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Abstract

Hypoxia and repopulation of tumour
clonogens are two important determinants
of treatment outcome in radiotherapy. In
general clinical evidence indicates that loco-
regional control may be reduced with long
overall treatment times and for tumours
with low pre-treatment levels of oxygen.
Experimental studies with normobaric
carbogen and oxygen showed a two-fold
enhancement of the efficacy of radiation in
a mouse tumour model when combining
oxygen with treatment acceleration. It was
then demonstrated that substituting
carbogen for oxygen and adding high-dose
nicotinamide (NAM) further increased the
effect. These findings became the basis for
a multi-factorial approach designed to over-
come the radioprotective effect of tumour
repopulation and that of perfusion-limited
and diffusion-limited hypoxia. The strategy,
named ARCON, combines Accelerated
Radiotherapy with CarbOgen and
Nicotinamide.

Experimental evaluation

of ARCON

The therapeutic potential of carbogen
combined with NAM (CON) focusing on
treatment schedules that use clinically rele-
vant radiation and drug dose levels was
evaluated in tumour and normal tissue ani-
mal models. Some of the conditions under
which ARCON gives the largest degree of
tumour radiosensitization and therapeutic
benefit were identified. Specifically, NAM-
dose level, pharmacokinetics and
scheduling, and the effect of NAM on rep-
air processes in vivo were also investigated.
The results showed that in conventional and
accelerated radiotherapy, carbogen and
CON are effective and relatively non-toxic

tumour sensitizers. They also demonstrated
that tumour sensitization with CON was
independent of time of NAM administra-
tion but that it was drug dose dependent.
Some degree of normal tissue sensitization
was observed but even relative to mouse skin
a significant therapeutic gain was achieved.
The mechanism of action for NAM
sensitization originally proposed was that
of repair inhibition. In the in vivo mouse
models tested, namely skin and kidney,
NAM did not alter the rate nor the
magnitude of repair of radiation induced
damage.

Clinical evaluation of ARCON

In the early 90s, various centres, particularly
in the UK, Sweden, Holland and
Switzerland, undertook clinical trials of
ARCON. The protocols were designed
based on detailed considerations of the
rodent and human radiation and
pharmacokinetic studies. This document
also discusses the findings of a phase II non-
randomized trial in advanced bladder can-
cer of accelerated radiotherapy combined
with carbogen alone and ARCON. The aim
of the study was to establish the feasibility
of administering carbogen and NAM to
patients and to determine the extent of early
and late normal tissue damage. Historical
comparisons suggested no overt increase in
normal tissue radiosensitivity and the data
indicate that ARCON could achieve a
therapeutic gain in advanced bladder can-
cer.

Keywords: ARCON, tumours, normal
tissues, radiosensitization, carbogen,
nicotinamide, repair inhibition, therapeutic
gain, rodents, humans
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Abbreviations

ADPRT adenosine diphosphoribosyl
transferase

NAD adenine dinucleotide

ARCON accelerated radiotherapy,
carbogen nicotinamide

NAM nicotinamide

CON carbogen plus nicotinamide

NTU neutron top-up

ED50 dose for 50% level of effect

pcv packed cell volume

ER enhancement ratio

PLD potentially lethal damage

f number of fractions

pO2 oxygen partial pressure

GMD geometric mean diameter

SD single dose (radiation)

HBO hyperbaric oxygen

SLD sub-lethal damage

HPLC high performance liquid
chromatography

TCD tumour control dose

LET linear energy transfer

t1/2 half-life
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Introduction

Historical perspective

Radiobiological hypoxia was identified five
decades ago as a potential source of tumour
resistance to radiotherapy (Gray et al.,
1953). The interest in the fifties and sixties
in hyperbaric oxygen (HBO) and high LET
radiation, as approaches to overcome this
resistance, gave way in the seventies to drugs
that mimic the electron-affinic properties
of oxygen (Adams, 1973). Although the
influence of hypoxic cells on treatment
outcome was readily demonstrated in ex-
perimental tumours given large single doses
of radiation (Fowler & Denekamp, 1979),
most clinical studies using radiosensitizers
failed to detect a benefit with these agents
(Dische, 1983), leading to the perception
that hypoxic radioresistance was primarily
an issue in experimental tumours.

Nevertheless, varied evidence from hu-
man studies suggested otherwise. Increasing
the total radiation dose to large tumours in
head and neck and cervix can lead to only
small improvements in local tumour control
(Garden, 2001; Perez et al., 1998). This is
consistent with an increase in clonogen
number and/or with a heterogeneous
oxygenation of tumour clonogens. The
improved response seen in some of the
hyperbaric oxygen studies, especially with
large doses per fraction, supports the
existence of clonogenic hypoxic cells in late
stage cancers (Dische, 1983; Henk, 1986).
Histological sections indicate that solid
human tumours often have an inadequate
blood supply, with necrotic areas existing
beyond the diffusion distance of oxygen
(Thomlinson & Gray, 1955). Low
saturation of hæmoglobin was measured in
poorly vascularized tumours, even in the
arterial end of nutritional capillaries

(Mueller-Klieser et al., 1981). In carcinoma
of the cervix low pO2 levels were shown to
correlate with low capillary density and
higher local recurrence rates (Awwad et al.,
1986; Kolstad, 1964; Siracka et al., 1988).
Further indication was the positive effect
of blood transfusion in anæmic patients
observed in some clinical studies (Bush et
al., 1978; Dische et al., 1983; Vigario et al.,
1973), the predictive value of hæmoglobin
levels (Dische et al., 1986; Lee et al., 1998;
Overgaard et al., 1986), and the positive
correlation seen between response to
radiotherapy and tumour oxygenation
(Nordsmark & Overgaard, 2000).
Furthermore, a meta-analysis of the 83
randomized trials of radio-sensitization
revealed that hypoxic manipulation gave a
small but significant increase in loco-regio-
nal tumour control and survival in some
sites (Overgaard, 1994). During the last
decade, these observations tilted the balance
in favour of a re-appraisal of the role of
hypoxia in the management of cancer
patients.

In 1955, Thomlinson and Gray inferred
the existence of hypoxic cells when studying
the architecture of tumour cords in
histological specimens from human
carcinoma of bronchus (Thomlinson &
Gray, 1955). The model identified
chronically hypoxic cells as those existing
beyond the diffusion distance of molecular
oxygen and adjacent to areas of necrosis. In
1979, Brown proposed two distinct types
of hypoxic cells: chronic-diffusion-limited
cells (i.e. the Thomlinson and Gray “clas-
sic” model of hypoxia) and a second sub-
population of acutely hypoxic, perfusion-
limited cells. He postulated their existence
based on the interpretation of a variety of
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experimental studies and identified acutely
hypoxic cells as those resulting from the
cyclic opening and closing of blood vessels
(Brown, 1979).

Normobaric oxygen and

carbogen as radiosensitizers

Renewed experimental interest in
identifying less toxic and more effective
alternatives to chemical sensitizers led to a
re-evaluation in the mid-80s of normobaric
oxygen, carbogen (95%O2 plus 5%CO2)
and nicotinamide. Several investigators had
previously shown that carbogen and 100%
oxygen enhanced rodent tumour sensitiv-
ity to radiation (Siemann et al., 1977; Suit
et al., 1972). Interestingly and contrary to
expectations the gases were usually more
effective with fractionation than with large
single doses of radiation and both more
effective and less toxic than misonidazole
(at the time considered to be the gold-stan-
dard of chemical oxygen mimetic drugs).
For example, in the rodent tumour model
CaNT, a two-fold reduction in TCD50 (i.e.
dose to control 50% of tumours) was seen
when continuous, hyperfractionated,
accelerated radiotherapy (CHART: 36
fractions in 12 days) was administered
together with oxygen compared to a
conventional 30 fractions in six-weeks
radiotherapy regimen in air (Rojas et al.,
1990). By contrast, the large sensitization
seen after single x-ray doses with
misonidazole fell dramatically or was even
abolished after fractionated schedules
(Fowler & Denekamp, 1979; Lindenber-
ger et al., 1986).

Oxygen and carbogen improve tumour
oxygenation by increasing the amount of
dissolved oxygen in plasma and by raising
the systemic blood pressure (Cater et al.,
1962; Kruuv et al., 1967). Carbogen can
also enhance tumour blood flow and shift
the hæmoglobin dissociation curve to the

right, thereby depressing the affinity of
hæmoglobin for oxygen. This latter
mechanism may play an important role in
areas of low oxygen concentration within
tumours. Experimental and clinical studies
have shown in many, but not all tumours,
reductions in hypoxic cell binding, increases
in tumour pO2 and in perfusion when these
gases are administered (Aquino-Parsons et
al., 1999; Bergsjo & Evans, 1968; Bussink
et al., 2000; Kolstad, 1964; Laurence et al.,
1995; Llangovan et al., 2002; Martin et al.,
1993; Rojas et al., 1992). Using immuno-
fluorescent detection of a metabolic probe
that preferentially binds to chronically
hypoxic cells, carbogen decreased the po-
pulation of labelled cells to a greater extent
and enhanced tumour radiosensitivity more
effectively than oxygen (Rojas et al., 1992).

Nicotinamide as radiosensitizer

Nicotinamide (NAM), the amide derivative
of vitamin B3, initially thought to act as a
repair inhibitor in vivo (Jonsson et al.,
1985), was shown to improve tumour
oxygenation and tumour blood flow (Hors-
man et al., 1988; Horsman et al., 1989a).
The drug increased the radio-sensitivity of
several tumour models in air breathing mice
but not that of clamped tumours or of
hypoxic cells in vitro (Horsman et al., 1987;
Horsman et al., 1989a). Using flourescence-
activated cell sorting, Chaplin et al.,
demonstrated that carbogen reduced the
radiation cell survival primarily of
chronically hypoxic cells, whilst NAM dec-
reased that of the acutely hypoxic perfusion-
limited cells (Chaplin et al., 1991a; Cha-
plin et al., 1991b). These and other studies
showed that NAM exerts its sensitizing
effect primarily by reducing the dynamic
changes in micro-regional perfusion which
give rise to acute hypoxia (Chaplin et al.,
1990). Therefore, in 1990 Horsman et al.,
argued that targeting both of these sub-
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populations, the acutely and the chronically
hypoxic cells, would maximize the effect of
hypoxic manipulation and proposed
combining hyperthermia with NAM to
override hypoxic radioresistance (Horsman
et al., 1990).

The intrinsic mechanism by which
NAM increases tumour perfusion has not
been identified. There is evidence that
NAM inhibits the adhesion of blood-borne
cells to human vascular endothelium by dec-
reasing the expression of ICAM-1 receptors
(Hiromatsu et al., 1992). Temporary
plugging of small blood vessels was
suggested as a possible mechanism
underlying the occurrence of intermittent
blood flow (Trotter et al., 1991). Increases
in interstitial pressure due to œdema could
also give rise to cyclic non-perfusion of
capillaries (Lee et al., 1992; Trotter et al.,
1991). The finding that intermittent blood
flow is more prevalent in central rather than
in peripheral tumour regions and that it
increases with tumour size indicates that
interstitial pressure could be involved in the
occurrence of such blood flow changes. The
high interstitial fluid pressure within
tumours, due to the lack of lymphatic
drainage, is thought to cause, or at least
contribute to, this intermittent blood flow
and has been demonstrated in all experi-
mental and human tumours studied so far
(Gutmann et al., 1993; Less et al., 1992;
Mollica et al., 2003; Roh et al., 1991). It is
this intermittent hypoxia that seems to be
overcome by nicotinamide.

Carbogen and nicotinamide

(CON) as radiosensitizers

In 1991, two separate research groups
demonstrated that NAM enhanced the
sensitizing efficacy of both oxygen and
carbogen (Chaplin et al., 1991a; Kjellen et
al., 1991). Of particular relevance was the
study of Kjellen and colleagues, in which

oxygen, carbogen and NAM were given
either alone or in combination to tumour
bearing mice irradiated with a ten-fraction
x-ray schedule. NAM enhanced radiation
response and potentiated the efficacy of the
gases. The most sensitive response was
observed when carbogen was combined
with nicotinamide. The combination
achieved a therapeutic benefit relative to
acute epidermal damage and particularly to
late renal dysfunction. In the initial studies,
done in a variety of rodent tumours, CON
was shown to increase radiosensitivity more
effectively than if either agent was used
alone (see discussion).

ARCON in experimental and

pre-clinical radiotherapy

By the early 1990s it was recognized that
new anti-cancer therapies should include
strategies aimed at overcoming more than
one aspect of tumour resistance. Of
particular interest was the problem of
tumour repopulation during radiotherapy
since clinical experience indicated that local
failure could be related to long overall
treatment times (Withers et al., 1988).
Concern that proliferation could offset the
cytotoxicity of conventional 6-7 week
radiotherapy led to the increasing use of
accelerated clinical regimens (Bourhis et al.,
1995; Peters et al., 1988; Saunders et al.,
1988; Zackrisson et al., 1994a).

On the other hand, historical
comparisons of experimental results
indicated a sizeable sensitizing effect if
hypoxic cell radiomodifiers were combined
with treatment acceleration. For example,
in tumour-bearing mice a 20-fractions in
10-days schedule with CON produced a
dose-modifying factor of 3 relative to a
conventional six-week radiation regimen in
air (Rojas et al., 1990; Rojas et al., 1993b).
Therefore since both hypoxia and treatment
protraction could prejudice the outcome of
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radiotherapy, ARCON (accelerated
radiotherapy, carbogen and nicotinamide)
was proposed as a multifactorial approach
for overcoming tumour radioresistance
resulting from repopulation and hypoxia of
tumour clonogens (Rojas, 1992).

Current research

A considerable number of projects were
undertaken by several laboratories and
clinical centres to establish if sensitization
with carbogen and NAM would be effective
clinically. Pharmacokinetics of NAM, ti-
ming and drug dose required for optimum
tumour sensitization, the degree of normal
tissue sensitization, changes in tumour
oxygenation, blood flow and perfusion, are
examples of the preclinical work undertaken
in rodents, human volunteers and patients.
Some of those experiments form part of this
dissertation.

The focus of this thesis was aimed at
determining some of the conditions that
affect the therapeutic benefit of ARCON.
The extent of tumour sensitization in
clinically relevant dose-fractionation regi-
mens must be offset by the magnitude of
normal tissue sensitization resulting from
the use of the three radiomodifiers. In some
accelerated regimens, treatment tolerance is
dictated by the toxicity to acutely
responding normal tissues that becomes
dose limiting, and the necessary reduction
in total dose could reduce or even negate a
therapeutic benefit. Other factors that could
affect the clinical application of ARCON
are toxic side effects and whether ARCON
alters the biology of metastatic dis-
semination. Finally the issue as to whether
NAM inhibits the extent or kinetics of rep-
air of radiation induced damage is crucial,
and of particular concern when multiple
fractions per day radiotherapy schedules are
envisaged. Five papers form part of this dis-
sertation. They encompass work published

since 1996 (3 publications) and 2 papers
recently submitted to Cancer and the In-
ternational Journal of Radiation Biology.

The aim of the work was fourfold:

1 To evaluate the efficacy of ARCON in
clinically relevant schedules in mice.
Establish the time course for optimum
tumour radiosensitization relative to
changes in pharmacokinetic parameters
and acute epidermal radiation damage.

2 To evaluate early and late radiation
morbidity of hypoxic cell radiomodifiers,
namely oxygen, carbogen and
nicotinamide used either alone or in
combination.

3 To determine whether NAM modifies
the extent and/or rate of radiation
induced damage in rodent normal tissues
in vivo.

4 To evaluate early and late morbidity in
patients with advanced bladder cancer
entered into a phase II non-randomized
trial of ARCON.
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Paper I. Carbogen and

nicotinamide as radiosensitizers

in conventional and accelerated

radiotherapy

So far, the efficacy of carbogen with
nicotinamide had not been evaluated in
conventional and/or accelerated, clinically
relevant, regimens using a dose of NAM
that could be administered to humans.
Although NAM is well tolerated, the doses
used in most rodent studies until then were
five to tenfold higher than can be given to
humans (Bernier et al., 1998; Horsman et
al., 1993; Kaanders et al., 1997; Rojas et
al., 1993a; Stratford et al., 1996). Previous
studies had shown no loss of sensitization
with normobaric oxygen or carbogen in
fractionated schedules (Rojas et al., 1990;
Rojas et al., 1992), but there was concern
that toxicity would prevent the use of a high
enough dose of NAM to increase the
efficacy of carbogen. In mice tumour
sensitization with CON decreased as the
dose of NAM was reduced (Rojas et al.,
1993a). A10-20% additional increase in
tumour sensitization over that achieved with
carbogen alone was obtained with 0.1-
0.2mg.g-1 NAM compared with a 30%
improvement with doses of 0.3-0.5mg.g-1

(Rojas et al., 1993a). Therefore, the local
control of mouse tumours treated with
conventional radiotherapy, 30 fractions in
6 weeks, was compared to an accelerated
40 fractions in 4-weeks schedule.
Irradiations were performed in air,
carbogen, or carbogen combined with a
clinically relevant dose per fraction of NAM
(0.12mg.g-1). The first study reported in this
thesis presents the local control probability
of a mouse mammary carcinoma for each
of the six radiation schedules, together with
treatment related toxicity (assessed by
changes in body weight) and metastatic
incidence. This paper also summarizes the
published pharmacokinetic parameters of

NAM in both mice and humans, tumour
enhancement ratios obtained for carbogen
alone or carbogen combined with varying
doses of nicotinamide in mice and discusses
the clinical implications of the findings (Ro-
jas et al., 1996b).

Paper II. Is sensitization with

nicotinamide and carbogen

dependent on nicotinamide

concentration at the time of

irradiation?

As mentioned above, in murine tumours
radiosensitization with CON decreased as
the dose of NAM was reduced (Rojas et al.,
1993a). However, the efficacy of the drug
was shown to be maximal and relatively in-
dependent of dose if irradiations were
delivered at the time of peak plasma con-
centration (Horsman et al., 1993; Horsman
et al., 1997). In patients, the maximum
tolerated dose is 0.06-0.08mg.g-1 per day
(Bernier et al., 1998; Horsman et al., 1993;
Hoskin et al., 1995; Kaanders et al., 1997;
Stratford et al., 1996), which produces peak
plasma concentrations similar to those
measured in mice following a dose of 0.1-
0.2mg.g-1. In contrast with rodents, the
pharmacokinetic of NAM show wide
variations, both between patients and
within individual patients following
successive doses (Hoskin et al., 1995). Peak
levels can be reached as early as 15 min or
as late as 4 hours after oral drug adminis-
tration. This large variability suggested that
pharmacokinetic profiles would be required
in each patient to establish an adequate pre-
irradiation interval for individualized NAM
administration.

Notwithstanding, previous experimental
evidence suggested that if NAM and
carbogen are combined, tumour
sensitization was possibly less dependent on
the time of drug administration (Chaplin
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et al., 1993; Rojas et al., 1996b; Rojas et
al., 1993a). To determine whether the
efficacy of CON depended on irradiating
at the time of peak drug concentration, we
quantitated the sensitizer enhancement
ratios 1(ER) for 3 doses of nicotinamide
(two clinically relevant doses of 0.1 and 0.2
mg.g-1 and the higher dose of 0.5 mg.g-1).
The drug was administered 15, 30 min or
60 min before irradiation. A ten-fraction-
in-five-days schedule was used, and a
therapeutic gain assessment was made by
comparing the sensitizing effect of carbogen
plus nicotinamide in CaNT tumours with
that measured in mouse skin, using local
tumour control and acute skin reactions as
assays. Plasma and tumour pharmaco-
kinetics were measured for each drug dose
using a standard high-performance-liquid-
chromatography (HPLC) assay and ERs
were ‘titrated’ against plasma and tumour
levels.

Paper III. Radiosensitisation in

normal tissues with oxygen,

carbogen and nicotinamide:

therapeutic gain comparisons

for fractionated X-ray schedules

In the hyperbaric oxygen trials sensitization
of spinal cord, bowel and cartilage was
observed, equivalent to about a 3-10 % dose
enhancement (Dische, 1991). In most
rodent normal tissues a similar degree of
sensitization is generally seen with oxygen,
carbogen or NAM, that are much lower
than those usually reported for mouse epi-
dermis and tail (Horsman et al., 1987; Jons-
son et al., 1985; Kjellen et al., 1991; Rojas,
1991). Until now, the majority of the studies
on rodent normal tissues had been done

with single dose x-ray treatments given
usually with a single agent. To evaluate more
fully the effect of these radiomodifiers when
used alone or in combination, we tested
single dose and fractionated x-ray schedules
in four different normal tissues. Both early
and late reacting normal tissues were
studied, namely skin, intestinal epithelium,
kidney and lung. The sensitizing effect of
oxygen or carbogen, administered either as
single agents (all four tissues) or combined
with nicotinamide (lung and gut) to mice
treated with 1 to 36 x-ray fractions, was
compared with the response seen in mice
treated in air. The results were compared
with other reports of tumour and normal
tissue sensitization in rodents for oxygen,
carbogen and NAM alone or in
combination (Rojas et al., 1996c).

Paper IV. Nicotinamide as a

repair inhibitor in vivo: single

and fractionated X-ray dose

studies in mouse skin and

kidneys

Nicotinamide is a precursor of nicotinamide
adenine dinucleotide (NAD), a major
electron acceptor in the oxidation process
of fuel molecules. Adenosine
diphosphoribosyl transferase (ADPRT)
catalyses conversion of NAD into poly
(ADP-ribose), involved in the excision rep-
air of DNA damage (Shall, 1984). NAD is
the unique substrate for its biosynthesis.
Agents that damage DNA, such as
alkylating drugs and radiation, produce a
dose-dependent decrease in cellular NAD
content in vitro, which is correlated with
an increase in the specific activity of
ADPRT (Whish et al., 1975). In some in

1ER= at the same level of effect
X-ray dose without modifier

X-ray dose with modifier



12

vitro systems, inhibitors of ADPRT (e.g.
NAM, 5-methyl nicotinamide, theophylline,
caffeine, 3-aminobenzamide) can inhibit rep-
air of radiation-induced sub-lethal (SLD)
and/or potentially lethal damage (PLD) (Ben-
Hur et al., 1984; Brown et al., 1984; Thraves
et al., 1985). Several years ago it was suggested
that the increased sensitivity observed in a
rodent tumour and normal tissue model with
NAM was a result of inhibition of DNA
damage repair (Jonsson et al., 1985).
Although a change in the slope of the cell
survival curve in three tumour models was
seen with NAM (Horsman et al., 1987) no
evidence of PLD-repair inhibition was
observed in EMT6 rodent tumours (Hors-
man et al., 1989a). More recently, NAM was
shown to produce a high level of single DNA
strand breaks and “delayed repair” in
immunogenic but not in non-immunogenic
tumours and normal tissues (Olsson et al.,
1996). If these findings were applicable to
normal tissues in vivo it would obviously
reduce or even negate the therapeutic gain of
ARCON.

We therefore tested NAM as a repair
inhibitor in vivo using acute skin reactions
and renal damage as models for early and
late radiation injury. The post-radiation
sensitization effect of NAM, and changes
in sensitivity to dose-fractionation and in
the shape of the underlying dose-effect curve
were investigated in mouse skin, and
changes in the recovery kinetics of radia-
tion damage were studied in mouse kidneys
(Rojas et al., 1996a).

Paper V. Acute and late

morbidity in the treatment of

advanced bladder cancer with

accelerated radiotherapy,

carbogen and nicotinamide

Although individual trials of hyperbaric
oxygen (HBO) and chemical sensitizers
failed to show a benefit, in meta-analysis
bladder carcinoma was the second site, after
head and neck, to benefit from hypoxic
manipulation (Overgaard, 1995).
Treatment of bladder cancer results in
unavoidable irradiation of both normal
bladder and bowel and an important
prerequisite for the successful clinical
application of ARCON is that any increase
in tumour-cell kill is not paralleled by a
corresponding enhancement of normal
tissue damage. Bowel is of special concern
since it was one of the structures associated
with a significant increase in radiation
morbidity in the clinical trials of HBO.
Therefore, in a phase II non-randomized
study we quantitated early and late bowel
and urinary bladder dysfunction and
treatment outcome in patients with
advanced carcinoma of the bladder treated
with either carbogen alone or ARCON.
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Materials and methods

mice were included only if their survival was
greater than or equal to 240 days.

Dose-response curves for locally
controlled tumours at 240 days were
obtained by logit analysis of the data. Each
curve contained typically 6 dose groups
(except in study 2) and a minimum of 12
mice per group. Iso-effective doses (± 95%
confidence limits), obtained from the fits,
were used to calculate enhancement ratios
at the 50% local control level (TCD50). The
significance of differences between pairs of
ERs was estimated by Student’s t-test. In
study 2, due to fewer dose groups per
schedule, four of the ten curves under
investigation did not include data below
60% local control. This level (TCD60) was
chosen to compare the radiosensitizing
effects of each schedule relative to the re-
sponse of the control, air-breathing mice.
The semi-parametric regression model, Cox
Proportional Hazard Model, was used to
determine the significance of radiation dose,
oxygen concentration, NAM dose and time
of administration on tumour response.

Normal tissue studies

In both experimental and clinical
radiotherapy, the response to dose-time
fractionation differs between acutely and
slowly proliferating tissues and, depending
on the radiation schedule used, either one
or the other becomes dose limiting.
Furthermore, the oxygen partial pressure
(pO2) is different for each tissue and
therefore the risk of excess morbidity,
resulting from the use of oxygen
radiomodifiers, also differs. Models of both
early (skin and gut) and late (lung and

Common methodology

The experimental studies presented in this
document were sanctioned by and carried
out according to the regulations stipulated
by the UK Animals (Scientific Procedures)
Act 1986. The animals were housed in the
Gray Laboratory’s specific-pathogen free
unit. Adult mice were used and fed and
watered ad lib for their duration. Albino
WHT/GyfBSVS mice were used in the skin
and CBA/HtGyfTo mice in the tumour,
kidney, lung, gut and pharmacokinetic
experiments. Statistical analyses were carried
out using a standard computer package
(JMP, SAS Institute Inc., Cary, NC, USA).

Tumour studies

The poorly differentiated mammary
adenocarcinoma CaNT was used as a model
of a hypoxic, moderately slow growing non-
immunogenic rodent tumour. It arose
spontaneously in 1956 in the Gray
Laboratory’s inbred colony of CBA mice.
The tumour has a volume doubling time
of approximately 3.5 days at 6 mm
geometric mean diameter (GMD) (Hill et
al., 1993) and a hypoxic fraction of 15 to
20% at 6-7 mm GMD (Rojas et al., 1992).
Tumours were initiated by injecting a
volume of 0.05 ml of a crude cell suspen-
sion subcutaneously into the sacral dorsum
of anesthetized adult CBA/HtGyfTo male
mice. Animals were included into the dif-
ferent treatment groups when tumours
reached 6 ± 1 mm GMD. After irradiation,
the absence of a palpable tumour mass at
240 days was taken as an indication of local
control. All regrowing tumours were
included in the analysis; locally controlled



14

kidney) responding normal tissues, with
varying degrees of hypoxia, were used.

Models of early radiation damage

The skin reaction system in mice is an in
vivo model that permits radiation dose re-
sponse curves to be generated over a wide
range of doses. Gross changes to the skin of
the mouse foot are scored using an arbitrary
scale for œdema, dry and moist
desquamation (Denekamp & Fowler,
1965). The latter two phases are believed
to result from dose-dependent-radiation
injury to the same cell-target population in
the epidermis. Although the scale is non-
parametric it has the advantage of
demonstrating the kinetics of the
appearance and healing of acute epidermal
damage. This, coupled with high reproduci-
bility and dose resolution, make it a very
precise and easy to use endpoint. Skin
reactions were scored three times a week,
from 1 to 5 weeks after single radiation doses
and from day 10 to 45 days after the first
dose in a fractionated regimen. After
irradiation, an average skin reaction is
calculated for each animal, over a 22-day
period, from the sum of the interpolated
daily scores divided by the total number of
days, and covers the appearance and
disappearance of the reactions in the lower
dose groups (Denekamp, 1973).

The microcolony assay for crypt survival
was used to assess intestinal damage after
whole abdominal irradiation to
unanæsthetized female mice (Withers &
Elkind, 1970). After sacrifice, the intestine
was removed and flushed through with 10%
neutral buffered formalin. Five consecutive
5 mm specimens of the jejunum were ta-
ken starting 5 cm away from the pylorus
and working distally. Two transverse 5µ
sections, 1-3mm apart, were cut from each
bundle of specimens and stained with
haematoxylin and eosin. The number of

surviving crypts per circumference (10
circumferences per mouse) was counted
under light microscopy.

Models of late radiation damage

After irradiation, the lung exhibits an ini-
tial self-resolving phase of “acute”
pneumonitis followed by progressive late
fibrosis (Travis et al., 1977). The authors
devised an irradiation set-up and a
quantitative scoring method for assessing
lung function in mice in which changes in
breathing rates are obtained from direct
frequency measurements utilizing a rate-
meter and chart recorder in conjunction
with a plethysmographic chamber (Travis
et al., 1979). In our studies, data acquisition
was done using a computerized technique,
which enabled up to 4 mice to be assessed
simultaneously (Vojnovic et al., 2003). The
procedure is automated and relies on the
extraction of breathing-rate frequency using
Fourier transformation of pressure
variations within the plethysmographic
chamber. Repeated breathing rate
measurements were made, every 4 weeks,
with the first assessment performed 16
weeks after the first radiation dose.

Clearance of 51Cr-EDTA and reduction
in the packed red-cell blood volume (pcv)
are two sensitive techniques, adapted for ex-
perimental use from well-established clinical
procedures that enable repeat assessment of
radiation induced renal damage (Alpen &
Stewart, 1984; Williams & Denekamp,
1983). Isotope clearance is a measure of
glomerular filtration, whilst the progressive
reduction in red cells observed after bilate-
ral kidney irradiation is thought to reflect
the loss of the erythropoietin-producing
juxta-glomerular cells. Briefly, the methods
are as follows. Retention of 51Cr-EDTA was
measured by determining its 1-hour plasma
concentration. A blood sample was taken
from the orbital sinus, centrifuged and the
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plasma separated and counted for residual
activity in an auto gamma counter. The
measurements were expressed as the
percentage of injected activity per millilitre
of plasma, and this increased with both to-
tal radiation dose and time post-irradiation.
The percentage volume of packed red cells
was measured, after centrifugation of the
blood sample taken for the clearance assay,
using a standard microhaematocrit reader.
Mice were assayed from 25 to 45 weeks after
the first x-ray fraction.

Data analysis

The response of skin, lung and kidney was
plotted against radiation dose as the mean
and standard error for the mice in each dose
group (4, 4-8, and 6 animals per dose group,
respectively). The curves drawn through the
data (± 95% CL) were obtained by fitting a
generalized logistic equation to the average
daily skin scores, breathing rate, percent of
injected radioactivity per millilitre of plasma
or percent packed cell volume for each mouse
against dose, using non-linear least-squares
regression (Johns & Joiner, 1991). Isoeffect
doses were obtained from each curve by back-
substitution in the equation and these values
were used to calculate ERs. Since the skin
scoring scale is non-parametric, testing for
statistical differences between iso-effective
doses derived by back-substitution into the
equation is not strictly valid. Therefore an
ED50 value (i.e. dose to produce a particular
level of skin reaction in 50% of the mice)
was calculated for each schedule using logit
analysis (Joiner et al., 1986). For gut, dose-
response curves were obtained by fitting the
surviving crypts per circumference against
dose using direct analysis, with the criterion
of minimizing negative LogLikelihood. The

data were fitted to the expression k[1–(1–
e-αRD)n], where kn is the back-extrapolate on
the y-axis, α the slope parameter, D dose and
R the dose-modifying factor.

Irradiation set up: x-ray treatments

X rays were generated by an x-ray machine2

operating at 240 kVp and 15 mA (0.25 mm
Cu, 1.0 mm Al, half value layer of 1.3 mm
Cu). Unanæsthetized mice were irradiated
in specially designed jigs, in turn enclosed
in a box through which air, oxygen or
carbogen was flushed at a rate of 5 l.min-1.
Air and oxygen were delivered 1-2 min and
carbogen 3-5 min before and during each
radiation fraction. Nicotinamide3 was dis-
solved in saline at varying concentrations.
A constant volume of 0.01 ml.g-1 (i.e. 0.3
ml to a 30g mouse) was injected i.p. at dif-
ferent times before or after irradiation.

In the tumour set-up the dose rate was
3.9 Gy.min-1, with an estimated dose fall-
off from the skin surface to the midline in a
5 to 6 mm tumour of about 8-10%, and a
maximum dose variation between the
tumours in each treatment group of < 2%.
To minimize dose non-uniformity, the mice
were rotated through 180° at successive
treatments. The radiation arrangement
enabled precise collimation of the beam to
both kidneys or to the left-hind leg. In skin
the dose rate was 2.4 Gy.min-1 with a dose
fall-off from the dorsal to ventral aspects of
the foot of <1.5%. Since the dose variation
between the four feet in each group was less
than 0.3% the animals were arbitrarily
positioned at each fraction. For kidney
irradiation, the animals are treated through
lateral 20x13 mm tangential fields to
include both kidneys with a dose fall-off
across this field of ≈10% and the dose rate

2 Pantak; Astrophysics Research Ltd. Vale Rd, Windsor, UK
3 Sigma Chemicals, Poole, Dorset, UK
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was 1.7 Gy.min-1. To minimize dose non-
uniformity, the mice were rotated through
180° at successive treatments. Lung and gut-
irradiated mice received either whole tho-
rax or whole abdominal irradiation. Whole
thorax irradiations were delivered through
sagittal 22x20 mm fields at a dose rate of
2.5 Gy.min-1 and at each successive fraction
the mice were positioned to maintain the
lowest dose variation between the four
animals in the group. The dose-rate for gut
irradiations was 1.5 Gy.min-1 and abdomi-
nal irradiations were delivered through
sagittal 60x20 mm fields. The animals were
turned from a prone to a supine position
for alternate treatments.

Neutron treatments

In two experiments, d(4)-Be neutrons were
used as a “top-up” radiation in order to bring
sub-threshold skin or renal damage from the
x-ray treatments under investigation into the
measurable range of effect (Joiner, 1987).
Neutrons were produced by bombarding a
thick beryllium target with 4 MeV deuterons
to give a mean neutron energy of 2.3 MeV.

Skin: The feet were gently held in position
within 25 mm radiation fields, in the same
manner as for X-irradiation. Four
unanæsthetized animals were irradiated
simultaneously, with a dose variation
between fields of ≤ 1%, and an estimated
fall off of ≤ 2% from the dorsal to ventral
aspects of the foot (Joiner et al., 1986).
Mean neutron dose-rate was 0.6 Gy.min-1.

Kidney: Bilateral kidney irradiations were
delivered through 20x13-mm fields to four
unanæsthetized mice per dose group,
restrained as for the x-ray treatment. To
minimize dose inhomogeneity the animals
were rotated 180° halfway through each
fraction (Joiner et al., 1993). Mean neutron
dose-rate was 0.5 Gy.min-1.

Nicotinamide pharmacokinetic

studies

Tumour and plasma samples were analyzed
by HPLC, using the technique of Stratford
& Dennis (Stratford & Dennis, 1992). Brie-
fly, to 100 or 500µl of plasma or tumour
sample, respectively, 20 nmol of 6-
methylnicotinamide was added (as an
internal standard) followed by 1 ml
methanol (2 ml for tumour). After each
addition the samples were mixed and the
extract centrifuged. The supernatant was
dried in a centrifugal evaporator and the
residue taken up in 250µl of water. The
samples were analyzed for NAM using a
reverse-phase ion-pairing technique.

Summary of Experimental designs

Paper I. Carbogen and nicotinamide as
radiosensitizers in conventional and
accelerated radiotherapy
Purpose: To compare the radiosensitivity of
CaNT mouse tumours treated in air with
conventional (30 x-ray fractions in 6 weeks)
or accelerated radiotherapy (40 fractions in
26 days) with that of tumours treated in
carbogen alone or with CON. Nicotin-
amide (0.12 mg.g-1) was given 30 min
before each radiation fraction.

Paper II. Is sensitization with nicotin-
amide and carbogen dependent on
nicotinamide concentration at the time
of irradiation?
Purpose: To determine whether tumour
radiosensitization and the therapeutic
benefit of administering CON depend
upon irradiating at the time of peak drug
concentration. Local tumour control and
acute skin reactions in mice were assessed
after treatment with 10 x-ray fractions in
air, carbogen alone or carbogen combined
with 0.1 to 0.5 mg.g-1 of NAM, injected
15-60 min before irradiation. Plasma and
tumour drug concentrations were
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determined at 1 to 240 min after a single
dose of 0.1, 0.2 or 0.5 mg.g-1 NAM.

Paper III. Radiosensitization in normal
tissues with oxygen, carbogen and
nicotinamide: therapeutic gain compar-
isons for fractionated x-ray schedules
Purpose: to determine radiosensitization by
oxygen, carbogen or NAM (0.5 mg.g-1) alone
or with each gas combined with NAM in early
and late responding normal tissues. Acute skin
reactions, survival of intestinal crypts,
breathing rate, reduction in the packed red-
cell volume and clearance of  51Cr-EDTA were
used as assays. Table 1 summarizes the diffe-
rent radiation schedules used.

Paper IV. Nicotinamide as a repair inhib-
itor in vivo: single and fractionated x-ray
dose studies in mouse skin and kidneys
The effect on NAM on repair of radiation
damage in vivo can be monitored by deri-
ving �/� values from cell survival curves and
from fractionation experiments (Douglas &
Fowler, 1976; Thames et al., 1982) and by
quantitating the degree of post-radiation
sensitization (Horsman et al., 1989a). In ad-
dition repair inhibition can be detected by
determining repair half times and the amount
of residual damage using split-dose
experiments given at various intervals apart
(Joiner et al., 1993). Table 2 summarizes the
four different experimental approaches used.

Table 1. Experimental designs in early and late responding normal tissues
using single (SD) and/or fractionated x-ray schedules

Tissue Schedule Gas alone Gas +  0.5 mgg-1 NAM✝

Skin SD, 12f/12d, 36f/12d air, oxygen

Kidney 2f/12d, 12f/12d, ‡36f/30d air, oxygen, carbogen

Lung 10f/12d air, oxygen, carbogen air, oxygen, carbogen

Gut 2f/1d air carbogen

Gut 10f/5d air, oxygen, carbogen air, oxygen, carbogen
✝NAM injected 1 h before each irradiation.
‡The planned schedule was 36F/12 days but, due to gut damage, the irradiations were suspended after 31 fractions. The
remaining 5 fractions were given 18 days after as 5 fractions in 2 days.

Table 2. Experimental designs to study the effect of nicotinamide (NAM)
on repair capacity or repair kinetics in mouse skin and kidneys

Schedule Interfraction
interval (h)

Gas NAM

(mg·g
-1
)

Time
(h)

Parameter

Skin
1,2,5,10f/5d* 96, 24, 6 air or carbogen 1-10 × 0.5 1 before α/β, ER

5f/5d 24 carbogen 5 × 0.5 1 before
0 & 8 after

ER

1f + ‡NTU — oxygen 1 × 0.5 1 before α, β, α/β,ER

Kidney
2f

+ NTU
0, 0.75, 1.5, 3,
6, 12, 24, 48

air † † t
1/2

*!0 fraction from Kjellen et al., 1991. †Number of NAM doses dependent on interfraction interval (see paper).
‡NTU: neutron top-up
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Figure 1a. Dose-response curves for acute skin reactions in mice irradiated in air alone (panel a), air
plus 0.5 mg.g-1 NAM (panel b), carbogen alone (panel c) or carbogen plus NAM (panel d), with one
(squares), two (circles), five (triangles) or ten (inverted triangles) x-ray fractions. Errors ±1 SEM. Reprinted
from Rojas, et al., 1996a with permission from Radiation Research Society.

In skin, �/� ratios were determined from
single dose and fractionation schedules in
the presence or absence of NAM. Figures
1a and 1b are an illustration of how �/�
ratios can be obtained from fractionated
data using a functional endpoint for acute
skin reactions. The parameters obtained
from the fits to each dose response curve in
Fig1a were used to calculate isoeffective
doses. From these, reciprocal total doses
were obtained and plotted against dose per
fraction (Figure 1b). The fits to Fig1b were
obtained using a least squares-regression
method (Tucker, 1986) from which �/�
ratios were derived (and correspond to the
intercept on the x-axis).

Changes in steepness of the underlying x-
ray survival curve for the target skin clonogens
were monitored over the x-ray dose range 2.5
to 25 Gy in oxygen ± NAM, followed by a
neutron top-up dose (Joiner, 1987; Joiner et
al., 1986). The “proportion of full effect” (E)
values for each individual mouse were fitted
to the expression E=�DR+�D2R2 where D is
total dose and R the dose-modifying factor.
Parameters of �, � and �/� in the Linear-
Quadratic model were thus obtained. Finally
pre- and post-irradiation sensitization was
investigated using a x-ray schedule of 5f/5
days in carbogen alone or combined with
NAM given 1 h before, immediately after or
8 h after irradiation.
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In mouse kidney recovery half-times (t1/2),
were obtained by determining the time-
dependent disappearance of x-ray damage
using a split-dose design of two 6-Gy
fractions separated by an interval which
varied from 0 to 48 h, followed by two neu-
tron top-up doses. One hour before the first
x-ray fraction NAM-treated mice were
administered 0.5 mg.g-1. To ensure a
roughly uniform concentration of the drug
throughout the entire “repair interval” for

the different inter-fraction intervals a
varying dosing schedule was designed (Ro-
jas et al., 1996a). Additionally a group of
mice was treated with two fractions of
neutrons alone with an interval of seven
days. These animals served as controls for
zero x-ray treatment.

Recovery half times were calculated using
a modified version of Thames’ Incomplete
Repair model (Thames, 1985) adapted for
use with neutron top-up experiments

Figure 1b. Reciprocal total dose plots for an acute skin reaction of 1.5 in mice irradiated with single
doses, 2, 5 or 10 fractions in air with (�) or without nicotinamide (∆) or carbogen alone ( ) or carbogen
with nicotinamide (�). 0.5 mg.g-1 of nicotinamide was given i.p. 1 h before each fraction. Reprinted
from Rojas, et al., 1996a with permission from Radiation Research Society.
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was deemed necessary because bowel
sensitization was reported in some of the
earlier trials of hypoxic-cell radiosensitizers.
The starting dose represents a 10%
reduction from the standard 55 Gy
schedule. In all, 59 patients were treated
with carbogen alone and 46 with the
combination of carbogen and nicotinamide
with concurrent accelerated radiotherapy.
The use of NAM was based on patient
acceptability and specific contra-indications
that included renal insufficiency,
hypertension and treatment with
angiotensin converting enzyme inhibitors.
Demographic details for patients treated
with either carbogen alone or ARCON are
shown in table 3.

Early and late urinary symptoms were
assessed based on daytime frequency,
incontinence, dysuria, hæmaturia and
urinary urgency (Dische et al., 1989). Bowel
morbidity was “quantitated” using fecal
consistency, medication and blood loss as
endpoints. Two continuous, parametric
endpoints were used i.e. nocturia and fecal
frequency. Late rectal morbidity was also
monitored based on rectal discharge and on
quantal responses such as the presence or
absence of stricture, perforation, fistula.
Acute reactions were scored for weeks 1 to
6, and week 8 from start of radiotherapy,
and late side-effects were assessed every three
months for the first year, then twice a year
up to five years and annually thereafter.
There was not full compliance of follow-
up intervals. For this analysis the patients
were grouped by intent to treat.

Mean reactions for both parametric and
non-parametric endpoints of early morbid-
ity were calculated only because it is a
convenient way of graphically representing
the onset, peak and disappearance of a
reaction. Since for non-parametric
endpoints this has no strict statistical
validity, the number of patients with or time
spent at or above a particular level of

–tloge2

t1/2

(Joiner et al., 1993). For split-dose
experiments the proportion of the total
recoverable x-ray damage still unrecovered
at a particular time (h) was expressed as a
function of the underlying effect (E) of X-
rays for zero (E0) incomplete (Et) or full
recovery (E∞).

Thus h =         = exp [          ]

Non-linear regression was used to fit the
measured values of Et for each mouse ver-
sus time (t). This approach has the
advantage that specific experimental
measurements of E0 or E∞ are not used to
evaluate (h) directly. The procedure itself
treats E0 and E∞ as parameters and estimates
these together with t1/2, from the fit to all
the values of underlying effect.

Paper V. Acute and late morbidity in the
treatment of advanced bladder cancer
with accelerated radiotherapy, carbogen
and nicotinamide
The aim of this study was to assess early
and late morbidity and treatment outcome
in advanced non-metastatic bladder cancer
treated with accelerated radiotherapy
combined with carbogen alone or ARCON.
Approval for this phase II non-randomized
trial was obtained from the local Ethics
Committee together with written informed
consent from each patient. Patients were
entered sequentially into this two arm study.
Between February 1994 and December
2000, one hundred and five individuals
with high-grade superficial (T1G3) or
muscle-invasive (T2, T3a or T3b) carcinoma
of the bladder were entered. Staging and
tumour histology were defined by means
of cystoscopy and biopsy performed under
anesthesia, supplemented by abdomino-
pelvic scans. All patients received
radiotherapy with radical intent, delivering
50-55 Gy in 20 fractions to the bladder in
an overall time of 4 weeks. Dose escalation

Et–E∞

E0–E∞
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morbidity was also calculated. The
significance in differences between
treatments was estimated by Student’s t-test
using a standard statistical analysis
computer package (JMP, SAS Institute Inc.,
Cary, NC, USA). For late endpoints time-
effect curves and statistical comparisons
between groups were obtained by
computing actuarial disease-free intervals
using the product-limit (Kaplan-Meier)
method.

Local tumour control was assessed
cystoscopically and performed at 6-monthly

Table 3. Demographic details, tumor histology and staging of patients with advanced

carcinoma of the bladder treated with either ARCON or carbogen alone

Carbogen alone
(n=59)

ARCON
(n=46)

Age median 74 73

range 48-85 38-87

Sex male:female 53:6 40:6

Histology ¶TCC 57 42
¶SCC - 1

¶adeno 1 -

other 1 3

TG stage T1G2 1 -

T1G3 5 3

T2G1 1 1

T2G2 6 5

T2G3 13 9

T3G1 1 2

T3G2 4 9

T3G3 27 16

T3GNK - 1

T4G2 1 -
¶TCC: transitional; SCC: squamous cell carcinoma; adeno: adenocarcinoma

intervals after the start of radiotherapy.
Patients were deemed to have attained loco-
regional control if there was complete
absence of tumour 6 months or more after
radiotherapy. Patients who did not achieve
this were defined as never being disease-free.
Overall survival was taken as the time from
first radiotherapy treatment to death;
patients still alive were censored at the time
last seen. Survival fits were obtained using
the product-limit (Kaplan-Meier) method
from day one of radiotherapy.
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Results

Paper I. Carbogen and nicotinamide as
radiosensitizers in a murine mammary
carcinoma using conventional and
accelerated radiotherapy
Figure 2 shows dose response curves for local
tumour control probability plotted against
total radiation dose for 4 of the 6 radiation
schedules under investigation. Treatment ac-
celeration alone (40 fractions in 26 days)
enhanced tumour sensitivity by as much as
20%. The coupling of acceleration with
carbogen produced a dramatic and significant
decrease in the dose required to control the
same proportion of tumours compared with
the conventional schedule in air (30 fractions
in 40 days). Although the greater part of the
sensitization observed was obtained by
carbogen, the addition of a clinically relevant
dose of NAM produced a further small but
significant reduction in TCD50. Table 4
summarizes enhancement ratios, at the

TCD50 level, for various inter-treatment
comparisons. The smallest increase in tumour
sensitization was seen with the conventional
regimen plus carbogen (ER = 1.47 ± 0.09; p
= 0.001) whilst ARCON was the most
effective schedule of all. It produced a dose
modification of almost 2. Treatment accele-
ration was consistently better than
conventional radiotherapy under all
conditions, achieving a 10 to 20% dose
enhancement (p ≤ 0.005).

There was no significant difference in
metastatic incidence between schedules.
Towards the end of treatment, mice in the
conventional schedule given CON showed
a small increase in body weight compared
with a small reduction in those given
ARCON. The changes observed, although
significant, were virtually negligible and all
six treatment schedules were well tolerated.

In conclusion, the magnitude of the

Figure. 2. Dose-response curves for local control probability of CaNT tumours 240 days after
conventional 30 x-ray fractions in 40 days given in air (∆), or with an accelerated regimen of 40 fractions
in 26 days in air (�), carbogen alone ( ), or carbogen plus 0.12 mg.g-1 nicotinamide (�). TCD50 values
(± 95% confidence limits), obtained from logit fit to the data, were all significantly different (p ≤ 0.005).
Redrawn from Rojas, et al., 1996b with permission from Elsevier.
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sensitizing effect observed in this rodent
tumour model with ARCON indicated that
acceleration and oxygen modification could
improve radiotherapy outcome of human
tumours in which rapid proliferation and
hypoxia are present.

Paper II. Is sensitization with NAM and
carbogen dependent on nicotinamide
concentration at the time of irradiation?

The impact of NAM dose and time of admi-
nistration on radiosensitivity was investigated
in CaNT tumours and mouse skin. A 10
fractions 5 days x-ray schedule was given in
air, carbogen alone or carbogen combined
with 0.1, 0.2 or 0.5 mg.g-1 of NAM given
15, 30 or 60 min before each fraction. Table
5 summarizes plasma and tumour
concentrations in non-irradiated mice for
three different doses and times of NAM ad-

Table 4. ERs (± 95% CL) in CaNT tumours treated with either 30 x-ray fractions in 40 days or
40 fractions in 26 days in air, carbogen alone or carbogen with 0.120 mg·g-1nicotinamide

(CON). Sensitizer enhancement ratios derived at the TCD50 level for the indicated
comparisons between pairs of dose-response curves

Treatment Carbogen Carbogen CON ARCON
Relative to 30f/40d 40f/26d 30f/40d 40f/26d

air 30f/40d 1.47 ± 0.09* 1.71 ± 0.10* 1.70 ± 0.11* 1.91 ± 0.12*

air 40f/26d 1.24 ± 0.07* 1.44 ± 0.08* 1.43 ± 0.09* 1.61± 0.1*

carbogen 30f/40d 1.16 ± 0.06* 1.15 ± 0.07* 1.30 ± 0.07*

carbogen 40f/26d 0.99 ± 0.06 (ns) 1.12 ± 0.07*

*p≤ 0.005. (ns) = not significant

Table 5. Nicotinamide (NAM) plasma and tumour concentrations in unirradiated CaNT
tumours. TCD60 (±1 SEM) values and ERs (±1 SEM), relative to air, in mice irradiated with a

10 fractions in 5-days x-ray schedule in air, carbogen alone or carbogen plus nicotinamide

Schedule [Plasma] µmol/ml [Tumour] µmol/ml TCD60 ER

Air 76.4 ± 1.8

Carbogen alone 49.2 ± 1.5 1.55 ± 0.06

NAM 0.1 mg·g-1

15 min 0.91 ± 0.02 0.77 ± 0.03 45.3 ± 0.9 1.69 ± 0.05

30 min 0.80 ± 0.02 0.77 ± 0.05 42.7 ± 1.1 1.79 ± 0.06

60 min 0.61 ± 0.02 0.58 ± 0.05 43.8 ± 2.5 1.74 ± 0.11

NAM 0.2  mg·g-1

15 min 1.84 ± 0.04 1.57 ± 0.11 42.1 ± 1.4 1.81 ± 0.07

30 min 1.73 ± 0.08 1.66 ± 0.14 41.7 ± 2.5 1.83 ± 0.12

60 min 1.45 ± 0.02 1.36 ± 0.04 40.4 ± 3.1 1.89 ± 0.15

NAM 0.5  mg·g-1

15 min 4.74 ± 0.02 3.54 ± 0.18 39.9 ± 0.9 1.92 ± 0.06

30 min 4.64 ± 0.21 4.27 ± 0.11 39.8 ± 1.5 1.92 ± 0.09

60 min 4.07 ± 0.05 3.76 ± 0.16 38.4 ± 0.9 1.99 ± 0.06
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Figure 3. Sensitiser enhancement ratios in CaNT tumours irradiated 15 min (�), 30 min (�), or 60 min
(�) after an i.p. dose of 0.1, 0.2 or 0.5 mg.g-1 and plotted as a function of peak NAM concentration
measured in non-irradiated CaNT tumours. Vertical and horizontal error bars represent ± 1 SEM.
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ministration used in the x-ray study. It also
shows TCD60 and ERs at this level of effect
for tumours irradiated with carbogen plus
NAM. A significant enhancement relative to
carbogen alone was observed with all nine
CON schedules. The computation of hazard
ratios showed that the impact of NAM dose
on tumour control was significant (except at
30 min), but that time of drug administra-
tion was not. Figure 3 illustrates the
relationship between sensitizer enhancement
ratios (at the TCD60 level) and peak tumour
concentration of NAM. Although an almost
8-fold increase in plasma concentration
occurred when the dose was increased from
0.1 to 0.5 mg.g-1, the additional sensitization
was not as dramatic as might have been
expected.

Relative to the response of air-breathing
mice, skin sensitivity was significantly
increased for carbogen alone and CON.
Similar to what was observed in tumours,
for each drug dose there was no marked
difference in skin sensitivity with time of
NAM administration. In contrast to
tumours, ERs were independent of dose
administered. Therefore, the therapeutic
benefit was not improved either by reducing
the dose of NAM or by irradiating at the
time of peak drug concentration.

Paper III. Radiosensitization in normal
tissues with oxygen, carbogen or
nicotinamide
Normal tissue sensitization for oxygen and
carbogen was determined in single and
fractionated x-ray regimens (2 to 36
fractions) in mouse skin and kidney. The
effect of NAM on gut and lung sensitivity
was quantitated in air, oxygen and carbogen
in a 10-fraction schedule.
Table 6 summarizes enhancement ratios for
acute epidermal and late renal damage in
mice as a function of radiation schedule and
gas administered, calculated relative to an
isoeffective level of response in air breathing
mice. Oxygen in all three regimens enhanced
skin radiosensitivity by up to 30%. By con-
trast in mouse kidneys sensitization was not
more than 7% for oxygen and 12% for
carbogen. In both tissues sensitization was
independent of radiation dose per fraction
and gas administered.
Figure 4 shows dose response curves for the
proportion of mice whose breathing rate
was 1.15 times above that of sham-
irradiated controls at two different assay
times. At the ED50 level of response, there
was a negligible difference in radiosensitiv-
ity for mice treated with oxygen or carbogen
alone compared with animals irradiated in
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air. NAM enhanced lung sensitivity by 20%
in air and by 9 and 12% in carbogen and
oxygen, respectively. Relative to air alone a
dose modifying factor of 1.14 was seen in
mice given CON. In gut, relative to air-
breathing mice, there was a small non-
significant increase in radiosensitization
with carbogen and none with oxygen. NAM

increased gut sensitivity under all three gases
giving as much as a 26% dose enhancement
in mice irradiated in 100% oxygen. A
comparison with ambient conditions
produced an ER of 1.24 for CON. Table 7
summarizes ERs for lung and gut for the
indicated comparisons between pairs of dose
response curves.

Acute skin reaction
SD oxygen 12f oxygen 36f oxygen
1.29± 0.08* 1.23 ± 0.05* 1.26 ± 0.08*

Late renal damage week 29
2f oxygen 2f carbogen 12f oxygen 12f carbogen 36f oxygen 36f carbogen
Clearance
1.04 ± 0.04 1.08 ± 0.04* 1.07 ± 0.07* 1.12 ± 0.07* 1.03á 1.05á

Haematocrit
1.00 ± 0.04 1.04 ± 0.04 1.07 ± 0.05* 1.10 ± 0.05* 1.03á 1.01á

Table 6. Skin and kidney radiosensitization with oxygen or carbogen after single or
fractionated x-ray schedules. ERs (±  95 %  CL) relative to air-breathing mice calculated at

an isoeffective level of damage

*p≤ 0.05. ‡In the 36-fraction regime, the dose received by the surrounding gut was too high and the majority of the
animals died, from acute gut damage. The mortality was similar for all groups. Due to the paucity of data the fitting
procedure was done only for the control air alone data points to allow an estimate of renal sensitisation. No confidence
limits could be obtained from the fit and errors are therefore indeterminate.

Figure 4. Percentage of mice whose breathing rate was ≥1.15 times that of sham-irradiated controls
measured 46 weeks (top panels) or 70 weeks (bottom panels) after an X-ray schedule of 10F/12 days.
Air (∆,�), oxygen (❍, �) or carbogen ( , �) were administered alone (empty symbols) or combined
with 0.5 mg.g-1 of nicotinamide (filled symbols), injected 1 h before each fraction. Errors at the ED50

level are ± 95% confidence limits. The dashed line in each panel represents the response to air alone at
the appropriate time of assay. Reprinted from Rojas, et al., 1996c with permission from Elsevier.
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Table 7. Enhancement ratios (±1 SEM) at the ED
50  level after 10-fractions in 12-

days x-ray schedule to lung and 10 fractions in 5 days to gut. Irradiations given in
air, oxygen, carbogen alone or combined with 0.5 mg·g-1 nicotinamide (NAM)

 Comparison Gut Lung (week 46)

air vs air + NAM 1.17 ± 0.01* 1.20 ± 0.05*

air vs oxygen + NAM 1.24 ± 0.01* 1.16 ± 0.04*

air vs carbogen + NAM
1.24 ± 0.01* 1.14 ± 0.04*

oxygen vs oxygen + NAM 1.26 ± 0.02* 1.12 ± 0.03*

carbogen vs carbogen + NAM 1.21 ± 0.01 1.09 ± 0.03*
*p≤ 0.0003

Therefore, with the exception of skin,
the extent of sensitization seen in mouse
lung, gut and kidneys indicate that a
therapeutic benefit is achieved with oxygen
or carbogen alone but not with NAM alone
when compared with the sensitizer
enhancement ratios seen in CaNT tumours.
The greatest gain, however, was achieved
when carbogen was combined with
nicotinamide, even relative to epidermal
damage.

Paper IV. Nicotinamide as a repair inhib-
itor in vivo: single and fractionated x-ray
dose studies in mouse skin and kidneys
The effect of NAM on repair parameters in
vivo was investigated in two rodent normal
tissues, namely skin and kidney using four
different experimental approaches.

If complete repair takes place between
each fraction and the overall treatment time
is kept constant, fractionated data from both
clonogenic and functional assays in vivo are
well described by the relationship E =
nd(1+d / (�/�)), where E is a constant, and
n and d are the number of fractions and
dose per fraction, respectively (Douglas &
Fowler, 1976). A repair inhibitor that
reduced the sensitivity of tissues to dose
fractionation would have the effect of
increasing the �/� ratio under any ambient
oxygen concentration. Two experimental

designs were used to investigate changes in
�/�. First, a dose fractionation experiment
(1, 2, 5 or 10 x-ray fractions in 5 days)
defined the �/� ratio in the presence or
absence of NAM in air or carbogen (see
figures 1a and 1b). Second, changes in the
steepness of the underlying survival curve
for the target skin clonogens, were
investigated by constructing the “propor-
tion of full effect” curve over the range of
2.5-25 Gy given in oxygen with and without
NAM, followed by neutron top-ups. With
both designs a reduction in the �/� ratio
was seen, consistent with hypoxic-cell ra-
dio-modification but not with repair inhi-
bition. Values of �/� were 15.5 ± 3.8 Gy
(95%CL) for NAM in air, 7.9 Gy ± 0.4 Gy
for oxygen plus NAM and 9.8 ± 0.9 Gy for
CON. These values were consistently lower
than the �/� ratio calculated for mice
irradiated in air alone (17.7 ± 1.5 Gy).

“True” radiosensitization, post-radiation
sensitization and cytotoxicity by NAM were
assessed using a 5f/5days schedule with
carbogen alone or with carbogen plus NAM
given 1 h before, immediately after
irradiation or 8 h after each fraction. NAM
administered 1 h before irradiation gave a
small but significant increase in sensitization
relative to mice irradiated in carbogen alone
(1.09 ± 0.04; p = 0.0004). When given
immediately or 8 hours after each fraction
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there was no evidence of skin sensitization.
In mouse kidneys, dose-response curves

for plasma retention of 51Cr-EDTA (see
figure 5) and for reduction in pcv showed a
progressive and time-dependent increase in
radioresistance as the interval between the
two doses was increased. In both regimens
(i.e. air ± NAM), 50% of the total repairable
dose had been recovered between 0.75 and
1.5 h, with an indication, perhaps, that rep-
air was slightly faster in mice treated with
NAM. As shown in figure 6, the shapes of
the recovery curves indicate that the data
for both regimens were well fitted with a
single exponential decay function θ = e-µt.
There was no significant difference in the

recovery half-times obtained with X-rays
alone or X-rays plus nicotinamide nor was
there an indication that the total amount
of repairable damage was different between
the two schedules. Similar observations were
made using the hæmatocrit assay.

In conclusion, an increase in the �/�
ratio for epidermal damage was not seen
with NAM nor was post-radiation
sensitization detected. In kidney, the pro-
portion of total repairable damage and half-
life of recovery was similar for all schedules.
Therefore a decrease in normal tissue
tolerance, because of reduced sparing with
dose-fractionation or from an increase in
residual damage when shortening the inter-

Figure 5. Dose-response curves for 51Cr-EDTA retention, 32 weeks after bilateral kidney irradiation. A
split-dose regimen of 2 x 6 Gy was given in air alone at varying intervals from 0 up to 48 h. Two to three
days after the last fraction mice received the first of 2 top-up doses of d(4)-Be neutrons, and 7 days
later a second neutron fraction. Panel a shows the response when no recovery was allowed (0 h; ),
for ”maximum” recovery (48 h; ∆) and that for 2-fraction neutrons alone (◊). The displacement between
the zero and the 48 h inter-fraction intervals indicates the full magnitude of recovery in mouse kidney
and is reproduced as a shaded area in all the other panels. The dashed lines in panels b to f represent
the response to neutrons alone. The curves were determined by least squares non-linear regression,
using a generalized logistic function fitted to all the individual measurements for each mouse. Data
points are the means ± 1 SEM. Reprinted from Rojas, et al., 1996a with permission from Radiation
Research Society.
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Figure 6. The time-dependent disappearance of the underlying x-ray damage for the split-dose regi-
men of 2 x 6 Gy for schedules in air alone (open symbols) or air plus NAM (closed symbols). Mean
values (± 1 SEM) of unrepaired damage are plotted against time for EDTA clearance. Redrawn from
Rojas, et al., 1996a with permission from Radiation Research Society.

fraction interval, is unlikely to occur in
clinical radiotherapy from NAM adminis-
tration.

Paper V. Acute and late morbidity in the
treatment of advanced bladder cancer
with accelerated radiotherapy, carbogen
and nicotinamide
The first ten patients given carbogen alone
and the initial six given ARCON were
treated to 50 Gy. Acute morbidity was
deemed acceptable therefore the remaining
89 patients were treated to 55 Gy. Fifty-
nine patients were given carbogen alone and
forty-six were treated with ARCON. NAM
was initially administered orally at a dose
of 0.08 mg.g-1.day-1 (22 patients), 1.5 h
prior to radiation. Since compliance was not
satisfactory, primarily because of nausea, the
dose was reduced to 0.06 mg.g-1.day-1 (24
patients). Compliance improved only
marginally but it did decrease the incidence
and severity of toxicity. Only 24 out of 46
patients tolerated the full course of 20 doses.
Carbogen was started 5 min prior to and
during radiation. Initially 5% CO2 was used
in the mixture (24 patients given ARCON
and 34 treated with carbogen alone).
However, this concentration was
uncomfortable for many patients. A parallel

study, measuring tumour oxygenation,
showed that the incidence of low pO2 values
in patients breathing carbogen at 5% CO2
was similar to those administered 2% CO2
(Powell et al., 1999). Therefore this con-
centration was adopted. Compliance to gas
administration was high with both mixtu-
res. All 105 patients completed the full
course of radiotherapy delivering 50-55 Gy
in 20 fractions in an overall time of 4 weeks.

Analysis of acute urinary morbidity
showed that there was a gradual increase in
organ dysfunction, which peaked at 5 to 6
weeks. Urinary reactions in both arms of the
study were either similar or slightly higher
for patients treated with carbogen than for
those given ARCON. In general rectal
endpoints gave steeper time-effect curves both
for appearance and resolution of the reactions
and peaked slightly earlier than bladder.
ARCON enhanced acute bowel morbidity
to a greater extent than carbogen. Figure 7
illustrates time course curves for one urinary
and one bowel endpoint during the first 8
weeks from start of radiotherapy; other
endpoints gave similar time-effect patterns.
Reactions were self-limiting and most patients
returned to baseline values by week 10.

As shown in table 8, there was no consis-
tent trend in the duration of acute morbidity
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Figure 7. Acute mean reactions averaged over a period of 8 weeks from start of treatment in patients
with advanced carcinoma of the bladder treated with radiotherapy and carbogen alone (� dashed
lines) or radiotherapy plus carbogen combined with nicotinamide (� solid lines). Error bars are ± 1
SEM. Top Panel (a): Mean number of urinary events at night i.e. nocturia. Bottom Panel (b): Mean
number of bowel movements in 24 h.

Table 8. Duration and number of patients with the indicated levels
of acute dysuria, nocturia and bowel frequency

Schedule Endpoint Time in weeks (mean ± 1 SD)
(Responders/total)

Score ≥ 1 Score ≥ 2 Score 3

ARCON Dysuria 2.5 ± 2.4
(27/41)

1.1 ± 1.8
(16/39)

0.5 ± 1.2
(9/38)

Carbogen 2.9 ± 2.3
(45/56)

1.3 ± 1.8
(28/50)

0.4 ± 0.9
(11/43)

≥ 4 events ≥ 8 events ≥ 16 events

ARCON Nocturia 3.2 ± 2.6
(30/41)

1.2 ± 1.9
(16/38)

0.4 ± 1.6
(4/37)

Carbogen 3.4 ± 2.7
(35/45)

0.9 ± 1.7
(14/35)

0.2 ± 1.0
(3/34)

Frequency ≥ 4 Frequency ≥ 6 1Frequency ≥ 12

ARCON Bowel
# of events

1.9 ± 1.8
(34/42)

1.2 ± 1.8
(20/38)

0.4 ± 1.0
(9/39)

Carbogen 1.8 ± 2.0
(35/54)

1.0 ± 1.7
(24/50)

0.1 ± 0.4
(7/48)

1Duration of symptoms: ARCON vs carbogen significantly different (p < 0.05)
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between or within a specific treatment arm.
For example, dysuria lasted marginally longer
with carbogen but only for the lower and
intermediate levels of effect. By contrast,
ARCON enhanced duration of nocturia and
bowel frequency but only for the intermediate
and high scorers. None of the differences were
statistically significant, except for patients
with bowel frequencies of 12 events or more,
in which ARCON produced a small but sign-
ificant increase in the duration of morbidity.

Figures 8 and 9 show time incidence
plots for late urinary (nocturia, i.e. urination
frequency ≥ 8 events at night) and bowel
dysfunction (bowel frequency of 6 or more
events during 24h), respectively. Over the
first 3 years there was a slow but gradual
increase in the number of patients with a
urination frequency ≥ 8 but eventually time-
incidence curves stabilized. The three-year
incidence for nocturia ≥ 8 was14% for
ARCON and 23% for carbogen; the
difference was not significant (Figure 8). No
patients treated with ARCON had evidence
of more severe nocturia and only 2 patients
of those given carbogen were symptomatic.

Between one and three quarters of
patients had some sort of moderate or worse

late urinary morbidity. The highest
incidence was scored for daytime frequency;
virtually 75% were unable to retain urine
for more than 2 hours whilst half had day-
time frequencies of 1 hour or less. At 3 years
almost 20% of patients had moderate or
worse dysuria in both treatment arms. The
effects occurred between 26 and 28 months
after radiotherapy; beyond this time and
throughout the entire subsequent follow-
up period (up to 83 months; median 25.8
months) no other events have occurred.
With carbogen alone a 7% incidence of
severe dysuria was observed, whilst ARCON
treated patients were free from severe Grade
3 dysuria. The incidence of hæmaturia,
urinary urgency and incontinence was
much lower than that for urinary frequency;
between 9 and 25% of patients having
severe effects at this time.

At 3 years, 11% of patients treated with
ARCON had a bowel frequency, during a
24 h period, of 5 events or more compared
with an incidence of 4% for patients treated
with carbogen alone (Figure 9). Frequencies
higher than 5 times per day were not seen
with ARCON and only one patient (i.e.
2%) given carbogen had a frequency of 6.
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Figure 8: Incidence of late nocturia in patients with 8 or more urinary events per night for carbogen
alone (dashed lines) or ARCON (solid lines) from 3 months after first radiotherapy dose. Number of
patients at risk is shown at yearly intervals for each endpoint (in brackets initial number at risk).
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Figure 9: Proportion of patients with a late bowel frequency of 5 or more events in 24 h, for carbogen
alone (dashed lines) or ARCON (solid lines) from 3 months after first radiotherapy dose. Number of
patients at risk is shown at yearly intervals (in brackets initial number at risk).
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With ARCON over a third of patients (37%
at 3 years) had scores ≥ 2 for stool consistency
(semi-liquid and/or liquid stools) compared
to 32% for carbogen. There was no significant
difference between the two arms for either of
the endpoints used. Overall rectal assays
demonstrated much lower incidence rates
than urinary endpoints. No more than 6%
of patients had any form of severe bowel
morbidity at this time.

One and 3 year tumour control rates for
carbogen alone were 68% and 49%
compared with 74% and 53% for patients
treated with ARCON. An overall survival
of 78% at one year and 48% at 3 years was
observed with carbogen, compared with
82% and 43% for ARCON.

Discussion

1. Tumour studies

In the CaNT tumour model carbogen
together with a small dose of NAM gave a
large and significant increase in sensitization
in both conventional and accelerated expe-
rimental radiotherapy (ER = 1.6 and 1.7,
respectively. Table 4). ARCON, relative to
conventional radiotherapy in air, achieved
almost a 2-fold increase in radiosensitivity.
Although the majority of the effect was
obtained by carbogen, the addition of NAM

further enhanced tumour sensitization. The
administration of CON was well tolerated
by the animals and there was no difference
in metastatic incidence or spread between
the six schedules under investigation.
Extending treatment time by 2 weeks had
less impact on loss of tumour control in
mice treated with the sensitizers than for
tumours in mice irradiated under air-
breathing conditions. An extra 1.5 Gy per
day was required in air to counterbalance
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the radioprotective effect of increasing the
overall time from 26 to 40 days, compared
with 0.9 and 0.6 Gy per day for carbogen
alone and CON, respectively. This agrees
with results from an earlier experimental
study using normobaric oxygen and
comparing conventional radiotherapy with
CHART (Rojas et al., 1990). More recently,
carbogen was shown to reduce tumour cell
proliferation of a human squamous cell
carcinoma xenograft (Bussink et al., 1999).
As yet, the basic mechanism underlying this
effect has not been identified. But if the
phenomenon is not an experimental
artifact, then protraction of clinical
radiotherapy may not be as detrimental if
CON is administered than if treatments are
delivered under ambient conditions.

A variety of rodent and human xenograft
tumour models and radiation schedules
have been used to compare the sensitivity
of tumours treated either in carbogen alone
or combined with NAM with that measured
in air-breathing mice. These studies are
summarized in table 9. Relative to ambient
conditions, in 18/21 schedules listed, dose
modifying factors with CON vary from as
low as 1.2 to as high as 2.6 and in the major-
ity of cases -where the comparison was
made- tumour sensitization with CON was
shown to be statistically significantly greater
than when carbogen was used alone.
However, in 3 tumour models the drug dose
combination either failed to show a
significant increase in tumour radiosensitiv-
ity over that of air alone or actually

Table 9. Enhancement ratios relative to ambient conditions in rodent or human xenografts tumours
treated either with carbogen alone or carbogen plus nicotinamide (CON)

Tumour # X-ray
fractions

NAM
mg··g-1

Carbogen CON Reference

SCCVII 1 1.0 1.2-1.3 1.8-2.6 (Masunaga et al., 1993)

EMT6 1 1.0 1.2-1.4 1.5-1.9 “

SCCVII 1 0.1 and1.0 1.5 1.8-1.9 (Ono et al., 1993)

SaF 1 0.5 1.3 1.5 ‡

KHT 1 1.0 1.9 1.9 (Sieman et al., 1994)

LN-Z308 5 0.5 1.2 1.4 (Sun et al., 2001)

KHT 8 1.0 1.3 (Dorie et al., 1994)

SCCVII 8 1.0 1.6 “

RIF-1 8 1.0 1.5 “

CaNT 10 0.5 1.2 1.8 (Kjellen et al., 1991)

CaRH 10 0.5 1.7 1.8 “

CaNT 10 0.1 to 0.5 1.5 1.6 to 1.9 (Rojas et al., 1993a)

ENE2 10 0.5 1.1 (Stuben et al., 1998)

ES3 10 0.5 1.3 “

HTZ 10 0.5 0.9 “

R1H 18 0.5 0.9 (Raabe et al., 1997)

CaNT 20 0.5 1.9 - 2.1 (Rojas et al., 1993b)

U-87MG 20 0.25 1.2 1.2 (Sun et al., 2001)

LN-Z308 20 0.25 1.2 1.3 “

CaNT 30 0.12 1.5 1.7 (Rojas et al., 1996b)

CaNT 40 0.12 1.4 1.6 “
‡ Rojas et al., unpublished
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produced a more radioresistant response
(Raabe et al., 1997; Stuben et al., 1998).
Effective reoxygenation, low levels of
tumour hypoxia, lack of a change in tumour
perfusion and, in one study, the use of
anæsthesia were argued as possible reasons
to explain this failure (Raabe et al., 1997;
Stuben et al., 1998; Sun et al., 2001). What
ever the reasons, the variability in the
response of experimental tumours to CON
underscores the potential for failure with
ARCON if tumours with the inappropriate
characteristics are chosen for its clinical
evaluation.

Previous work had indicated that the
sensitizing effect of CON was independent
of radiation dose per fraction and number
of fractions (Rojas et al., 1996b), but was
dependent on drug dose (Rojas et al.,
1993a). Our more recent results (paper II)
now show that the efficacy of CON is inde-
pendent of time of drug administration.
Although tumour control decreased as the
dose of NAM was reduced, at each dose level
there was no significant difference in radio-
sensitivity when irradiations were perfor-
med at or after the time of peak plasma or
tumour concentration. A three to six-fold
higher plasma concentration of NAM was
obtained with 0.5 compared to 0.2 and 0.1
mg.g-1. Surprisingly, this large range in
nicotinamide concentration did not have
the anticipated impact on sensitization (e.g.
a three-fold increase in tumour concent-
ration enhanced the sensitizing effect by
about 10%). The independence of CON
on time of NAM administration is contrary
to what has been shown for NAM alone
administered to tumour bearing mice
breathing air (Horsman et al., 1993; Hors-
man et al., 1997). For reasons as yet unclear,
the combined use of carbogen and NAM
appears to blunt the time-dependent
sensitizing effect (Chaplin et al., 1993) seen
for both NAM (Horsman et al., 1993;
Horsman et al., 1997) and for carbogen

alone (Rojas et al., 1992). These findings
could be important for the implementation
of ARCON in clinical radiotherapy.

Several investigators have shown
previously that mouse skin is under a
considerable degree of hypoxia (Hendry &
Sutton, 1984; Stewart et al., 1982) and can
therefore be considered as “worst case sce-
nario” as predictor of therapeutic gain. We
assessed the therapeutic benefit of CON
relative to acute epidermal damage using the
same radiation protocols as those used for
CaNT tumours (paper II). In this study,
skin sensitization with CON did not
increase with administered dose or by
irradiation at the time of peak plasma
concentrations. With all schedules, ERs in
tumours were higher than in skin and the
therapeutic benefit was not improved either
by reducing the dose of NAM or by irra-
diating at the time of peak drug concent-
ration. These tumour and normal tissue
results suggest that little would be gained
by excessive “fine tuning” of time of NAM
administration to patients.

Human peak plasma concentrations of
NAM, normalized to a dose of 0.08 mg.g-

1, range from 0.5 to 2.3 µmol.ml-1 (Bernier
et al., 1998; Horsman et al., 1993; Hoskin
et al., 1995; Kaanders et al., 1997; Stratford
et al., 1996) similar to those measured in
rodents after doses of 0.1 to 0.3 mg.g-1

(Horsman et al., 1993; Rojas et al., 1993a).
In mice, plasma concentrations of 0.6 to
0.7 µmol.ml-1 at irradiation yield a benefit
over the radiosensitization achieved with
carbogen alone (paper II and (Rojas et al.,
1993a)). Peak levels in humans after oral
0.08 mg.g-1 of NAM are usually in excess
of this threshold. Measurements from 124
patients showed that 118 of them had peak
levels between 0.6 to 2.1 µmol.ml-1, and a
median value of 1.0 µmol.ml-1 (Bernier et
al., 1998; Horsman et al., 1993; Hoskin et
al., 1995; Kaanders et al., 1997; Stratford
et al., 1996). Based on these observations a
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dose reduction down to 0.06 mg.g-1 was
suggested particularly in patients with
intractable side-effects (Bussink et al., 2002;
Kaanders et al., 1997). Clinical studies in
patients given 0.08 mg.g-1 per day of NAM
show big differences in toxic-side effects.
The incidence varies from as little as 13%
to as much as 51% of patients refusing
further drug administration mainly due to
severe nausea and vomiting (Denekamp &
Fowler, 1997; Saunders et al., 1997). In
patients with severe side-effects, compliance
to NAM intake can be improved by
reducing the dose to 0.06 mg.g-1 although
some patients may be at risk of not
achieving a high enough concentration of
NAM at the time of irradiation (Bussink et
al., 2002). Nevertheless, pilot studies of
ARCON in advanced carcinomas of head
and neck and bladder indicate that local
tumor control is improved by the addition
of carbogen and nicotinamide to radical
radiotherapy regimens (Hoskin et al., 1997;
Kaanders et al., 1998).

In general, the extra gain obtained in ex-
perimental fractionated x-ray schedules by
the addition of small doses of NAM to
carbogen is small (see tables 4 and 9). Since
the latter is responsible for the majority of
the sensitizing effect and repeated adminis-
tration of NAM is a practical problem in
clinical radiotherapy, it could be argued that
only carbogen should be administered to
patients. However, the additional gain of
about 10-20% in dose efficacy seen with
the drug may translate into a considerable
improvement in local control (Rojas et al.,
1996b; Sun et al., 2001). For example, in
the 40 fractions in 26-days protocol
reported here, the tumour control
probability of 50% obtained with carbogen
alone increased to about 95% by combining
it with low-dose NAM. Although smaller
dose modifying factors for CON were
reported for the LN-Z308 glioblastoma
xenograft model, the gain in local tumour

control between air and CON treated mice
was still substantial (Sun et al., 2001).
Obviously the extent of this shift depends
on the steepness of the dose-effect curve
which in human tumours, for various
reasons, is generally shallower than that of
experimental tumours.

2. Normal tissue studies

The therapeutic benefit of adding oxygen,
carbogen, or NAM alone or combined with
the gases to radiation of course depends on
the degree of normal tissue
radiosensitization. Tables 10 and 11
summarize published data and that
presented in this document (paper III) for
early and late responding normal tissues in
rodents. With the exception of skin in
syngeneic mice and tail, ERs are similar in
both acute and late responding normal
tissues and independent of the number of
x-ray fractions. Sensitization was no more
than 10% for carbogen or oxygen alone,
with a similar further increase when NAM
was administered alone or in combination
with the gases. Interestingly, a similar low
degree of radiosensitization was reported for
acute skin reactions in nude mice (Sun et
al., 2001).

Although NAM alone achieved
significant tumour sensitization with single
radiation doses (Horsman et al., 1987), in
the three fractionated protocols reported so
far (Kjellen et al., 1991; Sun et al., 2001)
ERs varied between 1.3 (5 fractions) down
to 1.1 (10 and 20 fractions). A similar small
sensitizing effect of NAM alone can be
deduced from the study using 30 and 40 x-
ray fraction schedules (Rojas et al., 1996b).
Little or no therapeutic advantage would
therefore be expected with NAM alone. A
comparison of ERs measured using
fractionated regimens in tumours and nor-
mal tissues indicate that, in general, a
therapeutic benefit would be observed with
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Table 11. ERs relative to treatments in air alone in late responding normal tissues in mice

irradiated in oxygen, carbogen, NAM alone or with a drug-gas combination

Tissue # x-ray
fractions

Oxygen Carbogen Air +
NAM

Oxygen   +
NAM

CON Ref

Lung 1 1.1 (Down et al., 1984)

1 1.1 (Parkins et al., 1983)

1 1.1 (Rojas et al., 1996c)

10 1.0 1.1 1.2 1.2 1.1 “

18 1.1 (Raabe et al., 1997)

Kidney 1 1.1 (Stevens 1988)

10 1.1 1.1 1.1 1.1 1.2 (Kjellen et al. 1991)

2 1.0 1.1 (Rojas et al., 1996c)

12 1.1 1.1 “

36 1.0 1.1 “

Cord 10 1.2 (Haustermans et al. 1994)

Table 10. ERs relative to treatments in air alone in early responding normal tissues in mice
irradiated in oxygen, carbogen, NAM alone or with the drug-gas combination

Tissue # x-ray Oxygen Carbogen Air Oxygen CON Ref
fractions + NAM + NAM

Bone marrow 1 1.1 (Calcutt et al., 1970)

1 1.0 (McCulloch & Till 1962)

1 1.2 (Ono et al., 1993)

1 1.1 ‡

Gut 1 1.0 (Stevens, 1988)

1 1.2 (Horsman et al., 1989b)

1 1.1 (Ono et al., 1993)

2 1.1 (Rojas et al., 1996c)

10 1.0 1.0 1.2 1.2 1.2 “

Testis 1 1.2 (Horsman et al., 1989b)

Skin 1 1.3 1.4 (Stevens, 1988)

1 1.2 (Horsman et al., 1989b)

10 1.2 1.3 1.2 1.5 1.5 (Kjellen et al., 1991)

1 1.3 (Rojas et al., 1996c)

12 1.2 “

36 1.3 “

5 1.1 1.1 1.2 (Sun et al., 2001)

20 1.1 1.1 1.2 “

Tail 1 1.5 (Jonsson et al., 1985)

‡ Rojas et al, unpublished.
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carbogen alone (table 9 vs tables 10 and 11).
Relative to both early and late responding
normal tissues the greatest gain would be
obtained with the combination of carbogen
and NAM. If the lowest ER determined for
each tumour model and the highest ER seen
for normal tissues (i.e. ER = 1.2; excluding
tail and skin), is used to calculate a
therapeutic ratio (as the ratio of ERtumour/
ERnormal tissue), then for 17/21 of the reports
listed in table 9 a therapeutic gain varying
from 8 to 58% is obtained. In contrast, for
the human glioblastoma U-87MG
xenograft treated with 20 fractions no net
gain would be attained (Sun et al., 2001)
and for three other tumour models an actual
therapeutic loss of as much as 25% could
occur by adding CON to radiation regi-
mens (Raabe et al., 1997; Stuben et al.,
1998). Although for the two latter studies
the differences in TCD50 values between
CON and air were not statistically
significant, it re-emphasizes the need to
select tumours that are amenable to hypoxic
manipulation.

In patients, significant and rapid
increases in tumour pO2 are generally
obtained when administering either oxygen
or carbogen (Aquino-Parsons et al., 1999;
Falk et al., 1992; Kolstad, 1964; Laurence
et al., 1995; Martin et al., 1993; Rijpkema
et al., 2002), whilst NAM primarily
improves tumour blood flow and perfusion
(Powell et al., 1997). The trials of hyperbaric
oxygen indicated an increase of up to 10%
in the sensitivity of gut, cartilage, spinal cord
and skin. Therefore some enhancement of
normal tissue damage may occur when
administering ARCON to humans,
particularly when used in conjunction with
the more radical accelerated regimens, since
acceleration itself can exacerbate the acute
normal tissue reaction. Based on these
clinical considerations, in the design of
clinical pilot protocols of ARCON an ini-
tial dose reduction in radiation dose was

made (Hoskin et al., 1997; Kaanders et al.,
1998).

3. Nicotinamide as a repair inhibitor

in vivo studies

Repair of radiation damage is associated
with the recovery of the shoulder of the
survival curve after each dose and leads to
the sparing of damage seen with
fractionation (Thames et al., 1982). The
“absolute amount” of recoverable damage
depends upon the tissue sensitivity to dose-
fractionation, and the �/� ratio in the Lin-
ear Quadratic model is an inverse measure
of this. If nicotinamide inhibits this recovery
an increase in the �/� ratio should be
observed. In mouse skin, the �/� ratios
from schedules done using NAM alone,
carbogen alone or oxygen alone, or with
either gas combined with NAM, were in
fact lower than that measured for air alone.
The increased sensitivity seen when NAM
was combined with the 3 different oxygen
concentrations used (air, oxygen or
carbogen) was similar to that seen previously
for mouse skin and can be explained by
direct oxygen-type radiosensitization. The
addition of a sensitizer will have the effect
of increasing its sensitivity to radiation
whilst reducing the �/� ratio because of
minimizing oxygen heterogeneity.

Nicotinamide might modify, however,
the kinetics of repair processes in vivo, by
decreasing the proportion of repairable
damage, increasing the recovery half-life or
the amount of residual damage, and/or
giving rise to a second, slower, component
of repair. In mouse kidney the rate of
recovery was similar for treatments given
with or without NAM. The recovery profi-
les clearly illustrated that repair occurred as
a single exponential function (figure 6).
Furthermore, when complete recovery
intervals were used between the two split
doses, the proportion of residual damage
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with NAM was actually lower than that
observed in its absence, implying that NAM
did not increase the �/� ratio.

Although no evidence of inhibition of
recovery in vivo or a post-irradiation effect
was observed in our normal tissue
experiments, it is still a matter of debate
whether the inhibitory effects of NAM seen
in vitro are present in tumours treated in
vivo. A dose-dependent induction and
rejoining of DNA, albeit of single strand
breaks, was reported in immunogenic
tumour-bearing mice treated with NAM in
vivo (Olsson et al., 1996). Furthermore,
although no evidence of PLD-repair inhi-
bition in EMT6 tumours was observed
(Horsman et al., 1989a), a small, but
significant, increase in the slopes of the cell
survival curves was measured (Horsman et
al., 1987). It may be that the cellular uptake
of NAM and its effect on nucleotide meta-
bolism differs in nutritionally deprived cells
compared to normal cells. If so, and as
argued by Denekamp & Dasu (Denekamp
& Dasu, 1999), this could lead to a selective
mechanism of action by which NAM
primarily impairs recovery of radiation
damage in a sub-population of tumour cells.
However, the lack of an effect of NAM on
clamped tumours or on PLD-repair does
not support this hypothesis (Horsman et al.,
1989a). Nevertheless, if the inhibitory effect
on tumour cells were small it may only be
detected in fractionated schedules and not
after large single doses of radiation.

At present neither the clinical nor expe-
rimental data lend support to NAM acting
as a repair inhibitor in normal tissues. From
our studies we conclude that no reduction
in the tolerance of either early or late
reacting normal tissues should be expected
with the use of NAM. In clinical
radiotherapy no excess morbidity should
result from adding NAM to radiotherapy
regimens where multiple fractions per day
are used.

4. ARCON and radiation induced

morbidity in humans

Historical comparisons with the CHART
trials indicated that there was no increase
in the severity of normal tissue reactions in
35 patients with advanced head and neck
tumours treated with ARCON (Saunders
et al., 1997). However in the same
anatomical site, mucosal reactions in six
patients treated to 54-57.6 Gy in 3 weeks
at Umeå University Hospital were generally
more brisk than with radiotherapy alone,
but healed without further complications
(Zackrisson et al., 1994b). The phase I/II
study coordinated by the EORTC in head
and neck (72 Gy in 5.5 weeks to 38 patients)
and carcinoma of the lung (55 Gy in 4
weeks to 35 patients) included three arms:
accelerated fractionation combined with
carbogen, or NAM or with both agents
(Bernier et al., 2000; Bernier et al., 1999).
No overt difference in morbidity was
observed in either site between any of the
groups. Albeit, the number of patients
included in these studies were too small,
perhaps, to detect small differences.

The EORTC also coordinated a similar
phase I/II trial in glioblastoma, of 60 Gy in
4 weeks (Miralbell et al., 1999). In the 107
patients assessable the incidence and severity
of acute skin reactions were higher in
patients who received nicotinamide but late
neurological side effects were similar in all
treatment groups. In the Canadian and
Dutch studies for this same site there was
an unexpectedly high incidence of acute and
possibly late central nervous system toxicity
(Pickles et al., 1996; van der Maazen et al.,
1995). Accrual was terminated because
there was no overt effect in tumour re-
sponse. By contrast, the 36 patients with
glioblastoma multiforme given post-
operative radiotherapy to 60 Gy in 4 weeks
alone, or combined with NAM or with
carbogen and NAM, concluded the
treatment as planned with acceptable
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toxicity (Fatigante et al., 1997).
In the pilot study of ARCON presented

in this thesis most patients treated with
either carbogen or ARCON evidenced some
degree of increased acute daytime urinary
frequency; as many as 95% were unable to
withhold urine for more than 2 hours.
Although duration of extreme bowel
frequencies was significantly higher with
ARCON than with carbogen alone the use
of medication, occurrence of semi-liquid
stools and rectal bleeding was similar in both
groups. The incidence and duration of
moderate and severe acute urinary
symptoms was similar to that observed for
bowel dysfunction. By contrast the 3-year
incidence of severe late urinary symptoms
was usually higher than for bowel. Gene-
rally, acute urinary reactions were slightly
more severe with carbogen and bowel
reactions with ARCON. The reverse was
perhaps true for late morbidity.

There is limited documentation in pub-
lished series as to the true incidence and/or
duration of acute and late morbidity after
radical radiotherapy for bladder cancer.
Although for some endpoints incidence of
late sequelae in our series was higher than
expected overall morbidity was no worse
than reported by others. Two studies have
used the same fraction size and total dose
as in this present cohort (Duncan & Quilty,
1986; Gospodarowicz et al., 1991). The first
of these reported an incidence of severe late
bladder or intestinal morbidity in 14% of
patients (Borgaonkar et al., 2002; Duncan
& Quilty, 1986). There was a 1% mortal-
ity directly attributed to radiation, which is
similar to this series. In the second series
the actuarial rate for severe late
complications was 24% at 10 years
(Gospodarowicz et al., 1991). The Swedish
study of hyperfractionated radiotherapy to
84 Gy reported major bowel complications
requiring surgery in 10 patients out of an
initial total of 83, and most occurred within

3 years after irradiation (Edsmyr et al.,
1985). A larger trial in 319 patients treated
with 61-68 Gy reported actuarial rates for
gastrointestinal complications of 23% at 3
years and 34% at 10 years (Jahnson et al.,
1991). The incidence of urinary symptoms
was 8% at 3 and 10 years, with 93% of these
seen within the first 2 years. Based on the
above historical comparisons, there is no
overt indication that carbogen or CON
exacerbates bowel or bladder morbidity.
Comparisons with the study that used the
same fractionation regimen shows that over-
all survival at 3 years in our patients is sim-
ilar to that seen historically for patients with
a “fair” prognostic index and almost dou-
ble when compared with the “poor
prognostic index” group (Duncan & Quilty,
1986).

The toxicity of NAM and/or the excess
morbidity seen in the EORTC trials
without a detectable improvement in
treatment outcome deterred further
recruitment of patients into phase III studies
by that organization. By contrast the results
obtained by Kaanders et al., are very
encouraging, although toxicity was
increased relative to conventional
radiotherapy it was considered admissible
(Kaanders et al., 2002; Kaanders et al.,
1998). The actuarial 3-year local control
rates in this phase II non-randomized study
in patients with advanced head and neck
cancer were 80% for larynx, 69% for
hypopharynx, 88% for oropharynx, and
37% for oral cavity tumours (Kaanders et
al., 2002). Therefore, a randomized
collaborative trial with other centres is
currently underway. Based on the favorable
treatment outcome seen with ARCON in
head and neck and that in the bladder pilot
study morbidity, tumour response and pa-
tient survival were acceptable, a phase III
randomized multi-center trial of ARCON
in bladder cancer has started recently in the
UK.



39

There is considerable interest in the
application of carbogen and NAM in both
palliative and curative radiotherapy. The
data presented in this thesis show that
significant radiosensitization can be
obtained in experimental radiotherapy re-
gimens by combining these methods of
attacking tumour hypoxia, and generally
achieve a therapeutic benefit. Furthermore,

mouse-man comparisons suggest that, if the
appropriate tumours are selected, CON
could be an effective radiosensitizer for use
in either conventional or accelerated clinical
radiotherapy, The pilot trials of ARCON
in head and neck and bladder support many
of the experimental findings.
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