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The aim of the study was to examine the influence of overall treatment time (OTT) on the value of calculated biological effective doses
(BEDs) for different biological variables. These variables were: tumour proliferation rate, different cell radiosensitivity (o« =0.2, 0.3, and 0.4 /
Gy), and different start time for repopulation (Tk =21, 28, and 35 days). Also the influence of age ( < 50 years >), Hb level ( < 116 g/l >),
tumor proliferation rate (bromodeoxyuridine labelling index; BrdUrdLI), and DNA ploidy on survival after shorter ( < 60 days) or longer
(>60 days) OTT was investigated. The study included 229 patients with cervix carcinoma treated entirely by standard radiotherapy (RT)
(external beam RT plus low-medium dose-rate (LDR/MDR) brachytherapy (BT) at the Center of Oncology in Krakow. The linear quadratic
equation was used to calculate BED, which is proportional to log cell kill. BEDs 10 (for tumours) were calculated with consideration of OTT
for each patient and tumour proliferation rate (standardized potential doubling time; standardized Tpot) based on BrdUrdLlI assessed on
biopsy material before RT. Median OTT was 90 days (range 30—210). The mean calculated total BED for point A for tumour and ‘early
reactions’ was equal to 103.0 Gy10. The longest median survival time—52 months—was seen for patients treated with OTT < 60 days. If
OTT exceeded 90 days to more than 120 days, loss in BED10 for relatively radiosensitive tumours (o =0.3—0.4/Gy and Tk =28 days) was
equal to 0.37-0.26 Gy/day. However, for radioresistant tumours (a =0.2/Gy) it was 0.6 Gy/day. For fast proliferating tumours (BrdUrdLI
>8.8%) BED loss was 1.4 Gy/day and for slowly proliferating tumours (BrdUrdLI < 8.8%) it was 0.2 Gy/day. Assuming shorter (21 days)
or longer (35 days) periods for Tk and relatively radiosensitive tumours similar BED loss of 0.38 Gy/day was observed. Kaplan—Meier
analysis revealed that OTT < 60 days was a significant prognostic factor for overall survival (OS) (p =0.019), disease-free survival (DFS)
(p =0.0173), and local control (LC) (p =0.011). BED10 had significant influence on survival (p =0.047). Cox multivariate analysis revealed
that for OTT shorter than 60 days the only favourable significant parameters were: age >50 years (p =0.003) and high Hb level ( >116 g/)
(p =0.041). For longer treatments (OTT >60 days) the unfavourable parameters were: age < 50 years (p =0.037), BrdUrdLI < 8.8%
(p =0.003), tumour aneuploidy (p =0.043), and BED10 < 103 Gy (p =0.017). The examined tumour biological parameters should be taken
into account for RT and provide a basis for adjuvant RT.
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Radiation oncologists have suspected for many years that
prolongation of treatment time has an adverse effect on
radiation therapy (RT) outcome. However, it was not until
Denekamp (1) demonstrated compensatory proliferation in
the epithelium of the skin of mice—which accelerates
starting at 2 or 3 weeks after initiation of RT-—that
intensive studies of this problem began. Maciejewski et al.
(2) and Withers et al. (3) described clinical observations
documenting acceleration of repopulation of tumour cells
during fractionated RT. Fowler (4) also emphasized rapid
proliferation of malignant cells as an important factor
influencing tumour control probability. Recently decreasing
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control of irradiated uterine cervix tumours with prolonga-
tion of treatment time has been reported (5-9). Some
authors showed the influence of the overall time factor in
4- to 5-week treatments (6), while other authors could not
demonstrate it for 7-week overall treatment time (OTT)
(10).

There are at least four ‘time factors’ influencing the
response of normal tissues and tumours to fractionated
irradiation (11). Repair and redistribution across the cell
cycle take place over relatively short time intervals, and are
probably largely completed by the end of the approximately
daily fractionation intervals used in most standard RT
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schedules. These time factors have the greatest significance
for accelerated treatments in which fractionation intervals
are shortened in order to deliver two or more doses per day.
In contrast, reoxygenation and proliferation take place over
more protracted times, and have the potential to lead to the
largest differences in response after schedules of varying
durations. For this reason, the phrase ‘time factor’ is
currently most often used to refer to the effects of
repopulation.

Before the 1980s, this in RT—re-
population—was thought to have little clinical relevance
for the tumour response. This idea was based on the
observation that human tumours have long pretreatment
volume doubling times, with a median value of about
2 months (12). If this time factor continued during
treatment, it would be offset by a single dose fraction of
approximately 2 Gy, and therefore would have little
detectable influence on tumour control. It was found from
tumour cell kinetic studies, however, that proliferation after
the start of treatment could be significantly greater than
suggested and a large number of clinical studies have
reported a significant overall time effect, amounting to as
much loss of dose as about 1 Gy/day or 10% of local control
(LC) per week in some series (3, 13, 14).

‘time factor’

The optimal OTT for cervical cancer patients has not
been established. Neither has the influence of patient age
and tumour biological parameters (DNA ploidy, prolifera-
tion rate, or hypoxia) on overall survival (OS) of cervical
cancer (SCC) patients after RT given in shorter or longer
OTT been established.

The aim of the present study was to examine the influence
of some biological variables—such as proliferation rate,
different cell radiosensitivity (o =0.2, 0.3, and 0.4 /Gy)—
and OTT, on the value of calculated total biological
effective dose (BED 10). Also the influence of tumour
proliferation rate, DNA ploidy, and haemoglobin level on
OTT has been examined.

MATERIAL AND METHODS

Selection of patients

The patient population consisted of 229 patients with FIGO
stage IB—IIIB carcinoma of the cervix, treated 1987—-1999
with primary definitive RT at the Center of Oncology in
Krakow, Poland. Patients with incomplete treatments were
excluded from the analysis. There were 9 stage IB, 86 stage
ITA, 86 stage IIB, 2 stage IIIA, and 46 stage IIIB patients.
Ages were similar for each stage group and ranged from 27
to 80 years (median 52.5 years). The study was approved by
the Ethical Committee of the Center of Oncology, and each
patient had given written consent.
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Treatment

Detailed treatment descriptions have been given earlier (15).
Briefly, patients with stage IB—IIA SCC of the cervix had
three intracavitary applications—each of 13.9 Gy to point
A (**"Cs irradiation, Selectron LDR) separated by 4—5 day
intervals. After a 2- to 3-week break, external beam RT was
administered (40 or 50 Gy in 20 or 25 fractions for 4 to 5
weeks, fraction dose 2.0 Gy). For stages IIB—IIIB the
reverse RT schedule was applied—external beam being
applied prior to curie-therapy. After a 3-week break, curie-
therapy was administered as described above. Median OTT
was 90 days with a range from 30 to 210 days. Average OTT
was 89 days and 77.4% of the patients had completed their
RT within 90 days.

Predictive potential doubling time, bromodeoxyuridine
(BrdUrd) labelling index and DNA ploidy

In vitro incorporation of BrdUrd in tumour samples from a
biopsy was carried out according to the high-pressure
oxygen method. The BrdUrd staining procedure and flow
cytometry have been described in detail elsewhere (16). The
stained preparations were analysed with a FACS Calibur
flow cytometer (Becton Dickinson Immunocytometry Sys-
tems, Sunnyvale, CA, USA) and 10-20 x 10° events were
collected in each histogram. The BrdUrdLabelling index
(BrdUrdLI) was calculated as a percentage of BrdUrd-
labelled cells in a sample, which incorporated BrdUrd
during one hour of incubation at 37°C (with discrimination
of diploid subpopulation in aneuploid tumours). The
tumour ploidy was calculated from the DNA profile with
ModFit software running on a Macintosh computer. The
tumour ploidy was estimated by evaluating the DNA index,
i.e. the ratio of the modal DNA fluorescence of abnormal to
normal Gy cells. Aneuploidy was assessed in cases in
which the normal and neoplastic cell populations gave two
separate peaks. Human lymphocytes were used for the
reference peak.

Tpot was calculated on the basis of the following
formula: Tpot =ATs/BrdUrdLI, where A is a correction
factor for nonlinear distribution of cells in the cycle
(assumed 0.8), Ts is assumed to be an average time for the
duration of DNA synthesis in the cervix (15.8 hours), taken
from the literature (17), and the BrdUrdLI is the percentage
of S-phase cells that incorporated BrdUrd. This parameter
was calculated for each analysed patient, and based on
biopsy material taken before RT. This version of Tpot was
simply proportional to 1/LI, since Ts was always assumed to
be constant. It should be called a ‘nominal’ or ‘standar-
dized’ Tpot. We proposed this based on the results of linear
regression performed between Tpot and 1/LI, which yields
to the simple relation: Tpot =52.46/L1. Mean error estima-
tion was 1.3 days and correlation of determination was
0.977. Therefore, for example BrdUrdLI =8.8%, which
corresponds to Tpot =5.9 days.
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BED! calculations

Defining parameters chosen. The linear quadratic (LQ)
formula was used to calculate the BED to tumour (Gy10)
and rectum (Gy3) (18). The parameters used for calcula-
tions involving the tumour were o/f =10 Gy with o =0.3 +
0.1 Gy~ . For the rectum an o/B ratio of 3 Gy was used.
The Gy10 or Gy3 values of BED were calculated assuming
the o/p ratios to be 10 Gy and 3 Gy, respectively. BED for
the tumour (point A) was calculated according to the
following formula:

BED =nd [1 +d/(at/B)] — (Tp —Ty) In 2/(aTpot),

where n is the number of fractions of size d, o and B are the
parameters of the LQ model, Tk is the delay in proliferation
in tumours (‘kick-off time’ assume 28 days, or 21 or 35
days), Tpot is the potential doubling time of the tumour
clonogenic cells, assumed constant beyond the ‘kick-off
time’ Ty, and Tp is the duration of treatment considering
that the first fraction was given on day 0.

BED for late rectal external beam irradiation was
calculated according to the following formula:

BED3 =nd (1+d/a/B)
BED for brachytherapy

BED = Total Dose x (1+ R {1_ 1 (1_e—uT)})
p(o/B) uT

(19)

where R is dose rate in Gy/h, T is duration of irradiation (in
hrs), p-rate constant for DNA repair 0.46/h for the both late
effects and the tumour and early effects, where p =(In 2)/T1/
2, and T1/2=1.5 h (18, 20, 21).

Statistical analysis

All statistical analyses were performed by the program
STATISTICA version 5 (1997). OS, disease-free survival
(DFS), and pelvic LC were calculated according to the
actuarial method of Kaplan—Meier (22). Survival was
measured from the first day of treatment to death or last
follow-up. Patients who died of intercurrent disease, or who
were lost to follow-up, were censored. Patient age, Hb level,
tumour stage, BrdUrdLI, DNA ploidy, and OTT and
BEDI10 (for a=0.3/Gy, Tk =28 days) were the variable
factors analysed. Apart from tumour stage and DNA
ploidy, in univariate analysis minimal (the lowest) p-value
was used as cut-off point. Risk of death was determined by
Cox multiple regression analysis (23) for the whole series of
patients, and separately for those treated with OTT <60
days and OTT >60 days (minimal cut-off point). Compar-
ison of categorical variables was performed using the x>

1 tot BED =total BED Ex BED =external BED BT BED =
brachytherapy BED
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test. Statistical significance was considered with p-values of
less than 0.05 or 95% of significance.

RESULTS

Within the 10-year follow-up 89 (39.4%) out of 229 patients
were still alive and 114 (49.8%) had died from LC, or
metastasis. Ten patients (4.4%) had died from intercurrent
disease and 26 (11.5%) were lost to follow-up. The median
follow-up time was 30 months for all the analysable patients
and 70 months for the surviving patients. One hundred and
seventy-three patients had no metastases and median
survival time 36 months, while those with metastasis (56)
lived a median time of 18 months. One hundred and
seventy-eight patients (78.8%) were locally controlled with
a median time of 48 (range 4—132) months, and 51 (22.6%)
patients were without LC (median survival time 9 months)
(15).

Treatment factors for the whole series have been pub-
lished before (15). We now studied the influence of different
biological variables (see Material and Methods). The mean
BEDI0 for external beam RT (exBED) and assumed
medium tumour radiosensitivity (o =0.3/Gy) was 27.0 Gy,
and for the late effects (exBED3) it was equal to 80.4 Gy
(15). However, 24 (10.5%) out of 229 analysed patients
apparently had no benefit from external beam RT, because
their biological effective doses calculated for the tumours
(exBED10) were negative (mean value = —3.9 Gy) due to
their long OTT. Actually in these cases the OTT was very
long (from 80 to 180 days) and these 24 patients had very
fast proliferating tumours (mean standardized Tpot =2.8
days). The mean value of standardized Tpot for the whole
analysed group (229 patients) was 6.8 days and ranged from
1.4 to 75 days (SD =7.4 days).

The mean BED10 for brachytherapy (BT) alone was 77.0
Gy, and for late effects (BED3) it was 150.0 Gy. Therefore,
mean BEDs for total treatment with the two modalities
were 103.0 Gy, and 229.0 Gy, for totBED10, and totBED3,
respectively. The number for BED10 was obtained when we
assumed Tk =28 days, o =0.3/Gy, and considered the
estimated standardized Tpot based on direct measurements
of LI in each patient. This BED10 value was used for the
further analysis. We also calculated BED for different o
values (0.2 and 0.4/Gy) and different Tk (21 and 35 days).
The mean values for different BEDs are given in Table 1.

The mean OTT was 89 days (median 90 days and range
30 to 210 days). One hundred and seventy-five (76.4%) out
of 229 patients were treated with an OTT of 90 days. The
most relevant reasons for extending the treatment time
were: equipment failure, holidays, scheduling variations in
treatment style, poor patient compliance, treatment com-
plications, tumour complications, delayed intracavitary or
over 2 intracavitaries, and parametrial boosts. The mean
prolongation in treatment time was 40 days (range 0—131).
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Table 1

Biologically effective doses calculated for different cell radiosensitivity and different starting times assumed for tumour cell repopulation (Tk)

Variable Overall survival Biologically effective doses (Gy)
n Mean Median Inter-quartile
Range

TotBEDI10 (o =0.3 /Gy, Tk =28 days) 229 103.0 105.2 35.7
TotBEDI10 (o =0.2 /Gy, Tk =28 dys) 229 87.6 92.9 44.7
TotBEDI10 (o =0.4 /Gy, Tk =28 days) 229 110.7 112.2 33.0
TotBEDI10 (o =0.3 /Gy, Tk =21 days) 229 99.4 102.3 37.1
TotBEDI10 (a2 =0.3 /Gy, Tk =35 days) 229 106.7 109.8 34.2
TotBED3 229 229.0 235.2 121.7

The longest median survival time—52 months—was
observed for patients treated with short OTT ( < 60 days).
In patients treated with OTT >60 days < 90 days, >90
days < 120 days, and >120 days, the survival figures were
27, 32, and 32 months, respectively, and were all shorter. All
patients receiving RT with OTT >60 days survived
approximately equally badly.

In the linear quadratic model we assumed for radio-
sensitive tumours o =0.4/Gy, for relatively radiosensitive
ones o =0.3/Gy, and for radioresistant ones o =0.2/Gy. We
used Tk of 21, 28, or 35 days for the start of repopulation.
At OTT >90 days to >120 days, loss in early/tumour
biological dose (BED10) was calculated to be from 107.2 to
77.9 Gy (29.3 Gyl10 difference, Table 2). Almost the same
magnitude of loss in BED was calculated assuming a Tk of
21, 28 or 35 days (Table 2). However, a higher loss in
BEDI10 (39.2 Gy) was calculated for more radioresistant
tumours (o =0.2/Gy) than for those with o =0.3/Gy, for
the same OTT interval. For more radiosensitive tumours

(0 =0.4/Gy) a lower loss in BEDI10 than for the more
radioresistant tumours, with an increase of OTT beyond
120 days, was calculated: 24.2 Gyl0. For fast proliferating
tumours (BrdUrdLI >8.8%) BEDI10 loss was equal to 1.4
Gyl/day and for slowly proliferating tumours (BrdUrdLI
< 8.8%) it was only 0.2 Gy/day. Stage III tumour patients
received no higher biological doses than stage I-II ones.
This was nearly true for each OTT compartment. For OTT
>120 days the calculated BED loss for stage III tumours
was the highest (25.6 Gy) in comparison with I-II tumours
(76.1 Gy).

Univariate analysis. A significant influence of tumour
size on DFS was shown in our series of patients. Stage [-1I
patients had significantly (p =0.004) better DFS than those
with more advanced tumours (stage I1I). However, tumour
stage had no significant influence on overall survival
(p =0.287) or tumour local control (p =0.398).

Kaplan—Meier analysis examining the correlation be-
tween OTT and patients’ survival revealed that patients with

Table 2
Relationship between OTT and BEDI10, calculated for different biological parameters

Overall treatment time (OTT)

BEDtotal <60 days

>60 <90 days

>90 <120 days >120 days

o =0.2/Gy
Tk =28 days
BEDI10

o =0.3/Gy
Tk =28 days
BEDI10

o =0.4/Gy
Tk =28 days
BEDI10

o =0.3/Gy
Tk =21 days
BEDI10

o =0.3/Gy
Tk =35 days
BED10

@nhoe.l  (134)' 92.1

103.7 107.2

107.6 114.7

100.1 103.9

107.41 110.91

"Number of patients analysed.

43)' 74.5 ants2.9

96.0 71.9
106.7 90.4
92.5

99.47 80.63
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Fig 1. The influence of OTT ( < 60 days >) on OS (A), DFS (B),
and LC (C) for the whole series of 229 cervical SCC patients treated
with RT alone. The relative number of patients surviving in each
subgroup is given in parentheses.

a short treatment time < 60 days achieved better OS
(p=0.019), DFS (p=0.017), and LC (p =0.011) (Fig. la,
b, c, respectively). Patients treated with longer OTT did
worse and approximately equally so at all the OTTs >60
days. The data reveal that only shorter OTTs, < 60 days,
were beneficial for survival (Fig. la, p=0.019). This was
also true for DFS (Fig. 1b, p =0.017) and pelvic LC (Fig.
lIc, p=0.011). When we considered the influence of age and
Hb level on OTT, we could see that younger patients ( < 50
years) survived equally badly after shorter and longer OTTs
(p =0.655). Also for patients with Hb < 116 g/l OTT was
not important and patients showed equally poor survival
when treated with shorter or longer OTTs (p=0.742).
However, older patients (>50 years) did better after
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Table 3

Prognostic value of clinical and biological parameters in cervical
carcinoma in a univariate analysis

Parameter p-value for 60 days < OTT >60 days
Overall DFS Local
survival control

Patient’s age

<50 years 0.655 0.876 0.622

>50 years 0.002! 0.009! 0.007!
Hb level

<116 g/l 0.742 0.809 0.622

>116 g/l 0.005" 0.003! 0.007"

Tumours

Diploid 0.449 0.144 0.816

Aneuploid 0.014! 0.036 0.000"

BrdUrdLI

<8.8% 0.020' 0.016' 0.129
>8.8% 0.261 0.215 0.026"

'Survival significantly worse for patients treated with OTT >60
days.

OTT <60 days (p=0.002), (Table 3, Fig. 2a). Also
patients having Hb >116 g/l survived significantly better
after shorter treatments (OTT < 60 days) than those after
longer treatments (Fig. 2b). OTT >60 days was signifi-
cantly worse also for patients with slowly proliferating
(BrdUrdLI < 8.8%; p=0.013) (Fig. 2c¢) and aneuploid
tumours (p =0.014), (Fig. 2d, Table 3). The negative
influence of OTT >60 days was observed not only for
OS but also for DFS and LC (Table 3). Higher BED10
applied was beneficial for survival (p =0.047) (15). Patients
receiving higher BED10 than the mean—103 Gy—had
higher OS.

Multivariate analysis. Multivariate regression analysis
performed on the whole series of patients showed that the
following variables were significant for the risk of death: age
>50 years (p =0.002), Hb level >116 g/l (p =0.041), fast
proliferation of tumour cells (p=0.004), DNA ploidy
(p =0.040), and BED10 >103 Gy (p=0.013) (Table 4).
Tumour stage was not a statistically significant variable in
this series (p =0.550). In the Cox analysis for DFS
important parameters were: age (p =0.010), tumour pro-
liferation (p =0.006), and BED10 (p =0.013). The following
parameters were significant for LC: tumour proliferation
(p=0.033), OTT (p =0.020), and DNA ploidy (p =0.042)
(Table 4). As in the univariate analysis OTT was a
significant prognostic factor, and therefore we performed
Cox analysis separately for shorter and longer OTT. For
shorter treatments the favourable significant parameters
were age >50 years (p=0.003) and higher Hb level
(p =0.041; Table 4). However, for longer treatments the
unfavourable parameters were: age <50 years (p =0.037),
BrdUrdLI < 8.8%  (p=0.003), tumour aneuploidy
(p=0.043) and BED10 < 103 Gy (p =0.017; Table 4).
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Fig. 2. Negative biological factors for the survival of cervical SCC patients treated with long OTT (> 60 days): age ( >50 years; A), Hb level
(>116 gfl; B), slow tumour proliferation rate (BrdUrdLI < 8.8%; C), and tumour aneuploidy (D).

DISCUSSION

For the present series of patients it was shown previously
that ExXBED10 alone had less influence on survival than the
BT BEDI10 or tot BED10 (15). Patients who were treated
with Ex BED10 >27.0 Gy10 did not exhibit better 10-year
survival (p =0.712). However, patients treated with BT at
BEDI10 >77.0 Gyl0 (p =0.008) had a higher incidence of
long-term survival in comparison with patients treated with
lower doses (15). The size of total BED for ExRT plus
BTRT influenced the results of treatment. Patients treated
with tot BED10 >103.0 Gyl0 had a higher survival rate
than those treated with lower doses (p =0.045) (15).

We analysed the influence of OTT on BED. Patients
treated with OTT < 60 days had better OS, DFS, and LC.
In our earlier study young age ( < 50 years), slow prolifera-
tion of tumour cells (16) and low Hb level (24) were negative
factors for survival. In that study OTT was not considered.
In the present study we were able to show by Cox analysis
that only young age ( < 50 years) and Hb >116 g/l were
significant factors for patients receiving shorter treatments
(OTT < 60 days). Surprisingly, tumour proliferation had
no impact for short treatments. The analysis showed the
following unfavourable parameters for longer treatments:
age (< 50 years), slow tumour proliferation (BrdUrdLI
< 8.8%), tumour aneuploidy, and BED10 <103 Gy.

The size of BED10 only had no influence on pelvic LC. If
OTT lasted from >90 days to >120 days, a loss in
biological dose (BED10) from 107.2 to 77.9 Gy (29.2
Gy10 difference) was observed. Nearly the same magnitude
of loss in BEDs was calculated for Tk of 21, 28, and 35 days.
Calculation of BEDI10 revealed that if OTT exceeded 90
days to 120 days, loss in biological dose for relatively
radiosensitive tumours (« =0.3/Gy) was equal to 0.26-0.32
Gy/day. For radioresistant tumours (o =0.2/Gy), however,
it was 0.6 Gy/day. The o values were taken from the
literature. We think that pretreatment assessment of in-
herent radiosensitivity of tumour cells might be helpful in a
clinical setting and would allow for more accurate BED
calculations. The usefulness of radiosensitivity assessment
has already been indicated by West et al. (25).

When we calculated BED loss for treatments longer than
120 days—separately for slowly (standardized Tpot >5.9
days or BrdUrdLI < 8.8%) and fast proliferating (standar-
dized Tpot < 5.9 days or BrdUrdLI >8.8%) tumours—
then the dose appeared to be significantly higher for fast
proliferating (1.4 Gy/day) than for slowly proliferating
(0.2 Gy/day) tumours, based on our model. This would
imply that the faster tumours should be more resistant in
general. However, in reality, the observed fast tumour
response was more sensitive than predicted by the model.
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Table 4

Overall survival by Cox multivariate analysis for cervical cancer patients treated with radiotherapy alone (final results). Model 1 for 229 patients
treated within the whole range of OTT. Model 2 for patients treated with shorter (OTT <60 days) and longer treatments (OTT >60 days)

All OTT survival

Variable RR 95% CI p-value
Model 1

Patient age

<50 years 1.72 1.22-2.44 0.002

>50 years 1.00 Reference

Hb

<116 g/l 1.52 1.02-2.22 0.041

>116 g/l 1.00 Reference

BrdUrdLI

<8.8% 1.75 1.19-2.56 0.004

>8.8% 1.00 Reference

Tumour

Diploid 1.00 Reference

Aneuploid 1.44 1.02-2.05 0.040

BED10

<103 Gy 1.53 1.10-2.27 0.013

>103 Gy 1.00 Reference

OTT

<60 days 1.00 Reference

>60 days 1.50 0.93-2.62 0.091
Model 2 OTT <60 days

Patient age

<50 years 5.88 1.81-20.00

>50 years 1.00 Reference 0.003

Hb

<116 g/l 2.86 1.04-7.69

>116 g/l 1.00 Reference 0.041

OTT >60 days

Patient age

<50 years 1.49 1.02-2.17 0.037

>50 years 1.00 Reference

BrdUrdLI

<8.8% 1.89 1.25-2.86 0.003

>8.8% 1.00 Reference

Tumour

Diploid 1.00 Reference

Aneuploid 1.47 1.01-2.14 0.043

BED10

<103 Gy 1.61 1.09-2.38 0.017

>103 Gy 1.00 Reference

It is generally assumed that the main reason for poor
results of extended RT is the accelerated repopulation of
clonogenic cells surviving irradiation. Cell loss is an
important factor in tumour regression, and it is not clear
how soon after starting treatment spontaneous cell loss falls
to low values. According to Fowler and Lindstrom (26), it
can occur either when three or four fractions of 2 Gy have
been delivered or when the tumour has shrunk (1 or 2 weeks
from start of RT for carcinomas). The study by Tan et al.
(27) performed on cervical SCC demonstrates that the

exponential tumour volume regression commences during
the first week of teletherapy and that the tumour volume
regression rate can range from 0.6% per day to 20.7% per
day.

Evidence of ‘accelerated repopulation’ in clinical head
and neck cancer data sets was first deduced by Maciejewski
et al. (2) and later by Withers et al. (3). It was suggested by
Withers et al. (3) that the phenomenon may commence
approximately 4 weeks after conventionally fractionated RT
starts and may proceed at a rate sufficient to offset 0.6 Gy
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of the daily dose delivered. Much discussion has then been
devoted to the questions of whether a decrease in tumour
cell doubling time during RT occurs or whether changes in
growth fraction and cell loss factor simulate an apparent
acceleration in repopulation (28). If the repopulation rate in
cervical cancer does increase at around 21-28 days after
starting external beam RT, due to changes in cell loss factor
or in growth factor, then, as suggested (19), BT should
ideally be performed at around this time because cells would
be more sensitive.

In general, more extensive tumours are given necessarily
longer OTTs and they have a higher local failure rate. A
greater total dose used (and in particular the large
intracavitary dose) may overcome a greater proportion of
accelerated clonogen proliferation. However, heterogeneity
of repopulation in tumours may cause a disparity in the
tumour response. If significant heterogeneity exists this will
dilute the OT effect in large groups of patients (6). Indeed,
in the cervix we observe a wider range of values for Tpot or
BrdUrdLI than for other tumours (i.e. head and neck
tumours).

Investigators interpret their data on OTT using various
methods of linear regression analysis, specifying the results
in terms of the percentage decrease in OS or LC per day.
These models assume that each additional day, from the
normal length of treatment onwards, has the same effect on
outcome. However, none of the studies provides enough
data to justify this linearity assumption (29). Keane et al.
(30) were the first to present a report where the time factor
in cervix SCC was shown (for stages I and II 0.7% per day
and for stages IIl and IV <1.2% per day of decreased pelvic
LC). Fyles et al. (6) demonstrated the adverse effect of
increased duration on pelvic LC in 830 patients with SCC
treated with RT alone. Loss of tumour control approxi-
mated 1% per day of treatment prolongation beyond 30
days. Lanciano et al. (31), in an analysis of 837 patients
>66.0 Gy, also reported a highly
significant decrease in pelvic tumour LC and survival with
prolongation of treatment times from 6 weeks or less to 10
weeks (p =0.000). In the study of Petereit et al. (8) survival
at 5 years decreased by 0.6% (confidence interval 0.17—0.98)
and pelvic control by 0.7% (confidence interval 0.20—1.27),
respectively, for each additional day of treatment beyond 55
days. Girinsky et al. (7) in a study of 386 stage IIB—III
patients treated with RT (45 to 50 Gy whole pelvis and 10
Gy intracavitary curietherapy), also observed loss of LC
and OS when the treatment time exceeded 52 days. In the
Girinsky study (7), the 10-year local recurrence-free survival
rate decreased rapidly when OTT was extended from 52 to
>62 days. A 1.1% loss of pelvic LC per day was observed in
their regression analysis, similarly to our results and those
of Perez et al. (32). Recently, Ferrigno et al. (5) have shown
that OTT with 45 Gy to the whole pelvis combined with 4

treated with doses
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fractions of 6 Gy with HDR BT is an effective and safe
fractionation schedule, if realized in 50 days.

To summarize, we can state that the overall time factor in
cervical SCC treatment is very important. We believe that it
is essential to initiate RT as soon as possible and complete it
as quickly as acute tolerance allows. For conventional RT
with MDR BT an overall time of 50—60 days for OTT seems
to be reasonable. In our instance, the response was better
when RT started with BT (p =0.252). This finding, however,
may be connected to lower tumour stage rather than to
sequence of the treatment. Continuous low dose rate BT has
an advantage of tumour overkill occurring very close to the
radiation sources, while more distant normal structures are
preserved (33). Irradiation of normal tissues at lower dose
rates than of the tumour allows additional radiobiological
dose sparing. Short treatments of only a few days limit the
repopulation of tumour clonogens during treatment, re-
gardless of cell cycle check point blocks. Therefore, we
probably have better results after BT than after external
beam RT. However, in the cervix, OTT has a less
pronounced effect than for the head and neck tumours
(3, 34).

Cox analysis showed that tumour proliferation is not
important for short OTT ( < 60 days). This may perhaps in
part explain why in many studies performed previously,
with short OTT, the significance of tumour proliferation
rate was not obtained. However, this result is in contra-
diction to the Tsang et al. (35) study, which indicated that
the lower tumour proliferation rate in the cervix was a
prognostic factor for patients treated with OTT < 70 days
(median 45 days). We obtained different results for longer
treatments (OTT >60 days)—slow tumour proliferation
was a negative prognostic factor. In our series of patients
the only statistically important parameters for short OTT
remains age >50 years and Hb level.

A better cell redistribution at OTT < 60 days may cause
a higher incidence of apoptosis after irradiation. Another
explanation for better tumour response (see Dale and Jones,
19), could be that fast proliferating tumours shrink faster
than slowly proliferating ones. More tumour cells will then
be reached by higher doses from the implant. This effect
would counteract the effect of repopulation. However, we
also observed better survival for patients with slowly
proliferating tumours treated with short OTT. It seems
that the element of BT in treatment improves the RT results
independently of tumour proliferation status, as we have
observed a significant influence of BT dose and not external
beam dose on survival (15).

Our data confirm the current concept of tumour response
to RT (36), saying that slowly proliferating tumours might
have a greater propensity to recruit cells (from GO phase)
into rapid cycle response to treatment. Rapidly proliferating
cells, on the other hand, have little reserve capacity for
further accelerating their cell cycle. Our study also confirms



Acta Oncologica 43 (2004)

the current opinion that the LI might be a better prognostic
factor than Tpot (37). Begg, Haustermans et al. (37)—
although they found that Tpot had no significant correla-
tion to clinical outcome—demonstrated that LI was well
correlated. Our data also support the Chappell and Fowler
(38) suggestion on the analysis of Tpot value in clinical data
sets. They have proposed using an inverse scale (1/Tpot)
model for Tpot analysis. This formulation may be impor-
tant, because LI is directly proportional to proliferation
rate, while Tpot loses precision at short Tpots. Using this
concept we have shown a correlation between 1/LI and
standardized Tpot and we can show that 1/Tpot can give a
good correlation with outcome, because LI with a ‘constant
Ts’ is exactly proportional to the reciprocal of Tpot.

We indicate further improvements in RT results by
assessment of such parameters as: age, Hb level, tumour
proliferation, and DNA ploidy. We suggest these because, in
our series, survival of younger patients was equally poor
after shorter (< 60 days) or longer (>60 days) OTT.
However, older patients ( >50 years) survived significantly
better after shorter OTTs than after longer treatments. A
higher Hb level was also important for survival when OTT
was < 60 days. However, OTT longer than 60 days was
detrimental for patients with aneuploid or slowly prolifer-
ating tumours (BrdUrdLI < 8.8%), and for those treated
with BED10 <103 Gy. Therefore, we can suggest that the
above-mentioned biological parameters should be taken
into account before RT and provide a basis for adjuvant
treatments.
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