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The study was performed to assess the eVect of accelerated radiotherapy on oxygenation of primary

tumours and metastatic nodes in patients with advanced head and neck tumours. In 14 patients with

head and neck tumour, oxygen tension (pO2) was evaluated in normal tissues and tumours (primary

tumour or metastatic neck node) before (0 Gy) and after 2 weeks (32 Gy) of accelerated radiotherapy

(70 Gy in 3.5 weeks, with three daily fractions). Radiotherapy was combined with carbogen breathing

in 5 patients. pO2 was measured using a polarographic technique. For pooled normal tissues, median

pO2 was 38 mmHg before treatment and 46 mmHg after 2 weeks. For tumours, very low values

(< 2 mmHg) represented 20% of the recorded values before treatment and 10% after 2 weeks. The

relative increase in tumour oxygenation was more pronounced for primary tumours (median pO2

12 mmHg before treatment versus 26 mmHg after 2 weeks, P < 0.05) than for metastatic nodes

(respectively, 20 and 27 mmHg P = 0.1). For the 5 patients who breathed carbogen during accelerated

radiotherapy, the median pO2 was 44 mmHg at 2 weeks, compared with 13.5 mmHg before treatment

(P = 0.05). Very low pO2 values, corresponding to tumour hypoxia, were found in the tumours (primary

and metastatic neck nodes) prior to accelerated treatment. During the ®rst 2 weeks of accelerated

treatment, an increase in median pO2 was found in nine of the 14 tumours, together with a decrease in

the frequency of very low values. # 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Solid tumours in patients are known to contain hypoxic

areas [1±3]. Results obtained for oxygen tension (pO2)

measurements in human tumours have already been pub-

lished and very low pO2 values (< 2 mmHg), at which cells

are likely to be radioresistant, have been found [4±6]. The

treatment outcome of cervical and head and neck tumours

has been correlated with tumour pO2 distribution [7±11].

Tumour oxygenation can be increased using diVerent

modalities. Previous clinical results with hyperbaric oxygen

(HBO), which decreases the radioresistance linked to diVu-

sion limited (chronic) hypoxia, have been encouraging

[12, 13]. However, HBO has been abandoned due to an

increase in observed toxicity, together with technical diYcul-

ties and poor patient tolerance [13]. Normobaric oxygen and

carbogen (95% O2, 5% CO2) have been tested without con-

clusive clinical results, in part due to heterogeneity in patient

selection and probably due to a preradiotherapy breathing

time which was too long (> 1 h) [14±16].

Interruptions of treatment during radiotherapy of head and

neck carcinomas have been shown to decrease the probability

of local tumour control. This is commonly attributed to

tumour cell proliferation which starts during the ®rst 4 weeks

of treatment [17±19]. Thus, accelerated radiotherapy, deli-

vering a curative total dose in a shorter overall treatment time

than conventional radiotherapy, has been extensively tested

in various centres [20, 21]. However, only limited data have

been published with a `high total dose' (> 65 Gy) delivered by

accelerated radiotherapy using a low dose per fraction (< 1.8

Gy) [21].
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Recently, new ways of treatment have been advocated to

overcome both tissue hypoxia and tumour repopulation. One

of these ways is to combine accelerated radiotherapy and

oxygen manipulation [22, 23]. Such a combination is the

ARCON protocol (accelerated radiotherapy with carbogen

and nicotinamide), now undergoing phase II trials. However,

one of the remaining questions concerns the optimal time for

sensitising hypoxic cells, i.e. at the start or during a fraction-

ated radiotherapy. The answer to this question could

depend on the demonstration of variations in tumour oxyge-

nation taking place during radiotherapy, especially if it is a

very accelerated scheme (overall treatment time < 5 weeks).

Only limited, historical, data are available on variations in

tumour oxygenation during conventional radiation treatment

(overall treatment time 7 weeks), all showing an increase in

tissue oxygenation during the course of the treatment [24±27].

Our study was undertaken to determine the variations in

tumour oxygenation during a very accelerated radiotherapy

for advanced head and neck carcinoma, which was combined

with carbogen breathing in 5 patients. The acute tolerance of

normal tissues under carbogen breathing and accelerated

radiotherapy was evaluated.

PATIENTS AND METHODS

Patients

The changes in tumour pO2 distribution and the tolerance

to accelerated radiotherapy combined with carbogen breath-

ing was studied in 14 patients. All patients (12 men and 2

women) had T3±T4, N0±N2c, M0 tumours of the orophar-

ynx and/or oral cavity and were previous smokers. The

patients' characteristics are shown in Table 1. The acceler-

ated radiotherapy delivered 70 Gy in 3.5 weeks to the pri-

mary tumour and clinically involved nodes. Three daily

fractions were given from Monday to Friday (0.9 Gy, 0.9 Gy,

1.4 Gy at 9 a.m., 1 p.m. and 5 p.m.) and two fractions were

given on Saturday mornings (0.9 Gy and 1.4 Gy at 9 a.m.

and 1 p.m.) with 60Co machines. The spinal cord dose was

limited to 36.6 Gy. Cervical posterior nodes were boosted

with one daily fraction with electrons up to 50 Gy total dose

for N0 and 65±70 Gy in the case of palpable nodes. The

inferior cervical areas were irradiated with conventional frac-

tionation (anterior ®eld, 60Co, 50 Gy at 3 cm depth).

Acute tolerance and tissue reactions were recorded and

graded according to the ROTG-EORTC grading system.

Informed consent was obtained before pO2 measurements

were carried out and this work was approved by the local

Ethical Committee (ComiteÂ Consultatif de Protection des

Personnes dans la Recherche BiomeÂdicale de BiceÃtre).

Carbogen breathing

If the patients agreed (non-randomised study), they were

given carbogen to breathe throughout every fraction delivered

to the primary tumour site and involved nodes. The metho-

dology has been previously described [28]. Brie¯y, carbogen

was started 5 min prior to the beginning of each radiotherapy

fraction and was stopped immediately at the end (1 atm, ¯ow

rate 15 l/min). It was breathed in via a rubber mouth piece

connected to a plastic two-way valve; this system was con-

nected to a 3 l breathing bag. A nose-clip prevented room air

breathing. Only 5 of 14 patients breathed carbogen during

this study (see Table 1).

pO2 measurement

pO2 was measured using a computerised polarographic

system (KIMOC-6650, Eppendorf, Hamburg, Germany). A

gold microcathode (12 mm in diameter) in an unbreakable

stainless steel needle (300 mm in diameter) was polarised

against an Ag/AgCl anode placed on the skin of the patient.

The resulting current was proportional to the oxygen partial

pressure in the tissue. Calibration was performed, before and

after measurements, in phosphate buVered saline (pH 8)

equilibrated with air or 100% nitrogen at room temperature.

pO2 values were corrected for barometric pressure and tem-

perature of the tissues (recorded with a thermocouple).

pO2 values were recorded in non-irradiated normal tissues

(subcutaneous tissues of the homolateral shoulder), followed

by independent tracks in the tumour. For normal tissues and

metastatic neck nodes, the skin was anaesthetised (Xylocaine

spray) and a 22 gauge plastic trocar was inserted; the ster-

ilised probe was then introduced through the trocar into the

®rst few millimetres of the tissues. For primary tumours (oral

cavity and oropharynx), the probe was directly inserted in the

tissues. The length of the track was clinically de®ned as being

1.5±2 cm for normal tissues, and the longest clinical axis for

the tumours. The probe was automatically moved through

the tissues as de®ned at the beginning of each experiment,

with each forward movement followed by a backward step. A

median number of 70 pO2 values (range 51±100) was recorded

Table 1. Patient characteristics

Patient Sex Age (years) Primary tumour site TNM Carbogen Measurements in*

1 F 51 Oral cavity T4 N1 M0 ÿ Tumour

2 F 52 Oropharynx T4 N1 M0 + Tumour

3 M 68 Oropharynx T4 N0 M0 + Tumour

4 M 54 Oropharynx T4 N0 M0 + Tumour

5 M 51 Oral cavity T4 N0 M0 ÿ Tumour

6 M 76 Oral cavity T4 N0 M0 + Tumour

7 M 58 Oropharynx T4 N2b M0 + Node

8 M 48 Oropharynx T3 N2c M0 ÿ Node

9 M 61 Oropharynx T4 N2e M0 ÿ Node

10 M 65 Oropharynx T4 N1 M0 ÿ Node

11 M 46 Oropharynx T4 N2c M0 ÿ Node

12 M 60 Oropharynx T3 N2a M0 ÿ Node

13 M 47 Oropharynx T3 N2b M0 ÿ Node

14 M 74 Oropharynx T4 N3 M0 ÿ Node

*Tumour, primary tumour; node, metastatic neck node.
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in order to be representative of pO2 distribution in the tis-

sues. At the end of the measurement, the needle probe was

immediately and automatically removed. A complete proce-

dure (measurement in normal tissues and in tumour) took

30 min. One set of pO2 measurements was performed in the

24 h before the start of the radiotherapy and a second one at

the end of the second week in the 4 h following the ®rst daily

fraction (dose delivered 32 Gy). Tracks before treatment and

after 2 weeks were made in the same tumour area. A com-

parison of the pO2 measurements was made with a Wilcoxon

rank test.

RESULTS

All patients had grade III acute skin reactions at the end of

the treatment. Mucositis was always very pronounced, the

patients had grade II mucositis at the end of the second week

and grade III mucositis at the end of the treatment. The

resolution of the mucositis was observed after 2±3 months.

Due to mucositis and dysphagia, a naso-gastric tube was used

in two-thirds of patients.

All pO2 measurements were well tolerated. The overall

time for measurements in normal tissues and in tumours did

not exceed 30 min. For normal tissues outside the radio-

therapy ®eld, oxygen distribution was slightly increased dur-

ing treatment, with a pooled median pO2 of 38 mmHg before

treatment and of 46 mmHg after 2 weeks of treatment.

However, the diVerence was not statistically signi®cant. The

pooled 10th percentile was, respectively, 11 and 15 mmHg

before and during treatment. Very low values (< 2 mmHg)

represented less than 2.5% of the recorded values before and

during radiotherapy. Results for normal tissues before treat-

ment are shown in Figure 1(a) and after 2 weeks in Figure 1(b).

The slight increase in normal tissue oxygenation could be due

to smoking cessation for some of the patients. However, it

was not always possible to obtain any information on the

precise date at which the patients had stopped smoking.

For tumours, the pooled median pO2 was 13 mmHg

before treatment and 33 mmHg after 2 weeks of treatment.

This diVerence was signi®cant (P = 0.05). Very low values

(< 2 mmHg) represented 20% of the recorded values before

treatment and 10% after 2 weeks and low pO2 values

(< 10 mmHg) accounted for, respectively, 45 and 25% of the

recorded values. The 10th percentile was, respectively, 1 and

2 mmHg. The relative increase in tumour oxygenation was

more pronounced for the six evaluated primary tumours

(median pO2 12 mmHg before treatment versus 26 mmHg

after 2 weeks, P < 0.05) than for the eight metastatic nodes

(respectively, 20 and 27 mmHg, P = 0.10). The exact varia-

tions in tumour sizes due to 2 weeks of treatment were

sometimes diYcult to assess, mostly for the primary tumours.

Results for all head and neck tumours (primary plus nodes)

are shown in Figure 2 before treatment and at 2 weeks, and

for primary tumours only in Figure 3.

When tumours were compared individually, large inter-

patient heterogeneity was found. An increase in median pO2

was shown in nine of 14 tumours, a decrease in four of 14

and no change in one of 14. Individual variations are pre-

sented in Table 2. For the nine tumours with values recorded

below 2 mmHg, a decrease in the percentage of very low

values (increased oxygenation) was found in 7 cases after 2

weeks of treatment.

For the 5 patients who breathed carbogen during acceler-

ated radiotherapy, a marked increase in tumour oxygenation

was found in four of ®ve of the tumours. After 2 weeks, the

median pO2 of the ®ve tumours was 44 mmHg compared

with 13.5 mmHg before treatment (P = 0.05). This limited

number of patients makes any comparison between breathing

and non-breathing carbogen patients diYcult.

Figure 1. Histograms of oxygen tension distribution before (a)
and during (b) accelerated radiotherapy (end of week 2) in
non-irradiated normal tissues. (n = number of recorded

values).

Figure 2. Histograms of oxygen tension distribution before (a)
and during (b) accelerated radiotherapy (end of week 2) in all
evaluated head and neck tumours. (n = number of recorded

values).
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DISCUSSION

One of the most important biological parameters of tumour

response to radiotherapy is the dose-modifying role of oxygen

(oxygen enhancement ratio) [29, 30]. To assess the oxygena-

tion status of human tumours, needle probes were ®rst used

in the 1950s, despite technical limitations [24±26] and changes

in pO2 were monitored with patients breathing air or oxygen.

These techniques were improved in the late 1980s through

the KIMOC-6650 histograph [4, 5, 31]. The KIMOC-6650

histograph uses fast responding electrodes programmed to

minimise the eVects of tissue compression. Massive oxygen

consumption by the electrode and tissue compression are

largely overcome. However, there is some systematic over-

estimation of oxygen partial pressure by this equipment

(which could be due to bleeding along the probe track) when

compared with measurements made with micro-electrodes

[4].

The use of the combination of carbogen breathing and

accelerated radiotherapy could be limited by an increase in

acute normal tissue reactions. Even though the number of

patients is limited, data presented show that carbogen

breathing appears to be safe for use in clinical situations and

well tolerated with accelerated radiotherapy. The normal tis-

sue reactions were not more pronounced than those seen in

previous protocols, giving 70 Gy in 5.5 weeks, then in 4.5

weeks, or in our previous patients treated with the same pro-

tocol of 70 Gy in 3.5 weeks [21]. The appearance and reso-

lution of the reactions occurred with the same timing as in a

comparable accelerated regimen, such as CHART [32]. No

bone or cartilage necrosis or skin or mucosa ulcerations were

seen in our patients. The spinal cord dose was kept well

below 40 Gy to avoid any myelitis.

It has been shown with the KIMOC 6650 that normal tis-

sues are, in general, better oxygenated than solid tumours

and this has been again con®rmed in this study [4±6, 10, 11].

This ®nding probably re¯ects the better vascularisation of

normal tissues than tumours and the higher interstitial pres-

sure present in tumours. In our study, more than 90% of the

values recorded in normal tissues were above 10 mmHg. At

this pO2 the relative radiosensitivity is close to a maximum

and only a small increase in sensitivity can be expected with

an increase in oxygen delivery. Our previously published

study on 20 patients with head and neck carcinomas showed

that tumour tissues often had low pO2 and a high percentage

of values < 10 mmHg [5], with median pO2 values of

9 mmHg compared with 13 mmHg in the current study

(38 mmHg for normal tissues). Due to the limited number of

patients, it is diYcult to compare oxygen distribution in pri-

mary tumours and in metastatic neck nodes. However, it can

be said that the relative increase in tissue oxygenation was

more pronounced for primary tumours than for neck nodes.

Thus, re-oxygenation seems to occur during hyper-

fractionated radiotherapy such as the protocol used in our

study, with which there is a marked increase in tumour oxy-

genation within 2 weeks of starting treatment (median pO2

33 mmHg). In accordance with our previously published data

[5], no systematic variations in tumour oxygenation were

found from the periphery to the centre of the tumour, as

Figure 3. Histograms of oxygen tension distribution before (a)
and during (b) accelerated radiotherapy (end of week 2) in

primary tumours only. (n = number of recorded values).

Table 2. Oxygen tension (pO2 ) measurements before and during accelerated radiotherapy

pO2 before treatment pO2 at 2 weeks

Patient Median (mmHg) 10% (mmHg) % < 2 mmHg Median (mmHg) 10% (mmHg) % < 2 mmHg

1 6.0 3.6 0 6.4 5.6 0
2* 6.8 3.7 0 20 15 0
3* 14.5 3.8 5 16 2 10
4* 10.4 1 40 59 13.5 0
5 8.2 4 0 4.4 3 0
6* 33.7 5 0 100 10 0
7* 1.5 1 60 25 2 17
8 37 7 3 63 32 0
9 38 12 5 3 1 30
10 31 2 20 19 3 0
11 13 2 12.5 13 5 0
12 27 23 0 4 14 0
13 27 1 17 62 27 0
14 3 1.5 35 10 3 10

*Patients with carbogen breathing.

10%, 10th percentile.
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described by other authors [31]. However, like all techniques

with pO2 electrodes, the data presented do not allow the

proportion of clonogenic hypoxic cells to be estimated nor to

discriminate between `chronic' and `intermittent' hypoxia.

However, two recently published studies in head and neck

and uterine cervix carcinomas indicate that pretreatment pO2

measurements by needle probe are of predictive value for the

tumour response to radiotherapy [10, 11]. However, the best

parameter to demonstrate `predictive tumour hypoxia' is still

not clearly de®ned. Two distinct parameters have been

described: the `hypoxic fraction' based on median pO2 [10]

and the percentage of pO2 values below 2.5 mmHg [11].

One eYcient way to decrease the percentage of low pO2

values in tumours is to ask the patient to breathe carbogen or

pure oxygen, but the eVect on oxygen distribution in the tis-

sues will vary from one patient to another. Results previously

obtained in 13 patients suggested that carbogen breathing

could improve the overall oxygenation of the tumour in only

two-thirds of patients [28]. Based on these results, it could be

worthwhile to select the patients who should bene®t from

carbogen breathing on the basis of pre-irradiation pO2 mea-

surements. However, as demonstrated in this study, an

increase in tumour oxygenation is observed in 70±80% of

cases during the course of accelerated treatment, This ®nd-

ing, observed for both air and carbogen breathing patients,

means that the impact of carbogen breathing on tumour

response to treatment could be less than predicted by pre-

irradiation pO2 investigations. With this limited number of

patients, it can only be said that some changes in pO2 dis-

tribution do occur during accelerated radiotherapy with a

decrease in the frequency of low values after 2 weeks. The

timing of measurements was respected for all patients (inter-

val between radiotherapy session and pO2 measurement)

and, in our experience, it would be very diYcult to assess

tumour oxygenation at the end of the treatment. The skin

and mucosal reactions made the measurements painful for

the patients and the clinical evaluation of the residual disease

was often extremely diYcult.

The remaining question is to determine the best timing in

order to sensitise hypoxic cells, i.e. at the start or during

fractionated radiotherapy, knowing that variation in tumour

oxygenation will take place during fractionated radiotherapy

for most patients. One of the more logical ways could be to

have the maximum increase in tumour oxygenation at the

start of the treatment (erythropoietin, sensitisers, carbogen

breathing) and to use bioreductive drugs over the course of

the treatment, in order to be active on hypoxic clonogenic

cells remaining in non-oxygenated tumours [33±35]. The

clinical impact of such `oxygen-based' radiotherapy remains

to be demonstrated.

1. Thomlinson RH, Gray L. The histological structure of some
human lung cancers and the possible implications for radio-
therapy. Br J Cancer 1955, 9, 539±549.

2. Chapman JD. Measurement of tumour hypoxia by invasive and
non invasive procedures: a review of recent clinical studies.
Radiother Oncol 1991, 20, 13±19.

3. Coleman CN. Hypoxia in tumours: a paradigm for the approach
to biochemical and physiological heterogeneity. J Natl Cancer
Inst 1988, 80, 310±316.

4. Vaupel PW. Oxygenation of human tumours. Stralenther Onkol
1990, 166, 377±386.

5. Lartigau E, Le Ridant AM, Lambin P, et al. Oxygenation of head
and neck tumours. Cancer 1993, 71, 2319±2325.

6. Lartigau E, Randrianarivelo H, Martin L. et al. Oxygen tension
measurements in human tumours: the Institut Gustave-Roussy
Experience. Radiat Oncol Invest 1994, 1, 285±291.

7. Kolstad P. Intercapillary distance, oxygen tension and local
recurrence in cervix cancer. Scand J Clin Lab Invest 1968,
106(Suppl.), 145±157.

8. Gatenby RA, Coia LR, Richter MP, Katz H, Moldofsky PJ,
Engstrom P. Oxygen tension in human tumours: in vivo mapping
using CT-guided probes. Radiology 1985, 156, 211±214.

9. Gatenby RA, Kessler HB, Rosenblum JS, et al. Oxygen dis-
tribution in squamous cell carcinoma metastases and its rela-
tionship to outcome of radiation therapy. Int J Radiat Oncol Biol
Phys 1988, 10, 831±838.

10. HoÈckel M, Knoop C, Schlenger K, et al. Intratumoral pO2 pre-
dicts survival in advanced cancer of the uterine cervix. Radiother
Oncol 1993, 26, 45±50.

11. Nordsmark M, Overgaard M, Overgaard J. Pretreatment oxygen-
ation predicts radiation response in advanced squamous cell
carcinoma of the head and neck. Radiother Oncol 1996, 41, 31±
39.

12. Watson ER, Halnan KE, Dische S, et al. Hyperbaric oxygen and
radiotherapy. A Medical Research Council trial in carcinoma of
the cervix. Br J Radiol 1978, 51, 879±887.

13. Henk JM. Does hyperbaric oxygen have a future in radiation
therapy? Int J Radiat Oncol Biol Phys 1981, 7, 1125±1128.

14. Keresteci QG, Rider MB. Use of orthobaric oxygen in the
radiotherapy of bladder tumours. Can J Surg 1973, 16, 127±129.

15. Rubin P, Hanley J, Keys HM, Marcial V, Brady L. Carbogen
breathing during radiation therapy. Int J Radiat Oncol Biol Phys
1979, 5, 1963±1970.

16. Bergsjo P, Kolstad P. Clinical trial with atmospheric oxygen
breathing during radiotherapy of cancer of the cervix. Scand J
Clin Lab Invest 1971, 27, 71±82.

17. Overgaard J, Hjelm-Hansen M, Vendelbo Johansen L, Andersen
AP. Comparison of conventional and split-course radiotherapy
as primary treatment in carcinoma of the larynx. Acta Oncol
1988, 27, 147±152.

18. Withers HR, Taylor JMG, Maciejewski B. The hazard of accel-
erated tumour clonogen repopulation during radiotherapy. Acta
Oncol 1988, 27, 131±146.

19. Bentzen SM, Thames HD. Clinical evidence for tumour clono-
gen regeneration: interpretations of the data. Radiother Oncol
1991, 22, 161±166.

20. Peters LJ, Ang KK, Thames HD. Accelerated fractionation in
the radiation treatment of head and neck cancer. A critical com-
parison of diVerent strategies. Acta Oncol 1988, 27, 185±193.

21. Lusinchi A, Lartigau E, Luboinski B, Eschwege F. Accelerated
radiation therapy in the treatment of very advanced and inoper-
able head and neck cancers. Int J Radiat Oncol Biol Phys 1994,
29, 149±152.

22. Hong A, Rojas A, Dische S. Normobaric oxygen as a sensitizer of
hypoxic tumour cells. Int J Radiat Oncol Biol Phys 1989, 16,
1097±1099.

23. Rojas A, Hodgkiss RJ, Stratford MR, Dennis MF, Johns H.
Pharmacokinetics of varying doses of nicotinamide and tumour
radiosensitisation with carbogen and nicotinamide: clinical con-
siderations. Br J Cancer 1993, 68, 1115±1121.

24. Cater DB, Silver IA. Quantitative measurements of oxygen ten-
sion in normal tissues and in the tumours of patients before and
after radiotherapy. Acta Radiol 1960, 53, 233±256.

25. Bergsjo P, Evans JC. Oxygen tension of cervical carcinoma dur-
ing the early phase of external irradiation. Clinical trial with
atmospheric oxygen breathing during radiotherapy of cancer of
the cervix. Scand J Clin Lab Inv 1968, 106, 167±171.

26. Badib AO, Webster JH. Changes in tumour oxygen tension
during radiation therapy. Acta Radiol Therap Phys Biol 1969, 8,
247±257.

27. Pappova N, Siracka E, Vacek A, Durkovsky J. Oxygen tension
and prediction of the radiation response. Polarographic study in
human breast cancer. Neoplasma 1982, 29, 669±674.

28. Martin L, Lartigau E, Weeger P, et al. Changes in the oxygena-
tion of head and neck tumours during carbogen breathing.
Radiother Oncol 1993, 27, 123±130.

29. Bush RS, Jenkin RDT, Allt WEC, et al. De®nitive evidence for
hypoxic cells in¯uencing cure in cancer therapy. Br J Cancer
1978, 37(Suppl. III), 302±306.

860 E. Lartigau et al.



30. Overgaard J. Importance of tumour hypoxia in radiotherapy. A
meta-analysis of controlled clinical trials. Radiother Oncol 1991,
24, S64.

31. Fleckenstein W, Jungblut JR, Suckfull M. Distribution of oxygen
pressure in the periphery and centre of malignant head and neck
tumours. In Ehrly AM, Fleckenstein W, Hauss J, Huch R, eds.
Clinical Oxygen Pressure Measurement II. Berlin, Blackwell
Ueberreuter Wissenschaft, 1990, 81±90.

32. Saunders MJ, Dische S, Grosch EJ, et al. Experience with
CHART. Int J Radiat Oncol Biol Phys 1991, 21, 871±878.

33. Brown JM, Lemmon MJ. Tumour hypoxia can be exploited to
preferentially sensitive tumours to fractionated irradiation. Int J
Radiat Oncol Biol Phys 1991, 20, 457±461.

34. Lartigau E, Guichard M. Does tirapazamine (SR-4233) have any
cytotoxic or sensitising eVect on 3 human cell lines at clinically
relevant partial oxygen pressure? Int J Radiat Biol 1995, 2, 211±
216.

35. Lartigau E, Guichard M. The eVect of tirapazamine alone or
combined with chemotherapeutic agents on xenografted human
tumours. Br J Cancer 1996, 73, 1480±1485.

AcknowledgementsÐThis work was supported by the Ligue
Nationale Contre le Cancer (ComiteÂ des Hauts de Seine), by the
Lions Club and by a Programme Hospitalier de Recherche Clinique
(P.H.R.C. 94).

Variations in Tumour pO2 861


