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Abstract

Background. Hypoxia is a characteristic feature of solid tumours that significantly reduces the efficacy of conventional 
radiation therapy. In this study we investigated the role of hypoxia in a stereotactic radiation schedule by using a variety 
of hypoxic modifiers in a preclinical tumour model. 
Material and methods. C3H mammary carcinomas were irradiated with 3  15 Gy during a one-week period, 
followed three days later by a clamped top-up dose to produce a dose response curve; the endpoint was tumour control. 
The hypoxic modifiers were nimorazole (200 mg/kg), nicotinamide (120 mg/kg) and carbogen (95% O2  5% CO2) 
breathing, OXi4503 (10 mg/kg), and hyperthermia (41.5°C; 1 h).
Results. The radiation dose controlling 50% of clamped tumours (TCD50) following 3  15 Gy was 30 Gy. Giving 
nimorazole or nicotinamide carbogen prior to the final 15 Gy fraction non-significantly (c2-test; p  0.05) reduced this 
TCD50 to 20–23 Gy; when administered with each 3  15 Gy fraction these values were significantly reduced to  
 2.5 Gy. Injecting OXi4503 or heating after irradiating significantly reduced the TCD50 to 9–12 Gy regardless of 
whether administered with one or all three 15 Gy fractions. Combining OXi4503 and heat with the final 15 Gy had a 
significantly larger effect (TCD50  2 Gy).
Conclusions. Clinically relevant modifiers of hypoxia effectively enhanced an equivalent stereotactic radiation 
treatment confirming the importance of hypoxia in such schedules.

In an effort to obtain the oxygen and nutrients nec-
essary for growth and development, solid tumours 
establish their own vascular supply form the host 
normal vessels by the process of angiogenesis [1]. 
However, this neo-vasculature is structurally and 
functionally abnormal and fails to meet the demands 
of the growing tumour mass. As a result, regions are 
created within the tumour that exhibit glucose and 
energy deprivation, high lactate levels and extracel-
lular acidosis, and oxygen deficiency [2]. From a 
radiation standpoint it is the oxygen status that is the 
most critical. There is now definitive evidence that 
the presence of low oxygenation (hypoxia) has a 
negative impact on radiation response [3]. This 
hypoxia is generally classified as chronic or acute in 
nature [3,4]. Chronic hypoxia results from an oxygen 
diffusion limitation that can be caused by abnormal-
ities of the tumour vasculature, reduced oxygen 

delivery, or oxygen consumption by the non-hypoxic 
population [3,4]. Acute hypoxia, also called cyclic or 
transient hypoxia, is a consequence of a perfusion 
limitation that is believed to result from either vas-
cular abnormalities, vessels blockage by circulating 
tumour or host blood cells, or high interstitial pres-
sure [3–5]. Both chronic and acute hypoxia can now 
be identified using non-invasive approaches [3,6,7].

Substantial effort has been made to find clinically 
relevant approaches to overcome this hypoxia-in-
duced resistance [8,9]. These approaches include 
radiosensitising the hypoxic cells using drug-based 
approaches, such as nimorazole [10]. Attempts have 
also been made to decrease the level of hypoxia by 
improving oxygen supply. This can be achieved by 
allowing the patient to breathe high oxygen content 
gas. However, since this will primarily affect chronic 
hypoxia it was suggested that such treatments should 
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be combined with an agent that specifically targets 
acute hypoxia. One such agent is nicotinamide, and 
this has now been combined in clinical trials with 
carbogen breathing [11,12]. The use of treatments 
that can effectively kill hypoxic cells is another 
method that may be beneficial in enhancing radiation 
response. There are several approaches to achieve 
this, but our previous studies have focussed on two 
clinically applicable techniques. The first is to spe-
cifically damage the tumour vasculature; agents that 
induce such damage will shut-down tumour blood 
flow thus further decreasing oxygen availability and 
the cells most likely to die from such a treatment are 
those that are already oxygen depleted. Previous 
studies have shown this to be an effective method for 
improving tumour radiation response [13,14] and 
one of the most recently developed vascular disrupt-
ing agents (VDAs) in clinical evaluation is the 
combretastatin analogue OXi4503 [15]. The second 
approach is to use hyperthermia, which is a powerful 
radiosensitiser when applied simultaneously with 
radiation, but an effective hypoxic cell cytotoxin 
when given after irradiation [8].

While there is clear evidence that the presence of 
hypoxic cells in tumours is a negative factor limiting 
the efficacy of radiation applied in a conventional 
fractionated radiation schedule, a relatively recent 
modelling study suggested that such hypoxic cells in 
tumours may play a more significant role in influenc-
ing curability of tumours when using a stereotactic 
radiation schedule [16]. Thus, the aim of the current 
study was to investigate this issue by using a range 
of different hypoxic modifiers to improve the response 
of our well established murine C3H mammary 
carcinoma model to a stereotactic radiation treat-
ment. The hypoxic modifiers were the radiosensitiser 
nimorazole, the oxygen delivery modulators nicotin-
amide and carbogen breathing, the VDA OXi4503, 
and mild temperature hyperthermia.

Material and methods

Animals and tumour model

All experiments were performed using a C3H mam-
mary carcinoma that was implanted in the right rear 
foot of 10–14-week-old female CDF1 mice. This 
tumour model is an anaplastic adenocarcinoma that 
arose spontaneously in a C3H mouse at our institute 
and was originally designated as HB [17]; the name 
was changed to C3H mammary carcinoma when it 
was grown in the more stable CDF1 mouse variant 
[18]. C3H mammary carcinomas do not grow in cul-
ture, thus experimental tumours were produced 
following sterile dissection of large flank tumours as 
previously described [19]. Basically, macroscopically 
viable tumour tissue was minced with scissors and 

5–10 ml of this material implanted into the foot. 
Treatments were started when foot tumours reached 
a volume of 200 mm3, which generally occurred 
within 3 weeks after inoculation; tumour volume 
being determined by the formula D1  D2 D3p/6 
(where the D values represent three orthogonal 
diameters). All animal studies were conducted 
according to the animal welfare policy of Aarhus 
University (http://dyrefaciliteter.au.dk), and with the 
Danish Animal Experiments Inspectorate’s approval.

Drug preparation

Nimorazole was supplied by Centaur Pharmaceuti-
cals Ltd. (Mumbai, India), nicotinamide was pur-
chased from Sigma Chemical Co. (St. Louis, MO, 
USA), and OXi4503 was supplied by OXiGENE 
Inc. (South San Francisco, CA, USA). All drugs were 
freshly prepared before each experiment by dissolv-
ing in a sterile saline (0.9% NaCl) solution. Stock 
solutions were kept cold and protected from light. 
They were injected intraperitoneally (i.p.) in a volume 
of 0.02 ml/g mouse body weight to give final drug 
doses of 200 mg/kg (nimorazole), 120 mg/kg 
(nicotinamide), and 10 mg/kg (OXi4503).

Carbogen breathing

Carbogen breathing was achieved by placing mice in 
specially constructed Lucite jigs, which allowed the 
animals to be restrained without the need for anaes-
thesia. A nozzle was attached to the head end of  
this jig through which carbogen (95% oxygen  5% 
carbon dioxide) gas flowed at a rate of 2.5 l/min.

Hyperthermia treatment

Tumour heating was achieved as described previ-
ously [20]. Essentially, non-anaesthetised mice were 
placed in the specially constructed Lucite restraining 
jigs that allowed their tumour bearing legs to be 
exposed and loosely attached to the jig with tape. 
Hyperthermia was delivered by immersing the leg 
into a circulating water bath (type TE 623; Heto, 
Birkerød, Denmark). The water bath was covered 
with a Lucite plate with holes allowing immersion of 
the foot approximately 1 cm below the water surface. 
Previous measurements of intratumoural tempera-
ture have shown stabilisation within 1–2 minutes to 
approximately 0.2°C below the water bath tempera-
ture [21]. The temperature of the water bath was 
therefore adjusted to 41.7°C, 0.2°C above the desired 
tumour temperature of 41.5°C. All temperature 
measurements were calibrated against a certified pre-
cision mercury thermometer. Tumours were heated 
for a 60-minute period.
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Eppendorf oxygenation measurements

Tumour oxygenation measurements were made as 
previously described [22]. Basically, non-anaesthetised 
tumour bearing mice were transferred to the Lucite 
jigs and restrained as described above. A fine needle 
autosensitive electrode probe (Eppendorf, Hamburg, 
Germany) was then inserted about 1 mm into the 
tumour, and the needle then moved automatically 
through the tissue in 0.7 mm increments, followed 
each time by a 0.3 mm backward step prior to 
measurement. Response time was 1.4 seconds. After 
making measurements along one track in the tumour 
the probe was removed and repeated parallel inser-
tions were made. The average number of tracks per 
tumour was six (range 4–10) with the mean total 
number of measurements being 74 (range 48–119). 
The relative frequency of the oxygen partial pressure 
(pO2) measurements was automatically calculated 
and displayed as a histogram. From the raw data 
various parameters may be selected, but we chose to 
use the percentage of pO2 values  10 mmHg because 
this is likely to include all the radiobiologically 
hypoxic cells in the tumour. Measurements were 
made either in control mice (thus indicative of the 
oxygenation status at the time of irradiating with 
1  15 Gy), two days after giving 1  15 Gy (indicat-
ing the oxygenation status at the time of irradiating 
with the second 15 Gy fraction), or three days after 
giving 2  15 Gy (thus measuring the oxygenation 
status at the time of irradiating with the third 15 Gy 
fraction). Statistical comparisons were made using  
a Student’s t-test after testing for variance homoge-
neity using an F-test, with a significance level of 
p  0.05.

Results

Irradiating tumours with 3  15 Gy over a one-week 
period and then giving a clamped top-up dose three 
days after the final 15 Gy fraction resulted in the dose 
response curve shown in Figure 1, with a TCD50 
value of around 30 Gy (Table I). Also shown in 
Figure 1 is the effect of combining this stereotactic 
radiation treatment with either one or three treat-
ments of nimorazole. Giving a single injection of 
nimorazole prior to the last 15 Gy fraction resulted 
in a 10 Gy reduction in the TCD50 value, but this 
decrease was non-significant. Injecting nimorazole 
with all 3 fractions significantly reduced the TCD50 
value when compared to the TCD50 value for 
radiation only. Similar results were seen when nico-
tinamide and carbogen were combined with the 
stereotactic treatment (Figure 1 and Table I). 
Injecting mice with nicotinamide prior to irradiating 
with only the last 15 Gy fraction and allowing the 

Radiation treatments

Irradiations were given with a conventional therapeu-
tic Philips X-ray machine (230 kV; 15 mA; 2-mm Al 
filter; 1.1-mm Cu half-value layer; dose rate of 2.3 
Gy/min) as previously described [22]. Dosimetry 
was accomplished by use of an integrating chamber. 
All treatments to tumour bearing feet were adminis-
tered to non-anaesthetised mice placed in Lucite jigs 
as described above. Tumours only were irradiated, 
the remainder of the animal being shielded by lead. 
To secure homogeneity of the radiation dose, tumours 
were immersed in a water bath with about 5 cm of 
water between the x-ray source and the tumour.  
The temperature of this water-bath was maintained 
at 25°C, which is the normal temperature of these 
foot tumours [21].

Treatment scheduling

Tumours were irradiated with 3  15 Gy (each 
fraction given with an interval of 2–3 days over a 
one-week period). Three days after the final 15 Gy 
fraction the tumours were subjected to a varying 
clamped top-up radiation dose with the tumour 
bearing leg clamped for 5 minutes before and during 
irradiation. The clamped top-up treatment was given 
in order to produce a dose response curve, where 
conditions, with respect to hypoxia, were the same 
for all treatment groups. In the combination studies 
the various hypoxic modifiers were given either with 
each of the 3  15 Gy fractions or only the final 15 
Gy fraction. These hypoxic modifiers were given as 
follows: nimorazole and nicotinamide were injected 
30 and 20 minutes prior to irradiating, respectively; 
carbogen breathing was started 5 minutes prior to 
irradiation and gassing continued throughout the 
radiation period; OXi4503 was injected one hour 
after irradiation; and hyperthermia treatment started 
four hours after irradiating.

Tumour response endpoint

The response of tumours to treatment was assessed 
using a tumour control assay, as described previ-
ously [20]. This involved observing mice on a weekly 
basis up to 90 days post-treatment and recording the 
number of animals in each treatment group showing 
tumour control within this 90-day period. The 
tumour control data was then subjected to logit 
analysis and from the radiation dose response curves 
the TCD50 value (radiation dose producing 50% 
tumour control) calculated along with the 95% con-
fidence intervals. Statistical analysis of this data was 
achieved using a c2-test, with a significance level of 
p  0.05.
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animals to breathe carbogen gas before and during 
this irradiation resulted in a small, yet non-significant 
decrease in the TCD50 value. However, as with 
nimorazole, combining these oxygen modifiers with 
each of the three 15 Gy fractions was far more effec-
tive. In fact, this treatment induced some 70–80% 
tumour control before any clamped top-up dose was 
administered. As there were no tumour control val-
ues below 50% it was impossible to calculate a 
TCD50 value.

Figure 2 illustrates the potential of OXi4503 to 
enhance tumour control in this C3H mammary 
carcinoma model. Injecting OXi4503 after irradiat-
ing tumours with the final 15 Gy fraction signifi-
cantly reduced the clamped top-up TCD50 value 
to around 12 Gy (Table I). Unlike the results with 
the other treatments, injecting OXi4503 after each 
15 Gy fraction did not change this value; it remained 
at 12 Gy. Similar results were seen when tumours 
were given a mild temperature heating after irradi-
ating. When combined with the final 15 Gy fraction 
the TCD50 was significantly reduced to around 10 
Gy, but an almost identical value was obtained 
when the heat was applied after each 15 Gy frac-
tion; the values obtained with a single or triple heat 
treatment were not significantly different (Table I). 
Also shown in Figure 2 is the effect of combining 
OXi4503 and heat. When administered after the 
final 15 Gy fraction the TCD50 value was signifi-
cantly reduced to 2 Gy (Table I). As this was such 
a substantial decrease it was decided not to apply 
this combination with each of the three 15 Gy 
fractions.

Eppendorf electrode measurements were made in 
our C3H mammary carcinoma at times equivalent 
to each 15 Gy fraction and the pooled histograms 
obtained are shown in Figure 3. The mean ( 1 S.E.) 
percentage of values less than or equal to 10 mmHg 
measured at the time of administering the first 15 Gy 
fraction was found to be 70% (65–74). This was sig-
nificantly reduced to 50% (45–55) two days after 
giving one 15 Gy fraction (equivalent to the time of 
the second 15 Gy fraction). However, three days after 
2  15 Gy fractions (at a time equivalent to the last 
15 Gy fraction) this value had recovered reaching 
74% (68–80); it was not significantly different to the 
first set of measurements, but was significantly higher 
than the second set.

Figure 1. Effect of nimorazole or nicotinamide and carbogen on a stereotactic radiation treatment. C3H mammary carcinomas were 
irradiated with 3  15 Gy during a one-week period, followed three days later by a clamped top-up dose to produce a dose response curve 
for tumour control. (A) Nimorazole was given before either the last 15 Gy fraction (○) or all three 15 Gy fractions (●). (B) Nicotinamide 
and carbogen breathing were combined, and given either with the last 15 Gy fraction (○) or with all three 15 Gy fractions (●). The 
response for radiation only is shown in both figures (∆). Points are for an average of eight mice.

Table I. TCD50 values calculated from the data of Figures 1 and 2, 
and their statistical comparison.

Treatmentsa
TCD50b

( 95% CI)

Radiation alone (3  15 Gy) 29.7
(22.9–38.5)

Radiation  1  Nimorazole 20.1
(11.7–34.3)

Radiation  3  Nimorazole 2.5
(0.5–13.7)*

Radiation  1  Nicotinamide and Carbogen 22.9
(16.2–32.4)

Radiation  3  Nicotinamide and Carbogen  1.0
(Not measurable)

Radiation  1  OXi4503 12.2
(6.0–24.9)*

Radiation  3  OXi4503 12.1
(7.9–18.6)*

Radiation  1  Hyperthermia 10.1
(7.0–14.6)*

Radiation  3  Hyperthermia 8.6
(4.5–16.6)*

Radiation  1  OXi4503 and Hyperthermia 1.9
(0.4–8.5)*

aAll modifiers were given with either each 15 Gy fraction (3) or 
only the last 15 Gy fraction (1); bTCD50: Clamped top-up 
radiation dose needed to control 50% of the tumours. Data were 
obtained from figures 1 and 2. CI, confidence interval. *Indicates 
a statistically significant difference when compared to radiation 
alone (p  0.05).
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Discussion

Recent technological advancements have allowed 
markedly better precision when delivering radiation 
therapy, thereby enabling larger doses to be delivered 
directly to tumours with reduced doses to the sur-
rounding normal tissues. As a result, stereotactic 
radiation schedules have become a desirable alterna-
tive to more often used conventional fractionation 
schedules [16]. Numerous clinical trials using such 

stereotactic radiotherapy schedules have been per-
formed, with the number of fractions and the dose 
per fraction being highly variable [23,24]. In the 
present study, we used a 3  15 Gy schedule deliv-
ered over a one-week period; such a schedule is 
typical of that used to treat cancer patients in our 
clinic [25,26]. We also used our C3H mammary 
carcinoma model, which is a model we have used 
extensively and is ideal for producing data using the 

Figure 2. Effect of OXi4503 or hyperthermia on a stereotactic radiation treatment. C3H mammary carcinomas were irradiated with  
3  15 Gy during a one-week period, followed three days later by a clamped top-up dose to produce a dose response curve for tumour 
control. (A) OXi4503 was given after either the last 15 Gy fraction (○) or all three 15 Gy fractions (●). (B) Hyperthermia was given after 
either the last 15 Gy fraction (○) or with all three 15 Gy fractions (●). (C) OXi4503 and hyperthermia were combined with the final 15 
Gy fraction only (●). The response for radiation only is shown in all figures (∆). Points are for an average of eight mice.

Figure 3. Tumour oxygenation status before each fraction. Representative histograms showing the oxygen partial pressure (pO2) profiles 
obtained in C3H mammary carcinomas with the Eppendorf oxygen electrode. Results show the relative frequency of the various pO2 
values measured either under control conditions or 2–3 days after administering 1 or 2 fractions of 15 Gy. Each histogram is a summary 
from eight different animals.
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more clinically relevant endpoint for radiation 
response of tumour control [19,20,27]. This model 
has also been reported to result in data that is equiv-
alent to that obtained in humans [28]. However, the 
3  15 Gy stereotactic schedule used did not result 
in any tumour control, thus we applied an artificial 
clamped top-up treatment to produce full dose 
response curves.

Hypoxia is a characteristic feature of most solid 
animal [29] and human [2] tumours, which has a 
negative impact on the ability of conventional radio-
therapy to treat cancer [3]. It has now been suggested 
that hypoxia may play a more significant role in ste-
reotactic radiation treatments [16]. In the current 
study, we investigated this issue by combining known 
modifiers of hypoxia with the 3  15 Gy radiation 
schedule. These were the radiosensitiser nimorazole; 
the oxygen supply modifiers nicotinamide and car-
bogen; the VDA OXi4503; and mild temperature 
hyperthermia. Our results showed that all four 
approaches significantly improved tumour response 
to the applied 3  15 Gy stereotactic treatment.

When using nimorazole or nicotinamide and 
carbogen, similar results were obtained. A small yet 
non-significant effect was observed when these 
modifiers were combined with the final 15 Gy frac-
tion, but when administered with all three 15 Gy 
fractions a large and highly significant effect was 
obtained (Figure 1 and Table I). Nimorazole in this 
latter situation resulted in some 50% of tumours 
being controlled even before the clamped top-up was 
started, while for nicotinamide and carbogen the 
effect was slightly larger with some 70–80% of 
tumours controlled. This suggests that with a single 
treatment of either of these hypoxic modifiers only a 
small percentage of hypoxic cells are eliminated and 
that the observed effects can be substantially increased 
by giving the hypoxic modifiers more often.

Our studies with the Eppendorf oxygen electrode 
showed that the level of tumour hypoxia at the time 
of administering the first 15 Gy fraction was signifi-
cantly reduced when the second 15 Gy fraction was 
given. This is consistent with our previous study in 
the same tumour model where we found reoxygen-
ation within 24 hours after a single dose of radiation 
[30]. In fact, in that study the fraction of radiobio-
logically hypoxic cells decreased from about 20% to 
10%. The Eppendorf measurements in our current 
study showed that by the time of giving the third  
15 Gy fraction the level of hypoxia had returned to 
pre-treatment values. Whether these results suggests 
that rather than administering nimorazole or nicoti-
namide  carbogen with all three 15 Gy fractions we 
only needed to combine them with the first and last 
fraction, is not clear; although the level of hypoxia 
was significantly reduced at the time of the second 

15 Gy fraction tumours still had a considerable level 
of hypoxia to target.

Although nimorazole and nicotinamide  carbogen 
have different modes of action the cells they affect  
are probably the same. Nimorazole will presumably 
radiosensitise any hypoxic cell whether it be acutely 
or chronically hypoxic, while both cell types can be 
targeted by combining nicotinamide and carbogen; 
nicotinamide has been shown to prevent the fluctua-
tions in tumour blood flow that cause acute hypoxia 
and carbogen will increase the oxygen diffusion dis-
tance thus oxygenating chronically hypoxic cells [31]. 
The failure to see any significant benefit when com-
bining either of these modifying treatments with just 
a single 15 Gy fraction is in contradiction to the 
predicted beneficial effect for another radiosensitiser, 
etanidazole [16]. There are several possible explana-
tions for this apparent discrepancy. First, the radia-
tion dose we applied was lower than the 20–25 Gy 
used in the modelling study. Second, etanidazole is 
generally considered to be a more efficient sensitiser 
than nimorazole [32,33] and while the radiosensitisa-
tion with etanidazole increases with drug dose [32] 
the effect of nimorazole is relatively constant at drug 
concentrations above 100–300 mg/kg [33]. The dose 
we used (200 mg/kg) was selected because the total 
dose per week in the triple treatment schedule was 
600 mg/kg and in mice this is equivalent to the total 
weekly dose achieved in patients [10,34]. With nico-
tinamide we used 120 mg/kg. We could have also used 
a higher dose, but our previous studies have suggested 
this to be the highest maximum dose possible in 
humans that produces maximal enhancement of 
radiation damage in this C3H mammary carcinoma 
model [35]; previous clinical studies have tended to 
use a reduced dose [11,12].

With OXi4503 and mild temperature hyper-
thermia the results obtained were different from 
those with the other two treatments. Both OXi4503 
and heat resulted in similar TCD50 values in the 
range of 9–12 Gy. These were somewhat intermedi-
ate between those values obtained with one and three 
treatments with nimorazole or nicotinamide and 
carbogen, and in certain situations these intermedi-
ate values were significantly different from the 
sensitiser or oxygen modifier results (Table I). 
Furthermore, identical values were found regardless 
of whether OXi4503 or mild temperature hyper-
thermia were given with one or all three 15 Gy 
fractions. These results suggest that only a certain 
percentage of hypoxic cells are killed with one drug 
or heat treatment, and that this effect cannot be 
increased by giving those treatments more often. 
Surprisingly, combining OXi4503 and mild temper-
ature hyperthermia with only the final 15 Gy fraction 
had an even bigger effect with some 50% of tumours 
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being controlled before the clamped top-up dose 
response was even initiated. This enhancement was 
significantly greater than all the other treatment 
schedules except the triple treatments with nimora-
zole and probably that with nicotinamide and carbo-
gen (Table I). The fact that a larger effect can be seen 
when OXi4503 and heat are combined suggests that 
the hypoxic cells killed by OXi4503 and mild tem-
perature hyperthermia are not the same. It is likely 
that the more severely hypoxic cells close to necrosis 
are the ones primarily killed by OXi4503. We do not 
actually have any direct data to support this sugges-
tion. In fact, measurements of tumour oxygenation 
with the Eppendorf oxygen electrode actually show 
that after treatment with OXi4503 there is a substan-
tial increase in the percentage of low values [36] 
consistent with vascular shut-down. But there is also 
a major increase in necrosis following treatment with 
OXi4503 (unpublished observations) and it has been 
suggested that necrosis can predict the effects of 
hypoxia-modifying therapies [37] so the results are 
not inconsistent with our suggestion. Hypoxic cells 
are preferentially killed by hyperthermia, but the 
greatest effect was on cells at lower pH [38]. Carbonic 
anhydrase IX is a protein involved in pH regulation 
[39] that is upregulated in tumours [40]. It has been 
suggested that this upregulation, and presumably 
associated tumour acidification, can occur under 
conditions of both severe ( 10 mmHg) and inter-
mediate (10–30 mmHg) hypoxia [40]. If heat were 
to preferentially kill those cells at the intermediate 
levels of hypoxia it would certainly explain the addi-
tional benefit when combined with OXi4503. Of 
course, the above suggestions only apply to possible 
effects on chronic hypoxia. As OXi4503 targets the 
tumour vascular supply it could also have a major 
influence on acute hypoxia; acutely hypoxic cells are 
unlikely to exist in regions of reduced pH and thus 
not influenced by heating. Clearly, additional studies 
are required to prove or disprove these findings.

In conclusion, this study has demonstrated that 
using a variety of hypoxic modifying techniques the 
effect of a stereotactic radiation treatment could be 
enhanced. This supports the earlier suggestion that 
hypoxia plays a significant role in determining  
the response to stereotactic radiotherapy. All the 
techniques used have undergone clinical evaluation 
[10–12,15], so any one of them or even combinations 
of these treatments could have a major potential 
application in clinical treatments where stereotactic 
radiation therapy is applied.
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