetaxel in the neoadjuvant setting
of patients with stage II and III breast cancer. Anticancer
Drugs 16:867-870

Richtig E, Ludwig R, Kerl H, et al (2005) Organ- and treat-
ment-specific local response rates to systemic and local
treatment modalities in stage IV melanoma. Br ] Dermatol
153:925-931

Robert ], Morvan VL, Smith D, et al (2005) Predicting drug
response and toxicity based on gene polymorphisms. Crit
Rev Oncol Hematol 54:171-196

Robertson JM, Shewach DS, Lawrence TS (1996) Preclinical
studies of chemotherapy and radiation therapy for pancre-
atic carcinoma. Cancer 78:674-679




Quantitative Cell Kill of Radio- and Chemotherapy

189

Rockwell S (1982) Cytotoxicities of mitomycin C and X rays to
aerobic and hypoxic cells in vitro. Int J Radiat Oncol Biol
Phys 8:1035-1039

Rosier JE, Beauduin M, Bruniaux M, et al (1999) The effect of
2'-2" difluorodeoxycytidine (dFdC, gemcitabine) on radi-
ation-induced cell lethality in two human head and neck
squamous carcinoma cell lines differing in intrinsic radio-
sensitivity. Int ] Radiat Biol 75:245-251

Rutqvist LE, Johansson H (2006) Long-term follow-up of the
Stockholm randomized trials of postoperative radiation
therapy versus adjuvant chemotherapy among ‘high risk
pre- and postmenopausal breast cancer patients. Acta On-
col 45:517-527

Sauer R, Becker H, Hohenberger W, et al (2004) Preoperative
versus postoperative chemoradiotherapy for rectal cancer.
N Engl ] Med 351:1731-1740

Schaake-Koning C, van den Bogaert W, Dalesio O, et al
(1992) Effects of concomitant cisplatin and radiotherapy
on inoperable non-small-cell lung cancer. N Engl ] Med
326:524-530

Schulz-Ertner D, Nikoghosyan A, Hof H, et al. (2007) Carbon
ion radiotherapy of skull base chondrosarcomas. Int J Ra-
diat Oncol Biol Phys 67:171-177

Schiitze C, Bergmann R, Yaromina A, et al (2007a) Effect of
increase of radiation dose on local control relates to pre-
treatment FDG uptake in FaDu tumours in nude mice.
Radiother Oncol 83:311-315

Schiitze C, Dorfler A, Eicheler W, et al (2007b) Combination of
EGFR/HER?2 tyrosine kinase inhibition by BIBW2992 and
BIBW2669 with irradiation in FaDu human squamous cell
carcinoma. Strahlenther Onkol 182:256-264

Scott RB (1970) Cancer chemotherapy: the first 25 years. BMJ
4:259-265

Seifert P, Baker LH, Reed ML (1975) Comparison of continu-
ously infused 5-FU with bolus injection in treatment of
patients with colorectal carcinoma. Cancer 36:123-128

Shaked Y, Emmenegger U, Francia G, et al (2005) Low-dose
metronomic combined with intermittent bolus-dose cy-
clophosphamide is an effective long-term chemotherapy
treatment strategy. Cancer Res 65:7045-7051

Shewach DS, Hahn TM, Chang E, et al (1994) Metabolism
of 2'2'-difluoro-2"-deoxycytidine and radiation sensi-
tization of human colon carcinoma cells. Cancer Res
54:3218-3223

Shimizu D, Ishikawa T, Ichikawa Y, et al (2004) Current prog-
ress in the prediction of chemosensitivity for breast can-
cer. Breast Cancer 11:42-48

Shimoyama M (1975) The cytocidal action of alkylating agents
and anticancer antibodies against in-vitro cultured Yoshida
ascites sarcoma cells. ] Jpn Soc Cancer Ther 10:63-72

Siewert JR, Molls M, Zimmermann F, Lordick F (2007) Esoph-
ageal cancer: clinical management. In: Kelsen DP, Daly JM,
Kern SE, Levin B, Trepper JE, van Cutsem E (eds) Prin-
ciples and practice of gastrointestinal oncology, 2nd edn.
Lippincott Williams & Wilkins, Philadelphia, pp 203-230

Simoens C, Korst AE, De Pooter CM, et al (2003) In vitro
interaction between ecteinascidin 743 (ET-743) and ra-
diation, in relation to its cell cycle effects. Br J Cancer
89:2305-2311

Smith IE, AHern RP, Coombes GA, et al (2004) A novel con-
tinuous infusional 5-fluorouracil-based chemotherapy
regimen compared with conventional chemotherapy in
the neo-adjuvant treatment of early breast cancer: 5-year
results of the TOPIC trial. Ann Oncol 15:751-758

Séderlund K, Stél O, Skoog L, et al (2007) Intact Mrel1/Rad50/
Nbsl complex predicts good response to radiotherapy in
early breast cancer. Int ] Radiat Oncol Biol Phys 68:50-58

Stadler P, Becker A, Feldmann HJ, et al (1999) Influence of the
hypoxic subvolume on the survival of patients with head
and neck cancer. Int ] Radiat Oncol Biol Phys 44:749-754

Staib P, Staltmeier E, Neurohr K (2005) Prediction of individ-
ual response to chemotherapy in patients with acute my-
eloid leukaemia using the chemosensitivity index Ci. Br ]
Haematol 128:783-791

Steel GG (1979) Terminology in the description of drug-
radiation interactions. Int J Radiat Oncol Biol Phys
5:1145-1150

Steel GG, Peckham MJ (1979) Exploitable mechanisms in
combined radiotherapy-chemotherapy: the concept of ad-
ditivity. Int ] Radiat Oncol Biol Phys 5:85-91

Stewart DJ, Chiritescu G, Dahrouge S, et al. (2007) Chemo-
therapy dose-response relationships in non-small cell lung
cancer and implied resistance mechanisms. Cancer Treat
Rev 33:101-137

Stupp R, Mason WP, van den Bent MJ, et al (2005) Radio-
therapy plus concomitant and adjuvant temozolomide for
glioblastoma. N Engl ] Med 352:987-996

Sturm I, Petrowsky H, Volz R, et al (2001) Analysis of p53/
BAX/p16(ink4a/CDKN2) in esophageal squamous cell
carcinoma: high BAX and p16(ink4a/CDKN?2) identifies
patients with good prognosis. ] Clin Oncol 19:2272-2281

Sui M, Dziadyk JM, Zhu X, Fan W (2004) Cell cycle-depen-
dent antagonistic interactions between paclitaxel and
gamma-radiation in combination therapy. Clin Cancer
Res 10:4848-4857

Sundstrom S, Bremnes R, Aasebo U, et al (2004) Hypofrac-
tionated palliative radiotherapy (17 Gy per 2 fractions) in
advanced non-small cell lung carcinoma is comparable to
standard fractionation for symptom control and survival:
a national phase III trial. ] Clin Oncol 22:801-810

Taghian AG, Abi-Raad R, Assaad SI, et al (2005) Paclitaxel
decreases the interstitial fluid pressure and improves oxy-
genation in breast cancers in patients treated with neoad-
juvant chemotherapy: clinical implications. J Clin Oncol
23:1951-1961

Tannock IF (1989) Combined modality treatment with radio-
therapy and chemotherapy. Radiother Oncol 16:83-101

Tannock IF (1992) Potential for therapeutic gain from com-
bined-modality treatment. Front Radiat Ther Oncol
26:1-15

Tannock IF (1998) Conventional cancer therapy: promise bro-
ken or promise delayed? Lancet 351(suppl 2):SI19-SII16




190

M. Mollis et al.

Tannock IF, Lee CM, Tunggal JK, et al (2002) Limited penetra-
tion of anticancer drugs through tumor tissue: a potential
cause of resistance of solid tumors to chemotherapy. Clin
Cancer Res 8:878-884

Teicher BA, Lazo JS, Sartorelli AC (1981) Classification of an-
tineoplastic agents by their selective toxicities toward oxy-
genated and hypoxic tumor cells. Cancer Res 41:73-81

Teicher BA, Herman TS, Holden SA, et al (1990) Tumor resis-
tance to alkylating agents conferred by mechanisms op-
erative only in vivo. Science 247:1457-1461

Thames HD, Suit HD (1986) Tumor radioresponsiveness ver-
sus fractionation sensitivity. Int ] Radiat Oncol Biol Phys
12:687-691

Trott KR (1990) Cell repopulation and overall treatment time.
Int ] Radiat Oncol Biol Phys 19:1071-1075

Tsuji H, Ishikawa H, Yanagi T, et al (2007) Carbon-ion radio-
therapy for locally advanced or unfavourably located chor-
oidal melanoma: a phase I/II dose-escalation study. Int J
Radiat Oncol Biol Phys 67:857-862

Ueno NT, Buzdar AU, Singletary SE, et al (1997) Combined-
modality treatment of inflammatory breast carcinoma:
twenty years of experience at M.D. Anderson Cancer Cen-
ter. Cancer Chemother Pharmacol 40:321-329

Veyret C, Levy C, Chollet P, et al (2006) Inflammatory breast
cancer outcome with epirubicin-based induction and
maintenance chemotherapy: ten-year results from the
French Adjuvant Study Group GETIS 02 trial. Cancer
107:2535-2544

Von Minckwitz G, Blohmer JU, Raab G, et al (2005) In vivo
chemosensitivity-adapted preoperative chemotherapy in
patients with early-stage breast cancer: the GEPARTRIO
pilot study. Ann Oncol 16:56-63

Weber WA (2005) Use of PET for monitoring cancer therapy
and for predicting outcome. ] Nucl Med 46:983-995

Wouters BG, van den Beucken T, Magagnin MG, et al (2005)
Control of the hypoxic response through regulation of
mRNA translation. Semin Cell Dev Biol 16:487-501

Wu L, Tannock IF (2003) Repopulation in murine breast tumors
during and after sequential treatments with cyclophosph-
amide and 5-fluorouracil. Cancer Res 63:2134-2138

Wurschmidt F, Bardenheuer MJ, Muller WU, Molls M (2000)
Chromosomal aberrations induced in mice bone marrow
by treating with cisplatin and irradiation. Strahlenther
Onkol 176:319-323

Yang LX, Douple EB, O’Hara JA, Wang HJ (1995) Production
of DNA double-strand breaks by interactions between car-
boplatin and radiation: a potential mechanism for radio-
potentiation. Radiat Res 143:309-315

Yaromina A, Krause M, Thames H, et al (2007) Pre-treatment
number of clonogenic cells and their radiosensitivity are
major determinants of local tumour control after fraction-
ated irradiation. Radiother Oncol 83:304-310

Yasuda H, Yamaya M, Nakayama K, et al (2006) Randomized
phase II trial comparing nitroglycerin plus vinorelbine
and cisplatin plus vinorelbine and cisplatin alone in previ-
ously untreated stage IIIB/IV non-small cell lung cancer. J
Clin Oncol 24:688-694

Yu YQ, Giocanti N, Averbeck D, et al (2000) Radiation-in-
duced arrest of cells in G2 phase elicits hypersensitivity
to DNA double-strand break inducers and an altered pat-
tern of DNA cleavage upon re-irradiation. Int ] Radiat Biol
76:901-912

Zeletsky MJ, Yamada Y, Kollmeier MA, et al (2008) Long-term
outcome following three-dimensional conformal/inten-
sity-modulated external-beam radiotherapy for clinical
stage T3 prostate cancer. Eur Urol 53:1172-1179

Zhao L, West BT, Hayman JA, et al (2007) High radiation
dose may reduce the negative effect of large gross tumor
volume in patients with medically inoperable early-stage
non-small cell lung cancer. Int ] Radiat Oncol Biol Phys
68:103-110

Zimmermann FB, Geinitz H, Schill S, et al (2006) Stereotac-
tic hypofractionated radiotherapy in stage I (T1-2 NO MO)
non-small-cell lung (NSCLC). Acta Oncol
45:796-801

cancer






