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Background: The purpose of this study is to assess the feasibility of adaptive planning for prostate cancer 

using SmartAdapt deformable image registration (DIR), in an effort to reduce the effect of patient-specific 

variations. 

Methods: 18 prostate patients (74 Gy in 37 fractions) were selected. Each patient had a planning CT and 

cone-beam CT (CBCT) images acquired at different fractions. For each fraction, the planning CT was reg- 

istered to the CBCT image dataset using SmartAdapt. A rigid registration was performed prior to the DIR. 

The manual contours on the CBCT images by the clinician were used as reference. For the geometric 

analysis, various evaluation metrics were used to compare the volumes for both rigid and DIR. For the 

dosimetric analysis, the initial treatment plan was recalculated on the smartadapted structures, using 

Eclipse. Several Dose-Volume Histogram (DVH) points were used for the evaluation. 

Results: The results of the geometric analysis indicate that DIR can result in worse evaluation metrics 

than rigid registration alone. In general, SmartAdapt tends to under-contour the volumes. The difference 

in DVH points between the deformed and the reference prostate was worse than the difference between 

the planning CT and the reference, overestimating the need for re-planning. However, there was a ten- 

dency for the deformed rectum to underestimate the need for re-planning. 

Conclusions: After cautious analysis of the results, it has been decided not to implement SmartAdapt 

clinically to trigger adaptive decisions 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Prostate cancer is the most common cancer affecting men in

he UK [1] . According to Cancer Research UK statistics, 1 in 8

en will be diagnosed with prostate cancer during their lifetime

2] . External beam radiotherapy is one treatment option available

o patients. In our department, RapidArc, which is the Varian

mplementation of volumetric modulated arc therapy (VMAT)

eveloped by Otto [3] , is used to treat prostate patients. However,

rostate cancer presents several challenges such as inter-and

ntra-fractional variations in patient set-up and anatomy. At our

ospital, online image-guided radiotherapy (IGRT) is being used

or prostate patients to correct the translational inter-fractional

otion at each fraction. All prostate patients receive daily online

GRT with kV cone-beam CT (CBCT) for prostate to prostate soft
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issue matching (without fiducials). The use of CBCT allows the

ocalisation of the target and organs at risk in the treatment

osition before treatment delivery, which enables online correc-

ion by comparing CBCT images with the CT planning images

4,5] . Although soft-tissue matching without fiducials is a non-

nvasive procedure, it is subjective, time-consuming and suffers

rom inter-and intra-observer variability. SmartAdapt deformable

mage registration (DIR) has the potential of being a useful tool

n adaptive radiotherapy to account for anatomical changes during

he course of radiotherapy treatment. 

The aim of this study is to assess the feasibility of adaptive

lanning for prostate RapidArc using the Varian SmartAdapt Ver-

ion 11 DIR tool, in an effort to reduce the effect of patient-specific

ariations. SmartAdapt consists of a rigid registration framework

nd a deformable algorithm. The DIR algorithm in SmartAdapt is

ased on the Demons algorithm introduced by Thirion in 1998

6] . The Demons algorithm uses intensity differences between

he source and the target images as well as gradient information

rom the source image to determine the force necessary to deform

he target image. The model assumes that there are “demons”
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applying forces that push or pull the voxels of the target image

to match the source image as closely as possible [7] . The model

also assumes that the boundaries of objects in one image are

semi-permeable membranes and the other image diffuses through

these membranes by the action of the “demons” situated within

the membranes. The Demons algorithm treats the deformation as

a diffusion process, governed by a diffusion equation. The diffusion

equation is then solved iteratively by adding incremental changes

in the position of voxels in the target image so that the source im-

age can be brought voxel by voxel into spatial alignment with the

target image. In our study, the source image is the treatment plan-

ning CT and the target image is the CBCT image, which contains

information about anatomical changes from the initial planning CT

image. The result of the DIR is a deformation vector field that can

be used to deform the contours specified in the initial planning CT

to match the CBCT image. The contours in the volume of interest

from the initial planning CT can be propagated onto the CBCT im-

age. Once the DIR is completed, the contours will be automatically

delineated in the CBCT image. The ideal result of the DIR is a new

image dataset with the image quality of the CT and the anatomical

information of the CBCT image. The reader is referred to the liter-

ature [6–8] for more technical details on the Demons algorithm. 

To date, most studies that evaluate the performance of Smar-

tAdapt or other DIR algorithms are limited to head and neck such

as Eiland et al. [9] , Veiga et al. [10] , and Tsuji et al. [11] . Some

studies only perform a geometrical analysis, such as Hou et al.

[12] . Moreover, due to the need for manually-drawn contours by

the clinician (reference), most studies are limited to small num-

bers of patients. Furthermore, some studies [13] compare the new

treatment plan, using the deformed image dataset and the same

settings as in the original plan, with the initial treatment plan to

assess the dosimetric impact of inter-fractional organ deformation.

Although this method is useful for investigating the dosimetric

impact of organ deformation between fractions, it fails to assess

the feasibility of using SmartAdapt clinically to trigger adaptive

decisions because the method does not have a reference or gold

standard. To our knowledge the method used for the dosimetric

analysis in our study is novel and allows the comparison of the

absorbed doses to the prostate and rectum between the original

planning, the deformed and the reference volumes/structures. 

The study has been divided into two parts. The first part con-

sists of a geometric evaluation of the deformed volumes/structures
Fig. 1. Diagram showing an overview of the methods used i
enerated by SmartAdapt compared with the manual contours

roduced by the clinical oncologist on CBCT images, which will

e considered the reference or gold standard. Several evaluation

etrics will be used to quantify the agreement between contours.

he second part consists of a dosimetric evaluation, where the

nitial treatment plan will be re-calculated on the smartadapted

olumes/structures, using Eclipse. Several Dose-Volume Histogram

DVH) points and the Conformity Index (CI) will be used for

he evaluation. Analysis of the geometric and dosimetric results

ill be performed to assess the usefulness of SmartAdapt in

daptive planning for prostate RapidArc. The results, including the

trengths and limitations of the methods used, will be discussed

nd compared with other studies in the literature. 

. Methods 

Fig. 1 shows an overview of the methods used in this study. 

18 prostate cancer patients treated in 37 fractions using Rap-

dArc with a prescribed dose of 74 Gy (2 Gy per fraction) were

elected to evaluate the performance of Varian SmartAdapt version

1. Each patient had a planning CT and CBCT images acquired on

ach treatment fraction. CBCTs from fractions 1, 6, 11, 16, 21, 26,

nd 31 had the prostate and rectum re-outlined. 

The reader is referred to previous publication by Maund et al.

14] for boxplots showing the variation in rectal volume on CBCT

mages during treatment for these 18 patients and a bar graph

llustrating the change in rectal volume on CBCT relative to the

riginal planning CT scan volume, which highlights the challenges

resent in prostate radiotherapy. 

For the initial planning CT scan and in accordance with clin-

cal protocol, all the patients were given information on diet to

inimise flatus and regulate rectal filling and drinking protocols

o follow. All the patients were imaged supine on the flat CT

ouch with their heads supported using a headrest and their arms

esting on their chests. Their legs were immobilised using knee

upports and ankle stocks. 

Manual delineations of target volumes and organs at risks on

he non-contrast enhanced planning CT images were performed by

he clinician using Prosoma virtual simulation software (Medcom

mbH, Darmstadt, Germany). The CTV1 (prostate and seminal

esicles) and the CTV2 (prostate only) were contoured on the

lanning CT images with a 2 mm slice thickness. A 10 mm margin
n this study to assess the performance of SmartAdapt. 
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as added isotropically to the CTV1 to create PTV1 and a 3 mm

argin to the CTV2 to create PTV2. The bladder, femoral heads

nd the rectum (from the anus to the recto-sigmoid junction) were

elineated. RapidArc plans were generated by the dosimetrist us-

ng inverse planning in Eclipse treatment planning system (Varian

edical Systems Inc, Palo Alto, CA). The Analytical Anisotropic

lgorithm (AAA), which is a convolution-superposition algorithm

vailable in Eclipse, was used for the dose calculation. Treat-

ent was delivered using Varian Clinac iX with RapidArc. Varian

linac iXs are equipped with on-board imaging system capable of

erforming CBCT. Prior to daily treatment delivery, CBCT images

f the pelvic area were acquired and compared to planning CT

mages using soft-tissue matching to ensure that the prostate and

he seminal vesicles were included in the PTV1. In accordance

ith imaging protocol, all matching was independently checked

ffline by a radiographer. CBCT images were stored in Eclipse.

he CTV2 (prostate only) and the rectum (from the anus to the

ecto-sigmoid flexure) were contoured on CBCTs for fractions 1, 6,

1, 16, 21, 26 and 31 by the clinician. 

It is worth pointing out that CT and CBCT have definitive

imitations in the outlining of prostate CTVs. Our department now

erforms MRI image registration on most, if not all, radical prostate

ases to assist in accurate target delineation. However, at the time

his study was conducted this was not routine practice. The aim

f this study was to assess the feasibility of using daily positional

nformation from CBCT scans to guide plan adaptation. MRI fusion

sed to assist delineation of the original planning contours would

ot change the workflow or the results of the comparison. 

In this study, for each fraction available the planning CT image

ith volumes and structures (source image) was registered to

he CBCT image (target image) using SmartAdapt. First of all, a

igid registration was performed between the planning CT and

he CBCT to bring the volumes and structures of both images into

he same coordinate system. Following the rigid registration, the

utomatic deformable registration was carried out. The deformed

mage dataset was then exported. In SmartAdapt, the deformed

mage dataset, including structure set, was imported. This step

as necessary to allow proper assessment of the contours from

ultiple deformed image datasets. The deformed image dataset

as shown as registered to the planning CT and CBCT images. 

For evaluating the performance of SmartAdapt, the manually-

elineated contours on the CBCT images (reference) were prop-

gated from the CBCT images to the deformed images to enable

omparison ( Fig. 2 ). Inter-observer variability in manual contour-

ng was eliminated in this study because all the delineations

ere performed by the same clinical oncologist. Delineations of

olumes and structures for each patient were performed according

o clinical protocol. It was not possible to exclude intra-observer

ariability. 

.1. Geometric analysis 

Although various evaluation metrics have been proposed in the

iterature to quantify the agreement between contours, there is

o widely accepted method for geometrical comparison [15] . The

tatistic tool in SmartAdapt was used to compare volumes, centre

f mass shifts (CMS) and Dice Similarity coefficient (DSC) between

elevant contours for both rigid and deformable registration. 

Volume measurement comparison is a simple method for

eporting geometrical differences between contours; however, it

oes not provide information on positional change. A CMS analysis

an be useful for describing displacements of two structure or

olumes. The CMS is given by the following expression: [9] 

MS = 

√ 

X 

2 
CMS 

+ Y 2 
CMS 

+ Z 2 
CMS 

quation 1. Centre of mass shift (CMS) 
Where X CMS , Y CMS and Z CMS are the displacements in the X,

 and Z direction respectively. CMS has the drawback that it

oes not take differences in shape into account. To overcome this

roblem, overlap-based metrics are used. The DSC is a measure of

patial overlap and is given by the following expression: [9,16] 

SC = 

2 ( V RI G, DI R ∩ V REF ) 

V RI G, DI R + V REF 

quation 2. Dice Similarity coefficient (DSC) 

Where V RIG,DIR are the rigidly and deformed registered structure

olumes and V REF are the corresponding structure volumes on the

eference image. DSC values can range between 0 (no overlap) and

 (perfect overlap of contours). A DSC greater than 0.70 can be

onsidered acceptable for prostate cancer [17] . The main advantage

f using DSC is that it is easy to visualise. However, one major

rawback is that it is based on spatial overlap of voxels regardless

o their distance to the reference contour. DSC fails to provide in-

ormation on the directionality of the error detected. To overcome

his problem, distance-based metrics have been developed. The

ean distance to conformity metric (MDC), introduced by Jena

t al. [18] , provides information of the changes in position of the

ontour pairs under investigation. MDC is defined as the mean

istance of each outlying voxel from the reference contour to the

valuation contour. MDC is given by the following expression: 

DC = 

1 

N ( A ) 

N ( A ) ∑ 

i =0 

d ( A i , B i ) 

quation 3. Mean Distance to Conformity (MDC) 

Where d (A i ,B i ) is the distance from point i on surface A to

he closest point on surface B , and N(A) is the total number of

urface points on contour A . The advantage of using MDC is that it

rovides additional information on the shape difference between

he evaluation and the reference contour. MDC is not supplied

y SmartAdapt. In this study, SHERRI (Surrey Heuristic Engine

or Radiotherapy, Radiobiology and Imaging), developed by Dr

ena, was used to measure MDC and evaluate the performance of

martAdapt DIR. In general, an MDC value of less than 2 mm can

e considered acceptable [18] . 

.2. Dosimetric analysis 

Firstly, a rigid registration between the deformed image (source

mage) for the first fraction and the original planning CT image

ataset (target image) was carried out to bring the volumes

nd structures of both images into the same coordinate system.

he deformed CTV2 and rectum were then propagated from the

martadapted deformed image to the original planning CT. 

In Eclipse, a new course was created. The original treatment

lan was copied and pasted, assigning the new structure set

hat contains the original and the deformed contours, as well as

he reference contours generated by the clinician on the CBCT

mages. The reference contours were propagated for the geometric

nalysis. The new treatment plan was re-calculated with the same

ettings, including the same number of monitor units (MUs) as

n the original plan ( Fig. 3 ). The new dose distribution can then

e analysed in plan evaluation. As in Maund et al. [14] , it is

ssumed that the original dose distribution is spatially invariant.

or deep-seated tumours such as the prostate, this assumption can

e considered reasonable. 

For the dosimetric analysis, the change in plan metrics on the

anually-delineated CBCT contours by the clinician (reference)

ill be compared against the change in plan metrics observed

hen using SmartAdapt. Several DVH points were chosen. To

valuate the dose coverage to the PTV2, the D (dose received
median 
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Fig. 2. Example of deformable image registration using patient 18, showing deformed CTV2 in red, reference CTV2 in green, deformed rectum in brown and reference rectum 

in yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Treatment plan for patient 18, as an example, showing the V95%, the original CTV2 in red, the deformed CTV2 in orange, the reference CTV2 in yellow, the original 

rectum in brown, the deformed rectum in orange and the reference rectum in yellow. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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y 50% of the PTV2 volume ), D 98% (dose to 98% of the volume) and

 2% (dose to 2% of the volume) were determined, as recommended

y ICRU Report 83 [19] . The absorbed dose to the rectum was

etermined by V 50 and V 60 , which are the percentages of rectal

olume receiving 50 Gy and 60 Gy respectively. These points were

elected based on the results of Fiorino et al. [20] , which suggest

hat V 50 below 60–65% and V 60 below 50–55% are robust cut-off

alues for late rectal toxicity. 

DVHs, however, present some limitations. For example, they do

ot provide spatial information, their interpretation is subjective,

nd the implications of small differences are not well understood.

or this reason, in addition to the DVH points, the conformity

ndex (CI), which was introduced in ICRU Report 62 [21] , was

etermined to assess whether the treated volume encompasses

he PTV, indicating plan conformity. A CI value equal to one cor-

esponds to ideal conformation. The CI is given by the following

xpression: [22] 

I = 

V 95% 

P T V V olume 

Equation 4. Conformity Index (CI) 

Where V 95% is the volume within the patient receiving at

east 95% of the prescribed dose. Although the CI is very easy to

alculate, it is not an ideal evaluation metric since it fails to take

nto consideration the degree of spatial intersection or the shapes

f the two volumes of interest [22] . Furthermore, the PTV is a

eometrical concept design to ensure that the CTV received an

dequate absorbed dose. The CT V to PT V margin is not modelled

y SmartAdapt. For this reason, to analyse the performance of

martAdapt, it was decided to create a deformed PTV2 by ex-

ending the deformed CTV2 by a margin of 0.3 cm isotropically,

sing the tools in Eclipse. The reference CTV2 was also extended

y 0.3 cm isotropically to create the reference PTV2. This is in

ccordance with departmental protocol for prostate cancer. 

. Results 

.1. Geometric analysis 

Statistical analysis of the evaluation metrics was performed us-

ng IBM SPSS Statistics Version 20. Data were found to be normally

istributed. For the 18 patients, the mean and standard deviation

alues of the evaluation metrics were calculated. A paired t -test

as carried out to determine whether the evaluation metrics were

tatistically different between rigid and deformable registration.

he statistical significance was set at 0.05. 

The results are shown in Table 1 . For both CTV2 and rectum

he p -values for CMS and DSC are less than 0.05. In some cases,

IR resulted in worse evaluation metrics for CTV2 and rectum

han using rigid registration alone. 

Considerable variation in the rectal volume between patients

or rigid and DIR can be observed, indicating that using the differ-

nce in volume between contours alone is not a good evaluation

etric for assessing the performance of SmartAdapt. Figs. 4 and 5
Table 1 

Comparison of evaluation metrics between rig

mean ±standard deviation. 

Structure/ Volume Metric 

CTV2 (prostate only) Volume Difference (cm 

3 )

CMS (cm) 

DSC 

Rectum Volume Difference (cm 

3 )

CMS (cm) 

DSC 
how the CTV2 and the rectal volume difference between the de-

ormed and the reference contours for the 18 patients, respectively.

.2. Results of mean distance to conformity for deformable 

egistration 

The MDC is the average distance that all the outlying points in

he deformed contours must be moved in 3D to achieve confor-

ity with the manually-delineated contours on the CBCT images

18] . The MDC consists of an over-contouring component, where

he deformed contours extend beyond the reference contours, and

n under-contouring component, where the deformed contours

re smaller than the reference contours. The results of MDC,

ver-contour and Under-contour in mm for DIR (using manual

ontours on CBCT images as reference), provided by SHERRI, were

ecorded on SPSS. The data were found to be normally distributed.

or the 18 patients, the mean and standard deviation values of

DC, Over-contour and Under-contour were calculated for CTV2

nd rectum. The results are shown in Table 2 . 

In general, the MDC values for rectum were higher than those

or the CTV2. For one patient a MDC for rectum of 4.42 mm

etween the deformed and the planning CT contour was recorded

n fraction 21, which could be caused by the DIR not being able

o compensate for rectal volume changes between the planning

T and the CBCT. The mean value of MDC for CTV2, which is less

han 2 mm, can be considered acceptable. From the results, it can

lso be noted that in general, SmartAdapt tends to under-contour

he structures/volumes. 

.3. Dosimetric analysis 

The difference in DVH points for the original planning CT and

he deformed volumes/structures relative to the reference were

etermined. The results were expressed as a percentage. 

As can be seen from Table 3 , the difference in the DVH points

elative to the reference were larger for the rectum than for

he CTV2 and the PTV2. For the PTV2, the median percentage

ifference in DVH points was within 1.6%, indicating similar target

overage for all datasets. However, differences of up to 22% on the

eformed PTV2 relative to the reference were observed. 

In addition to the DVH points, the CI was determined to

valuate the coverage of the original planning CT, deformed and

eference PTV2. Table 4 shows the results for the CI using the

riginal plan. As explained, the CI was determined by calculating

he ratio of the volume within the patient covered by the 95%

sodose in cm 

3 to the total volume of PTV2 (original planning CT,

eformed by SmartAdapt or reference) in cm 

3 . 

The median values of CI vary depending on the PTV2 volume

sed. The median CI value for the original PTV2 is very close to

ne. The median CI value for the reference is higher than the val-

es for the deformed and the original PTV2. The median CI values

or the deformed and the reference PTV2 were similar, indicating

imilar target coverage. These values are also higher than one,

ndicating that healthy tissue is included in the 95% isodose. 
id and deformable registration, showing 

Rigid Deformable p -value 

 3.0 ± 4.4 1.9 ± 7.1 0.107 

0.26 ± 0.19 0.35 ± 0.20 < 0.001 

0.85 ± 0.06 0.81 ± 0.06 < 0.001 

 3.8 ± 26.2 5.1 ± 20.4 0.393 

0.96 ± 0.48 0.81 ± 0.46 0.022 

0.67 ± 0.08 0.69 ± 0.08 < 0.001 
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Fig. 4. Volume difference between the deformed and the reference CTV2 in cm 

3 per patient, showing the median, minimum and maximum values. 

Fig. 5. Volume difference between the deformed and the reference rectum in cm 

3 per patient, showing the median, minimum and maximum values. 

Table 2 

MDC, Over-contour and Under-contour results, showing mean ± standard deviation. 

Structure/Volume MDC (mm) Over-contour (mm) Under-contour (mm) 

CTV2 (prostate only) 1.54 ± 0.76 0.68 ± 0.53 0.86 ± 0.65 

Rectum 2.68 ± 1.17 1.10 ± 0.55 1.58 ± 1.15 
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a  
4. Discussion 

4.1. Geometric analysis 

The main weakness of the method used in our geometric

evaluation is that it includes intra-observer variability. Due to the

noise and low contrast in CBCT images, it can be challenging for
he clinical oncologist to draw the contours consistently. Although

anual contours by an expert are considered the gold standard,

hese contours are not guaranteed to be correct due to human

actors contributing to the assessment of the images. 

As can be seen in Table 1 , in general, the results obtained for

he CTV2 are better than the results for rectum for both rigid

nd DIR. This was also found by Thor et al. [23] . This study uses
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Table 3 

Difference in the DVH points between planning CT or deformed volumes/structures and reference. Difference relative to the reference expressed as a 

percentage and presented as median and range between brackets. 

Volume/Structure DVH point Difference between planning CT and reference Difference between deformed and reference 

CTV2 (prostate only) V 95% 0.0 (0.0, 3.8) 0.0 ( −4.4, 3.8) 

PT V2 (CT V2 + 0.3 cm isotropically) D median −0.2 ( −0.3, 0.1) 0.3 (0.1, 0.5) 

D 98% −1.6 ( −3.2, 17.9) −0.5 ( −1.5, 22.0) 

D 2% 0.0 ( −0.1, 0.4) 0.4 (0.2, 0.7) 

Rectum V 50 −20.8 ( −55.1, 86.4) −9.7 ( −47.2, 77.1) 

V 60 −25.1 ( −64.6, 138.4) −2.2 ( −50.5, 141.7) 

Table 4 

Results of CI, showing the median value followed by the range between brackets. 

CI (planning CT) CI (deformed) CI (reference) 

1.05 (0.99, 1.08) 1.40 (1.23, 1.84) 1.45 (1.29, 1.86) 
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 prostate patients to assess the performance of a DIR tool for

ontour propagation from CT to CBCT scans in prostate cancer.

owever, the study only uses the DSC as evaluation metric and

 qualitative visual scoring by a clinician. Furthermore, the study

oes not include a dosimetric analysis. 

It can be noted that DIR sometimes resulted in worse eval-

ation metrics compared to rigid registration alone. This result

as also observed in the geometrical evaluation of lung cancer

atients performed by Ottosson et al. [16] . For CTV2 and rec-

um there is a difference in CMS and DSC between rigid and

eformable registration. This can be due to objects present in

ne image but not in the other which can cause problems for

he Demons algorithm used in SmartAdapt, leading to incorrect

ransformations. Another difficulty could be the poorer image

uality of CBCT images compared to CT images, which could make

IR difficult. Compared with CT, CBCT images have inferior con-

rast resolution, decreased accuracy in CT numbers and increased

mage artifacts [24] . Thor et al. [23] suggested that the perfor-

ance of the Demons algorithm could be improved by increasing

he CBCT image quality. Acquisition parameters for CBCT, such as

ube voltage, collimation, filter type, half or full fan mode, affect

he image quality [5] . The amount of scatter and artifacts are also

ffected by patient size. However, improving image quality could

otentially increase concomitant imaging dose to the patient.

adiation dose from pelvic CBCT depends on several factors such

s beam quality, tube output, scanning geometry, technique setting

nd patient size [14] . At our hospital, the estimated dose to the

socentre is approximately 25 mGy per standard pelvic CBCT scan

14] . CBCT imaging dose contributes to the treatment dose and

ould potentially increase the risk of developing second cancers.

ny additional radiation dose needs to be justified in terms of

atient benefit. It is worth mentioning that testing altered CBCT

cquisition protocols, increasing dose to improve image quality,

ould significantly alter design and ethical implications of this

tudy, and it is outside the scope of this manuscript. 

Analysing the results obtained for the mean MDC, Over-

ontour and Under-contour for DIR of planning CT to CBCT images

 Table 2 ), using the manually-drawn contours on CBCT images

s reference, we can see that in general, SmartAdapt tends to

ndercontour the CTV2 and the rectum. The results for the CTV2

re better than those for the rectum. The mean MDC (mm) for the

TV2 was less than 2 mm, which can be considered acceptable as

ndicated by Jena et al. [18] . 

One limitation shared by all evaluation metrics used in this

eometric evaluation is the lack of connexion between the quan-

ification of geometrical error of DIR and the effect that error has

n the dose distribution [25] . Wu et al. [26] showed that geo-

etric and dosimetic evaluations are related, but not equivalent.
urthermore, Voet et al. [17] found that DSC is not an indicator of

osimetric agreement. For this reason, a dosimetric analysis was

erformed as part of this study. 

.2. Dosimetric analysis 

To our knowledge the method used for this dosimetric analysis

s novel and allows the comparison of the absorbed doses to the

TV2 and rectum between the original planning, the deformed

nd the reference volumes/structures. The aim of this dosimetric

nalysis was to determine whether SmartAdapt enables us to

ake the same judgements on the impact of anatomical changes

hat by manually re-outlining the volumes and structures. For this

urpose, the deformed volumes/structures were propagated to the

riginal planning CT dataset and the initial treatment plan was

ecalculated using the same settings and number of MUs. DVH

oints were determined to compare the absorbed doses to the

T V2, PT V2 and the rectum, using the original planning CT, the

eformed and the reference volumes/structures. A weakness of

his method, however, is that it assumes that the treatment plan

as not changed. The method assumes that small changes in pa-

ient position and contour do not significantly affect the calculated

ose at depth in the patient. This is called shift invariance [27] .

his assumption is reasonable as long as the prostate patients do

ot lose or gain significant weight. 

To date, most studies that evaluate the performance of Smar-

Adapt or other DIR algorithms are limited to head and neck.

iland et al. [9] performed a geometric and dosimetric analysis of

martAdapt for adaptive radiotherapy in head and neck IMRT. The

tudy used 7 patients, each with a planning CT, a CBCT and a re-

canning CT. The manually-delineated structures/volumes by the

linician on the re-scanning CT were used as reference. A rigid reg-

stration followed by a deformable registration was performed be-

ween the planning CT and the CBCT images. The original plan was

opied and pasted to the re-scanning CT and the deformed image.

he plan was then re-calculated using the same settings and the

ame number of MUs as the original plan. D median , D 98% and D 2% 

ere determined to evaluate the dose coverage to the CTV. In our

pinion, the main weakness of this method is that it uses the re-

canning CT as reference. The re-scanning CT was acquired at a dif-

erent time than the CBCT and would fail to account for anatomical

hanges during the course of treatment. Although, this method can

e justified in the case of head and neck, it would not be a valid

ethod for assessing the performance of SmartAdapt, in terms of

osimetry, for prostate cancer due to inter-fractional motion. In the

ase of head and neck, the parotid glands, are known to change

olume during a course of radiotherapy treatment [28] . The parotid

olume change can be measured on a daily or weekly timescale.

he re-scan CT would give similar information to a CBCT scan

cquired within one or two days. The method, however, would not

e adequate for short-term changes or for assessing the effect of

aily motion on the dose to organs at risk. Eiland et al. [9] sug-

ested that the deformed dataset produced by SmartAdapt could

e used as a decision tool to establish whether the patient would
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need to be rescanned. In order to implement this clinically, the

deformed dataset should overestimate the need for re-planning. 

In our study, the DVH points of V 50 and V 60 had different

values for the deformed and the planning CT rectum, indicating

that the positions of this organ in relation to the reference rec-

tum (manually-drawn contour on the CBCT image dataset) were

different. This can be explained by rectal volume changes shifting

the rectum into an area of lower or higher dose. The dosimetric

changes for the rectum relative to the reference appear worse on

the planning CT than on the deformed structure, indicating that

the deformed rectum underestimated the need for replanning.

For the target volumes, the median percentage differences in

DVH points between the planning CT and the deformed volume

relative to the reference volume were within 1.6%, which indicates

that the original plan is very robust and can provide reasonable

target coverage despite the anatomical changes. However, for the

CTV2, differences of up to 4.4% in V 95% were observed between

the deformed and the reference. For the PTV2, differences of

up to 22% in D 98% were observed between the deformed and

the reference. Larger differences in range were found between the

deformed and the reference PTV2 than the planning CT and the

reference PTV2, which overestimate the need for re-planning. If

the deformed PTV2 were to be used as a decision tool for when

to consider re-planning, then this would be acceptable. 

The median values for the CI obtained from the deformed PTV2

and reference PTV2 were higher than those obtained from the

planning CT PTV2, indicating that more healthy tissue was being

included in the high dose region. Median values for the CI from

the deformed PTV2 were generally lower than, or very close to,

those obtained from the reference PTV2. The median value for

the CI using the original PTV2 is very close to one, indicating

very good conformation. This was expected since the treatment

plan was optimised to the original planning CT structure set. The

results of CI using the deformed PTV2 are very similar to those

using the reference PTV2, which can suggest that this conformity

measure could be used as an indicator for re-planning. However,

these results need to be interpreted with care. The CI does not

consider the location of the prescription isodose volume relative to

the target volume. This means that in some circumstances the CI

can give false perfect scores on a non-conformal plan. Paddick [29]

published a literature review on scoring ratios to determine the

conformity of radiosurgical plans and gave various examples of

volumes of interest which would result in a CI of 1, even though

they did not present ideal conformation, showing that the CI

does not account for the relative positions of the two volumes of

interest. The CI has the advantage that it is easy to calculate and

can be used to compare two treatment plans, but should not be

used in isolation as a decision tool. 

5. Conclusion 

SmartAdapt has the potential of facilitating adaptive planning

of prostate RapidArc. For both rigid and deformable registration,

the results of the evaluation metrics for the CTV2 are generally

better than those for the rectum. The results obtained in the ge-

ometric evaluation suggest that the deformed structures/volumes

produced by SmartAdapt are not able to replace manual contour-

ing by the clinician completely. However, as suggested by Chao

et al. [30] ; Hou et al. [12] and Eiland et al. [9] , they could be used

as a helpful tool to assist the clinician with the manual contouring

of volumes/structures on the re-scanning planning CT. Ramadaan

et al. [31] found that SmartAdapt could save considerable time in

re-contouring head and neck structures on re-scanning CTs. How-

ever, the study also recommended careful review of the deformed

structures generated by SmartAdapt. 
The difference in DVH points between the deformed and the

eference CTV2 and PTV2 was worse than the difference between

he planning CT and the reference, overestimating the need for re-

lanning. However, there was a tendency for the deformed rectum

o underestimate the need for re-planning, when compared to the

eference rectum (manually-drawn contours on the CBCT image

ataset). The CI values obtained from the deformed PTV2 are very

imilar to those from the reference PTV2. Thus, in combination

ith the CI from the PTV2, the deformed CTV2 and PTV2 could be

sed to evaluate whether a rescan is needed when disregarding

he deformed rectum. All re-scans would need to be authorised

y the clinical oncologist under the Ionising Radiation (Medical

xposure) Regulations 20 0 0 [32] and the benefits of re-scanning

nd re-planning should outweigh the risks. 

It is worth pointing out that as shown by Yip et al. [28] , not

ll patients would benefit from adaptive radiotherapy. Moreover,

his strategy could be time-consuming. Therefore, it would be

ecommended to identify patients who will benefit from adap-

ive radiotherapy, improving tumour control probability whilst

educing normal tissue complications. 

At our hospital, after cautious analysis of the results obtained

n this study, it has been decided not to implement SmartAdapt

linically to trigger adaptive decisions in prostate cancer. Due to

he limitations described in this study, it has been decided that

martAdapt is not a robust tool to be used routinely. However,

martAdapt can be a useful tool in assisting the clinician with de-

ineation on the re-scanning CT rather than starting from scratch,

otentially saving time spent on manual delineation. It can also

e a useful tool in generating evaluation metrics such as Volume

ifference, CMS and DSC between evaluation and reference con-

ours. The results of these evaluation metrics could be used for

he quality assessment of contouring and as an educational tool

or clinicians learning how to delineate. 
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