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                        ORIGINAL ARTICLE    

 A margin-of-the-day online adaptive intensity-modulated 
radiotherapy strategy for cervical cancer provides superior 
treatment accuracy compared to clinically recommended margins: 
A dosimetric evaluation      

    ROZILAWATI     AHMAD  1,2  ,       LUIZA     BONDAR  1  ,       PETER     VOET  1  ,       JAN-WILLEM     MENS  1  , 
      SANDRA     QUINT  1  ,       GLENN     DHAWTAL  1  ,       BEN     HEIJMEN  1     &         MISCHA     HOOGEMAN  1    

  1 Department of Radiation Oncology, Erasmus MC-Daniel den Hoed Cancer Center, Rotterdam, The Netherlands 
and  2  Diagnostic Imaging and Radiotherapy Programme, Faculty of Health Sciences, Kebangsaan University 
Malaysia, Kuala Lumpur, Malaysia                             

  Abstract 
  Purpose.  To dosimetrically evaluate a margin-of-the-day (MoD) online adaptive intensity-modulated radiotherapy (IMRT) 
strategy for cervical cancer patients. The strategy is based on a single planning computed tomography (CT) scan and a 
pretreatment constructed IMRT plan library with incremental clinical target volumes (CTV)-to-planning target volumes 
(PTV) margins.  Material and methods.  For 14 patients, 9 – 10 variable bladder fi lling CT scans acquired at pretreatment and 
after 40 Gy were available. Bladder volume variability during the treatment course was recorded by twice-weekly US 
bladder-volume measurements. A MoD strategy that selects the best IMRT plan of the day from a library of plans with 
incremental margins in steps of 5 mm was compared with a clinically recommended population-based margin (15 mm). To 
compare the strategies, for each fraction that had a recorded US bladder-volume measurement, the CT scan with the near-
est bladder volume was selected from the pretreatment CT series and from the CT series acquired after 40 Gy. A 
frequency-weighted average of the dose-volume histograms (DVH) parameters calculated for the two selected CT scans was 
used to estimate the DVH parameters of the fraction of interest.  Results.  The 15-mm recommended margin resulted in 
cervix-uterus underdosage in six of 14 patients. Compared with the 15-mm margin, the MoD strategy resulted in signifi cantly 
better cervix-uterus coverage (p    �    0.008) without a signifi cant difference in the sparing of rectum, bladder, and small bowel. 
For each patient, 3 – 8 (median 5) plans were needed in the library of plans for the MoD strategy. The required range of the 
MoD was 5 – 45 mm (median 15 mm). Twenty-fi ve percent of all fractions could be treated with a MoD of 5 mm and 81% 
of all fractions could be treated with a MoD up to 25 mm.  Conclusions.  Compared with a clinically recommended margin, 
a simple online adaptive strategy resulted in better cervix-uterus coverage without compromising organs at risk sparing.    

 Introduction 

 The use of intensity-modulated radiation therapy 
(IMRT) for cervical cancer patients is challenged by 
the large inter- and intra-patient variability in the 
extent and type of cervix and uterus motion [1]. 
Most of the published studies show that bladder fi ll-
ing variations have a large impact on the shape and 
position of the cervix and uterus [1 – 5]. Unfortu-
nately, drinking instructions, a common approach to 
limit bladder fi lling variations, demonstrate limited 
effi cacy [6]. Generous population-based margins 
(24 – 40 mm) can be used to accommodate the extent 

of motion [7,8], but the use will come at the cost of 
increased irradiation of normal tissues. 

 Alternatively, our group demonstrated that 
individualized IMRT strategies accounting for the 
patient-specifi c cervix-uterus motion can provide 
adequate coverage and better organ at risk (OAR) 
sparing than population-based margins [8]. How-
ever, these individualized strategies require a mini-
mum of two pretreatment computed tomography 
(CT) scans with a full and empty bladder and 
sophisticated non-rigid registration and shape 
modeling tools [8 – 10]. 
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 The aim of this study was to quantify the poten-
tial benefi t of a straightforward online margin-of-the-
day (MoD) adaptive treatment strategy based on a 
single planning CT scan. The strategy adapts the 
treatment online by selecting the best plan-of-the-
day from a library of plans with incremental uniform 
clinical target volumes (CTV)-to-planning target 
volumes (PTV) margins. 

 The effi cacy of the MoD strategy was benchmarked 
against the clinically recommended population-based 
margin [11]. The comparison was performed by simu-
lating treatment courses using US bladder volume data 
that was recorded twice weekly and CT data series of 
variable bladder fi lling acquired before the start of the 
treatment and after the delivery of 40 Gy. In the discus-
sion section we propose practical solutions for the 
clinical implementation of the MoD strategy.   

 Material and methods  

 Patient data 

 Fourteen locally advanced cervical cancer patients 
were included, after providing written consent, in 
this local ethics committee approved study. For 13 
patients, EBRT was delivered in 23 daily fractions of 
2 Gy and for one patient in 28 fractions of 1.8 Gy. 
Patients were treated prone (lying on a small bowel 
displacement system).   

 Imaging and delineation 

 Each patient underwent two series of variable blad-
der fi lling CT scans in treatment position: One before 
the start of the treatment and one after 40 Gy [1]. 
For each series, patients were asked to drink 500 ml 
of water 1 hour prior to each series. The fi rst scan 
was acquired immediately at the start of a series with 
a full bladder. After acquisition of this scan, the 
patient was asked to go to the toilet to empty her 
bladder, and then drink another 300 ml. This was 
followed by acquisition of the other 3 – 4 CT scans 
on the belly board, acquired every 20 minutes while 
the bladder fi lled naturally [1]. Immediately after 
each acquisition, the bladder volume was measured 
using a portable three-dimensional (3D) bladder US 
scanner (see below). The planning CT scan was the 
fi rst CT scan of the fi rst series and had a full bladder. 
In an attempt to achieve day-to-day reproducibility 
in having a full bladder, the patients were asked to 
drink 500 ml of water 1 hour prior to each treatment 
fraction [6]. For each patient, 3 – 4 repeat CT scans 
of the fi rst series and 4 – 5 CT scans of the second 
series were aligned to the planning CT in order to 
remove the translations and rotations of the bony 
anatomy in the pelvic region. 

 For each patient, the nodal CTV and the primary 
CTV (cervix, uterus, superior part of the vagina, and 
parametria) were delineated in the planning CT. The 
cervix-uterus structure (cervix, uterus, and superior 
part of the vagina), bowel, bladder, and rectum were 
delineated in all CT scans.   

 Bladder volume data during the treatment course 

 Twice-weekly US bladder volume measurements 
were available for this study. These were performed 
immediately after the delivery of a treatment fraction 
with a portable 3D bladder US scanner (Mobile 
BladderScan  ®   BVI 6400) [6]. For each patient 6 – 10 
(median 8.5) measurements were available, sum-
ming up to a grand total of 120 [1], (60 for the fi rst 
half of the treatment and 60 for the second half). The 
fraction number at which the measurement was per-
formed was recorded. These data were used to eval-
uate the MoD strategy and the use of the clinically 
recommended population-based margin.   

 Treatment planning 

 To construct the library of plans, fi rst three IMRT 
plans with a 5, 10, and 15 mm CTV-to-PTV margin 
around the cervix-uterus were created for each patient 
using the planning CT scan. Then, for each of the 
8 – 9 subsequent aligned CT scans we investigated 
whether at least 99% of the cervix-uterus volume 
received at least 95% (43.7 Gy) of the prescription 
dose (46 Gy). If for a repeat CT scan, the 15 mm 
margin was not suffi cient to meet this requirement, 
additional library plans were made by increasing the 
margins in steps of 5 mm until the requirement was 
met. For all plans, the margin around the nodal CTV 
was set to 10 mm. This procedure guaranteed that for 
each patient an IMRT plan that provided suffi cient 
coverage was available for each CT scan, without hav-
ing to make, for each patient, IMRT plans up to the 
maximum margin required for this population. 

 Treatment plans were generated by a single expe-
rienced dosimetrist (P.V), using the commercial 
inverse planning software, Monaco TPS, version 
2.04 (Elekta-CMS). All calculations were done using 
10-MV photons with a grid spacing of 3 mm for an 
Elekta Synergy (Elekta MLCi, Elekta Oncology Sys-
tems, Crawley, UK) linear accelerator with 40 mul-
tileaf collimator leaf pairs, and leaf width at the 
isocenter of 10 mm. The dose prescribed to the PTV 
was 46 Gy, given in 23 fractions (fi ve fractions 
weekly). We ensured that at least 99.5% of the PTV 
received at least 95% of the prescribed dose. To 
ensure a homogeneous dose in the PTV, a planning 
constraint was used that allowed a maximum dose of 
110% of the prescribed dose in 0.2% of the PTV.   
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 Construction of the margin-of-the-day strategy 

 We tested an online adaptive strategy in which the 
patients are treated with the tightest fi tting MoD 
plan from a library of IMRT plans generated at pre-
treatment. In clinical practice, the daily cervix-uterus 
shape and position could be determined by a direct 
visualization of the cervix-uterus in a daily cone 
beam CT (CBCT) image prior to delivery of each 
treatment fraction [12]. In this study, the tightest 
fi tting MoD IMRT plan was selected by the criterion 
that at least 99% of the cervix-uterus volume received 
at least 95% of the prescription dose. The MoD plan 
selection was performed for each of the 8 – 9 repeat 
CT scans of the variable bladder fi lling CT scan 
series. Here, we assumed the repeat CT scans to be 
representative for actual treatment fractions. To eval-
uate the MoD and the population-based strategy for 
realistic bladder-volume patterns during the treat-
ment course, the US bladder-volume data obtained 
twice weekly was used (see next section).   

 Evaluation of the margin-of-the-day strategy and the 
population-based strategy 

 For each fraction that had a recorded US bladder-
volume measurement, the CT scan with the nearest 
bladder volume was selected from the pretreatment 
CT scan series and from the CT scan series acquired 
after 40 Gy. The planning CT scan was not included 
herein. By including the CT scan series after 40 Gy 
anatomy variations due to bowel displacement, rectal 
fi lling changes, and tumor regression were included 

in the dosimetric evaluation. A frequency-weighted 
average of the dose-volume histograms (DVH) 
parameters calculated for the two selected CT scans 
was used to estimate the DVH parameters of the 
fraction of interest. The frequency weighting empha-
sized the pretreatment CT scan for the fi rst half of 
the treatment and emphasized the after 40 Gy CT scan 
for the second half of the treatment. See Figure 1 for 
a schematic example of calculating bladder V95 for 
a certain treatment fraction. 

 The MoD strategy was compared with a standard 
population-based margin strategy. A uniform popu-
lation-based margin of 15 mm around the cervix-
uterus in the planning CT was selected based on 
previous recommendations [11]. The DVH param-
eters for the population-based margin strategy were 
calculated as described above by replacing the MoD 
plan with the 15-mm margin plan.   

 Comparison between margin-of-the-day and 
population-based margin 

 We calculated DVH parameters that correlated with 
normal tissue toxicity [13] and that were previously 
used for comparative studies of IMRT strategies for 
cervical cancer [14,15]. The following parameters 
were calculated: The percentage (%) of the cervix-
uterus volume that received 95% (43.7 Gy) of the 
prescribed dose (V95), the volume of the small bowel 
that received 99% (45.0 Gy) of the prescribed dose 
(V99), and the percentage of the bladder and rectum 
volume that received 90% (41.4 Gy) of the dose 

  Figure 1.     Schematic representation of the calculation of the DVH parameters during the treatment course. This example illustrates the 
calculation of bladder V95 for fraction 9 (of 23 fractions) as a weighted sum of the bladder V95 of the pretreatment (V95 1 ) CT scan and 
the after 40 Gy CT scan (V95 2 ) that had the nearest bladder volume to the bladder volume measured by US at fraction 9.  
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(V90), respectively. The averages per patient of the 
DVH parameters obtained by the two strategies were 
compared using the signed rank Wilcoxon test. Fur-
thermore, we compared the volumes of the PTV for 
the two approaches. The calculated volumes included 
both the nodal and primary part of the PTV. In addi-
tion, the performance of the two strategies was related 
to the maximum extent of cervix-uterus motion 
observed during treatment and the extent of motion 
observed in the pretreatment CT series. The extent 
of motion was expressed as the displacement of the 
tip of uterus (ToU) which, was marked in all CT 
scans using axial, sagittal, and coronal views [1]. For 
each patient, the magnitude of the ToU displacement 
vector and of the absolute displacement in LR, AP, 
and CC directions between the planning CT scan 
and the subsequent CT scans was previously calcu-
lated and reported [1]. For each patient, the  maxi-
mum ToU extent of motion  (vector, LR, AP, or CC) was 
defi ned as the maximum of ToU displacements 
between the planning and all subsequent CT scans 
acquired at pretreatment and at after 40 Gy. The 
 pretreatment ToU extent of motion  for a patient was 
defi ned as the ToU displacement between the plan-
ning and the empty bladder pretreatment CT scan.    

 Results  

 Simulation of the margin-of-the-day strategy 

 A total of 71 plans were generated. For each patient, 
3 – 8 (median 5) plans were needed to generate the 
library of plans for the MoD strategy. The distribution 
of the MoD needed to adapt the treatment at the 
treatment fractions for all patients is summarized in 
Figure 2a. The range of the MoD was 5 – 45 mm 
(median 15 mm). The patient maximum value of the 
MoD over all fractions ranged from 10 to 45 mm 
(Figure 2b). The large variation in the maximum value 
illustrates the inter-patient variability in type and 
extent of cervix-uterus motion. The patient maximum 
MoD value for the fi rst half of the treatment (Figure 
2c) was signifi cantly correlated with the patient max-
imum MoD value for the second half of the treatment 
(R    �    0.67, p    �    0.008 Pearson ’ s correlation analysis). 

 A strong correlation was found between the 
patient maximum MoD and the maximum ToU vec-
tor and AP displacement (R    �    0.9, p    �    0.001, 
R    �    0.79, p    �    0.001), respectively. The maximum 
MoD correlated moderately with the pretreatment 
ToU AP displacement (R    �    0.57, p    �    0.03).   

 Comparison between margin-of-the-day and 
population-based margin 

 Applying a population-based margin of 15 mm 
around the cervix-uterus resulted in a cervix-uterus 

underdosage in six of 14 patients (the average cervix-
uterus V95 was 92.66    �    9.5%, the average per patient 
ranged between 70% and 100%, see Figure 3a). Com-
pared with the population-based margin, the MoD 
strategy resulted in signifi cantly better cervix-uterus 

  Figure 2.     a) Distribution of the margin-of-the-day. b) Maximum 
margin-of-the-day per patient. c) Maximum of the margin-of-the-
day for each treatment half.  
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coverage (p    �    0.008, average cervix-uterus V95 was 
99.5    �    0.2%, the average per patient ranged between 
99.1% and 99.8%, see Figure 3a). Table I shows the 
volume of the PTV (including the nodal target vol-
ume) for the population-based margin and the fre-
quency-weighted volume of the PTV for the MoD 
strategy. For the eight patients that had a suffi cient 
coverage using the population-based margin, the 
MoD strategy reduced the irradiated volume by on 
average  � 11% (range  � 24% to 9%; a negative sign 
denotes a volume reduction if the MoD strategy is 
applied). Obviously, for the other six patients the 
irradiated volume of the MoD strategy was larger 
compared to the population-based margin in order 
to achieve suffi cient CTV coverage. For all patients 
together the volume of the PTV for the MoD strategy 
was not signifi cantly larger than for the population-
based approach (p-value 0.1), despite that the MoD 
strategy provided better CTV coverage. 

 The improved coverage of the MoD strategy did 
not result in a signifi cant increase in the average per 
patient of bowel V99, and bladder and rectum 
V90 values (p-value 0.06 – 0.5, Figure 3 b – d). The 
increase in cervix-uterus coverage and the difference 

in bladder, rectum and small bowel sparing with 
respect to population-based margins were signifi cantly 
correlated with the maximum ToU (R    �    0.66, p    �    0.009; 
R    �     � 0.75, p    �    0.001; R    �     � 0.75, p    �    0.001; R    �     � 0.74, 
p    �    0.002) and pretreatment ToU vector displace-
ment (R    �    0.69, p    �    0.006; R    �     � 0.73, p    �    0.002; 
R    �     � 0.85 p    �    0.001; R    �     � 0.6, p    �    0.01), respectively.    

 Discussion 

 In this study we evaluated a straightforward online 
adaptive strategy for locally advanced cervical cancer. 
The strategy adapts the treatment to the daily cervix-
uterus position by selecting the plan with the tightest 
daily margin from a library of plans based on a single 
planning CT scan and incremental CTV-to-PTV 
margins. The strategy was dosimetrically bench-
marked against a clinically recommended popula-
tion-based margin of 15 mm [11]. Concurrent with 
a previous study [8], the 15-mm margin was insuf-
fi cient to accommodate the cervix-uterus motion and 
resulted in underdosage for 40% of the patients. The 
proposed MoD strategy resulted in adequate cervix-
uterus coverage without compromising OARs sparing. 

  Figure 3.     DVH parameters of the margin-of-the-day strategy and the population-based strategy. a) Percentage of cervix-uterus that received 
95% of the prescribed dose b) Absolute volume of small bowel that received 99% of the dose and percentage of c) bladder and d) rectum 
that received 90% of the dose. The error bar denotes    �    1SD variation around the mean.  
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 Our study showed that it is not possible to accu-
rately predict before the start of the treatment the 
number of the plans in the library needed for a 
patient. For example, although the largest MoD cor-
related strongly with the maximum cervix-uterus 
displacement during treatment, a weaker correlation 
with the displacement of the uterus tip at pretreat-
ment was found (R    �    0.57, p    �    0.03). Therefore, an 
additional pretreatment empty bladder CT scan 
might not provide a clinically reliable indicator of the 
required number of plans. Similarly, although our 
study showed that the largest MoD needed for the 
fi rst half of the treatment was correlated with the one 
needed for the second treatment half, the strength of 
the correlation (R    �    0.67) is not suffi cient to make a 
reliable prediction (see, e.g. the results for Patients 
4 and 10, Figure 2c). 

 Therefore, to construct the library, we recom-
mend generating at pretreatment fi ve plans with mar-
gins ranging from 5 to 25 mm. To reduce workload, 
one plan could be generated manually and the sub-
sequent plans could be automatically optimized by 
using automated plan generation methods [15,16]. 
Since there might be little or no benefi t of IMRT 
versus 3DCRT for large IMRT margins, to save 
treatment planning and delivery time the department 
might decide to deliver the fractions that would 
require margins beyond 25 mm by using a 3DCRT 
plan. The plan-of-the-day could be selected based on 
a direct visualization of the cervix-uterus in a daily 
acquired CBCT scan. For example, by overlaying the 
PTVs corresponding to different margins on the 
daily image, the plan of the day could be selected by 
fi nding the smallest PTV that encompasses the daily 
cervix-uterus position. Alternatively, future research 
will investigate the potential use of deformable regis-
tration or segmentation methods to automatically 
identify the shape and position of the CTV and OARs 
in a daily CBCT. These approaches could support 
computer-aided plan selection and open up the pos-
sibility for dose-guided adaptive radiotherapy [17]. 
For example, Thor et   al. [18] demonstrated promis-
ing deformable results on pelvic CBCT data. 

 We would not recommend selecting the plan-of-
the-day based on a US bladder volume measurement, 
as the relationship between the cervix-uterus and the 
volume of the bladder might change during the treat-
ment course [1,8,9]. In this study, the US measure-
ments were used only for selecting CT scans from the 
two variable bladder fi lling CT scan series in order to 
evaluate both strategies for a representative set of 
bladder volumes during the treatment course. 

 A limitation of this study is that the US measure-
ments were linked to the CT scan series that were 
made at only two time points, i.e. at pretreatment and 
after 40 Gy. Therefore, we may not have evaluated all 

 To ensure coverage for patients with large cervix-
uterus motion, the MoD was for some treatment 
fractions larger than the 15-mm margin. However, 
our study demonstrated that 25% of the fractions 
could be treated with a margin of 5 mm, 58% with 
a margin up to 15 mm, and 81% with a daily margin 
up to 25 mm. Note that in this study the set-up 
errors were assumed zero. Similarly, Tyagi et   al. [12] 
demonstrated that a margin of 15 mm was insuffi -
cient to encompass the CTV in 32% of the fractions 
of 10 cervical cancer patients. However, in that study 
no dosimetric analysis was performed and no solu-
tion to improve the coverage was evaluated. 

 Compared to the previously proposed ITV-based 
adaptive strategy [8], the MoD approach might 
require less workload at pretreatment since it uses 
only one CT scan. For example, for the adaptive 
ITV-based strategy, two pretreatment CT scans need 
to be acquired and delineated and 2 – 3 model-based 
ITVs need to be generated based on non-rigid reg-
istration tools. However, the MoD strategy might 
require more treatment planning workload since the 
MoD library will contain up to fi ve plans whereas 
the ITV-based library contains 2 – 3 plans. While the 
MoD approach is using a homogeneous margin, the 
ITV-based approach takes advantage of the individu-
alized motion model of the cervix-uterus. Conse-
quently, the target volume is expanded only in the 
direction in which the cervix-uterus is expected to 
move. Regarding tissue sparing, we demonstrated 
that compared with a population-based margin the 
ITV-based approach signifi cantly reduced the irra-
diation of rectum at the cost of a reduced bladder 
sparing whereas for the MoD approach there was no 
signifi cant difference in OAR sparing. 

  Table I. Volume of the PTV using the population-based margin 
and the frequency-weighted volume of the PTV of the MoD 
strategy. An  *  in the last column points out the patients for whom 
the population-based margin did not provide suffi cient coverage 
of the CTV.  

 Patient 
ID 

 PTV of population 
margin (ml) 

 PTV of 
Margin-of-the-Day (ml) 

 Difference 
(%) 

1 989 803  � 19
2 1320 1127  � 15
3 1863 2219 19 * 
4 1731 1418  � 18
5 1593 2452 54 * 
6 1412 1377  � 2
7 1671 2304 38 * 
8 1659 1375  � 17
9 1684 1277  � 24

10 1969 2143 9
11 2225 3460 56 * 
12 1587 1616 2
13 1489 2951 98 * 
14 1860 2508 35 * 
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possible internal anatomies. However, by acquiring 
the second CT scan series nearly at the end of the 
treatment course, we believe to have captured most 
of the gradual changes during the treatment such as 
tumor regression and a decrease in rectal fi lling. 
Another limitation of this study is that the dose to the 
CTV and OARs was not accumulated using deform-
able registration. However, we would like to point out 
the uncertainties related to dose accumulation that 
still remain, especially in the pelvic region [19]. 

 In conclusion, a simple online adaptive IMRT 
treatment strategy was designed that adapts the treat-
ment to the daily cervix-uterus shape and position. 
In this strategy, the plan with the smallest margin 
encompassing the daily cervix-uterus is selected from 
a pretreatment-generated library of plans with incre-
mental CTV-to-PTV margins. Compared with a rec-
ommended margin of 15 mm, the margin-of-the-day 
strategy resulted in better cervix-uterus coverage 
without compromising normal tissue sparing.             
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