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What has Radiation Biology Contributed to the 
Evolution of Radiotherapy? 

J.C. Horiot 

BACKGROUND 
TWENTY YEARS ago, most radiotherapists would usually have 
thought that the only way to improve results was to increase the 
dose to the tumour. This was right to some extent. This concept 
was, of course, limited by the normal tissue tolerance. However, 
it reflects why most efforts occurring between 1950 and 1970 
were dominated by this approach. Hence, the clinical advances 
in developing the performance of linear accelerators, radiation 
physics dose calculations and brachytherapy techniques occu- 
pied the foreground of the theatre of clinical research while 
radiobiologists were obscurely working in the wings. 

SUMMARY OF EMPIRICAL CLINICAL EXPERIENCE 
The evidence of a dose-time relationship was clearly docu- 

mented from clinical experiences in most solid tumours (head 
and neck, breast, gynaecological): radiotherapy was preventing 
the growth of subclinical aggregates of tumour cells in about 
90% of the cases when doses of about 50 Gy were delivered in 5 
weeks and 25 fractions. Increasing the dose to 70 Gy was usually 
sufficient to control 70-90% of tumours of less than 3 cm but 
the prediction of tumour response was increasingly difficult and 
the failure rates much higher when tumour volumes were beyond 
5 cm diameter. It was then obvious that mathematical models 
based upon an even damage at each fraction up to the killing of 
the last tumour cell after a sufficient number of fractions was 
not fully representative of the response of most tumours to 
radiation. Hence, reasons for radiation resistance were investi- 
gated and gradually emerged from radiobiology and radiobiolog- 
ically oriented clinical experiments. 

RADIATION RESISTANCE 
Does radiation resistance exist? Why, for an equal tumour 

volume, does radiation therapy fail in some tumours while 
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controlling others? Very few human tumour cell lines can survive 
doses of 70-80 Gy delivered under optimal conditions. Intrinsic 
radiation resistance is a rare phenomenon (high grade glioblas- 
toma for instance) and even in some “radiation resistant” 
tumours such as malignant melanomas, very large variations of 
radiation response are observed, including excellent responsive- 
ness to doses consistent with normal tissue tolerance. 

Then, in most situations, the so-called “resistance to radi- 
ation” will in fact be resulting from (1) Geographical misses: 
either by an insufficient coverage or by ignoring the actual 
tumour spread (macroscopic or microscopic); (2) impossibility 
to deliver the required dose to the tumour without serious 
damage to vital normal stuctures (such as lung, heart, spinal 
cord, bowel, kidney); (3) radiobiological factors reducing the 
therapeutic gradient between normal tissues and tumours such 
as hypoxia and cell kinetics. 

Several options are offered in modern radiotherapy to fight 
against each of these three major causes of failures. This paper 
will only concentrate on the radiobiological factors of radiation 
resistance. 

THE OXYGEN EFFECT 
Hypoxia has been known as a cause of radioresistance since 

1935 [l] and was later documented in the laboratory by Gray [2] 
and Lacassagne [3]: most tissues irradiated in the absence of 
oxygen are 2.5 to 3 times more resistant than in the presence of 
oxygen at a normal pressure. A number of applications of this 
phenomenon has led to experimental work both in the laboratory 
and in clinical research: 
- Irradiation under hyperbaric oxygen pressure (HBO). 
- Irradiation using beams of a lesser oxygen dependence such as 
neutron beams. 
- The use of oxygen mimetic radiosensitisers and bioreductive 
agents. 

Radiotherapy and hyperbaric oxygen 
Nearly all randomised trials have shown a significant improve- 

ment of local control in patients treated under hyperbaric oxygen 
(at an oxygen pressure of 2.5 to 3 atmospheres) as compared to 
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air [4, 51. Advanced cervix carcinoma was the most common 
tumour site addressed in these trials. Unfortunately, this advan- 
tage was nearly counterbalanced by an increase in severe late 
complications in the experimental group for two reasons: (a) the 
use of a larger dose per fraction due to the technical difficulties 
of irradiating a patient in a specially designed tank; and (b) the 
insufficient selectivity of the process probably enhancing the 
damage to normal tissues as well. 

The technical burden of irradiating patients using normal 
fractionation in an oxygen tank was a strong limitation for 
starting new trials. Thus, the advent of radiosensitisers led 
to the abandonment of HBO experiments. However, some 
radiobiologists are still convinced that blood transfusion and 
oxygen breathing during radiotherapy sessions should be evalu- 
ated since it might be a cheap and efficient way to enhance 
sensitivity to radiotherapy in tumours known to have a significant 
hypoxic component (advanced cervix carcinoma, head and neck 
cancers, sarcomas). 

Two very simple factors were also relevant in HBO studies: 
the restoration of a normal haemoglobin level prior to radio- 
therapy, and that patients did not smoke during radiotherapy. 

Anaemic patients with cervix cancer who were transfused 
prior to radiotherapy showed excellent local control when treated 
with HBO as compared to air [4, 51. Similar observations were 
made for patients treated in the Dahanca trial [6] with and 
without misonidazole. Anaemic patients represent a target group 
for selection in clinical trials whose rationale is based upon 
oxygen effects and related phenomenona. All patients with 
anaemia should be transfused prior to radiotherapy to a mini- 
mum level of 12 g of haemoglobin. 

Smoking habits increase the blood concentration of barboxy- 
haemoglobin; patients receiving radiotherapy should at least 
stop smoking during radiotherapy. 

Use of neutron beams 
Neutrons have a 2.5 higher relative biologic effectiveness 

(RBE) compared to X-rays. In addition, neutrons are less 
oxygen-dependent and should be more active in killing anoxic 
tumour cells than X-rays. It also seems that sublethal injuries 
from neutrons show a decreased repair ability compared to X- 
rays. Reports from more than 10 000 patients treated with 
neutrons are available [7]. Promising results have been published 
for a number of tumour sites including salivary glands, prostate, 
soft tissue, bone sarcomas and neck nodes in randomised trials 
and historical controls. 

On average, lO-30% of differences in local control are 
observed in favour of neutrons (or combination of photon and 
neutron beams) as compared to photons only. Most series are 
rather small and need further analysis particularly in respect of 
normal tissue damage. However, it can be now considered that 
the locations and pathologies amenable to improved results 
with neutron therapy are well known and that the dosimetric 
problems and radiobiological equivalence coefficients are under- 
stood and under control. 

Use of oxygen mimetic radiosensitisers and bioreductive drugs 
The incidental discovery of the radiosensitising effect of 

nitroimidazoles was made in 1973 with metronidazole (Flagyl) 
used as a trichomonacide. The first clinical work with metronida- 
zole and misonidazole started no more than a year later in 
Edmonton (Canada) and Mount Vernon (UK). Very rapidly, 
laboratory experiments demonstrated that misonidazole was a 
more effective radiosensitiser [S, 91 while the first clinical 

applications led to the identification of the risk of severe late 
neurological damage (peripheral neuropathies). 

The mechanism of action of these drugs is twofold: they act 
as oxygen mimetics restoring the sensitivity of hypoxic cells and 
are not easily metabolised by the cells in which they accumulate. 
In addition, they were shown to release cytotoxins in the hypoxic 
cells through a bioreductive mechanism, independently of radio- 
therapy. 

More than 10 nitroimidazole compounds have reached the 
step of human clinical trials. Metronidazole is now abandoned 
since its radiosensitising effect was too small to produce a 
measurable improvement. Misonidazole was examined on the 
largest scale ever reported for a radiosensitiser from 1974 to the 
mid 198Os, thousands of patients being entered in more than 30 
clinical controlled trials. A significant advantage was observed 
in only 4 out of 12 trials in head and neck cancers, and in only 1 
out of 7 trials in glioblastomas. These disappointing results were 
attributed to 2 main reasons: insufficient activity at the “safe” 
prescription doses (< 12 g/m2) in terms of side-effects and an 
overestimation of the hypoxia phenomenon as a cause of radi- 
ation resistance. 

However the marginal effect observed in favour of the 
radiosensitisers again stressed the selection of head and neck 
and cervix carcinomas as the best tumour sites for clinical 
research with new radiosensitisers. More recently, two com- 
pounds were found to be at least 5 times more effective than 
misonidazole in murine and human tumours while having 
only minor acute toxicity and no late toxicity: SR 2508 and 
pimonidazole. Controlled clinical trials are underway and have 
confirmed the initial toxicity data. Two large trials in head and 
neck cancer are being simultaneously carried out with SR 
2508 with closely related parameters in the USA and Europe. 
Conversely, the only phase III trial [lo] with pimonidazole was 
discontinued after the entry of 178 patients with cervix cancer 
because of a detrimental effect on local control and survival in 
the experimental arm. The reasons for this remain unexplained 
at this time. In 1989, an unexpectedly significant result was 
reported by Overgaard in a Danish trial (J. Overgaard, Institute 
of Cancer Research, Aarhus) using nimorazole as a radiosen- 
sitiser as compared to a control arm with radiotherapy alone in 
head and neck cancers. Nimorazole was considered up to this 
point as having a low radiosensitising effect. The explanation 
for the favorable action in human tumours may possibly be 
linked to additional cytotoxicity on hypoxic cells through a 
bioreductive effect. 

Bioreductive effects 
Bioreductive activation of radiosensitising drugs in tumour 

cells may actually represent the best potential for improving the 
action of radiotherapy by the following means: a bioreductive 
drug (such as RSU 1069) is delivered and followed by radio- 

Table 1. Tissue response when increasing the number of fractions 

Early responding Slowly responding 
tissues (acute) tissues (late) Tumours 

Repopulation t +- t 
Repair +- t +- 
Reoxygenation = = t 
Redistribution 1 +- t 

7 enhanced, = unlikely to be modified, + - variable. 
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Hyperfrcctionation 
________________------- 

Conventional fractionation 

Total Failure Treatment 
159 34 Once daily - 
164 41 Twice daily ---- 

P=O.819 (logrank) 

“[ , , , , , 
0 2 4 6 6 IO 

Time (yr) 

Once daily 159 49 I8 4 0 0 
Twice dai ly 164 71 28 6 I 0 

Fig. 1. Probability of avoiding late side-effects of grade 2 or 3. 

IO- 
09: 

Total FaAure Treatment 
159 84 Once daily - 
164 65 Twice daily ---- 

P =O.Ol (logrank) 

Hyperfractionation 
..__._.____ ___---_-._---. 

n 0.5- 
Conventional fractionation 

0 04- 
a 

03- 

0 2 4 6 8 IO 

Time (yr) 

Once daily I59 58 25 7 0 0 
Twice doily 164 80 36 II I 0 

Fig. 2. Probabiity of remaining free of locoregional disease. 

therapy once increased drug concentration is obtained in the 
tumour (simple radiosensitisation). Then, all tumour cells are 
made hypoxic with various manipulations of blood flow (e.g. 
with hydralazine) thus leaving the drug to express its cytotoxic 
action in the tumour only (where it is trapped). Animal exper- 
iments carried out by Adams [ 1 l] have led to a one hundred 
times (X 100 !) potentiation of radiation effects. Unfortunately, 
human experiments have shown that blood flow manipulation 
(with hydralazine) requires different conditions to those which 

apply in murine tumours and that other drugs should be used to 
obtain tumour anoxia. However, several trials have started with 
new bioreductive agents with a double action (radiosensitising 
and cytotoxic). These compounds may also be of interest by 
potentiating other chemotherapeutic agents. 

OPTIMISATION OF RADIOTHERAPY VARIABLES 
Up until the early 197Os, radiotherapy was delivered 5 days 

per week at a dose of 1.7 to 2 Gy per day (conventional 
fractionation). It was already clear that reducing the number of 
fractions and delivering a larger dose per fraction 
(hypofractionation) could not be used in curative treatments 
since it would induce a rapid increase in late complications 
(mostly severe fibrosis, but also bone skin and soft tissue 
necrosis). The demonstration of the radiobiological processes 
known as the four Rs of radiotherapy (repair of sublethal 
damage, reoxygenation, reassortment, repopulation) led to lab- 
oratory and clinical experiments delivering more than one 
fraction per day. The general philosophy was to try to take 
advantage of the ability of the normal tissues to repair sublethal 
damage more efficiently and more quickly than the tumour and 
consequently to increase the therapeutic gradient. However, 
delivering more than one fraction per day results in a rather 
complex addition of interactions (Table 1) of the various radiobi- 
ological processes. The final issue is also strongly dependent 
on cell kinetics: rapidly proliferating tissues (mucosa, most 
epithelial surfaces, skin, etc.) tolerate better these changes than 
slowly proliferating tissues (connective tissues, bone, lung, brain 
and spinal cord, etc.). It also appears that a number of tumour 
pathologies behave like rapidly proliferating tissues. 

Two types of altered fractionation have emerged from clinical 
trials: hyperfractionation (HF) and accelerated fractionation 
(AF). 

Hyperfractionation 
In pure hyperfractionation, radiotherapy is given in a higher 

number of fractions with a smaller dose per fraction, within the 
same overall treatment time as in conventional fractionation 
(CF) regimens [12]. The division of the daily dose in two 
fractions (with an 8 h interval between them) allows for better 
recovery of normal tissues, which determines the late radiation 
tolerance. This gain in tolerance can be exploited by giving a 
15% increment of the dose per day resulting, at the end of 
treatment, in a 15% higher total dose in the same overall time. 
Whether such an increase in dose improves locoregional control 
without increasing the complication rate was the question 

Table 2. Comparison of parameters of different accelerated fractionation trials 

Trial Randomised Split 

Interval 
between 
courses 
(days) 

Fraction 
size 
(GY) 

(X n friday) 

22801 (EORTC) no yes 
22811 (EORTC) yes yes 
22851 (EORTC) yes yes 
MGW “0 yes 
CHART no no 

28 
28 

IO/l3 
14 

1.6 x 3 2-4 
1.6 x 3 +I 
1.6 x 3 4 
1.6 x 2 4 
1.5 x 3 6 

Interval 
between 
fractions 
(hours) 

First course Second course Total 
Gylfrldays Gylfrldays Gylfrldays* 

48130/l 1 19.20214 67.2142146 
48130111 24llY5 72145147 
28.8/18/7 43.2127110 72145132 
38.4124116 25.6/16/10 64140139 
54136112 - 54136112 

*Optimum schedules without interruption for acute toxicity, all starting on Monday. 
MGH = Massachussets General Hospital, fr = fraction. 
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addressed by trial 22791 of the EORTC Cooperative Group of 
Radiotherapy. 

Patients had T2 T3 NO or Nl oropharyngeal squamous cell 
carcinoma under 3 cm in size (except for primaries arising from 
the base of the tongue). Patients were randomly allocated to CF 
(70 Gy in 35 fractions over 7 weeks) or HF (80.5 Gy in 70 
fractions over 7 weeks). From 1980 to 1987, 356 patients were 
entered by 28 institutions from 7 European countries. 90% of 
the patients were evaluable for the final analysis. 

Late damage to normal tissues was evaluated with an actuarial 
estimate of the freedom from grade 2 and 3 late tissue damage 
(Fig. 1). No difference was observed between the 2 treatment 
arms, which confirms the accuracy of the radiobiology prediction 
for normal tissue tolerance in the head and neck area. These 
results are of particular interest for the slower proliferating 
normal tissues such as bone and connective tissues. 

The locoregional control was significantly higher (P = 0.01, 
log-rank) after HF compared with CF (Fig. 2). At 5 years, 56% 
of patients are locoregional disease free in the HF arm as 
compared to 38% in the CF arm. This advantage was observed 
only in the 217 patients with a good initial performance status 
(Karnovsky index 9&100%). The superiority of HF was also 
demonstrated in patients staged T3 NO, T3 Nl but not in T2. 
The Cox model confirmed that the treatment regimen was 
an independent significant prognostic factor for locoregional 
control (P = 0.007 log-rank). 

Accelerated fractionation 
Acclerated fractionation (AF) is the reduction of the overall 

treatment time with an increased number of fractions (multiple 
fractions per day). AF will reduce tumour repopulation during 
treatment and should improve local control providing a biologi- 
cal equivalent dose can be delivered to the tumour. Two types 
of schemes have been developed. 
(1) A single continuous course of AF in which the total dose is 
necessarily lower than with CF. The CHART regime (54 Gy in 
36 fractions and 12 days) is the best example of this scheme 
P31. 
(2) A split course radiotherapy with the same total dose as in 
CF. In this case, the timing and duration of the split are essential. 
The split must take place at the time of maximum normal tissue 
repopulation and should not last more than 2 weeks in order to 
allow a significant reduction of the overall treatment time (e.g. 
5 weeks instead of 7 weeks). EORTC protocol 2285 1 (72 Gy in 
7 weeks versus 72 Gy in 5 weeks) is a good example of this 
rationale (14). 

These two protocols are still on-going. Interim results of the 
cell kinetics study of protocol 22851 [15] in patients with 
advanced head and neck cancer look very promising. The 
median potential doubling time (T,,,) of these patients is of 4.2 
days (range 1.5 to 15.5 days), 24% of patients having a Z’,, 
lower than 2 days. Two-year local control is of 60% when Tpot is 
lower than 4 days versus 80% when higher than 4 days. Local 
control does not differ significantly in the two treatment arms 
when T,, is higher than 4 days, whereas it is of 70% with AF 
versus 38% with CF when Tpof is of less than 4 days. 

CONCLUSION 
Radiobiology is presently offering the best insight for progress 

in our understanding of radiation response, leading to changes 
in radiotherapy parameters. These advances aim to: 
- Decrease late radiation induced damage to normal tissues. 
- Improve the efficacy of a given radiation dose by an optimal 

use of the parameters of fractionation, dose per fraction and 
overall treatment time. 
- Modify the radiation response of the hypoxic tumour cell 
component by using a variety of radiosensitisers with or without 
blood flow modifications. This is perhaps the most promising 
field of investigation, although more difficult to evaluate and to 
monitor than fractionation changes. 
- Predict radiation response from a biopsy specimen as it is 
already done in clinical trials: individual meaurements of tumour 
cell kinetics is becoming an essential component of investigations 
of fractionation and overall treatment time changes. 

This short overview has not considered all the possible 
improvements of radiotherapy and has only focused on the 
interactions of radiobiology and radiotherapy clinical trials. 

We emphasise that radiobiology is now the major source for 
our understanding of radiation response and has already led to 
significantly improved results in cancer patients by a better use 
of the widely available equipment producing photon and electron 
beams. 
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