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Abstract 
There is strong clinical and radiobiological evidence that pro- 

traction of overall treatment time has an adverse influence on the 
radiocurability of certain human tumors. Overall treatment time 
can be reduced without recourse to large dose fractions by the 
use of accelerated fractionation, but in patients with head and 
neck cancer acute mucosal reactions limit the extent to which 
treatment can be accelerated. Three different prototypical sched- 
ules for accelerated fractionation have been devised to avoid 
exceeding acute mucosal tolerance. Type A consists of an inten- 
sive short course in which the overall duration of treatment is 
markedly decreased with a corresponding substantial reduction 
of total dose; type B achieves a modest decrease in overall time 
without reduction of total dose by using a split-course technique; 
type C also achieves a modest decrease in overall time without 
reduction of total dose by means of the concomitant boost tech- 
nique. A hybrid schedule combining features of types B and C 
allows additional shortening of overall treatment time without 
reduction of total dose. Available radiobiological and clinical data 
suggest that schedules of types B or C which do  not compromise 
total dose are generally preferable to those of type A in which 
there is a trade-off between total dose and overall time. For a 
given total dose and overall time, a continuous treatment of type 
C is likely to produce more cell kill than a split-course of type B, 
although the latter will be better tolerated. Because of the in- 
creased acute toxicity associated with all schedules of accelerat- 
ed fractionation, rational selection of patients for such treatment 
is important. New techniques to measure the potential doubling 
time of human tumors in vim offer this prospect. 

Key words: Therapeutic radiology; accelerated fractionation, 
time factor, tumor cell regeneration, concomitant boost, conse- 
quential late effects. 

Accelerated fractionation is defined here as a regimen 
of radiotherapy in which the duration of conventional 
treatment with daily fractions of 1.8-2 Gy, 5 daydweek to 
total doses of -70 Gy is reduced, without recourse to 

larger dose fractions, by the delivery of 2 or more treat- 
ments on some or all of the treatment days. Examples of 3 
prototypical schedules of accelerated fractionation cur- 
rently used in the treatment of advanced squamous cell 
carcinomas of the head and neck region are illustrated in 
Fig. 1. Schedules of type A consist of an intensive course 
of treatment in which the overall duration of treatment is 
markedly reduced with a corresponding substantial de- 
crease in the total dose. Schedules of types B and C 
represent techniques where the duration of treatment is 
more modestly reduced, but the total dose is kept in the 
same range as for a conventional treatment regimen. This 
is achieved by using either a multiple fraction per day 
split-course or  the concomitant boost technique, i.e. giv- 
ing the boost as a second daily dose during the basic 
treatment course. 

In this paper, we consider the relative merits of each of 
the above mentioned schedules and their variants both on 
radiobiological grounds and on the basis of available clini- 
cal data. 

Rationale for accelerated fractionation 

The primary rationale for all accelerated fractionation 
schedules is to limit the extent of tumor cell regeneration 
that occurs during a course of fractionated radiotherapy 
by reducing the overall time of treatment. Since little, if 
any, regeneration occurs in late reacting normal tissues 
over the time span of a course of radiotherapy, a reduc- 
tion in overall treatment time would not be expected to 
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COMPARISON OF CONVENTIONAL AND 3 
PROTOTYPICAL ACCELERATED FRACTIONATION 

SCHEDULES 

I I I I I  I I I I I  I I I I I  I I I I I  I I I I I  1 1 1  I I I I I  I l i i i  
Conventional eg. 66-72 Gy, 1.8 Gy/fx, 7.5-8 wks. 

Accelerated Type A 
(Continuous Intensive) Mt.  Vernon Hospital 

eg. 50.4-54.0 Gy, 1.4-1.5 Gy/fx. 12 days 

llll 11 11 11 11 11 11 11 11 11 11 
IIIIII IIIIIIIIII ii 

Accelerated Type B 
(Split Course) Massachusetts General Hospital 

e.g. 64.0-67.2 Gy. 1.6 Gy/fx. 6 wks. 

I I I I I  I I 1 I I  I I I I , l ,  I ,  I I I I I  " " \  
I ,  

Accelerated Type C 
(Concomitant Boost) 

e.g. 69.0.72.0 Gy, 1.8 Gyifx iboost 1.5 Gylfxi. 6 wks 
M. D. Anderson Hospital 

Fig. 1. Conventional and accelerated fractionation schedules. For 
each schedule, the large field treatment is denoted by the bars 
above the line, and the boost field treatment by the bars below 

affect the seventy of late normal tissue injury provided 
the size of dose per fraction is not increased. On the other 
hand, the tolerance of acutely reacting normal tissue is 
markedly influenced by overall treatment time since these 
tissues do regenerate during a conventionally fraction- 
ated treatment. Thus, accelerated fractionation regimens 
may be considered to be dose limited by the tolerance of 
acutely reacting normal tissues, and consequential late 
damage that may occur as a result of severe and persistent 
acute reactions. (See below.) 

The 3 types of schedules for accelerated fractionation, 
schematically shown in Fig. 1, may therefore be distin- 
guished on the basis of the strategy adopted to avoid 
intolerable acute reactions; A) reduction in total dose, B) 
break in treatment, and C) reduction in volume exposed to 
accelerated treatment. 

A secondary consideration in the rationale for acceler- 
ated fractionation is the kinetics of tumor reoxygenation 
which may, in different circumstances, increase or de- 
crease the therapeutic ratio as discussed below. 

Tumor cell regeneration. It was once believed that tu- 
mors were entirely autonomous tissues devoid of homeo- 
static control mechanisms and therefore unable to regu- 
late their proliferation kinetics. This was the reasoning, 
for example, that led ELLIS (12) to omit a time factor from 
the tumor nominal standard dose. It is now well recog- 
nized that this concept is incorrect. There are several 

the line. The dotted bars represent treatments omitted in the 
lower ranges of total dose. 

reasons why the overall time of treatment may influence 
the probability of tumor control by radiotherapy. Firstly, 
there is the net increase in clonogenic cell number that 
would occur with unperturbed growth over the duration of 
the course of radiotherapy. With unperturbed growth, the 
clonogenic cell number increases in parallel with tumor 
volume and thus only a modest increase of one or perhaps 
two cell doublings (for a rapidly growing tumor) would 
occur by this mechanism over a 6-8-week time period. 
However, the volume doubling time of a tumor does not 
reflect the rate of cell production within the clonogenic 
fraction. Because of a continuous loss of cells from the 
tumor population by exfoliation, cell death and lysis, and 
metastasis, the observed volume doubling time (TD) of 
most tumors is much longer than would be expected from 
the rate at which new cells are added to the tumor volume 
by mitosis. This expected doubling time in the absence of 
all cell loss was termed by STEEL (38) the 'potential dou- 
bling time' (Twt), while the 'cell loss factor' was defined 

as !fLt . When a tumor cell population is depleted by 

therapeutic interventions, the net rate of increase of clon- 
ogenic cell number is much greater than in the unper- 
turbed state since the cell loss factor decreases and clono- 
genic cells that had been forced into kinetic quiescence by 
inadequate blood supply, nutritional deprivation, etc. are 
recruited back into the proliferative pool. In addition the 

TD 
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cells of certain tumors may retain remnants of the regula- 
tory systems that control proliferation in their normal 
tissues of origin (17), in which case depletion increases the 
rate of clonogenic cell multiplication by removal of nega- 
tive feedback influences. 

Evidence for an increased proliferation rate of surviving 
tumour clonogens after completion of treatment may be 
gleaned from a number of sources. In classical experi- 
ments on human tumor proliferation kinetics, VAN PEPER- 
ZEEL (46) showed that the doubling times of human lung 
metastases soon after radiation treatment were much 
shorter than either the pretreatment doubling times or 
those after the originaI tumor volume at the time of irra- 
diation was surpassed. TUBIANA & MALAISE (44) and MA- 
LAISE et al. (23) also observed a phase of rapid tumor 
regrowth after the treatment of cutaneous metastases 
from human tumors. Interestingly, these authors observed 
that the growth rates of tumors with a long pretreatment 
doubling time accelerated to a greater extent than those 
which grew rapidly before treatment, suggesting the pos- 
sibility of a greater proportional reduction of the cell loss 
factor in slowly growing tumors after initiation of irradia- 
tion. 

Time-to-recurrence data also suggest that tumor clono- 
gens surviving irradiation proliferate much more rapidly 
than might be expected from pretreatment volume dou- 
bling times. Analysis of recurrence of squamous cell car- 
cinomas of the various head and neck sites (14) show that 
the median time to recurrence is approximately 6 months. 
As the majority of the patients in these series were cured, 
one can reasonably suppose that most recurrences must 
have arisen from a single cell or very few surviving cells. 
About 30 volume doublings are required for a single cell to 
become a clinically manifest recurrence. Thus, one can 
deduce that the net volume doubling time of the preclini- 
cal recurrences must have been on the order of one week. 
Other human data consistent with rapid proliferation of 
cell surviving radiation therapy include the split-course 
results reported by PARSONS et al. (29) and VIKRAM et al. 
(48). These authors reported that when stratified by total 
dose, patients treated with a split-course regimen fared 
less well stage-for-stage than those with a continuous 
course of radiotherapy. A similar conclusion can be 
drawn from the observation of OVERGAARD et al. (28), i.e. 
that in patients with laryngeal cancer treated with a split- 
course regimen the total dose must be escalated by about 
20% to compensate for a treatment intenruption of 2-3 
weeks. In another series of patients with laryngeal cancer 
treated with a split-course regimen, BUDIHNA et al. (8) 
calculated that the dose recovered during the treatment 
break, attributable to regeneration of surviving tumor 
clonogens, was 0.4 = Gylday which corresponded to a 
clonogen doubling time during the break of 3.5k0.5 days. 

The first experimental data demonstrating accelerated 
proliferation of clonogenic tumor cells after irradiation 
came from BARENDSEN & BROERSE (3) using a rat rhabdo- 

myosarcoma. With this tumor system, after fractionated 
radiotherapy with 3 Gy fractions given 5 times a week, the 
clonogenic tumor cell doubling time dropped from a pre- 
treatment value of 4 days to about 1.5 days. This was 
accompanied by an increase in the growth fraction, de- 
crease in the cell loss factor, and decrease in the cell cycle 
time of the tumor cells. Using the same tumor system, 
MARTIN et al. (24) measured the TCDSO in 10 equal frac- 
tions with different overall treatment times ranging from 
10 to 62 days. These experiments showed no increase in 
TCD~O between 10 and 20 days, but there was an approxi- 
mate doubling of the TCDso dose between 20 and 60 days. 
At first sight, these experiments might suggest that tumor 
regeneration was not a significant factor with treatment 
times less than 20 days. However, interpretation of the 
data is complicated by the fact that reoxygenation was not 
controlled for in these experiments. A sharp increase in 
TCDSO with prolongation of total overall time of treatment 
beyond 9 days has been shown by SUIT et al. (39) in a 
mouse mammary carcinoma. 

More recently, KUMMERMEHR et al. (21) have reported 
the results of detailed experiments using a variety of 
mouse tumors in which the extent of regeneration during 
fractionated irradiation has been quantitated with all radi- 
ations being given under conditions of clamp hypoxia. 
These experiments have shown that significant regenera- 
tion occurs in some tumors during the first and second 
week of fractionated irradiation. There was accelerated 
regeneration in the squamous cell carcinoma AT 478 dur- 
ing the second and third week of treatment, and during the 
second week of treatment of a mammary carcinoma. On 
the other hand, proliferation effectively stopped in 2 adeno- 
carcinomas after one week’s treatment. KUMMERMEHR 
(20) also investigated which kinetic parameter best pre- 
dicted for tumor regeneration during treatment. Although 
none was a reliable indicator for all tumor types, the best 
overall prediction was given by the potential doubling 
time of the tumor, measured pretreatment. 

Reoxygenation. The vast majority of solid tumors in 
experimental animals has been shown to contain hypoxic 
clonogenic cells which are resistant to radiation and are 
dose-limiting when large incremental doses of radiation 
are given. During fractionated irradiation, however, some 
radioresistant hypoxic cells reacquire the radiosensitivity 
associated with well oxygenated cells. This phenomenon, 
reoxygenation, may occur by a variety of mechanisms, 
only some of which are related to tumor regression (11, 
16, 47). The proportion of hypoxic cells varies markedly 
among different experimental tumors (26) as does the rate 
of reoxygenation (43), and one cannot make any general- 
izations about the completeness of reoxygenation as a 
function of duration of treatment. If a tumor regresses 
completely before the end of treatment it is reasonable to 
suppose that reoxygenation has been essentially complete 
but if regression is incomplete, reoxygenation may or may 
not be complete. This difference may be one reason for 
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the prognostic advantage associated with complete regres- 
sion at the end of a conventional course of treatment (4). 

Normal tissue responses 

In general, the normal tissues with the greatest ability to 
repopulate following injury are those that react acutely to 
radiation. Clinically, in treatment of cancer of the head 
and neck the acutely responding tissues of major concern 
are the mucous membranes lining the upper aerodigestive 
tract, and the skin. It is frequently asserted that with 
modern day megavoltage radiation acute reactions are no 
longer dose-limiting, and the limitation to total effective 
dose is imposed by the tolerance of late reacting normal 
tissues. This statement is true only insofar as treatment is 
protracted sufficiently to allow the acutely reacting nor- 
mal tissues to repopulate sufficiently during treatment to 
offset some of the radiation cell killing. When one consid- 
ers accelerated dose fractionation, acute reactions be- 
come dose-limiting regardless of radiation quality. 

The first clinical evidence of the association between 
overall treatment time and the severity of acute skin 
reactions was published in 1918 by KRONIG & FRIEDRICH 
(19). There were many studies of the time factor for skin 
in the 1920's, notably those of SCHWARZ (36) and REGAUD 
(32). These principles were later extended by BACLESSE (2) 
to develop ultraprotracted treatment schedules for breast 
cancer in which very large total doses could be delivered 
with essentially no acute skin reaction. These schedules 
were discontinued in the 1950's because of severe late 
reactions. The present conventional norm of treating head 
and neck cancers with daily doses of 1.8-2 Gy was de- 
rived empirically and represents a dose accumulation rate 
at which the majority of patients can comfortably com- 
plete large-volume irradiation without excessive acute 
toxicity. At the weekly accumulation rate of 9-10 Gy, the 
total dose is then dictated by the tolerance of late reacting 
normal tissues. However, when the weekly accumulation 
rate is substantially greater, as in the case of accelerated 
fractionation, acute reactions can and do become dose 
limiting. 

Experimental studies of repopulation during fractionat- 
ed radiotherapy have been performed on skin and mucous 
membranes. DENEKAMP (9) demonstrated that there was 
no detectable regeneration in the skin for up to 15 days 
after 4 daily fractions of 3 Gy; after 9 fractions, however, 
regeneration contributed the equivalent of 0.6 Gy per day 
and after 14 daily fractions 1.3 Gy per day to the acute 
tolerance dose. Because the stimulus to regenerate is cell 
depletion, and because radiation-induced cell killing is 
mitotically linked, the onset of regeneration in normal 
tissues varies according to the proliferation kinetics of the 
tissue. Thus, in contrast to the mouse skin where there is 
a lag of 1-2 weeks after initiation of radiation before 
regeneration is triggered, in the mouse colon (52) and lip 

mucosa (l), regeneration is clearly evident within 3 days 
of beginning fractionated irradiation. 

Consequential late reactions. The major reason for US- 

ing multiple fractions per day as a means to shorten 
overall time in accelerated fractionation regimens is to 
avoid the risk of severe late normal tissue damage associ- 
ated with large incremental dose fractions. It is well estab- 
lished that injury to tissues which respond late after irra- 
diation depends more on size of dose per fraction and less 
on time of treatment than is the case with acutely re- 
sponding tissues (42). However, in certain circumstances 
chronic late normal tissue injury may occur as a conse- 
quence of severe epithelial denudation. If an area is com- 
pletely depopulated of epithelial stem cells, a chronic 
mucosal or skin ulceration results, and healing if it occurs 
depends on migration of epithelial cells from the periphery 
of the denuded area. Infection and/or trauma in a chronic 
epithelial ulcer can lead to secondary damage to subjacent 
normal tissues. We term this type of injury a consequen- 
tial late effect because it is not directly attributable to 
radiation injury of the late responding tissue but occurs as 
a consequence of the severe acute reaction. By definition, 
the dependence on dose fractionation of consequential 
late effects is the same as that for acute reactions and is 
not characteristic of that normally associated with late 
radiation reactions. This fact has led to some confusion in 
the literature and to the assertion of some authors report- 
ing both experimental (13) and clinical (6) studies that 
there is no dissociation with fractionation between the 
severity of acute and late effects. Examples of consequen- 
tial late effects in the head and neck area include soft 
tissue necrosis in chronic mucosal ulcers and mandibular 
osteoradionecrosis following breakdown of the mucoper- 
iosteum. Injuries of this type have been reported with 
accelerated fractionation schedules at total doses well 
below those normally associated with severe late normal 
tissue injury (30). 

Comparison of schedules 

Dose equivalent of regeneration in tumors. In order to 
compare the relative merits of schedules of type A versus 
those of types B or C (Fig. I),  it is necessary to estimate 
whether the dose equivalent of tumor cell regeneration 
that would occur during the longer treatment times associ- 
ated with the latter schedules is greater or less than the 
dose reduction required to make type A schedules toler- 
able. 

One approach to this question is to compare calculated 
doses required to produce a certain level of tumor control 
as a function of overall treatment time with appropriate 
corrections being made for the different sizes of dose per 
fraction in different regimens. MACIHEWSKI et al. (22) used 
this technique with the endpoint of local control stages T3 
and T4 squamous cell carcinoma of the larynx. Their 
analysis indicated an increase in the TCDso dose of ap- 
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Table 
Dose equivalent (Cy) of regeneration (12 us. 40 days) 

Days 

CLF(%) T,, TPO, Tpot 

3 5 8 3 5 8 3 5 8 

90 1.4 0.9 0.5 2.6 1.5 1 .o 2.3 
8.8 

3’8 p-1 15.3 
60 5.7 3.4 2.1 10.2 6.1 
30 10.0 6. 1 3.8 17.8 10.7 6.6 
10 12.9 7.7 4.8 13.7 8.6 19.8 

SF2=0.4 SF2=0.6 S F2 =‘O .8 
Do (eff): 3.9 Gy Do (ern: 2.2 Gy Do (ern: 9.0 Gy 

CLF = cell-loss factor, T,,, = potential doubling time, Do (effl = effective Do for fractionated irradiation. 

proximately 8 Gy as the overall treatment time increased 
from 5 to I weeks. By assuming 2 Gy to be necessary to 
offset each clonogenic cell doubling (corresponding to a 
Do (eff) of 2.9 Gy), the authors concluded that over this 
time period the clonogenic tumor cells were dividing with 
a potential doubling time of 4 days. 

A more generic approach yielding perhaps the best 
estimates of the dose equivalent of regeneration for com- 
parative purposes is based on measured values of kinetic 
parameters and intrinsic cellular radiosensitivity of human 
squamous cell carcinomas of the head and neck. In their 
review of the published data, SASAKI et al. (34) reported 
on 198 squamous cell carcinomas with a median potential 
doubling time of 4.1 days. The range of labeling index in 
160 of the tumors was 6 to 30% corresponding to a range 
of potential doubling times of approximately 2-10 days. 
Cell loss factors were in the range of 90%. Estimates of 
the cellular radiosensitivity of a variety of human tumor 
cells obtained from primary biopsies have been reported 
from our laboratory by BROCK et al. (7). More recent 
results show that for squamous cell carcinomas of the 
head and neck, the mean surviving fraction at 2 Gy (SF2) 
was -0.36 with a range of -0.18 to -0.64 in a total of -40 
measurements. These values measured in vitro may well 
be lower than those in vivo because of the lack of the 
‘contact effect’ (27), and the possibility of incomplete 
reoxygenation. Thus, for these calculations, values of SF2 
of 0.4,0.6, and 0.8 which include any plausible estimate of 
in vivo cell survival have been used. 

Under the simplest assumption (exponential growth ki- 
netics and cell kill) the dose equivalent of regeneration, D, 
that would occur in the relatively more protracted sched- 
ules of types B and C is given by: 

D = [exponential rate constant for accelerated clonogen 
multiplication after initiation of therapy, A] X [difference 
in overall treatment time, TI x [effective Do for fractionat- 
ed irradiation with the fraction size of the more protracted 
regimens Do (em] 

In2 where A = (I-CLF) - day-’; T is measured in days; 

and Do(eff) =- Gy for fraction sizes of 1.5-2.0 Gy 

Using these equations with the values of potential dou- 
bling times (Tpot) and cell loss factor (CLF) cited by 
SASAKI et al. (34) and the range of adjusted SF2 values 
derived from the data of BROCK et al. (7) we have calculat- 
ed the dose equivalent of regeneration between the 12 day 
schedule of type A (35) and the 40 day schedule of type C 
(18). Only when this value exceeds the actual difference 
(18-22 Gy) is type A preferable. As shown in the Table if 
SF2 =0.6 a therapeutic advantage accrues to schedule A 
only under the most extreme assumptions for the CLF 
and Tpot, i.e., that the CLF would have to decrease from 
the 90% range typical of the unperturbed tumor to 
10-20%, and that the Tpot would be 3 days or less, i.e., 
among the shortest known for human tumors. If the SF2 is 
as high as 0.8 the dose equivalent of regeneration in- 
creases, but the same general conclusion emerges: Sched- 
ule A is superior only when a substantial reduction in the 
CLF occurs and/or Tpot is very short. Finally, if the lower 
range of SF 2 of 0.4 is used, schedule C is always superior 
regardless of CLF and T,,,. 

Two additional points should be made. First, the com- 
parisons in the Table are relative. Although it is true that 
with higher values of SF2, schedule A becomes relatively 
more effective vis-a-vis schedule C, the absolute probabil- 
ity of cure decreases commensurately. For example, if 
SF2 =0.8 a dose of 54 Gy in 1.5 Gy fractions would 
achieve only about 2.6 logs of cell kill, and the chance of 
tumor control would be remote. By the same token, if SF2 
=0.4 most tumors would be cured regardless of fractiona- 
tion schedule. Second, it has been assumed that tumor 
regeneration proceeds at its maximum rate throughout the 
28 day time difference between the two schedules. If in 
fact, accelerated regeneration during a continuous course 
becomes significant only after -4 weeks of treatment as 

Tpot 

In SF, 
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1 _ _ - -  
I l l  

Split Course, Concomitant Boost: 72 Gy, 1.6 Gylfx, 5-5% wks 

Fig. 2. EORTC accelerated fractionation schedule. Resumption 
of treatment after the break depends on the mucosal reaction, 

proposed by WITHERS et al. (53), the dose equivalent of 
regeneration between 12 and 40 days would be much 
lower for all values of SF2, further favoring schedules of 
type B or C. 

Split course us. continuous accelerated fractionation (B 
us. C ) .  As noted above, under any reasonable assump- 
tions of proliferation kinetics and cellular radiosensitivity, 
both schedule B and C are more effective than schedule 
A. Schedule B and C deliver approximately the same total 
doses in the same overall time, and differ significantly 
only in that schedule B is split whereas schedule C is 
continuous. 

To compare the absolute efficacy of these 2 schedules 
in terms of the probability of tumor sterilization, the 
primary consideration is the rate of proliferation of tumor 
clonogens during a break in treatment relative to that 
during the same time segment of a continuous treatment. 
Although no experimental data directly address this ques- 
tion, the fact that division delay is induced by radiation, 
and the observation in vitro that continuous irradiation 
can completely suppress cell division (25) would suggest 
that any difference must favor schedule C. In terms of 
acute mucosal tolerance, schedule B is preferable and the 
therapeutic ratio in a given course depends on the relative 
proliferation kinetics of the tumor clonogens vis-a-vis the 
stem cells of the mucous membranes. 

We conclude, therefore, that while a split-course may 
under certain circumstances offer a better therapeutic 
ratio, a continuous course is more likely, in absolute 
terms, to sterilize the tumor. Thus, provided a continuous 
course is tolerated by the patient population, it is safer 
than a split course of the same total dose and duration. 
Because of improved mucosal tolerance, however, a split- 
course approach offers the possibility of a further reduc- 
tion in overall time without dropping the total dose below 
that achievable with a continuous course. The new 
EORTC protocol 22851 incorporates the rationales of 
both a treatment break, and a concomitant boost to deliv- 
er a total dose of around 72 Gy in 5-5.5 weeks (Fig. 2). 
The relative merit of this schedule in relation to schedule 
C (Fig. 1) depends on whether the extra 0.5-1 week of 
reduction in overall time will more than offset the inherent 
disadvantage of the split in terms of tumor cell regenera- 
tion. This is too close to predict on the basis of available 
data; we await results of the clinical studies outlined 
below with interest. 

and may be delayed for a few days. Thus, the overall duration of 
treatment vanes from 5 to 5 weeks. 

Clinical results and current trials 

Continuous short intensive schedules (type A ) .  The first 
published report on the results of an intensive multiple 
fraction per day short course regimen was that of SVOBODA 
(40). These results were updated by RESOULY & SVOBODA 
(33) and SVOBODA (41) with data on 59 head and neck 
cancer cases. The initial treatment regimen used consisted 
of 5&55 Gy in 24-34 fractions (1.75-2.3 Gy per fraction) 
over 10-16 days. Initially, very limited treatment volumes 
were used and acute tolerance was satisfactory. Howev- 
er, when larger volumes including elective nodal irradia- 
tion was attempted, it became necessary to limit the size 
of dose per fraction to 1.75 Gy, and from 1979 on all 
patients in this series were treated by a technique similar 
to the EORTC schedule of 48 Gy in 30 fractions over 12 
days to the large volume followed after 3-4-week rest by a 
12-20 Gy boost. In their total series of 59 patients the 
complete response rate was 86 % and the 3-year survival 
44%. Five severe and 4 moderate late complications were 
reported. This experience is generally confirmed in a 
small series of 9 patients reported by GONZALEZ-GONZA- 
LEZ et al. (15). Their patients received 48.6-54 Gy in 11-12 
days using thrice daily fractions of 1.8 Gy. Six of this 
group remained disease-free for 6 months or more, and 
only 1 severe complication was recorded. By contrast, 
PERACCHIA & SALTI (30) reported very severe acute and 
consequential late reactions in 12 of 22 patients receiving 
2 Gy 3 times a day to total doses of around 51 Gy in 10 
days. 

In 1985 a prospective nonrandomized study was initiat- 
ed by SAUNDERS & DISCHE at the Mount Vernon Hospital 
(Northwood, Middlesex, UK) to evaluate an accelerated 
fractionation schedule consisting of 1.4 Gy 3 times daily 
for 12 consecutive days to a total dose of 50.4 Gy in the 
treatment of patients with head and neck, bronchial, and 
esophageal carcinomas. Preliminary data from this trial 
(35) showed complete clinical regressions for the first 4 
head and neck patients treated. After initial experience 
with 38 patients the dose was increased to 1.5 Gy per 
fraction to give a total of 54 Gy in 36 fractions over 12 
days. Updated results appear elsewhere in this issue. 

Several observations can be made concerning these 
published data. 1) Fractional doses of 2 Gy or more given 
3 times a day cannot be tolerated unless very small treat- 
ment volumes are used. 2) The total dose from which 
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acute reactions will heal is limited to no more than 55 Gy 
in 2 weeks depending on the size of dose per fraction; 
hence, the dose equivalent of regeneration must be high 
for a therapeutic gain to be realized. 3) Perhaps most 
significantly, accelerated schedules of type A are very 
similar to the first phase of the treatment regimen tested in 
the EORTC protocol No. 2281 1 .  This randomized study 
compared a standard continuous course of 70 Gy in 35 
fractions over 7 weeks with an accelerated split course 
consisting of 1.6 Gy 3 times a day to a dose of 48 Gy in 2 
weeks. The accelerated split-course was followed by a 
variable rest period (usually 3-4 weeks) and a subsequent 
boost (again with 1.6 Gy 3 times a day) to yield a total 
dose of 67.2-72 Gy in 6-7 weeks or longer, depending on 
the duration of the rest period. Interim results of this trial 
reported by VAN DEN BOGAERT & VAN DER SCHUEREN (45; 
personal communication) show no difference in 2-year 
actuarial local control rate or survival between the 2 
treatment arms. Given the result of this randomized 
study, none of the type A accelerated fractionation sched- 
ules so far proposed or piloted seem likely to yield better 
results than conventional therapy and further trials would 
seem unwarranted unless they are done in conjunction 
with kinetic measurements to select only the most rapidly 
regenerating tumors for entry. 

Accelerated split course schedules (type B).  Evolution 
of the fractionation schedule designated type B is found in 
the work of WANC et al. (50) and WANG (49). In 1979 these 
investigators substituted conventional once daily frac- 
tionation to total doses of -65 Gy in 7.5 weeks for head 
and neck cancer patients with a program designated 
‘b.Ld1q.d’. This program consisted of 2 fractions of 1.6 
Gy, with a minimum of 4 h between fractions, 5 days a 
week for 2.5 weeks (12 treatment days), a 2-week rest, 
and then once daily treatment with 1.8 Gy to reduced 
fields to a total dose of -65 Gy in a total of 7 weeks 
elapsed time. In August 1982, the b.i.d/q.d. schedule was 
changed into one designated ‘b.i.d./b.i.d.’ in which, after 
the rest period, patients resumed treatment with 1.6 Gy 
fractions given twice daily for 8-9 additional treatment 
days, resulting in a total dose of 64-67.2 Gy in 6 weeks 
elapsed time (1-1.5 weeks less than with standard once 
daily treatment). Comparison of the overall results of 
patients treated by either b.i.d. schedule with the historic 
controls treated prior to 1979 show a highly significant 
improvement in 3-year actuarial local control rates (68 vs. 
46%). Further analysis shows that the b.i.d./b.i.d. proto- 
col achieved superior results to the b.i.d./q.d. protocol. 
The authors attribute this to the reduced overall duration 
of the latter schedule. A note of caution must be ex- 
pressed in accepting this interpretation since the b i d -  
./b.i.d. patients were treated more recently and have, 
therefore, been followed for a shorter average time than 
the patients on the b.i.d./q.d. protocol. Furthermore, it 
must be pointed out that the overall duration of the 
b.i.d./q.d. protocol is hardly less than that of conventional 

q.d. fractionation, and it is difficult to ascribe the irn- 
proved results obtained in the first 3 years of the b i d .  
program to treatment acceleration. By the same token, 
one might explain the lack of benefit in the EORTC ran- 
domized study No. 2281 1 mentioned above to the fact that 
the average overall duration of treatment was identical in 
both the multiple-fraction-per-day and conventional treat- 
ment arms. 

Concomitant boost schedules (type C). The concorni- 
tant boost technique was pioneered at U.T. M.D. Ander- 
son Hospital and the results obtained in a series of 53 
patients with advanced squamous cell carcinoma of var- 
ious head and neck sites treated between 1972 and 1983 
were reported by KNEE et al. (18). The concomitant boost 
technique is a variant of accelerated fractionation in 
which the boost is delivered as a second daily fraction 
during the basic treatment course. By this means, the 
duration of treatment can be reduced by the time usually 
taken for the boost (1.5-2 weeks), In the series reported 
by KNEE et al., the patients were selected on the basis of 
documented rapid growth of either untreated or recurrent 
tumors including, in 12 patients, the appearance of gross 
recurrence before initiation of planned postoperative ra- 
diotherapy. In most cases, the concomitant boost was 
delivered in fractions of 1.2-1.5 Gy separated by 3-6 h 
from the basic daily treatment of 1.8-2 Gy. The boost 
treatments were given 2-3 times a week for 3-5 weeks to 
final total doses of 70-74 Gy in 6 weeks. In this unfavor- 
able treatment group, a 2-year local regional control rate 
of 65% prompted initiation of a randomized phase I1 
study in 1984 to evaluate 3 different schedules using the 
concomitant boost technique in patients with T2 or T3 
carcinomas of the oropharynx or nasopharynx. All 3 arms 
called for the delivery of a basic treatment dose of 54 Gy 
in 30 fractions of 1.8 Gy over 6 weeks. A concomitant 
boost was given either during the first two weeks of 
treatment, the last two weeks of treatment or evenly 
throughout the entire basic treatment to bring the total 
dose to 69-72 Gy, depending on tumor size. Different 
rationales can be advanced for delivery of the boost early 
or late in the basic treatment course. Delivery of the boost 
during the first two weeks of treatment results in a more 
rapid rate of tumor regression, and as demonstrated in the 
pilot study of KNEE et al. (18) will in nearly all cases arrest 
the growth of tumors that grow under therapy at 9-10 Gy 
per week. The probability of complete tumor regression 
by the end of treatment is enhanced, and this has been 
associated with improved ultimate tumor control (4). The 
major disadvantage of this schedule is that the risk of 
treatment interruption is greatest since the enhanced cell 
depletion of the mucous membranes attributable to the 
boost occurs during treatment. Another theoretical disad- 
vantage is that the boost is delivered, at least in part, 
before reoxygenation by volume regression has had a 
chance to take place. However, this is not a major con- 
cern since functional reoxygenation has been demonstrat- 
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ed experimentally within hours of radiation exposure 
without any volume changes (16, 43, 47). 

Delivering the boost during the last part of the basic 
treatment course has the greatest probability of insuring 
that the full dose will be given without treatment interrup- 
tion, even though an exacerbation of the acute reaction 
may be predicted following completion of therapy. More- 
over, since the regenerative response of the mucous mem- 
branes is already in full swing at the time of the boost, 
tolerance should be improved. For tumors that show re- 
gression during the basic course, a somewhat smaller 
boost volume may be possible. On the other hand, in 
tumors that regenerate rapidly a boost early in the course 
of treatment would be preferred. 

As of October 1986, 52 patients had been entered into 
this study. All patients completed the treatment without 
interruption, even though acute reactions have been, as 
expected, more severe than with conventional therapy. 
The feasibility of shortening the overall duration of treat- 
ment routinely by 1.5-2 weeks without reducing the total 
radiation dose has been confirmed and when the best of 
the schedules has been identified, a randomized study 
against conventional once-daily treatment will be under- 
taken. 

Hybrid split course-concomitant boost (Fig. 2) .  A new 
EORTC study has recently been activated by which a 
total tumor dose of around 72 Gy is delivered in 5-5.5 
weeks total time. According to this protocol, thrice daily 
fractions of 1.6 Gy are delivered over 6 treatment days 
followed by a 2-2.5 week split and a further 9 days of 
treatment with 1.6 Gy t.i.d. Radiation dose fractions are 
separated by a minimum of 4 h and the second treatment 
on each day is to the reduced volume boost field. The 
underlying rationale of this schedule is that the first 
course should stop just as the regenerative spurt in the 
mucous membranes is triggered into full swing to assure 
that the maximum amount of regeneration occurs during 
the split. The second part of the treatment is slightly 
larger than the first part since one can accept a rather 
more severe acute reaction after all the treatment has 
been delivered than during the split when a delay in 
healing will compromise the resumption of therapy. This 
protocol design offers a full 2-week reduction in overall 
treatment time without any reduction in total dose com- 
pared with a standard treatment regimen. It will, there- 
fore, provide a rigorous test of the importance of overall 
treatment time and the results of this trial are awaited with 
interest. To date a total of -100 patients have been ac- 
crued (Horiot J-C, personal communication, 1987). 

Conclusions 

There is strong clinical and radiobiological evidence 
that overall treatment time is an important determinant of 
the curability of certain human tumors. For patients with 
tumors having significant regenerative potential, protrac- 

tion of treatment to minimize acute radiation reactions is 
counterproductive and likely to contribute to treatment 
failure. Reducing overall treatment time by increasing the 
size of dose per fraction is also counterproductive in that 
the probability of severe late normal tissue injury is in- 
creased. Thus, there is a clear rationale for the use of 
accelerated fractionation regimens when one suspects or 
has evidence for high tumor regenerative potential. If 
accelerated fractionation is to be used, then the weight of 
clinical and radiobiological data would support schedules 
of the types B or C which do not compromise total dose 
rather than type A in which there is a tradeoff between 
total dose and overall time. Randomized studies to evalu- 
ate these strategies rigorously are to be encouraged. 

Due to increased acute toxicity with accelerated frac- 
tionation it would obviously be desirable to separate pa- 
tients whose tumors need to be treated rapidly from those 
in whom the time factor is less important. As indicated 
previously, the single best kinetic parameter on which to 
make this judgement is probably the potential doubling 
time of the untreated tumor. Until recently, the only 
method available to measure kinetic parameters was the 
use of radioactive precursors of DNA such as tritiated 
thymidine and autoradiography . This technique suffers 
several drawbacks in human tumor research. Firstly, its 
use is limited in uiuo by ethical considerations associated 
with administering a radioactive DNA precursor, and sec- 
ondly weeks must elapse before autoradiographs can be 
processed. Thus, studies using this technique have been 
restricted mainly to in uitro estimations of labeling index 
relating proliferative status to histopathology and clinical 
outcome (37). The development of monoclonal antibodies 
recognizing BrdU incorporated into DNA, and of flow 
cytometric techniques to measure simultaneously total 
DNA content and BrdU uptake (10) has created new 
possibilities for measuring human tumor cell kinetics in 
uiuo. It has recently been demonstrated by WILSON et al. 
(5 1) that sufficient labeling for flow cytometric analysis 
can be achieved by the intravenous injection of 500 mg of 
BrdU. Tumors are biopsied several hours after BrdU 
injection and estimates of potential doubling time can be 
obtained from analysis at a single time point (5). By 
performing studies of this type in conjunction with the 
randomized clinical studies needed to assess the merits of 
different accelerated fractionation schedules, it should 
ultimately be possible to integrate kinetic data with other 
parameters needed to recommend the best treatment ap- 
proach for individual patients (31). 
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