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Abstract

Purpose: To perform a multicentre intercomparison study of treatment concepts for MRI assisted brachytherapy of
cervix cancer based on recommendations of the Gynaecological GEC-ESTRO Working Group.

Methods: Each participating centre (IGR Paris, University Hospital Leuven, Medical University of Vienna) contributed
data of one patient with comparable clinical features. GTV, High Risk CTV (HR CTV), Intermediate Risk CTV (IR CTV) and
organ walls of bladder, rectum and sigmoid colon were delineated at the time of each brachytherapy fraction on axial MR
images with the applicator in place. Dose-volume histograms were calculated to evaluate doses to tumour, target volumes
and organs at risk. Dose values were biologically normalised to equivalent doses in 2 Gy fractions (EQD,, equivalent to
50 cGy/h low dose rate) applying the linear-quadratic model.

Results: Total doses to point A from external beam therapy plus brachytherapy ranged from 85 to 91 Gy and were close
to the dose covering 90% of HR CTV (D90=85-87 Gy). D90 of IR CTV was within 69-73 Gy. Doses to organs at risk were
comparable.

Conclusions: This study indicates the feasibility of the GEC-ESTRO recommendations. Despite different treatment

concepts, biologically normalised total doses to tumour, target volumes and organs at risk were comparable.
© 2006 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 78 (2006) 185-193.
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For the treatment of cancer of the uterine cervix
intracavitary brachytherapy plays an essential role. Differ-
ent schools have been evolved representing different
treatment techniques [14]. ICRU Report 38 [21] provided a
uniform method for reporting intracavitary brachytherapy in
gynaecology. However, since publication of ICRU Report 38
in 1985 significant progress has been achieved in several
fields [2,15,36]. High dose rate and pulsed dose rate '?Ir
stepping sources were introduced, resulting in different dose
rate and fractionation schedules compared to the classical
low dose rate based ?*°Ra and '*’Cs techniques. Several
studies have shown a significant influence of applied dose
rates on local control and side effects [16,17,32,34,40]. CT/
MR imaging and 3D image assisted treatment planning were
introduced into clinical routine in several centres enabling to
conform the dose distribution to the target volume and to

anatomical positions of organs at risk [5,10,14,19,24,26-
30,35,38,43-45].

Methods and materials
Intercomparison of treatment concepts

The presented study was performed based on recent
recommendations from the Gynaecological GEC-ESTRO
Working Group for reporting 3D sectional image assisted
brachytherapy of cervix cancer [18,39] with three centres
participating in this GEC-ESTRO Group (Institut Gustave
Roussy Paris, University Hospital Gasthuisberg Leuven,
Medical University of Vienna). These three centres represent
three traditions of intracavitary brachytherapy, which differ
in dose rate technique, applicator design and dose
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specification system. Each centre selected one patient that
was treated according to the own concept for intracavitary
brachytherapy. All selected patients had extensive disease
with good response and partial remission after external
beam radiotherapy before brachytherapy. Patient selection
criteria were: (1) tumour stage FIGO I1IB; (2) maximum
tumour width at time of diagnosis 5-6 cm; (3) maximum
tumour width at time of brachytherapy after external beam
therapy 1-2 cm. As the width of a cervix tumour is crucial for
the accessibility to intracavitary brachytherapy and deter-
mines the treatment planning procedure, patients were
selected according to tumour width and not tumour volume.

Definition of GTV, CTV and organs at risk

GTV, CTV for brachytherapy and organs at risk were
delineated at the time of each brachytherapy fraction at the
treatment planning system on a set of axial T2-weighted MR
images with the applicator in place. Delineation was based
both on clinical examinations and MRI findings at diagnosis
and at time of brachytherapy following recent recommen-
dations of Gynaecological GEC ESTRO Working Group
[18,39]. GTV and two CTVs were defined reflecting different
traditions of dose prescription: High Risk CTV (HR CTV),
carrying a high tumour load, and Intermediate Risk CTV (IR
CTV), carrying a significant microscopic tumour load.
Investigated organs at risk bladder, rectum and sigmoid
colon were delineated as structure walls.

Dosimetric analysis

Dosimetric analysis was performed according to recently
published recommendations of the Gynaecological GEC-
ESTRO Working Group [39]. Dimensions of ICRU reference
volumes [21] (60, 75, 85 Gy) and of the isodose going through
point A were reported in terms of maximum height, width
and thickness. In addition, width and thickness measured in
the plane passing through point A and absolute volumes
calculated by DVH evaluation were reported [37]. Cumulat-
ive DVH were calculated for GTV, HR CTV and IR CTV and the
following parameters were reported: absolute volume, dose
that covers 100 and 90% of the specified volume (D100, D90).
Since the intrauterine tandem is placed within or near the
macroscopic cervix tumour, dose to the GTV is higher than
dose to the CTV, and consequently, D100 and D90 of the GTV
imply information about high dose regions with clinical
relevance [39].

Doses at ICRU reference points for bladder and rectum
were reported. Additionally, a bladder point 1.5 cm cranially
of the bladder ICRU point was investigated. A second rectum
point was defined by laterally shifting the rectum ICRU point
into the rectum probe. Cumulative DVH were calculated for
delineated organ walls of bladder, rectum and sigmoid colon
and following parameters were reported: absolute volume
and minimum dose to the most irradiated 0.1, 2, 5, 10 cm?
(Dot ccs Dacey Dsee, Digce, respectively) [31,42,45]. As
several absolute volumes are investigated, the dose range
in these small volumes is indicated.

If more than one fraction of brachytherapy was applied
(Medical University of Vienna), each fraction was evaluated
separately.

Formalism for radiobiological normalisation

To enable intercomparison of combined external beam
therapy and brachytherapy treatments with different dose
rate and fractionation schedules, dose values were
normalised to fractions of 2 Gy external beam therapy.
According to recommendations of the Gynaecological GEC-
ESTRO Working Group [39] the linear-quadratic model for
incomplete monoexponential sublethal DNA damage repair
(LQ model) was applied [3,6,7,23,25,33,41,46]. The biologi-
cally effective dose BED was defined by Eq. (1)

d
BED—Nd<1+Ga/ﬁ> (1)
with d the dose per fraction and N the number of equal
fractions. o/ B characterises the cell survival curve, G is the
repair function depending on fractionation, dose rate and
half time for sublethal damage repair T,,,. Irradiation times
t of external beam therapy as well as of HDR brachytherapy
are too short to allow significant repair during each fraction
(t <K Tq,2), and G=1[6,33]. For LDR and MDR brachytherapy,
G can be expressed by Eq. (2) [6,33]
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with u=(In2)/T;,,. For PDR brachytherapy repair both

between successive pulses and during a pulse needs to be

taken into account and G can be expressed by Eq. (3)

[4,7,12,33]
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+KN e Nty (1 —Ke ™ )2, N is the number of equal pulses
with irradiation times t and separated by equal time
intervals without irradiation x.

The equivalent dose in 2 Gy fractions (EQD,) [23] was
calculated as

BED
1+ 2/(a/B)

Since 2 Gy is a commonly used dose per fraction, values of
EQD, are recognized by radiotherapists as being of familiar
size.

As recommended by the Gynaecological GEC-ESTRO
Working Group [39] the following tissue parameter values
were applied: a/B=10 Gy for tumour (dose to point A, GTV,
HR/IR CTV), a/B=3 Gy for late effects of organs at risk (dose
to bladder, rectum, sigmoid colon) and T;,,=1.5 h for both
tumour and normal tissue repair kinetics.

EQD, of external beam therapy and all fractions of
brachytherapy were calculated separately and subsequently
added up resulting in an EQD, total dose to a specified point
or volume, assuming that all investigated points and volumes
received full external beam dose (dose to ICRU Report 50
reference point) [22,39].

When reporting ICRU reference volumes, the above-
described calculation was performed in the opposite way:
Starting from a biologically normalised total dose (EQD, of
60, 75 and 85 Gy), the corresponding physical dose level for
each brachytherapy fraction was calculated. Biological
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model parameters used for calculating reference volumes
were those for the tumour. A detailed description of the
applied mathematical formalism and a calculation example
are given in the Appendix.

Results
Patient and treatment characteristics

Clinical characteristics for the three investigated patients
treated at IGR Paris, University Hospital Leuven and Medical
University of Vienna are listed in Table 1. All three patients
were treated with external beam radiotherapy up to 45 Gy
on a linear accelerator with 18-25 MV prior to brachy-
therapy. Twenty-five fractions of 1.8 Gy once per day and
five times per week were given to the ICRU reference point
according to ICRU Report 50 [22]. CT based 3D conformal
treatment planning was performed using a four field box
technique. Overall treatment time of external beam therapy
was 5 weeks for all patients. Concomitant cisplatin
chemotherapy with 5X40 mg/m? body surface per week
was given to the three patients. Brachytherapy started
immediately after external beam therapy in all three
centres. Overall treatment time of external beam therapy
and brachytherapy was 6 weeks at IGR Paris and University
Hospital Leuven and 7 weeks at Medical University of Vienna.

The IGR Paris patient was treated with one fraction of
137Cs-low dose rate (LDR) brachytherapy (Curietron). The
applicator consisted of a MR compatible individualised
moulded intravaginal applicator with two vaginal sources
and one intrauterine source. Width, thickness and height of
GTV and IR CTV were assessed both on clinical examination
and MRI data. The geometry and the length of intrauterine
and intravaginal sources depended on the extension of GTV
and IR CTV seen at the time of vaginal impression before
brachytherapy. Lengths of intrauterine and intravaginal
sources were chosen to be 64 and 40 mm, respectively.
Distance between intravaginal sources was 22 mm. MRI was
performed after insertion of the applicator with the
following parameters: 1.5T, FSE T2-weighted with TE
120 ms, TR 3625 ms and slice thickness 3 mm. Decision of
the treatment time depended on the dose distribution on

Table 1
Clinical characteristics of the three investigated patients
IGR Paris University Medical
Hospital University
Leuven of Vienna
Tumour staging SCC G2 SCC G2 SCC G2
FIGO IIB FIGO IIB FIGO 1IB
At time of diagnosis
hxwxt (cm®) 6x5.5%3.5 3.2X6X6 7X5%5

Volume (cm®) 58 58 88

At time of brachytherapy
hxwxt (cm’) 2.4%x1.3X1.5 2.4X1x1 3X2X3
Volume (cm®) 2 0.4 9

Tumour staging, tumour dimensions (height X width X thickness)
and tumour volume based on MRI and clinical findings at time of
diagnosis and time of brachytherapy (first application in case of
Medical University of Vienna) after external beam treatment.

MRI according to the patient anatomy, the tumour topo-
graphy and the dose to critical organs. Treatment time was
48 h for the investigated patient. Dose prescription for
brachytherapy was 15 Gy to the ICRU reference volume,
corresponding to a total physical dose (external beam plus
brachytherapy) of 60 Gy. Details of the Institut Gustave
Roussy technique and method of individual 60 Gy volume
adaptation can be found in Gerbaulet et al. [14].

The University Hospital Leuven patient was treated with
one fraction of "2Ir-pulsed dose rate (PDR) brachytherapy
with a stepping source afterloader (Nucletron MicroSelec-
tron PDR). A MR compatible Fletcher based tandem-ovoid
applicator was inserted and the vagina packed with gauze.
Active length of intrauterine tandem was 60 mm and
distance between active source positions of intravaginal
sources was 40 mm. MRI was performed after application
with the following parameters: 1.5 T, T2-weighted with TE
120 ms, TR 6000 ms and slice thickness 4 mm. Individualised
dose conformity was achieved by MR assisted source loading
pattern and dwell time adaptation. Dose prescription aimed
to encompass the initial tumour volume with the ICRU 60 Gy-
reference volume. This reference volume was restricted by
dose constraints to rectum and bladder (ICRU points plus
additional points). Pulse dose to these critical organs was
limited to 50-60 cGy. Point A was used for dose normal-
isation at the treatment planning system. 35 Gy were given
to point A in 36 pulses (0.97 Gy/pulse) with a pulse interval
of 1 h and a pulse time of 15.8 min.

The Medical University of Vienna patient was treated with
4 fractions of '®2Ir-high dose rate (HDR) brachytherapy with a
stepping source afterloader (Nucletron MicroSelectron HDR
classic), administering two fractions per week separated by
2 days. A MR compatible tandem-ring applicator was inserted
and the vagina packed with gauze. Active length of
intrauterine tandem and diameter of active source positions
in the ring were 60 and 34 mm, respectively. MRI was
performed after application with the following parameters:
0.2T (open MRI), FSE T2-weighted with TE 96 ms, TR
4500 ms and slice thickness 5 mm. Individualised MR assisted
treatment planning was performed for each fraction based
on loading pattern and dwell time optimisation. Prescribed
dose for brachytherapy was 7 Gy per fraction to the cervix
plus presumed tumour extension at time of brachytherapy.
A detailed description of the Medical University of Vienna
method of individualised dose and volume adaptation is
given in Kirisits et al. [24].

Intercomparison of dose and volume parameters
Total reference air kerma (TRAK) was 2.27, 2.88 and
1.94 cGy at 1 m for the three investigated patients from IGR
Paris (LDR), University Hospital Leuven (PDR) and Medical
University of Vienna (HDR), respectively. Dimensions and
absolute volumes of 60, 75, 85 Gy-reference volumes and of
the isodose going through point A are listed in Table 2. In
case of the Medical University of Vienna patient, the
reported values were calculated as the mean of all four
fractions as described in the Appendix. Fig. 1 shows axial MRI
sections and multiplanar reconstructed sagital MRI sections
for the three investigated patients. Isodoses corresponding
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Table 2

Dimensions of ICRU Report 38 reference volumes and dimensions of isodose going through point A

IGR Paris University Hospital Leuven Medical University of Vienna

60 Gy-reference volume
hxwxt (cm®) 10.7X7.4X6.7 10.6X9.1X7.6 10.3%8.3%X6.7
WaX ta (cm?) 7.0%6.6 7.1x6.7 7.2X6.5
Volume (cm?) 258 393 286

75 Gy-reference volume
hxwxt (cm®) 9.3%5.6X4.7 8.9%x7.5%5.3 8.9X6.9x4.7
WaX ta (cm?) 4.9%4.4 4.7x4.7 4.8%4.4
Volume (cm?) 114 172 137

85 Gy-reference volume
hxwxt (cm®) 8.8%5.0%x4.0 8.4X6.9Xx4.5 8.5X6.4Xx4.0
WaX ta (cm?) 4.2x3.7 4.0%4.0 4.0%3.6
Volume (cm?) 80 123 100

Isodose through point A
hxwxt (cm®) 8.6X4.8%3.7 8.4X6.9Xx4.5 8.5X6.5Xx4.1
WaX ta (cm?) 4.0%3.4 4.0%x4.0 4.0x3.7
Volume (cm?) 71 123 102

Maximum dimensions, width and thickness at level of point A and absolute volumes according to DVH analysis are listed at biologically
normalised EQD, dose levels of 60, 75, 85 Gy and for the isodose going through point A.

to 60, 75, and 85 Gy-reference volumes are superimposed on
the images.

Tables 3 and 4 list physical and biologically normalised
total doses from external beam therapy plus brachytherapy
to point A, GTV at time of brachytherapy, HR/IR CTV,
bladder, rectum and sigmoid colon, respectively. Absolute
volumes of delineated structures were calculated by DVH
analysis. In case of the Medical University of Vienna patient,
the reported volumes were calculated as the mean value of
all four fractions and one standard deviation indicated.

Discussion

Reported TRAK values were considerable higher for the
patients treated with a low or pulsed dose rate regime (IGR
Paris, University Hospital Leuven) compared to the high dose
rate schedule (Medical University of Vienna). TRAK is a
proportional measure for the integral physical dose deliv-
ered to the patient. However, since the biological effect of a
certain TRAK depends on dose rate and fractionation, TRAK
cannot be used for comparison of different treatment
schedules. The clinical relevance of TRAK is mainly due to
the use as an alarm indicator if too high values are noticed
before the irradiation.

Biologically normalised reference volumes were signifi-
cantly larger for the University Hospital Leuven patient than
for the other two patients. The heights of the reference
volumes were comparable for all three patients, whereas the
width was much larger in case of the University Hospital
Leuven patient followed by the Medical University of Vienna
patient and the IGR Paris patient. This difference of the
widths of the reference volumes can be explained by the
patient anatomy related fact that the distance of active
source positions of the intravaginal sources was largest for
University Hospital Leuven (ovoids, 40 mm distance),
followed by Medical University of Vienna (ring, 34 mm
diameter) and IGR Paris (mould, 22 mm distance).

Differences in vaginal anatomy of the investigated patients
therefore allowed the insertion of intravaginal applicators
with considerable different dimensions. The trend for the
maximum width of the reference volumes could not be found
at level of point A. Width of the 85 Gy-reference volume at
level of point A and dose to point A was largest for the IGR
Paris patient.

Table 3 illustrates that D90 of GTV was equal for the
patients from IGR Paris and Medical University of Vienna;
however, D100 was lower at Medical University of Vienna by
9%. The University Hospital Leuven patient had a significant
lower D90 of GTV (difference 30%) and D100 of GTV
(difference 12% compared to Medical University of Vienna
and 20% compared to IGR Paris). This was due to the
anatomical position of the GTV of the University Hospital
Leuven patient, which was located laterally towards the
right parametrium. At the level of point A, the tumour was
not surrounding the cervical canal and therefore the high
dose region from the intrauterine tandem was not located
within the GTV. Although the University Hospital Leuven
patient had the smallest tumour at time of brachytherapy
(GTV=0.4cm? and the largest distance of intravaginal
sources (40 mm), this fact resulted in a considerable
decrease of dose to GTV.

D90 of HR CTV was comparable for all three patients
(difference 2%). D100 was comparable for the University
Hospital Leuven and Medical University of Vienna case
(difference 2%) but D100 of the IGR Paris patient was
significantly higher (difference 12% compared to Medical
University of Vienna and 14% compared to University
Hospital Leuven). However, due to the steep dose gradient
of intracavitary brachytherapy small spikes in the contour
cause large deviations in D100 and consequently the D100 is
strongly dependent on target delineation. D90 is less
sensitive to these influences, and hence D90 was more
reliable. Comparing D90 of HR CTV with doses to point A in
Table 3 reveals that D90 of HR CTV was comparable to dose
at point A (maximum difference 5%). Although the University
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Fig. 1. Axial and multiplanar reconstructed sagital MRI sections for the three investigated patients from IGR Paris (top), University Hospital
Leuven (middle) and Medical University of Vienna (bottom). Isodoses representing ICRU Report 38 reference volumes at biologically normalised
EQD, dose levels of 60 Gy (dotted lines), 75 Gy (broken lines) and 85 Gy (solid lines) are indicated.

Hospital Leuven patient had the smallest IR CTV (45 cm®) and
the largest distance of intravaginal sources (40 mm), D90
and D100 of IR CTV for the three patients had maximum
differences of 5% and were therefore comparable. This is due
to the fact that for the University Hospital Leuven patient
the IR CTV, as the tumour, was located asymmetrical around
the cervical canal.

Table 3 and Fig. 1 illustrate the striking point that despite
different brachytherapy treatment concepts with different
applicators, dose rate schedules, dose specification and
optimisation methods, biologically normalised total doses to

tumour and target volumes were comparable within a
limited range of variation. Deviations, as for the dose to
the GTV of the University Hospital Leuven patient, could be
explained by the individual tumour topography. Since only
one patient was selected in each centre for this inter-
comparison, it is not possible to conclude that the
investigated treatment concepts in general give similar
total doses when performing biological normalisation.
However, this study gives an indication for the feasibility
of the applied GEC-ESTRO recommendations [18,39] for
reporting and comparing cervix cancer brachytherapy.
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Table 3
Dose to point A, GTV, HR/IR CTV and absolute volumes of
delineated structures based on DVH analysis

IGR Paris University  Medical

Hospital University

Leuven of Vienna
Volume of GTV (cm?) 2 0.4 7 (£1)
Volume of HR CTV (cm?®) 25 26 6 (6)
Volume of IR CTV (cm?) 80 45 83 (+6)

EQD, (physical dose) (Gy)

D (point A—mean) 91 (86) 85 (80) 85 (73)
D (point A—left) 87 (84) 82 (78) 84 (73)
D (point A—right) 94 (89) 88 (82) 85 (74)
D90 (GTV) 131 (111) 92 (85) 131 (93)
D100 (GTV) 100 (93) 80 (76) 91 (76)
D90 (HR CTV) 6 (83) 87 (81) 85 (73)
D100 (HR CTV) 74 (74) 64 (64) 65 (62)
D90 (IR CTV) 69 (69) 73 (72) 73 (67)
D100 (IR CTV) 5 (57) 58 (59) 58 (58)

Mean dose to point A, doses on the left and right patient side and
target doses are given as biologically normalised EQD, doses and
as physical dose values between brackets. In case of Medical
University of Vienna, the mean volume of all four fractions with
one standard deviation is indicated.

Table 4 indicates that the dose to the point 1.5cm
cranial of the bladder ICRU point was higher than the dose
to the traditional bladder ICRU point for all three
investigated patients. This is in good agreement with
literature [1,20]. Doses to the traditional and the cranially
shifted ICRU point corresponded to doses given to volumes
of the bladder wall between approximately 1-10 and 0.1-
5cm?, respectively. Hence, the cranially shifted ICRU
point possibly reflects typical adverse effects from
brachytherapy that occur mainly in limited volumes such
as ulceration and fistula to a higher degree than the
traditional ICRU point.

The point defined by laterally shifting the rectum
ICRU point into the rectum probe was assumed to
represent the actually delivered maximum dose to the
rectum with a higher significance as it takes into account
lateral displacement of the rectum [45]. Table 4
indicates that for the IGR Paris patient the dose to this
shifted point was 7% lower than the dose to the
traditional ICRU point (58 versus 54 Gy), whereas for
the University Hospital Leuven and Medical University of
Vienna patients a small difference (less than 2%) was
found. For the three investigated patients, the point
dose derived by laterally shifting the rectum ICRU point
into the rectum probe corresponded to the dose to a
volume of approximately 2cm® of the rectum wall.
Hence, this shifted point represented the actually
delivered dose to the rectum with a higher precision
than the traditional ICRU point.

Doses to organs at risk were comparable within a
limited range of variation (see Table 4). However, the
IGR Paris patient had a pronounced lower dose to
bladder and rectum than the other two patients. This

Table 4
Dose and volume of organs at risk based on point doses and DVH
analysis

IGR Paris University  Medical
Hospital University
Leuven of Vienna
Volume of bladder wall 29 28 29 (+1)
(cm?)
Volume of rectum wall 16 38 23 (£2)
(cm?)
Volume of sigmoid wall 10 18 16 (£2)
(cm?)

EQD, (physical dose) (Gy)

D (bladder ICRU point) 75 (74) 57 (60) 97 (72)
D (bladder ICRU cranial) 77 (75) 66 (66) 114 (76)
Do cc (bladder wall) 85 (87) 97 (82) 120 (78)
D, . (bladder wall) 70 (71) 81 (75) 85 (69)
D5 .. (bladder wall) 65 (67) 69 (68) 71 (63)
Dyg c (bladder wall) 56 (60) 59 (61) 59 (58)
D (rectum ICRU point) 58 (61) 62 (63) 65 (61)
D (rectum ICRU shifted) 54 (58) 62 (63) 64 (60)
Do cc (rectum wall) 58 (62) 66 (66) 76 (65)
D; ¢ (rectum wall) 53 (57) 62 (63) 64 (60)
D5 . (rectum wall) 51 (55) 59 (61) 57 (57)
D1g cc (rectum wall) 48 (52) 55 (58) 52 (53)
Dot cc (sigmoid wall) 93 (84) 83 (76) 81 (67)
D, « (sigmoid wall) 60 (63) 67 (67) 63 (60)
D5 . (sigmoid wall) 53 (57) 57 (60) 54 (55)
D1g ¢c (sigmoid wall) 47 (50) 51 (55) 50 (52)

Doses are given as biologically normalised EQD, doses and as
physical dose values between brackets. In case of Medical
University of Vienna, the mean volume of all four fractions with
one standard deviation is indicated.

fact can be explained by a more favourable patient
anatomy, and the effect that physical doses at dose
rates below 50 cGy/h (equivalent to EQD;) result in EQD,
doses that are lower than the corresponding physical
dose. Differences between the three investigated
patients decreased from Dg; . to Dig. This is due to
the fact that larger volumes of interest within a
structure wall are covered by smaller doses, and lower
isodose lines behave more spherical, levelling out the
effect of the individual dose distribution.

In ICRU Report 38 [21], the classical low dose rate
treatment at 50 cGy/h was assumed to be biologically
equivalent to external beam therapy at conventional
fractionation of 2 Gy per day. Historically, physical dose
values of external beam therapy and brachytherapy were
therefore nominally added. However, when applying
different brachytherapy dose rates, physical dose values
have to be biologically normalised in order to add up
equal effect. The LQ model gives biological equivalence
between conventional external beam therapy at 2 Gy per
fraction (EQD,) and classical LDR brachytherapy at
50 cGy/h with half time for repair T;,=1.5h. It is
therefore consistent with ICRU Report 38 to report
reference volumes normalised to EQD, assuming repair
kinetics with T;,,=1.5h.
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Pulse repetition frequency in the investigated PDR
schedule was 1 h. According to the LQ formalism, the PDR
schedule used for this patient mimics LDR brachytherapy
therefore to a very high degree [7,12,13,25,33].

Repair of sublethal DNA damage is the fastest and main
biological process that modifies the radiation response to an
irradiation [25,41]. As there are currently no commonly
accepted models, we ignore other biological processes
as reassortment or redistribution in the cell cycle, reoxygena-
tion of hypoxic tumour cells, repopulation and biological
effects due to the dose gradient of intracavitary brachytherapy
in our calculations, and the applied biological normalisation is
acorrection of first order [3,8,9,11,23,33,39]. As the LQ model
is being used here to compare treatment regimens, relative
differences of compared treatment schedules are far less
sensitive to choices of the tissue parameter «/f than absolute
EQD, values. However, the repair function G and hence the half
time for repair T, influence the biological effect of LDR, PDR
and HDR brachytherapy to a different degree. The assumed
value of T;,; is therefore important when comparing
treatment schedules with different dose rates. When T/,
increase, HDR will not be effected, but EQD, values of LDR and
PDR will increase. If late reactions tissue is considered to have
longer T, /, than the tumour, EQD, values of organs at risk will
increase for LDR and PDR brachytherapy and hence the
therapeutic ratio will decrease.

Conclusion

Despite different brachytherapy treatment concepts
with different applicators, dose rate schedules, dose
specification and optimisation methods, biologically
normalised total doses to the tumour, target volumes and
organs at risk were comparable for three patients with
comparable clinical features from different institutions.
This study indicates that different treatment concepts can
be compared, and that the GEC-ESTRO recommendations
are useful for that purpose. However, further studies (also
clinical studies) are needed with more patients to
definitively evaluate the feasibility of the GEC-ESTRO
recommendations [18,39].

Appendix
Radiobiological normalisation of ICRU Report 38
reference volumes

Starting from a biologically normalised total dose (EQD,
of 60, 75 and 85 Gy), the corresponding physical dose level
for each brachytherapy fraction was calculated. The
reference BED is given by Eq. (A1). The parameter EQD; ¢
expresses the biologically normalised reference dose (60,
75, 85 Gy):

2
BED,of = EQD; ef (1 + —) (A1)
ol

The total treatment BED is the BED of the combined
treatment of external beam therapy and brachytherapy

BED¢reat = BEDggr + BEDgr

_ d i
= Nd<1 +a_/ﬁ> +§f:Nfd, (1 +G,a—/ﬁ> (A2)

The parameter N expresses the number of external beam
fractions and d the dose per fraction external beam
therapy. The parameter f indicates the brachytherapy
fraction number. In case of PDR brachytherapy, N
expresses the number of equal pulses in the f™ fraction,
in case of HDR and LDR brachytherapy Nf=1. d; expresses
the physical dose level for the f brachytherapy fraction (in
case of PDR the dose per pulse) that indicates the reference
dose. The repair function Gf for the ™ brachytherapy
fraction is one for HDR brachytherapy. For LDR and PDR
brachytherapy, Gy is calculated according to Egs. (2) and
(3), respectively.

Eq. (A2) contains f unknown parameters representing
the total number of brachytherapy fractions. In order to
reduce the number of unknown parameters to one, the
ratio dg/d, (physical reference dose level for M bra-
chytherapy fraction to 1%% brachytherapy fraction) is
normalised to the dose ratio Df/D; of dose to point A
(mean of left and right point A):

d D D
F::F: or df=d1Di1‘ (A3)

Eq. (A2) becomes a solvable quadratic equation with
only one positive solution. Using BEDyca: =BED, s With Egs.
(A2) and (A3) gives the solution for the physical reference
dose level d; for the 1°* brachytherapy fraction (in case of
PDR the dose per pulse):

y) 2
d=-B%y \/ p (%) +q (BED o ~BEDesr) (Ad)
with
Ef Nf(Df/D1) 1
== 7 " and = A5
P = S NG D22 9= 55 N,G02D?) %3)

The physical reference dose levels df for other
brachytherapy fractions are calculated according to Eq.
(A3).

All fractions were evaluated separately and average
values were reported. Biological model parameters used
for calculating reference volumes were those for the
tumour: «/B=10Gy and T;,,=1.5h.

To illustrate the mathematic algorithm, the above-
described calculation is demonstrated for the 60 Gy-
reference volume of the patient from Medical University
of Vienna. Starting from the biologically normalised
reference dose level (EQD;.r=60Gy) the corresponding
physical dose level for each brachytherapy fraction is
calculated. According to Eq. (A1) BED,es=72 Gyso. The
BED of external beam treatment was (25 fractions of
1.8 Gy): BEDggr=53 Gy1o. Nf and G; are one for HDR
brachytherapy. Doses to point A for the four fractions
were D=7.7Gy, D,=7.0Gy, D;=7.0Gy, D,=6.6Gy.
Using Eq. (A5) p calculates therefore to p=1.08 and g
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calculates to g=0.295. Eq. (A4) gives the physical dose
level for the 1% brachytherapy fraction that represents
the 60 Gy-reference volume d;=3.8 Gy. The physical dose
levels for brachytherapy fractions 2-4, d,-d4, are calcu-
lated according to Eq. (A3): d,=3.5Gy, d3=3.5Gy, ds=
3.3Gy. The dimensions of the isodoses d;-d4s were
measured for the respective fractions and the absolute
volumes calculated according to DVH analysis. The mean
values were reported in Table 2.

*Corresponding author. Address: Stefan Lang, Division of
Medical Radiation Physics, Department of Radiotherapy and Radio-
biology, Medical University of Vienna, General Hospital of Vienna,
Wahringer Gurtel 18-20, 1090 Vienna, Austria. E-mail address:
stefan.lang@akhwien.at

Received 17 June 2005; received in revised form 29 December 2005;
accepted 6 January 2006

References

[1] Barillot I, Horiot JC, Maingon P, Bone-Lepinoy MC, Vaillant D,

Feutray S. Maximum and mean bladder dose defined by

ultrasonography. Comparison with the ICRU reference in

gynecological brachytherapy. Radiother Oncol 1994;30:231-8.

Barillot I, Horiot JC, Maingon P, et al. Impact on treatment

outcome and late effects of customized treatment planning in

cervix carcinomas: baseline results to compare new strategies.

Int J Radiat Oncol Biol Phys 2000;48:189-200.

Bentzen SM, Baumann M. The linear-quadratic model in clinical

practice. In: Steel GG, editor. Basic clinical radiobiology. 3rd

ed. London: Arnold; 2002, p. 134-46.

[4] Brenner DJ, Hall EJ. Conditions for the equivalence of

continuous to pulsed low dose rate brachytherapy. Int
J Radiat Oncol Biol Phys 1991;20:181-90.

[5] Cengiz M, Selek U, Genc M, Aydinkarahaliloglu E, Yildiz F.

Comment on ‘Correlation between the treated volume, the

GTV and the CTV at the time of brachytherapy and

histopathologic findings in 33 patients with operable cervix

carcinoma’. Radiother Oncol 2005;75:367-8.

Dale RG. The application of the linear-quadratic dose-effect

equation to fractionated and protracted radiotherapy. Br

J Radiol 1985;58:515-28.

Dale RG, Huczkowski J, Trott KR. Possible dose rate

dependence of recovery kinetics as deduced from a preliminary

analysis of the effects of fractionated irradiations at varying
dose rates. Br J Radiol 1988;61:153-7.

[8] Dale RG, Coles IP, Deehan C, O’Donoghue JA. Calculation of
integrated biological response in brachytherapy. Int J Radiat
Oncol Biol Phys 1997;38:633-42.

[9] Dale RG, Coles IP. Allowance for the radiobiological effects of
dose gradients in gynaecological applications. Radiother Oncol
2001;60:57.

[10] Fellner C, Potter R, Knocke TH, Wambersie A. Comparison of
radiography- and computed tomography-based treatment plan-
ning in cervix cancer in brachytherapy with specific attention to
some quality assurance aspects. Radiother Oncol 2001;58:53-62.

[11] Fowler JF, Lindstrom MJ. Loss of local control with pro-
longation in radiotherapy. Int J Radiat Oncol Biol Phys 1992;23:
457-67.

[12] Fowler J, Mount M. Pulsed brachytherapy: the conditions for no
significant loss of therapeutic ratio compared with traditional
low dose rate brachytherapy. Int J Radiat Oncol Biol Phys 1992;
23:661-9.

[2

—

[3

[t

6

—

[7

—

[13] Fowler JF, Van Limbergen EFM. Biological effect of pulsed dose
rate brachytherapy with stepping sources if short half-times of
repair are present in tissues. Int J Radiat Oncol Biol Phys 1997;
37:877-83.

[14] Gerbaulet A, Potter R, Haie-Meder C. Cervix cancer. In:
Gerbaulet A, Potter R, Mazeron JJ, Meertens H, Van
Limbergen E, editors. The GEC-ESTRO handbook of brachy-
therapy. Brussels: ESTRO; 2002. p. 301-63.

[15] Grigsby PW, Williamson JF, Chao KSC, Perez CA. Cervical tumor
control evaluated with ICRU 38 reference volumes and
integrated reference air kerma. Radiother Oncol 2001;58:
19-23.

[16] Haie-Meder C, Kramar A, Lambin P, et al. Analysis of
complications in a prospective randomized trial comparing
two brachytherapy low dose rates in cervical carcinoma. Int
J Radiat Oncol Biol Phys 1994;29:953-60.

[17] Haie-Meder C, Kramar A, El Boussairi H, Bouzy J, Albano M,
Moric P. Long-term results of a randomised trial comparing two
preoperative low dose-rates brachytherapy in patients with
cervix cancer. Radiother Oncol 2004;71:56-5S7.

[18] Haie-Meder C, Potter R, Van Limbergen E, et al. Recommen-
dations from Gynaecological (GYN) GEC-ESTRO Working Group
(I): concepts and terms in 3D image based 3D treatment
planning in cervix cancer brachytherapy with emphasis on MRI
assessment of GTV and CTV. Radiother Oncol 2005;74:235-45.

[19] Hellebust TP, Dale E, Skjonsberg A, Olsen DR. Inter fraction
variations in rectum and bladder volumes and dose distri-
butions during high dose rate brachytherapy treatment of the
uterine cervix investigated by repetitive CT-examinations.
Radiother Oncol 2001;60:273-80.

[20] Hunter RD, Wong F, Moore C, Notley HM, Wilkinson J. Bladder
base dosage in patients undergoing intracavitary therapy.
Radiother Oncol 1986;7:189-97.

[21] International Commission on Radiation Units and Measurements
(ICRU). Dose and volume specification for reporting intracavi-
tary therapy in gynecology, ICRU Report 38. Bethesda, MD;
1985.

[22] International Commission on Radiation Units and Measure-
ments (ICRU). Prescribing, recording, and reporting photon
beam therapy, ICRU Report 50. Bethesda, MD; 1993.

[23] Joiner MC, Bentzen SM. Time-dose relationships: the linear-
quadratic approach. In: Steel GG, editor. Basic clinical
radiobiology. 3rd ed. London: Arnold; 2002. p. 120-33.

[24] Kirisits C, Potter R, Lang S, Dimopoulos J, Wachter-Gerstner N,
Georg D. Dose and volume parameters for MRI based treatment
planning in intracavitary brachytherapy of cervix cancer. Int
J Radiat Oncol Biol Phys 2005;62:901-11.

[25] Mazeron JJ, Scalliet P, Van Limbergen E, Lartigau E. Radio-
biology of brachytherapy and the dose-rate effect. In:
Gerbaulet A, Poétter R, Mazeron JJ, Meertens H, Van
Limbergen E, editors. The GEC-ESTRO handbook of brachy-
therapy. Brussels: ESTRO; 2002. p. 95-121.

[26] Mazeron JJ. Brachytherapy: a new era. Radiother Oncol 2005;
74:223-5.

[27] Muschitz S, Petrow P, Briot E, et al. Correlation between the
treated volume, the GTV and the CTV at the time of brachytherapy
and the histopathologic findings in 33 patients with operable
cervix carcinoma. Radiother Oncol 2004;73:187-94.

[28] Muschitz S, Haie-Meder C. Comment by Cengiz M, et al.
‘Correlation between the treated volume, the GTV and the CTV
at the time of brachytherapy and histopathologic findings in 33
patients with operable cervix carcinoma’. Radiother Oncol
2005;75:368-9.

[29] Nag S, Cardenes H, Chang S, et al. Proposed guidelines for
image-based intracavitary brachytherapy for cervical carci-
noma: report from image-guided brachytherapy working group.
Int J Radiat Oncol Biol Phys 2004;60:1160-72.



[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

S. Lang et al. / Radiotherapy and Oncology 78 (2006) 185-193

Nag S, Cardenes H, Chang S, et al. In response to Dr. Potter
et al.: recommendations for image-based intracavitary
brachytherapy of cervix cancer: the GYN GEC ESTRO Working
Group point of view. Int J Radiat Oncol Biol Phys 2005;62:295-6.
Olszewska AM, Saarnak AE, De Boer RW, Van Bunningen BNFM,
Steggerda MJ. Comparison of dose-volume histograms and
dose-wall histograms of the rectum of patients treated with
intracavitary brachytherapy. Radiother Oncol 2001;61:83-5.
Orton CG, Seyedsadr M, Somnay A. Comparison of high and low
dose rate remote afterloading for cervix cancer and the
important of fractionation. Int J Radiat Oncol Biol Phys 1991;
21:1425-34.

Orton CG, Brenner DJ, Dale RG, Fowler JF. Radiobiology. In:
Nag S, editor. High dose rate brachytherapy: a textbook. New
York: Futura Publishing Company; 1994, p. 11-25.

Patel FD, Sharma SC, Negi PS, Ghoshal S, Gupta BD. Low dose
rate vs. high dose rate brachytherapy in the treatment of
carcinoma of the uterine cervix: a clinical trial. Int J Radiat
Oncol Biol Phys 1994;28:335-41.

Potter R, Knocke TH, Fellner C, Baldass M, Reinthaller A,
Kucera H. Definitive radiotherapy based on HDR brachytherapy
with Iridium 192 in uterine cervix carcinoma: report on the
Vienna University Hospital findings (1993-1997) compared to
the preceding period in the context of ICRU 38 recommen-
dations. Bull Cancer Radiother 2000;4:159-72.

Potter R, Van Limbergen E, Gerstner N, Wambersie A. Survey of
the use of the ICRU 38 in recording and reporting cervical
cancer brachytherapy. Radiother Oncol 2001;58:11-18.

Potter R, Van Limbergen E, Wambersie A. Reporting in
brachytherapy: dose and volume specification. In:
Gerbaulet A, Potter R, Mazeron JJ, Meertens H, Van
Limbergen E, editors. The GEC-ESTRO handbook of brachy-
therapy. Brussels: ESTRO; 2002, p. 153-215.

Potter R, Dimopoulos J, Kirisits C, et al. Recommendations for
image-based intracavitary brachytherapy of cervix cancer: the
GYN GEC ESTRO Working Group point of view: in regard to Nag
et al. (Int J Radiat Oncol Biol Phys 2004;60:1160-1172). Int
J Radiat Oncol Biol Phys 2005;62:293-5.

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

193

Potter R, Haie-Meder C, Van Limbergen E, et al. Recommen-
dations from Gynaecological (GYN) GEC ESTRO Working Group
(I): concepts and terms in 3D image-based treatment planning
in cervix cancer brachytherapy - 3D dose volume parameters
and aspects of 3D image-based anatomy, radiation physics,
radiobiology. Radiother Oncol 2006;78:67-77.

Shigematsu Y, Nishiyama K, Masaki N, et al. Treatment of
carcinoma of the uterine cervix by remotely controlled
afterloading intracavitary radiotherapy with high-dose-rate: a
comparative study with a low-dose-rate system. Int J Radiat
Oncol Biol Phys 1983;9:351-6.

Steel GG. The dose rate effect: brachytherapy and targeted
radiotherapy. In: Steel GG, editor. Basic clinical radiobiology.
3rd ed. London: Arnold; 2002, p. 192-204.

Steggerda MJ, Moonen LMF, Damen EMF, Lebesque JV. An
analysis of the effects of ovoids shields in a selectron LDR
cervical applicator on dose distributions in rectum and bladder.
Int J Radiat Oncol Biol Phys 1997;39:237-45.

Sun LM, Huang HY, Huang EY, et al. A prospective study to
assess the bladder distension effects on dosimetry in intra-
cavitary brachytherapy of cervical cancer via computed
tomography-assisted techniques. Radiother Oncol 2005;77:
77-82.

Wachter-Gerstner N, Wachter S, Reinstadler E, Fellner C,
Knocke TH, Potter R. The impact of sectional imaging on dose
escalation in endocavitary HDR-brachytherapy of cervical
cancer: results of a prospective comparative trial. Radiother
Oncol 2003;68:51-9.

Wachter-Gerstner N, Wachter S, Reinstadler E, et al. Bladder
and rectum dose defined from MRI based treatment planning
for cervix cancer brachytherapy: comparison of dose-volume
histograms for organ contours and organ wall, comparison with
ICRU rectum and bladder reference point. Radiother Oncol
2003;68:269-76.

Withers HR, Thames Jr HD, Peters LJ. A new isoeffect curve
for change in dose per fraction. Radiother Oncol 1983;1:
187-91.



	Intercomparison of treatment concepts for MR image assisted brachytherapy of cervical carcinoma based on GYN GEC-ESTRO recommendations
	Methods and materials
	Intercomparison of treatment concepts
	Definition of GTV, CTV and organs at risk
	Dosimetric analysis
	Formalism for radiobiological normalisation

	Results
	Patient and treatment characteristics
	Intercomparison of dose and volume parameters

	Discussion
	Conclusion
	Appendix
	Radiobiological normalisation of ICRU Report 38 reference volumes

	References


