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● Biology Contribution

PULSE FREQUENCY IN PULSED BRACHYTHERAPY
BASED ON TISSUE REPAIR KINETICS

PETER SMINIA , PH.D., CHRISTOPH J. SCHNEIDER, PH.D., KEES KOEDOODER, PH.D.,
GEERTJAN VAN TIENHOVEN, M.D., PH.D., LEO E. C. M. BLANK , M.D. AND

DIONISIO GONZÁLEZ GONZÁLEZ, M.D., PH.D.

Academic Medical Center, University of Amsterdam, Department of Radiotherapy,
PO Box 22700, 1100 DE Amsterdam, The Netherlands

Purpose: Investigation of normal tissue sparing in pulsed brachytherapy (PB) relative to continuous low-dose
rate irradiation (CLDR) by adjusting pulse frequency based on tissue repair characteristics.
Method: Using the linear quadratic model, the relative effectiveness (RE) of a 20 Gy boost was calculated for
tissue with ana/b ratio ranging from 2 to 10 Gy and a half-time of sublethal damage repair between 0.1 and 3 h.
The boost dose was considered to be delivered either in a number of pulses varying from 2 to 25, or continuously
at a dose rate of 0.50, 0.80, or 1.20 Gy/h.
Results: The RE of 20 Gy was found to be identical for PB in 25 pulses of 0.80 Gy each h and CLDR delivered
at 0.80 Gy/h for any a/b value and for a repair half-time > 0.75 h. When normal tissue repair half-times are
assumed to be longer than tumor repair half-times, normal tissue sparing can be obtained, within the restriction
of a fixed overall treatment time, with higher dose per pulse and longer period time (time elapsed between start
of pulsen and start of pulsen 1 1). An optimum relative normal tissue sparing larger than 10% was found with
4 pulses of 5 Gy every 8 h. Hence, a therapeutic gain might be obtained when changing from CLDR to PB by
adjusting the physical dose in such a way that the biological dose on the tumor is maintained. The normal
tissue-sparing phenomenon can be explained by an increase in RE with longer period time for tissue with high
a/b ratio and fast or intermediate repair half-time, and the RE for tissue with low a/b ratio and long repair
half-time remains almost constant.
Conclusion: Within the benchmark of the LQ model, advantage in normal tissue-sparing is expected when
matching the pulse frequency to the repair kinetics of the normal tissue exposed. A period time longer than 1 h
may lead to a reduction of late normal tissue complications. This theoretical advantage emphasizes the need for
better knowledge of human tissue-repair kinetics. © 1998 Elsevier Science Inc.

Continuous low-dose rate brachytherapy, Pulsed brachytherapy, Normal tissue sparing, Kinetics of repair.

INTRODUCTION

Pulsed brachytherapy (PB) for interstitial or intraluminal
irradiation is a likely successor of continuous low-dose rate
(CLDR) brachytherapy, where multiple stationary radioac-
tive sources are generally applied. By changing from con-
tinuous to pulsed irradiation, however, choices regarding
the period time and the dose per pulse have to be motivated
and made. Recent publications on PB describe its clinical
application for a boost dose, as well as for a full irradiation
course, with a period time of 1 h and a dose per pulse
between 0.40 and 1.00 Gy (Table 1). Three of the eight
institutes cited in Table 1 applied pulses. 1.00 Gy at a
period time longer than 1 h.

PB irradiation with a period time of 1 h is considered to be
biologically equivalent to CLDR for both early and late effects

(10). However,in vivo laboratory data comparing the biolog-
ical effects of PB with CLDR are scarce. In the guinea pig,
both early and late skin reaction were not distinguishable
between CLDR and an hourly pulsed-irradiation regimen (11).
Equivalence was reported for cataract induction in the rat eye
after exposure to 15 Gy CLDR at 0.62 Gy/h, pulsed irradiation
with 0.6 Gy pulses every h, and 2.15 Gy pulses every 4 h (12).
For late rectal toxicity in the rat, biological equivalence was
demonstrated for PB irradiation with pulse doses up to 1.5 Gy
at a period time of 2 h and CLDR at a dose rate of 0.75 Gy/h;
toxicity increased with increasing pulse dose and a longer
period time (13). An advantage of PB over CLDR was re-
ported in a rodent tumor model (14).

In HDR brachytherapy, generally one single or a few
large fractions are given, with intervals between the frac-

Reprint requests to: Peter Sminia, Ph.D., Academic Medical
Center, University of Amsterdam, Department of Radiotherapy,
P.O. Box 22700, 1100 DE Amsterdam, The Netherlands.
Acknowledgements—The authors thank Prof. J. F. Fowler, Ph.D.,

D.Sc. for discussion and critical reading of the manuscript and
Mrs. A. van der Graaff for editing.

Accepted for publication 29 December 1997.

Int. J. Radiation Oncology Biol. Phys., Vol. 41, No. 1, pp. 139–150, 1998
Copyright © 1998 Elsevier Science Inc.
Printed in the USA. All rights reserved

0360-3016/98 $19.001 .00

139



tions exceeding 6 h (15–17). At equal physical dosage,
HDR yields a potential increase in biological effectiveness
compared to CLDR. If aiming at an equivalent biological
dose on late-responding normal tissue, the physical dose has
to be reduced. With time intervals between the HDR frac-
tions long enough for complete repair of sublethal damage,
the repair capacity, reflected in thea/b value, is the only
tissue parameter discriminating in biological effectiveness
between different tissues for the same physical dose and
fractionation. With time intervals shorter than 6 h in frac-
tionated HDR however, the biological effect may be influ-
enced by tissue-repair kinetics as well. CLDR irradiation
can be considered as superfractionation with infinitesimal
fraction dose and time intervals approaching zero. Hence,
the biological effect of CLDR is, except for tissue-repair
capacity, greatly determined by its repair kinetics.

PDR afterloaders allow a free choice of the overall treat-
ment time, period time, and pulse dose. Nevertheless, in
most modeling studies, the biological equivalence between
PB and CLDR has been investigated for a restricted set of
biological and physical parameters, particularly with regard
to the number of pulses and period time (Table 2).

In the present study, radiobiological model calculations
were performed for replacement of a 20 Gy CLDR boost by
a PB regimen, within the benchmark of a fixed overall
treatment time. Then, the period time and dose per pulse are

coupled variables. The relative effectiveness was investi-
gated for tissues with different repair capacity and repair
kinetics over a range of these variables and, therewith, the
number of pulses.

METHODS AND MATERIALS

Definition of terms
For physically and biologically relevant terms and abbre-

viations throughout this paper, the following definitions
were used (Fig. 1):

N5total number of pulses deliv-
ered

D5total physical dose
dose/pulse,Dp5D/N

pulse time,Tpulse5time during which the dose
of one pulse is delivered

period time,Tperiod5time elapsed between start of
pulse n and start of pulse
n 1 1

overall treatment time,OTT5time between start of pulse 1
and end of pulseN

T1/25halftime for repair of suble-
thal damage

a/b ratio5repair capacity

Table 1. Clinical practice in pulsed brachytherapy: period time, total dose, and dose per pulse

Institute, authors Period time Total dose (Gy) Dose per pulse (Gy)

Heidelberg, Germany, Fritzet al. (1) 1.25 h 20–30, two courses 1.00
Kiel, Germany, Kova´cs et al. (2, 3) 2 h (5 pulses/day) 20 1.00
Sydney, Australia, Yuileet al. (4) 1 h or 30 min 5–70 radical: 0.40–0.50;

palliative: 1.00–2.50
Paris, France, Mazeronet al. (5) 1 h various 0.40–0.90
Rotterdam, Netherlands, Levendaget al. (6) 3 h 20 (boost)–70.5 (full course) 1.00, 1.50, or 2.00
Copenhagen, Denmark, Roedet al. (7) 1 h 25.2 0.60
San Francisco, USA, Swiftet al. (8) 1 h various 0.40–0.85
Toronto, Canada, McLean (9) 1 h 20–45 0.50–0.69

Table 2. Biological and physical parameters studied in CLDR and PB model calculations

Biological parameters Physical parameters

Normal tissue:
Late effects

Tumor/Normal tissue:
Early effects

a/b (Gy) T1/2 (h) a/b (Gy) T1/2 (h)
Total

dose (Gy)
CLDR Dose
rate (Gy/h)

Period
time (h)

Number of
pulses

Brenner and Hall (10) 3.4–4.1 0.65, 1.55* 0.4–20.9 0.02–5.27 30 0.50 '0–60 `–2
0.41 3.5†

Fowler and Mount (18) 3 0.1–3 10 0.1–3 70 0.50 1, 2, 3, 4 140, 70, 46.7, 35
Brenneret al. (19) 4 0.5, 4 10 0.5 60 0.50 3, 4 41, 16
Visseret al. (17) 3‡ 0–5 10‡ 0–5 23.2, 69.3 0.50 3 11–51
Popet al. (20) 3 0.1–4 10 0.1–4 65–70 0.30–0.50 1, 3 90, 18
Millar et al. (21) 1–3 0.5, 1* 10 0.1, 1, 5 24, 70 0.50 1, 2, 4, 8 140, 70, 35, 18

0.151 5†

Present study 3§ 0.1–3 10§ 0.1–3 20 0.50, 0.80, 1.20 0.8–39.3 30–2

* Mono-exponential repair kinetics;†Biexponential repair kinetics;‡Range 1–20 Gy;§Range 2–10 Gy.
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Radiobiological model
The biological effect of irradiation can be expressed in

terms of biologically effective dose (BED) and relative
effectiveness (RE), whereRE is the factor relating theBED
to the physical doseD, according to the equation:

BED 5 RE z D [Gy] (Eq. 1)

RE was calculated using the equations given below, based
on the linear quadratic model for conditions of incomplete,
monoexponential repair (22–25) for continuous irradiation
with dose rate D˙ :

RECLDR 5 1 1 2 z
1

a/b
z

T1/2

ln(2)
z Ḋz Fc(T1/2, OTT) (Eq. 2)

for pulsed irradiation:

REPB 5 1 1 2 z
1

a/b
z

T1/2

ln(2)
z

Dp

Tpulse
z Fp(T1/2, OTT, N), (Eq. 3)

where Fc and Fp are modifying factors between 0 and 1
expressing the influence of repair kinetics:

m 5
ln(2)

T1/2
[h21] (Eq. 4)

Fc 5 1 2
1

m z OTT
z (1 2 e2NzOTT) (Eq. 5)

Fp 5 1 2
1

N z m z Tpulse
z (N z Y 2 S z Y2) (Eq. 6)

Y 5 1 2 e2m z Tpulse (Eq. 7)

S5
K

(1 2 K z Z)2 z (N z (1 2 K z Z) 2 1 1 KN z ZN) (Eq. 8)

K 5 e2mz(Tperiod2Tpulse) (Eq. 9)

Z 5 e2mzTpulse (Eq. 10)

Calculations
Both RECLDR and REPB depend on the tissue-repair ca-

pacity with RECLDR,TUM andRECLDR,NTexpressing the rel-
ative effect of CLDR on early-responding normal tissue and
tumor, and late responding normal tissue, respectively.
When PB is considered,REPB,TUM andREPB,NTare defined
analogously.RECLDR was calculated fora/b ratios ranging
from 2 Gy to 10 Gy and repair half-times ranging from 0.1
to 3.0 h. This was done for a CLDR dose rate of 0.50 Gy/h,
which is the value most frequently cited in the literature
(Table 2), and for 0.80 Gy/h, which represents the average
dose rate over 200 patients irradiated for breast carcinoma
in our institute over the past decade. With the same tissue-
repair assumptions,REPB was calculated for PB irradiation
schemes with 2 to 25 pulses.

Using the RE definitions given, the relative change in
tissue RE when switching from CLDR to PB can now be
expressed as the ratioREPB/RECLDR. This ratio was calcu-
lated, with the 0.80 Gy/h CLDR scheme as a reference, for
two different PB regimens and tissues witha/b values
between 2 to 10 Gy. Selectinga/b values of 3 and 10 Gy,
REPB/RECLDR merely represents (REPB/RECLDR)NT and
(REPB/RECLDR)TUM, which are the relative changes in RE
for normal tissue and tumor, respectively.

In clinical practice, the goal of newly designed irradiation
schemes often is a simultaneous increase of both normal
tissue sparing and tumor control. To determine how the
number of pulses in PB schemes can contribute to achieve
this goal, we investigated the simultaneous influence of the
number of pulses between 2 and 25 on (REPB/RECLDR)NT

and (REPB/RECLDR)TUM. First, REPB,NT andREPB,TUM were
calculated for each particular value of repair half-time and,
subsequently, divided by the correspondingRECLDR,NTand
RECLDR,TUM.

To investigate the change in the relationship of normal
tissue RE to tumor RE when switching from CLDR to
PB at fixed physical dose, the behavior of the ratio
(REPB/RECLDR)NT/(REPB/RECLDR)TUM was determined in
its dependency on the number of pulses. In addition, this
term was also calculated while adjusting the physical
dose to keepREPB,TUM equal toRECLDR,TUM.

Assumptions
Cell proliferation was not taken into account because the

overall treatment time was restricted to a maximum of 40 h.
The time for delivery of 1 Gy was assumed to be 0.075 h
(i.e., for a total dose of e.g., 20 Gy, the product ofN and
Tpulsewas fixed at 1.5 h). The biological parametersa/b and
T1/2 and the physical parameters CLDR dose rate, number

Fig. 1. Schematic illustration of terms “period time,” “pulse time,”
and “overall treatment time” used in the present study.
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of pulses, period time, and total dose used in radiobiological
modeling are presented in Table 2.

RESULTS

Relative effectiveness of CLDR vs. PB: the influence of
the a/b ratio and repair half-time

Table 3 illustrates the influence of the repair parame-
ters on the RE for different treatment regimens. A total
dose of 20 Gy was assumed to be applied continuously at
a dose rate of 0.50 Gy/h, 0.80 Gy/h or in 25 pulses of 0.8
Gy, or 8 pulses of 2.5 Gy (Table 3). For all treatment
regimens, the RE increases with increasing T1/2 and
decreasinga/b value.

Elevating the dose rate from 0.50 Gy/h to 0.80 Gy/h, the
RE increases. This change in RE is greater, the longer the
T1/2 and the lower thea/b ratio (Table 3). Table 3 also
displays the ratio of RE for continuous exposure at 0.80
Gy/h over 0.50 Gy/h to clearly illustrate that variations in
a/b ratio and T1/2 only matter for lowa/b values and long
repair half-times.

However, when comparing a PB regimen of 25 pulses
(Table 3) with a regimen of 8 pulses, the greatest differ-
ence in RE is found for tissue with a short repair half-
time. For example, with 25 pulses, RE values for tissue
with an a/b value of 3 Gy are 1.73 at T1/2 5 1 h, 2.86 at
T1/2 5 3 h, and 1.22 and 1.56 at ana/b of 10 Gy,
respectively (Table 3). With 8 pulses, the RE at ana/b
value of 3 Gy amounts to 1.93 at T1/2 5 1 h and 2.84 at
T1/2 5 3 h and, respectively, 1.28 and 1.55 at ana/b of
10 Gy (Table 3).

Hence, for longer period times, the RE of a tissue with
T1/2 of 3 h remains constant, and the RE for tissue with
shorter T1/2 of, for example, 1 h shows an increase. This
effect is illustrated in Table 3, which shows the ratio on RE
of a regimen with 8 pulses over a regimen with 25 pulses.
The RE ratio of a tissue with long T1/2 is almost independent
on the number of pulses or length of the period time (ratio5
1), but increases for tissue with short or intermediate T1/2

(ratio . 1). This means that a relative normal tissue sparing
of, for example, 10% (0.99 of 1.10) can be obtained when,
instead of 25 pulses of 0.8 Gy every h, 8 pulses of 2.5 Gy
every 3.4 h are delivered to normal tissue witha/b ratio of
3 Gy and T1/2 of 3 h and to tumor with ana/b ratio of 10
Gy and a T1/2 of 0.5 h.

The number of pulses as a function of the repair half-time
The (REPB/RECLDR)NT for normal tissue (a/b ratio of 3

Gy) and the (REPB/RECLDR)TUM for tumor (a/b ratio of
10 Gy) for application of 20 Gy in a fixed overall treat-
ment time of 25 h in 25, 12, 8, or 4 pulses are plotted as
a function of repair half-times between 0.1 and 3 h (Fig.
2A–D). If 25 pulses of 0.8 Gy are applied with a period
time of about 1 h, theREPB/RECLDR is equal to 1, unless
repair half-times are shorter than 0.75 h (Fig. 2A). When
assuming a longer T1/2 for normal tissue than for tumor,
the ratio (REPB/RECLDR)NT / (REPB/RECLDR)TUM only

slightly deviates from unity. However, with a smaller
number of pulses, the steepness ofREPB/RECLDR as a
function of the repair half-time increases for both normal
tissue and tumor (Figs. 2A–D). Hence, by reducing the
pulse frequency, the ratio (REPB/RECLDR)NT / (REPB/
RECLDR)TUM becomes less than unity if normal tissue T1/2

is longer than tumor T1/2. For normal tissue with a T1/2 of
3 h (X in Fig. 2) and tumor with a T1/2 of 1 h (e in Fig.
2), these ratios decrease with increasing period times:
0.98, 0.96, 0.92, and 0.87, respectively, after 25 pulses of
0.8 Gy, 12 pulses of 1.67 Gy, 8 pulses of 2.5 Gy, or 4
pulses of 5 Gy.

The influence of variations in thea/b ratio on REPB/
RECLDR is shown in Table 4. With a period time of 1 h, PB
has a slight advantage over CLDR (ratio, 1) at low a/b
ratio and long T1/2 and is equivalent to CLDR at higha/b
ratio and intermediate T1/2 (Table 4). With a period time of
3.4 h, however, the slope ofREPB/RECLDR over the range of
a/b values, as well as T1/2, increases. Hence, a therapeutic
gain might be obtained if normal tissues with lowa/b ratio
do have a long T1/2 of 2–3 h and tumors with higha/b ratio
do have a T1/2 , 1.5 h (Table 4).

Number of pulses in a fixed overall treatment time
Table 5 shows the RE of late-responding normal tissue

and of early-responding normal tissue or tumor irradiated
with 20 Gy in 2 to 25 pulses as a function of T1/2.

The table shows: (a) The gradient of RE over 4 to 25
pulses at fixed T1/2 is greater for a tissue with ana/b ratio
of 3 Gy than for a tissue with ana/b ratio of 10 Gy. For
example, with a T1/2 of 1 h, the RE gradient (4 vs. 25 pulses)
is 1.47 ata/b ratio of 3 Gy, whereas this gradient is 1.20 at
a/b ratio of 10 Gy. (b) On the other hand, the gradient of RE
over the number of pulses at fixeda/b ratio is also depen-
dent on the T1/2: it is greater in the range of 0.1 to 1 h than
in the range of 1.5 to 3 h. The ratio of PB over CLDR at a
dose rate of 0.80 Gy/h for normal tissue and tumor is also
presented in Table 5. Equivalence between PB and CLDR
(i.e., (REPB/RECLDR)NT and (REPB/RECLDR)TUM equal to
1.00,) is obtained with a large number of pulses and long
T1/2, whereas the ratios become. 1 with a small number of
pulses and short T1/2.

The number of pulses in the PB regimen
The ratio (REPB/RECLDR)NT / (REPB/RECLDR)TUM as func-

tion of the number of pulses is presented in Figs. 3–5 for
three different situations:

For a fixed physical dose given in a fixed overall treat-
ment time (Fig. 3).Irradiation with 20 Gy in 25 h in only
2 to 12 pulses will lead to a relative increase in normal
tissue damage (ratio. 1) for PB in case of an equal T1/2

of 1 h for tumor and normal tissue. However, when
assuming a T1/2 of 2 h for normal tissue, it is relatively
spared with regard to CLDR irradiation due to a relative
decrease in the ratio of RE (Table 5). This phenomenon
is even more pronounced assuming a longer T1/2 of 3 h
for normal tissue, but still a T1/2 of 1 h for the tumor (Fig.
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Table 3. Relative effectiveness RE for different alpha/beta ratios and repair half-times

Alpha/Beta (Gy) Repair half-time (h)

0.1 0.25 0.5 1 1.5 2 3

Continuous irradiation CLDR at 0.50 Gy/h in 40 h
2 1.07 1.18 1.35 1.70 2.02 2.34 2.93
3 1.05 1.12 1.24 1.46 1.68 1.89 2.29
4 1.04 1.09 1.18 1.35 1.51 1.67 1.96
5 1.03 1.07 1.14 1.28 1.41 1.54 1.77
6 1.02 1.06 1.12 1.23 1.34 1.45 1.64
7 1.02 1.05 1.10 1.20 1.29 1.38 1.55
8 1.02 1.04 1.09 1.17 1.26 1.33 1.48
9 1.02 1.04 1.08 1.15 1.23 1.30 1.43

10 1.01 1.04 1.07 1.14 1.20 1.27 1.39
CLDR at 0.80 Gy/h in 25 h

2 1.11 1.28 1.56 2.09 2.58 3.04 3.86
3 1.08 1.19 1.37 1.73 2.05 2.36 2.91
4 1.06 1.14 1.28 1.54 1.79 2.02 2.43
5 1.05 1.11 1.22 1.44 1.63 1.82 2.15
6 1.04 1.09 1.19 1.36 1.53 1.68 1.95
7 1.03 1.08 1.16 1.31 1.45 1.58 1.82
8 1.03 1.07 1.14 1.27 1.40 1.51 1.72
9 1.03 1.06 1.12 1.24 1.35 1.45 1.64

10 1.02 1.06 1.11 1.22 1.32 1.41 1.57
Ratio CLDR (0.80 Gy/h)/CLDR (0.50 Gy/h)

2 1.04 1.09 1.15 1.23 1.28 1.30 1.32
3 1.03 1.06 1.11 1.18 1.22 1.25 1.27
4 1.02 1.05 1.09 1.15 1.18 1.21 1.24
5 1.02 1.04 1.07 1.12 1.16 1.18 1.21
6 1.01 1.03 1.06 1.11 1.14 1.16 1.19
7 1.01 1.03 1.05 1.09 1.12 1.15 1.17
8 1.01 1.03 1.05 1.08 1.11 1.13 1.16
9 1.01 1.02 1.04 1.08 1.10 1.12 1.15

10 1.01 1.02 1.04 1.07 1.09 1.11 1.13

Pulsed irradiation 25 pulses of 0.8 Gy
2 1.35 1.42 1.62 2.09 2.56 3.00 3.80
3 1.23 1.28 1.42 1.73 2.04 2.33 2.86
4 1.18 1.21 1.31 1.55 1.78 2.00 2.40
5 1.14 1.17 1.25 1.44 1.62 1.80 2.12
6 1.12 1.14 1.21 1.36 1.52 1.67 1.93
7 1.10 1.12 1.18 1.31 1.45 1.57 1.80
8 1.09 1.11 1.16 1.27 1.39 1.50 1.70
9 1.08 1.09 1.14 1.24 1.35 1.44 1.62

10 1.07 1.08 1.12 1.22 1.31 1.40 1.56
8 pulses of 2.5 Gy

2 1.85 2.06 2.16 2.40 2.72 3.08 3.76
3 1.56 1.71 1.78 1.93 2.15 2.38 2.84
4 1.42 1.53 1.58 1.70 1.86 2.04 2.38
5 1.34 1.42 1.47 1.56 1.69 1.83 2.11
6 1.28 1.35 1.39 1.47 1.57 1.69 1.92
7 1.24 1.30 1.33 1.40 1.49 1.59 1.79
8 1.21 1.26 1.29 1.35 1.43 1.52 1.69
9 1.19 1.24 1.26 1.31 1.38 1.46 1.61

10 1.17 1.21 1.23 1.28 1.34 1.42 1.55
Ratio (8 p. of 2.5 Gy)/(25 p. of 0.8 Gy)

2 1.37 1.45 1.33 1.15 1.07 1.03 0.99
3 1.27 1.33 1.25 1.12 1.05 1.02 0.99
4 1.21 1.26 1.21 1.10 1.05 1.02 0.99
5 1.17 1.22 1.17 1.09 1.04 1.02 0.99
6 1.15 1.19 1.15 1.07 1.04 1.02 0.99
7 1.13 1.16 1.13 1.07 1.03 1.01 0.99
8 1.11 1.14 1.12 1.06 1.03 1.01 1.00
9 1.10 1.13 1.11 1.05 1.03 1.01 1.00

10 1.09 1.12 1.10 1.05 1.03 1.01 1.00

A total dose of 20 Gy was assumed to be delivered in 25 h either continuously at 0.80 Gy/h, or pulsed in 8 or 25 pulses. For comparison,
RE for continuous irradiation at 0.50 Gy/h and overall treatment time of 40 h is also shown.
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3). An optimum in normal tissue sparing (5 . 10%
relative to the tumor) is then found with 3 to 6 pulses in
25 h (i.e., pulse doses between 6.67 and 3.33 Gy).

For a fixed overall treatment time, but with reduced
physical dose, according to equal tumor BED (Fig. 4).
When delivering 20 Gy in less than 12 pulses, the ratio
(REPB/RECLDR)NT / (REPB/RECLDR)TUM might exceed 1.05 (at
equal T1/2 of 1 h for both tissue types, Table 5). The increase
in RE for tumor tissue with decreasing number of pulses
requires, therefore, physical dose reduction to maintain a con-
stant tumor control probability (i.e., (REPB/RECLDR)TUM 5
1.00). Figure 4 shows that, applying dose reduction, the ratio
(REPB/RECLDR)NT / (REPB/RECLDR)TUM decreases, leading to a

deeper nadir (as in Fig. 3) than without dose reduction. The
(REPB)NT of normal tissue with a repair half-time of 3 h is 81%
of (RECLDR)NT if 3 pulses of 5.4 Gy are given (total physical
dose of 16.3 Gy) and it is 87% with 4 pulses of 5 Gy.

For a fixed physical dose and different overall treatment
time. Figure 5 shows the ratio (REPB/RECLDR)NT / (REPB/
RECLDR)TUM as a function of the number of pulses with PB
relative to CLDR at a dose rate of 0.50, 0.80, and 1.20 Gy/h
(i.e., 40-, 25-, or 16.7-h exposure time for application of 20
Gy). With increasing CLDR dose rate and, thus, decreasing
duration of exposure, the PB advantage is increasing and
reached with fewer pulses. For example, the nadir of 0.92 is
found after irradiation with 5 to 7 pulses relative to CLDR

Fig. 2. The (REPB/RECLDR) as a function of the repair half-time. A total dose of 20 Gy was assumed to be delivered in
25 h either in pulses with different period times or continuously at a dose rate of 0.80 Gy/h (A–D). The ratio for normal
tissue with a repair half-time of 3 h (X), (REPB/RECLDR)NT, and tumor with a repair half-time of 1 h (e), (REPB/
RECLDR)TUM, is given in the text.
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with 0.50 Gy/h compared to 0.87 with 4 pulses relative to
CLDR with 0.80 Gy/h.

DISCUSSION

Tissue-repair capacity
Tissue-repair capacity (thea/b ratio) used in this study

(i.e., 3 Gy for late effects and 10 Gy for early and tumor
effects) are those generally accepted and used in radiobio-
logical modeling (Table 2). The values ofa/b for early and
late reactions in human normal tissues are consistent with
those obtained from animal experiments (26). For human
tumors however,a/b ratios are more variable than in ani-
mals. High values were reported for malignancies of head
and neck, lung, skin, and cervix, but low values for mela-
nomas and liposarcomas (26).

Tissue-repair kinetics
It is still a matter of debate whether or not the rate of

repair of sublethal radiation damage is different between
early- and late-reacting normal tissue (27). Repair half-
times for various normal animal tissues range from 0.3 to
2.1 h, with a tendency to slightly longer T1/2 for late effects
(28). Recovery in human tissues might be slower than in
rodents (26). From the equality in effects between CLDR
and PB irradiation of rat lens, it was concluded that the
repair of sublethal damage in this late-responding tissue is
quite slow (12). Hyperfractionated radiotherapy for ad-
vanced head and neck malignancies resulted in a significant
increase in late effects in patients irradiated with interfrac-

tion intervals less than 4.5 h, compared to those irradiated
with intervals exceeding 4.5 h (29). The dissociation of
acute effects and tumor control from late effects suggest
shorter T1/2 for early-responding normal tissue and tumor
than for late-responding normal tissue (30). A range of
estimated values for tissue repair half-times that were de-
rived by fitting clinical data of CLDR brachytherapy and
conventional external-beam radiotherapy has been de-
scribed recently (20). For tumor and early-responding nor-
mal tissue, T1/2 most probably lies between 0.2 and 1 h and,
for late effects, between 1 and 3 h.

For several normal tissues, it has been proposed that the
kinetics of repair of sublethal damage may be mathemati-
cally described more precisely by a biphasic fit of the data,
but the information is too diffuse yet for generalization. For
moist desquamation of the epidermis of pig skin, a biexpo-
nential fit of the data resulted in an estimation of the repair
half-times of 0.2 h for the fast component and 6.6 h for the
slow component of repair (31, 32). The proportion of the
contribution of the fast component was estimated to be 33%
(31). However, when applying a monoexponential fit, a T1/2

value of 1.5 h was achieved. Both early and late skin
response in humans had an estimated fast component of
repair with a T1/2 of about 25 min (33). The slow component
for the early effect had an estimated T1/2 of about 75 min
and, for the late effect, this was about 250 min. The con-
tribution of both components of repair was estimated to be
50%. Analysis of rodent spinal cord data revealed that a
biexponential repair model did fit significantly better than
the monoexponential model (34). Repair half-times were

Table 4. Ratio ofREPB/RECLDR for different alpha/beta ratios and repair half-times

Alpha/Beta

(Gy)

Repair half-time (h)

0.1 0.25 0.5 1 1.5 2 3

PB (25 pulses of 0.8 Gy)/CLDR (0.80 Gy/h)
2 1.21 1.11 1.04 1.00 0.99 0.99 0.98
3 1.15 1.08 1.03 1.00 0.99 0.99 0.98
4 1.11 1.06 1.03 1.00 0.99 0.99 0.99
5 1.09 1.05 1.02 1.00 0.99 0.99 0.99
6 1.08 1.04 1.02 1.00 0.99 0.99 0.99
7 1.07 1.04 1.02 1.00 1.00 0.99 0.99
8 1.06 1.03 1.01 1.00 1.00 0.99 0.99
9 1.05 1.03 1.01 1.00 1.00 0.99 0.99
10 1.05 1.03 1.01 1.00 1.00 0.99 0.99

PB (8 pulses of 2.5 Gy)/CLDR (0.80 Gy/h)
2 1.66 1.60 1.39 1.15 1.06 1.01 0.97
3 1.45 1.43 1.29 1.12 1.05 1.01 0.98
4 1.35 1.34 1.24 1.10 1.04 1.01 0.98
5 1.28 1.28 1.20 1.09 1.04 1.01 0.98
6 1.24 1.24 1.17 1.08 1.03 1.01 0.98
7 1.20 1.20 1.15 1.07 1.03 1.01 0.98
8 1.18 1.18 1.13 1.06 1.03 1.01 0.99
9 1.16 1.16 1.12 1.06 1.02 1.01 0.99
10 1.14 1.15 1.11 1.05 1.02 1.00 0.99

A total dose of 20 Gy was assumed to be delivered in 25 h either continuously at 0.80 Gy/h or pulsed in 8 or 25 pulses.
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0.7 h and 3.8 h, with the proportion of injury repaired by the
longer half-time estimated to be 62%. However, after
CLDR irradiation of rat spinal cord, data did fit better in a
monoexponential than in a biexponential repair model, T1/2

being 1.76 h (35). Comparison of calculated and experimen-
tally obtained data on repair kinetics in the mouse lip
mucosa after continuous and fractionated low-dose rate
irradiation also indicates that the available incomplete
monoexponential repair models are applicable (36). Short
repair half-times were reported for cell lines derived from a
variety of human tumors (10, 37). In a series of human

cervix carcinoma cell lines, these ranged from 0.26 up to
5.7 h (38). Because repair half-times of human tissues are
not well known, the present model calculations did include
a range of 0.1 to 3 h.

Pulse frequency
A few large pulses and a period time of approximately 4–12

h are calculated to be of therapeutic advantage (the nadir in
Figs. 3 and 4) for the situation that normal tissue repair half-
time is longer than tumor repair half-time. Such a theoretically
preferential PB scheme with a few large pulses approaches

Table 5. A total dose of 20 Gy was assumed to be delivered in 25 h inN pulses with a cumulative irradiation time of 1.5 h and pulse
dose of (20/N) Gy

# Pulses

Pulse
dose
(Gy)

Repair half-time (h)

0.1 0.25 0.5 1 1.5 2 3

Relative effectiveness RE as function of the number of pulses and repair half-time
Late-responding normal tissue:a/b 5 3Gy

2 10.00 2.04 2.86 3.43 3.82 3.98 4.06 4.16
3 6.67 1.92 2.47 2.79 2.99 3.07 3.14 3.32
4 5.00 1.83 2.21 2.41 2.54 2.63 2.75 3.04
5 4.00 1.74 2.03 2.17 2.28 2.40 2.56 2.92
6 3.33 1.67 1.89 2.00 2.11 2.27 2.47 2.88
8 2.50 1.56 1.71 1.78 1.93 2.15 2.38 2.84
12 1.67 1.42 1.50 1.57 1.80 2.07 2.34 2.84
18 1.11 1.31 1.36 1.46 1.75 2.04 2.33 2.85
25 0.80 1.23 1.28 1.42 1.73 2.04 2.33 2.86

4 p/25p 1.48 1.72 1.70 1.47 1.29 1.18 1.06
Early-responding tissue/tumor:a/b 5 10 Gy

2 10.00 1.31 1.56 1.73 1.85 1.89 1.92 1.95
3 6.67 1.28 1.44 1.54 1.60 1.62 1.64 1.70
4 5.00 1.25 1.36 1.42 1.46 1.49 1.52 1.61
5 4.00 1.22 1.31 1.35 1.38 1.42 1.47 1.58
6 3.33 1.20 1.27 1.30 1.33 1.38 1.44 1.56
8 2.50 1.17 1.21 1.23 1.28 1.34 1.42 1.55
12 1.67 1.13 1.15 1.17 1.24 1.32 1.40 1.55
18 1.11 1.09 1.11 1.14 1.22 1.31 1.40 1.56
25 0.80 1.07 1.08 1.12 1.22 1.31 1.40 1.56

4 p/25p 1.17 1.26 1.27 1.20 1.14 1.09 1.03

Ratio of RE of PB over CLDR at 0.80 Gy/h
Late-responding normal tissue:a/b 5 3 Gy

2 10.00 1.89 2.40 2.49 2.22 1.94 1.72 1.43
3 6.67 1.79 2.08 2.03 1.73 1.49 1.33 1.14
4 5.00 1.70 1.86 1.76 1.47 1.28 1.16 1.04
5 4.00 1.62 1.71 1.58 1.32 1.17 1.09 1.00
6 3.33 1.55 1.59 1.45 1.22 1.11 1.05 0.99
8 2.50 1.45 1.43 1.29 1.12 1.05 1.01 0.98
12 1.67 1.32 1.26 1.14 1.04 1.01 0.99 0.98
18 1.11 1.22 1.14 1.06 1.01 1.00 0.99 0.98
25 0.80 1.15 1.08 1.03 1.00 0.99 0.99 0.98

Early-responding tissue/tumor:a/b 5 10 Gy
2 10.00 1.28 1.47 1.55 1.52 1.44 1.36 1.24
3 6.67 1.25 1.36 1.38 1.31 1.23 1.17 1.08
4 5.00 1.22 1.29 1.28 1.20 1.13 1.08 1.02
5 4.00 1.20 1.24 1.21 1.14 1.08 1.04 1.00
6 3.33 1.17 1.20 1.17 1.10 1.05 1.02 0.99
8 2.50 1.14 1.15 1.11 1.05 1.02 1.00 0.99
12 1.67 1.10 1.09 1.05 1.02 1.00 1.00 0.99
18 1.11 1.07 1.05 1.02 1.01 1.00 0.99 0.99
25 0.80 1.05 1.03 1.01 1.00 1.00 0.99 0.99
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currently applied fractionated HDR irradiation within a short
overall treatment time. Adjusting the physical dose of PB to
achieve a tumor control probability equal to CLDR, normal
tissue sparing can be obtained (Fig. 4).

The explanation for the relatively increased normal tissue
sparing, provided that normal tissue T1/2 is more than twice
the T1/2 of tumor, can be found in the RE. The change of RE
with decreasing number of pulses is dependent on the T1/2

of the exposed tissue (Table 5). At fixeda/b ratio, the
change of RE with increasing dose per pulse is greater, the
shorter the T1/2. This phenomenon is similar to the depen-
dency of RE on the dose rate for a 2 Gypulse as described
by Fowler (39: Figs. 1 and 2). He showed that, for one tissue
at a fixeda/b ratio of 3 Gy, the relative increase in RE with
increasing dose rate in the pulse is higher with a T1/2 of
0.5 h than with a T1/2 of 1.5 h, leading to relatively more
sparing of the tissue with the longer T1/2. The ratio (REPB)NT

/ (REPB)TUM for normal tissue with ana/b ratio of 3 Gy and
T1/2 of 2–3 h and tumor with ana/b ratio of 10 Gy and T1/2

, 1.5 h, will show even more advantages of a higher dose
per pulse. However, if normal tissue and tumor have equal
T1/2 of 1 h, even with a dose reduction of 5–20% for equal
tumor control, normal tissue complications will increase
with decreasing number of pulses (Fig. 4).

Regarding the uncertainty about repair half-times in
human tissue, an intermediate pulse frequency (e.g., 12
pulses of 1.67 Gy every 2.3 h) might be preferential (Fig.
2B). For replacement of a 20 Gy CLDR boost, no reduc-
tion of the total dose in PB is required, but a discrimi-
native effect can be obtained between tissues with dif-
ferent repair half-times. With a longer T1/2 for normal

tissue than for tumor, such regimens would relatively
spare normal tissue, which might be substantial, with a
quite steep normalized dose–response gradient for late
effects (40). The beneficial effect with long T1/2 for
normal tissue relative to the tumor cannot be exploited in
CLDR irradiation or in PB with a period time of 1 h (Fig.
2A, Table 4). But, even in case of equal repair half-times

Fig. 3. The ratio (REPB/RECLDR)NT / (REPB/RECLDR)TUM as a
function of the number of pulses. A boost dose of 20 Gy was
assumed to be delivered in 25 h, either inN pulses with 20 Gy/N
dose per pulse or continuously at a dose rate of 0.80 Gy/h. Tumor
repair parameters:a/b 5 10 Gy and T1/2 5 1 h. Late-responding
normal tissue repair parameters:a/b 5 3 Gy and T1/2 5 1 h (—),
2 h (....), 3 h (- - - -).

Fig. 4. Top: The ratio (REPB/RECLDR)NT / (REPB/RECLDR)TUM as a
function of the number of pulses. The physical dose was reduced
to maintain a constant biological dose on the tumor. The overall
treatment time was 25 h and the dose rate 0.80 Gy/h for the
continuous exposure. Tumor and early-responding normal tissue
repair parameters:a/b 5 10 Gy and T1/2 5 1 h. Late-responding
normal tissue repair parameters:a/b 5 3 Gy and T1/2 5 1 (1), 2
(•), or 3 h (�). Bottom: The number of pulses in 25 h in relation
to the period time, the total physical dose, and dose per pulse.
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for normal tissue and tumor, an increase in normal tissue
complications would be limited. However, if tumors have
long T1/2 and late-responding tissue short T1/2, a consid-
erable therapeutic loss would be obtained. In PB irradi-
ation of tissue with short repair half-times in the order of
a few min, the dose per pulse should be restricted to
avoid PB/CLDR ratios of increased effect (41).

The theoretical variation in therapeutic gain in HDR
gynecological implants relative to CLDR implants was
studied by Sahooet al. (42). Using a fixeda/b ratio and a
limited range of repair half-times they derived specific
conditions for which a therapeutic gain would be obtained if
the tumor repair half-time were shorter than that of normal
tissue. However, it was assumed that normal tissue dose was
only a fraction of the tumor dose (42).

With HDR afterloader, due to the high source activity, it
is technically difficult to accurately apply doses, 2 Gy,
because dwell times would become shorter than 1 s. With
dwell times adjustable in tenths of a s, the dose can only be
varied in steps of more than 10%. The HDR afterloader,
thus, does not allow free choice of a desired pulse dose.
With PB, however, in which the source activity is about 10
times lower and, hence, dwell times a few s per Gy, an
appropriate dose distribution and reliable dose delivery can
be obtained.

Using the assumptions given in Table 2, Millaret al. (21)
demonstrated that, for maintenance of biological equiva-
lence between PB and CLDR, a dose reduction would be
required with decreasing number of fractions from 140 to 18
for delivery of 70 Gy. The great influence of tissue-repair
kinetics on the biological effect in four different pulse
schemes was also discussed in their paper. A treatment
regimen with two pulses of higher dose, one at the begin-

ning and one at the end of the pulse scheme, might be
another option to improve the therapeutic gain (19). A
regimen with different pulse doses cannot yet be defined as
a single treatment in presently available commercial plan-
ning software.

In radiobiological modeling studies, a restriction was
made to specific tissue parameters (Table 2). The present
calculations consider, however, a variation of repair half-
times and repair capacity of tissues, as well as the influ-
ence of the number of fractions. This allowed us to
clearly distinguish the combination of parameters that
cause significant changes in RE from those that only
marginally influence RE (Tables 3–5). In addition, three
different dose rates were considered (i.e., a range in
overall treatment time), reflecting the actual CLDR clin-
ical practice.

The overall treatment time
Generally, PB is considered for replacement of CLDR

brachytherapy. Biological effects of PB are, therefore,
often compared to those after CLDR irradiation with
equal overall treatment time. Because of decaying source
activity, patients treated with a new LDR source are
irradiated at higher dose rates than patients treated later
with the same source, leading to a range in dose rates and,
hence, exposure times (43, 44). Analysis of our own
patient data showed a dose rate ranging from 0.35 to 1.20
Gy/h (mean 0.80 Gy/h). The 0.50 Gy/h dose rate gener-
ally used in radiobiological modeling (Table 2) does not
cover the actual range of dose rates used in clinical
treatment. The dose rate and treatment duration in CLDR
experience might explain the variation in the dose per
pulse and overall treatment time, leading to institute-
specific PB treatment regimens (Table 1). The choice of
the CLDR “reference,” however, influences the favorable
number of pulses and amount of normal tissue sparing
that might be obtained in pulsed exposure (Fig. 5).

Extension of the overall treatment time in PB compared
to CLDR, by increasing the period time while keeping the
dose per pulse constant, might be another option to spare
late-responding normal tissue (17). However, except for a
potential disadvantage by tumor cell repopulation, hospital
implantation times have to be extended (45) and, conse-
quently, clinical treatment capacity will decrease.

CONCLUSION

With a high number of pulses in PB, its biological effect
will equal CLDR. Pulsed brachytherapy, however, offers
the possibility of choosing a period time that is matched to
the repair half-time of the tissues exposed. In the design of
treatment protocols aiming for a therapeutic gain with
pulsed brachytherapy, repair characteristics for both the
target tissue and unavoidably involved normal tissues, as
well as the currently used CLDR dose rate, ought to be
considered.

Fig. 5. The ratio (REPB/RECLDR)NT / (REPB/RECLDR)TUM as a
function of the number of pulses. A boost dose of 20 Gy was
assumed to be delivered in 16.7 h (—), 25 h (......), or 40 h
(- - - - -), either in 2 to 25 pulses or continuously at a dose rate of,
respectively, 1.20, 0.80, and 0.50 Gy/h.

148 I. J. Radiation Oncology● Biology ● Physics Volume 41, Number 1, 1998



REFERENCES

1. Fritz, P.; Hensley, F. W.; Berns, C.; Schraube, P.; Wannen-
macher, M. First experiences with superfractionated skin ir-
radiations using large afterloading molds. Int. J. Radiat. On-
col. Biol. Phys. 36:147–157; 1996.
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