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ABSTRACT
Background: Delivered radiotherapy doses do not exactly match those planned for a course of treat-
ment, largely due to inter-fraction changes in anatomy. In this study, accumulated delivered dose was
calculated for a sample of cervical cancer patients, by deformably registering daily cone beam com-
puted tomography (CBCT) images to the planning computed tomography (CT) scan. Planned and
accumulated doses were compared for the clinical target volume (CTV), bladder, and rectum.
Material and Methods: For 10 patients receiving 45Gy in 25 fractions of external beam radiotherapy,
daily dose distributions were calculated on CBCT. These images were deformed onto the planning CT
and the dose was accumulated using Velocity 4.1 (Varian Medical Systems, Palo Alto, USA). The quality
of deformable image registration was evaluated visually and by calculating Dice similarity coefficients
and mean distance to agreement.
Results: V95%>99% was achieved for the primary CTV in 9/10 patients for the planned dose distribu-
tion and 7/10 patients for the accumulated dose distribution. Primary CTV coverage by 95% of the
prescription dose was reduced in one patient, due to an increase in anterior-posterior separation.
Comparison of planned and accumulated dose volume histograms (DVHs) for the bladder and rectum
found agreement within 5% at low and intermediate doses, but differences exceeded 20% at higher
doses. Direct addition of CBCT DVHs was seen to be a poor estimate for the accumulated DVH at
higher doses.
Conclusion: Computation of delivered radiotherapy dose that accounts for inter-fraction anatomical
changes is important for establishing dose-effect relationships. Updating delivered dose distributions
after each fraction would support informed clinical decision making on any potential treatment
interventions.
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Background

The standard of care for locally advanced cervical cancer is
external beam radiotherapy (EBRT) with concurrent weekly
cisplatin, followed by brachytherapy (BT) [1]. Use of intensity
modulated radiotherapy (IMRT) or volumetric modulated arc
therapy (VMAT) with daily image guidance is recommended
[2] in order to reduce the treated volume [3] and the rate of
toxicity [4–8]. Image-guided adaptive BT with multiple mag-
netic resonance imaging (MRI) scans are currently the gold
standard [9]. Adaption of EBRT, while less common, has been
implemented by several centers [10]. Online daily replanning
can be performed using a magnetic resonance linear acceler-
ator or a computed tomography (CT) guided system such as
the Ethos (Varian Medical Systems, Palo Alto, USA), but these
are very resource intensive. Alternative solutions include a
plan of the day (POTD) selection from a plan library [11,12]
or frequent rescanning and replanning [13,14]. Plan adaption
is particularly advantageous in the case of cervical cancer,
due to significant inter-fraction tumour motion [15]. As treat-
ments become more adaptive and complex, approaches for

accurately calculating the overall delivered dose are needed.
This will enable smaller margins, lower doses to organs at
risk (OARs), a better understanding of dose-response relation-
ships and can be used to inform decisions around pelvic reir-
radiation in the event of local or regional recurrence [16].

Many studies have investigated dose accumulation for
gynaecological radiotherapy [17,18]. Deformable image regis-
tration (DIR) is required to model the complex movement of
anatomy in the pelvis and changes in bladder and rectal fill-
ing. Quantification of the errors associated with DIR is chal-
lenging [19], since synthetic phantoms do not represent the
complexities of anatomical deformations [20] and the ground
truth deformation vector field is not known when using
patient data. Errors are typically evaluated using similarity
metrics to compare deformed and manually generated con-
tours. Virtual phantoms created by applying known anatom-
ically relevant deformations to real patient images have been
used to validate commercially available DIR algorithms for
head and neck, thorax and male pelvis [21–23].

CONTACT Andrea M. Fischer andrea.fischer@nhs.net Mount Vernon Cancer Centre, Northwood, UK
Supplemental data for this article can be accessed online at https://doi.org/10.1080/0284186X.2023.2238543.

� 2023 Acta Oncologica Foundation

ACTA ONCOLOGICA
2023, VOL. 62, NO. 8, 923–931
https://doi.org/10.1080/0284186X.2023.2238543

http://crossmark.crossref.org/dialog/?doi=10.1080/0284186X.2023.2238543&domain=pdf&date_stamp=2023-09-23
https://doi.org/10.1080/0284186X.2023.2238543
https://doi.org/10.1080/0284186X.2023.2238543
http://www.tandfonline.com


The majority of dose accumulation studies for cervical
cancer either focus entirely on BT or accumulate the dose
from BT with the planned EBRT dose [17]. The latter is espe-
cially challenging since the images for BT contain applicators
and packing material unlike those for EBRT. Several authors
[24–28] have compared OAR dose-volume histogram (DVH)
parameters from accumulated BT dose and planned EBRT
dose to those obtained by direct parameter addition, which
calculates the worst-case scenario of overlapping high dose
regions [29]. Van Heerden et al. [30] calculated cumulative
D2cc from EBRT and BT to the bladder and rectum based on
daily imaging and found <4% difference to the assumption
of a uniform EBRT dose. Patients in our centre are treated
using an adaptive POTD approach with plans selected from a
library. The goal of this study is to determine the delivered
dose from a course of EBRT, by deformably accumulating
doses calculated on daily cone beam computed tomography
(CBCT) scans and to compare this to the planned dose for
the clinical target volume (CTV), bladder and rectum.

Materials and methods

Patient characteristics

Ten consecutive patients treated for carcinoma of the cervix
between 2017 and 2019 were selected from a total popula-
tion of 82 using the following exclusion criteria: stage 1 or 4
disease; radical hysterectomy; previous pelvic or abdominal
radiotherapy; radiotherapy to para-aortic lymph nodes; 60 Gy
nodal boost(s); less than 4 courses of weekly cisplatin; less
than 18months follow up data available. Clinical and treat-
ment-related parameters are given in Table 1. All patients
received 45Gy in 25 fractions of EBRT, with 4 or 5 courses of
concurrent weekly cisplatin (40mg/m2), followed by high
dose rate (HDR) BT delivering 28Gy in 4 fractions. Written
consent for their data to be used for research purposes was
obtained in all cases.

Pre-treatment imaging, radiotherapy planning, and
treatment

External beam radiotherapy
CT scans were taken on either an Aquilion LB (Toshiba
Medical Systems Corp, �Otawara, Japan) or a Somatom
Definition AS (Siemens Healthineers, Erlangen, Germany). MRI
scans were taken on a Magnetom C! or a Magnetom Aera
(Siemens Healthineers, Erlangen, Germany). Prior to scanning,

patients were asked to empty their bladders and bowels.
Bowel preparation with micro enemas was used when neces-
sary. An empty bladder CT scan was acquired, after which
the patient was asked to empty their bladder again and
drink 300ml of water. A T2 weighted MRI was then acquired
straight after completion of drinking, followed by a second
full bladder CT scan 1 h from the start of drinking. The empty
bladder CT and MRI were registered using bony anatomy to
the full bladder CT, which was used for planning (see
Figure 1 in Supplementary Material). The uterus is expected
to be more ante-verted (AV) in the case of an empty bladder
and more retro-verted (RV) for a full bladder. Low-risk CTVs
for the primary tumour were drawn according to the
EMBRACE II protocol using the empty bladder CT
(ctv_TLR_45_AV), full bladder CT (ctv_TLR_45_RV) and MRI
(ctv_TLR_45_MR). An elective nodal CTV, ctv_E_45, was
drawn on the full bladder scan and a nodal planning target
volume (PTV) was created using a 5mm margin (ptv_E_45).
Little internal motion is expected at the level of the nodes.
Uterine motion between the empty and full bladder scans
was assessed and each patient was designated as a ‘mover’
or ‘non-mover’ for the adaptive POTD approach. In all cases
a standard plan was made, combining ctv_TLR_45_RV and
ctv_TLR_45_MR and expanding by 15mm to generate a
standard primary tumour PTV, ptv_T_45_SD. This includes an
additional 5mm on top of our standard pelvis primary CTV
to PTV margin of 10mm, to account for inter-fraction uterine
motion not captured by the pre-treatment imaging. For non-
movers, a second plan was created, with all 3 CTVs com-
bined and expanded by 10mm to obtain the primary tumour
PTV, ptv_T_45_1. For movers, there were 2 additional plans:
ptv_T_45_AV was the 10mm expansion of ctv_T_45_MR and
ctv_T_45_AV, and ptv_T_45_RV was the 10mm expansion of
ctv_T_45_MR and ctv_T_45_RV. All treatment plans were cre-
ated in the Eclipse (Varian Medical Systems, Palo Alto, USA)
treatment planning system (TPS) version 11.0.47 or 15.6.6
using VMAT technique with 2 or 3 full arcs and 6MV photon
energy, see Table in Supplementary Material for planning
goals. The final dose calculation was performed using the
Anisotropic Analytical Algorithm. Patients were treated on
Clinac 2100CD and TrueBeam linear accelerators (Varian
Medical Systems, Palo Alto, USA). Image-guided radiotherapy
including POTD selection was performed using daily CBCT.

Brachytherapy

Plastic or titanium intra-uterine and ring applicators with
interstitial needles (Varian Medical Systems, Palo Alto, USA)
were inserted using ultrasound guidance under general
anaesthetic in a single theatre session. MRI and CT scans
were subsequently performed, which were registered accord-
ing to applicator positioning. A high-risk CTV was drawn
using the MRI. The bladder, rectum and bowel were drawn
on the CT image set, which was used for visualising the
applicators and planning. Plans were created in Brachyvision
(Varian Medical Systems, Palo Alto, USA), maximising CTV
coverage by the prescription isodose within the limits of
OAR dose constraints, calculated for the whole EBRT and BT

Table 1. Patient characteristics.

Sample size 10

Median age (years), range 51, 38–74
FIGO Stage: 2 9 (90%)
3 1 (10%)
Histology: adenocarcinoma 2 (20%)
squamous cell carcinoma 7 (70%)
unspecified carcinoma 1 (10%)
Courses of weekly cisplatin [40mg/m2]: 4 2 (20%)
5 8 (80%)
Median volume of CTV on MRI [cc], range 228, 149–430
Number of plans in initial library: 2 (non-mover) 6 (60%)
3 (mover) 4 (40%)
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treatment. An image-guided adaptive approach was used.
Fraction 1 was delivered on the same day as the theatre ses-
sion. The same plan was delivered for fraction 2 the follow-
ing morning, after which the patient had a CT scan, enabling
the delivered dose distribution for fraction 2 to be recon-
structed and a new plan to be created for fraction 3.
Fraction 3 was delivered on the same day as fraction 2 with
a minimum gap of 6 h. Fraction 4 was delivered the follow-
ing day after the patient had another CT scan and (in the
majority of cases) a new plan. All treatments were delivered
using a GammaMed HDR afterloader (Varian Medical
Systems, Palo Alto, USA).

Dose accumulation using deformable image registration

Dose distributions were calculated in the Eclipse TPS (Varian
Medical Systems, Palo Alto, USA) on each CBCT except for 5
out of 250 fractions that were delivered on a Clinac. Since
we do not have a sufficiently accurate CT number to electron
density calibration curve for Clinac CBCTs, these 5 fractions
were calculated on an image from an alternative fraction
delivered on a TrueBeam with similar patient geometry. The
most similar image was chosen by a visual comparison of
uterus orientation, as well as bladder and rectum filling and
positioning. CBCT dose calculation was performed using a
copy of the calibration curve from our Toshiba Aquilion CT

scanner. This is used clinically for pelvis CBCT dose calcula-
tions, as it was found to be more accurate than either a cali-
bration curve generated from an electron density phantom
scanned on CBCT, or a patient-specific curve. Gamma ana-
lysis comparing dose distributions calculated on CT to CBCT
using the CT scanner curve found an average pass rate of
95.1% (1%, 1mm) and 99.9% (2%, 2mm) for a sample of 10
patients. Although the bladder, rectum, and primary CTV
were completely within the imaged length, additional tissue
was required to replicate scatter conditions for accurate dose
calculation in these regions. Hence each CBCT was extended
3-5 cm superiorly and inferiorly by repeatedly copying the
end slices. This is also done for clinical dose assessment if
the scan does not extend sufficiently beyond the region of
interest. The couch was created manually and overridden as
in treatment planning, since the CBCT field of view does not
contain the full lateral extent of the couch. For 2 patients
the field diameter of 46.5 cm was not large enough to image
their full lateral extent, so the missing parts were estimated
by copying the body contour from the planning CT to the
CBCT, subtracting the CBCT body contour from the planning
CT body contour to create the missing tissue and overriding
this to unit density, see Supplementary Fig. 2. The bladder
and rectum were contoured on each CBCT manually by a
medical physicist. An alternative approach to dose calcula-
tion on extended CBCT, is to use a synthetic CT created by

Figure 1. (a) Planning CT scan, (b) CBCT scan for same patient, (c) a 50–50 blend of (a) and (b) from rigid registration, (d) CBCT (b) deformed to match planning
CT (a) with deformed OAR contours and arrows to indicate direction of movement.
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deforming the planning CT to match the geometry of the
CBCT and utilising the Hounsfield Unit values from the plan-
ning CT.

Dose accumulation was performed in Velocity 4.1 (Varian
Medical Systems, Palo Alto, USA) using the Accumulation:
ACTIVE Dosimetry navigator. Velocity utilises a modified B-
spline deformable algorithm with mutual information-based
matching [31]. Each CBCT was rigidly and then deformably
registered to the planning CT scan. The software applies the
same deformation vector field to the associated dose file
and then sums the deformed doses from all fractions on the
planning CT. Deformable image registration is particularly
challenging in the pelvis where bladder and rectal filling can
vary significantly, so quality assurance checks are required
[19]. Some initial attempts at creating DIRs resulted in non-
anatomical warping of bone or muscle or deformed CBCT
images that looked very different to the planning CT being
matched to, for example, different bladder volume or orien-
tation of uterus, see Supplementary Fig. 3.

Deformable image registration was performed manually
using the deformable multi-pass (10.2% of cases), extended
deformable multi-pass (36.3% of cases) or structure guided
deformable (53.5% of cases) algorithms. The deformable
multi-pass algorithm was typically tried first, followed by the
extended deformable multi-pass algorithm, which has a finer
resolution, and lastly the structure-guided deformable algo-
rithm. The structure-guided deformable algorithm was gener-
ally required when there were large changes in bladder
and/or rectal volume or positioning. The user outlines one or
more structures in both images and the algorithm applies
more weight to the voxels within these structures. For similar
images, the deformable multi-pass or extended deformable
multi-pass algorithms were sufficient. All DIRs were verified
visually by a physicist to check for non-anatomical deforma-
tions and ensure that the bladder, rectum, and tissue corre-
sponding to the low-risk CTV were moving and warping as
expected. In addition to blending the deformed CBCT and

planning CT, a map of deformation vectors indicating the dir-
ection and magnitude of voxel movement was examined
together with a map of the Jacobian determinant to high-
light regions of expansion and contraction. Dice similarity
coefficients (DSCs) and mean distance to agreement (MDA)
were calculated between the propagated bladder and rec-
tum contours and those on the planning CT for both the
rigid registrations (RRs) and DIRs. Figure 1 demonstrates the
DIR for a case where the bladder was much fuller during
treatment compared to the planning CT. Figure 1(d) shows
the deformed CBCT where the superior part of the bladder
has been pushed inferiorly to match the planning CT, as indi-
cated by the arrows. The superior part of the rectum has
also been moved posteriorly, as expected. The deformed
OAR contours are displayed and are an acceptable match for
those outlined on the planning CT.

Results

The mean DSC for the bladder was 0.68 for RR and 0.78 for
DIR (p¼ 0.0001, two-tailed paired T-test). For the rectum the
mean DSC was 0.57 for RR and 0.66 for DIR (p< 0.0001, two-
tailed paired T-test). These values are higher than other DSCs
reported for CBCT to CT DIR for gynaecological patients [32].
The mean MDA for bladder was 6.6mm and 4.2mm for RR
and DIR (p< 0.0002, two-tailed paired T-test). This is consist-
ent with values published for CT to CT DIR in Velocity [33].
For the rectum, the mean MDA was 5.1mm and 3.8mm for
RR and DIR (p< 0.0001, two-tailed paired T-test).

Figure 2 shows V95% for the low-risk primary tumour CTV
as contoured on the full bladder scan (ctv_TLR_45_RV) for
the planned and accumulated dose distributions. The planned
dose distribution refers to the sum of the dose distributions
of the available plans, weighted according to the number of
fractions the plan was delivered. V95%>99% is satisfied in
9/10 patients for the planned dose distributions and 7/10
patients for the accumulated dose distributions. For patient 3,

Figure 2. V95% of Ctv_TLR_45_RV for the planned and accumulated dose distributions.
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V95%¼37.3% for the accumulated dose to ctv_TLR_45_RV
and D98%¼93.1%. Examination of the daily CBCTs showed
that the superior part of ctv_TLR_45_RV was not covered by
95% of the prescribed dose, due to different bowel position-
ing resulting in the patient having a consistently >2 cm larger
anterior-posterior separation in this region when treated com-
pared to her planning CT. No evidence of recurrence has
been seen in the patient’s follow-up scans since completion
of treatment over 4 years ago.

Figure 3 shows the difference in bladder and rectum DVHs
between the planned and accumulated dose distributions for
each patient. For both OARs the accumulated dose may be
above or below the planned dose for an individual patient,
although for the bladder the overall tendency is for the
planned dose to be higher. Much of this is attributed to differ-
ences in bladder filling; the average bladder size during treat-
ment was 23% higher than that during the planning scan.

Ordering the patients according to the increasing height of the
peak in Figure 3(a) and the percentage difference in bladder
size on treatment relative to planning gives a Spearman’s cor-
relation coefficient of 0.6 (p¼ 0.067). The dashed lines indicate
the mean of the absolute differences. This remains below 5%
until 40.6Gy for the bladder and 40.0Gy for the rectum, sug-
gesting there is little difference between planned and accumu-
lated DVHs at lower and intermediate doses. Larger differences
are seen at higher doses with the mean in the absolute value
of the difference peaking at 28.9% for the bladder and 24.7%
for the rectum. Figure 4 shows that D2cc was higher for
planned than accumulated dose distributions for the bladder
in 9/10 patients and the rectum in 7/10 patients. Median val-
ues of the differences in D2cc are shown in Table 2. Lower
average D2cc for accumulated dose distributions is due to dif-
ferences in organ positioning between fractions, resulting in
inter-fractional changes in the position of hotspots.

Figure 3. Difference in DVH between planned and accumulated dose distributions for each patient for (a) bladder and (b) rectum. Dashed line indicates mean of
magnitude of differences.
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Exploratory analyses were performed to look for correla-
tions between the difference in planned and accumulated
mean doses to the OARs and age, menopausal status, body
mass index, CTV volume, and histology. Unfortunately, the
sample size is too small to achieve adequate statistical
power. However, it was observed that the 4 largest differen-
ces in mean rectal dose were observed for the 4 movers. In
addition, out of the 5 patients who were pre-menopausal
when starting treatment, 4 of these had the largest differen-
ces in mean rectal dose.

Figure 5. shows the difference between the summation of
DVHs from each CBCT dose calculation and the DVH from
the accumulated dose distribution. The dashed line indicates
the mean value of the absolute differences. There is reason-
able agreement at low and intermediate doses with the
mean value of the absolute difference below 5% for doses
below 41.8 Gy for the bladder and 38.6 Gy for the rectum. At
higher doses, the summation of CBCT DVHs is a poor esti-
mate for the accumulated DVH. As seen in Figure 4. and
Table 2. summing D2cc from all CBCT dose calculations

Figure 4. Variations in planned, accumulated and summed CBCT D2cc (Gy) for (a) bladder and (b) rectum.

Table 2. Median values of D2cc for the rectum and bladder with range in parentheses.

Accumulated Planned - Accumulated CBCT addition – Accumulated

Bladder D2cc [Gy] 44.9 (43.4, 45.9) 0.8 (�0.1, 2.4) 0.8 (0.4, 2.8)
Rectum D2cc [Gy] 44.8 (43.5, 46.2) 0.3 (�0.9, 2.3) 0.5 (�0.1, 2.3)
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overestimates accumulated D2cc for the bladder in 10/10
patients and the rectum in 9/10 patients, since the former
approach does not allow for overall hotspot reduction with
interfraction organ movement.

Discussions

This study does not include the effects of intra-fraction
motion, since in most cases only one CBCT was acquired per
fraction. It is also limited by the small sample size, which is
due to resource limitations, notably the amount of time
required to complete the dose accumulation. For each
patient the following steps had to be performed manually
25 times: CBCT extension and plan creation; bladder and rec-
tum contouring on CBCT; CBCT to CT RR and DIR. Ideally,
this process would be fully automated and performed on
every patient after each fraction with an alert triggered if

certain constraints aren’t met. However, depending on the
image quality, auto-contouring algorithms for bladder and
rectum may not yet be sufficiently accurate on CBCT and it
is essential that each DIR is checked by an experienced
member of staff. Developing a more efficient approach could
also enable more accurate normal tissue complication prob-
ability models to be developed that are based on delivered
rather than planned doses.

To the best of our knowledge, this is the first study to
estimate the delivered EBRT dose to the target using daily
imaging and DIR. In ref. [30] D2cc to the bladder and rectum
for EBRT and BT combined was reported. The mean differen-
ces in D2cc calculated using deformable dose accumulation
based on daily imaging and direct addition assuming uni-
form EBRT dose, with the range given in parentheses, were
1.1 GyEQD2 (�0.2–3.7 GyEQD2) for the bladder and 0.0 GyEQD2
(�1.0–2.8 GyEQD2) for the rectum. We found mean differences

Figure 5. Difference between summed CBCT DVHs and accumulated DVHs for (a) bladder and (b) rectum. Dashed line indicates mean of magnitude of differences.
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in D2cc of �0.2 GyEQD2 (�2.0–1.2 GyEQD2) for the bladder and
�0.1 GyEQD2 (�1.9–1.5 GyEQD2) for the rectum. These findings
are broadly consistent in magnitude, although for the blad-
der we found slightly lower D2cc values relative to the pre-
scription dose.

Deformable image registration is a useful tool for estimat-
ing delivered EBRT dose for cervical cancer patients, account-
ing for inter fraction differences in uterus position and
bladder and rectal filling. In some cases, substantial differen-
ces were observed between planned and accumulated dose
distributions, for example the clinical target volume was cov-
ered by the 93% isodose instead of the 95% isodose for a
patient who was consistently larger during treatment, due to
different bowel positioning, compared to planning. For OARs,
the largest differences were seen at higher dose levels, with
planned doses typically exceeding accumulated doses. This
was particularly pronounced for the bladder, where D2cc
was higher for planned than accumulated dose distributions
in 9/10 patients. CBCT DVH addition was found to be a good
estimate for the deformably accumulated DVH for the OARs
at low and intermediate doses, but not at higher doses.
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