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  Abstract 
  Background.  To present a new method that determines an optimised IGRT couch correction vector from a displacement 
vector fi eld (DVF). The DVF is computed by a deformable image registration (DIR) method. The proposed method can 
improve the quality of volume-of-interest (VOI) alignment in image guided radiation therapy (IGRT), and can serve as a 
decision-making aid for re-planning.    Material and methods.  The proposed method was demonstrated using the CT data sets 
of 11 head-and-neck cancer patients with daily kilovoltage control-CTs. A DVF was computed for each control-CT using 
a DIR method. The DVF was used for voxel tracking and re-contouring of the VOIs in the control-CTs. Then a rigid body 
transformation, which could be used as couch correction vector, was optimised. The aim of the optimisation process was 
to fi nd a vector and rotations that map the deformed VOIs into a specifi ed territory. This territory was defi ned by a margin 
extension of the VOIs at the time of the planning process. Within this extension, VOI motion and deformation was toler-
ated. The objective function in the optimisation process was the sum of all volume fractions outside the defi ned territories.  
  Results.  The proposed method was able to fi nd a correction vector, which resulted in a coverage of the target volumes of 
at least 98% in 52.3% of all fractions. In contrast, a standard IGRT correction using a rigid registration method only 
fulfi lled this criterion in 22.6% of all fractions. The optimisation process took an average of 1.5 minutes per fraction. 
   Conclusion.  The knowledge of the deformation of the anatomy allows the determination of an optimised rigid correction 
vector using our method. The method ensures controlled mapping of the VOIs despite small deformations. If no optimised 
vector can be determined, re-planning should be considered. Thus, our method can also serve as a decision-making aid for 
re-planning.   

 During radiation therapy inter-fractional anatomical 
changes occur. Deformable image registration (DIR) 
methods allow the detection and extraction of such 
changes from tomographical image scans. DIRs 
generate displacement vector fi elds (DVFs) which 
describe setup variations and deformations in control-
CTs in respect to planning-CTs. 

 The main fi eld of application of DVFs in 
clinical routine is the adaptation of the contours of 
volumes-of-interest (VOIs) to their new position on 
the control-CTs [1 – 4], which can speed up the re-
planning process. However, daily re-planning is time 
and effort consuming and not implemented in most 
radiation oncology departments. To at least correct 

for the systematic patient positioning variations, 
image guided radiation therapy (IGRT) is used rou-
tinely in clinical practice. This positioning correction 
is usually derived from a rigid registration method 
resulting in parameters for a shift of the treatment 
couch. The rigid registration can be limited to regions 
including different image content, which might result 
in different couch shifts [5 – 7]. It is diffi cult for the 
treating physician to anticipate how the region for 
registration will impact the resulting tumour and 
organ alignment. 

 In this proof-of-principle study we introduce a new 
fi eld of application for DVFs. We present a method 
that uses a DVF to optimise a three-dimensional (3D) 
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treatment couch shift. This shift is determined by 
accounting for motions and deformations of structures 
within previously defi ned margin-extended volumes. 

 Additionally, we analysed the method to see if it 
can also be used to establish an intervention thresh-
old for re-planning. If no optimised correction vector 
can be determined that allows mapping of the VOIs 
within the defi ned volume extension, deformations 
cannot be compensated suffi ciently by a rigid couch 
shift. Therefore (online) re-planning should be con-
sidered. Thus, our approach also intends to reduce 
the efforts and costs of more complex correction 
strategies, such as online plan modifi cation, at each 
treatment fraction.  

 Material and methods  

 Patients and target volume defi nitions 

 The proposed method was demonstrated using the 
CT data sets of 11 consecutively treated HNC 
patients that received daily kilovoltage control-CTs 
(mean 29.7 control-CTs/patient). All patients were 
treated with a linear accelerator combined with an 
in-room, single-slice spiral CT-scanner. A total of 
327 (28 – 32 per patient) CT-scans (0.98    �    0.98    �    
3.0 mm 3  or 0.98    �    0.98    �    2.0 mm 3 ) were evaluated. 
All patients received postoperative chemoradiation 
and were immobilised with a head mask and a 
vacuum pillow [8]. 

 Two CTVs were delineated: A therapeutic CTV 
(tCTV), which included the pre-surgical gross 
tumour volume, and a prophylactic CTV (pCTV), 
which included the supraclavicular and cervical 
lymph nodes. The tCTV was extended by a CTV-
to-PTV margin of 3 mm to defi ne the tPTV [9]. Due 
to its extension and location, the larger pCTV was 
expected to be more prone to deformations than the 
tCTV. Thus, the pCTV was extended by a 5 mm 
CTV-to-PTV margin to defi ne the pPTV. For IMRT 
treatment planning, a planning risk volume (PRV) 
surrounding the spinal cord was constructed by 
adding a 5 mm margin to the cord.   

 Deformation analysis 

 An automatic DIR method based on a template 
matching technique was used [10]. No additional 
rigid pre-registration step was necessary, since the 
image scans were already correlated by external 
marker alignment. The main idea of the fully auto-
mated DIR method consisted of three steps: 1) 
Selection of small rigid templates (40    �    40 �    40 mm 3 ) 
distributed along the planning-CT scan. These tem-
plates included high contrast image structures, often 
bony anatomy, but also included distinctive soft 
tissue structures in kV-CTs; 2) Independent rigid 

optimisation of the position of the templates in 
respect to the control-CT scan using cross-correlation 
as similarity measure; and 3) Interpolation of the 
DVF using the resulting correspondences as sup-
porting points for a thin plate splines interpolation. 
The registration method was developed in-house and 
demonstrated a registration accuracy of about the 
voxel size [10]. However, the proposed method was 
not restricted to the use of this image registration 
method. Any DIR method could be used as long as 
the registration accuracy is acceptable. 

 The registration process resulted in one DVF for 
each control-CT. This DVF described the deforma-
tion between the planning-CT and a control-CT 
scan. Our registration method required a mean cal-
culation time of (2.6    �    1.5) minutes per fraction. 
The resulting transformation was used to transform 
the VOIs from the planning-CT scan to the control-
CT for its visual examination. All transformed 
VOIs were reviewed by a radiation oncologist, thus 
evident registration errors could be excluded in 
this analysis. This exclusion was necessary in 19 
of 327 CT scans (5.8%) distributed along fi ve of 
11 patients.   

 Deduction of an optimised 3D-correction 
vector from the DVF  

 Geometrical constraints for the optimisation process.  
 Despite the deformations, both target volumes should 
be fully covered in each treatment fraction. Hence, 
at any time during the treatment, each voxel (volume 
element) of the tCTV/pCTV should be positioned 
within the tPTV/pPTV margin. Additionally, all vox-
els of the spinal cord should be positioned within the 
PRV for optimal dose sparing. 

 To calculate the optimised correction vector, an 
optimisation process was performed. This process 
considered pre-defi ned geometrical constraints of all 
VOIs that were considered relevant for patient align-
ment by the physician. In this proof-of-principle 
study, only one constraint  C  was defi ned for each 
VOI. To ensure target dose coverage and optimal 
OAR sparing, the constraint must be defi ned such 
that the transformation of each voxel of this VOI 
results in a position within a respective margin-
extended VOI (Figure 1). In this study, the CTV-
to-PTV margin amounted for 3 mm (5 mm) for the 
tCTV (pCTV). To account for technical uncertain-
ties, we restricted the constraint (margin extension) 
 C  tCTV  in our optimisation function to 2 mm and the 
constraint  C  pCTV  to 4 mm. Besides the target vol-
umes, optimal re-positioning of the cord was also 
considered in the optimisation process. The PRV of 
the cord was constructed by adding a 5 mm margin 
to the cord. Therefore, analogous to the previous 
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constraints, the constraint  C  SC  for the spinal cord 
was defi ned as 4 mm. In this study, we refer to the 
margin-extended volumes as  fair territories . 

 The constraints defi ned for the three VOIs were 
the same for all of the 11 patients. Each voxel of the 
three VOIs considered in the optimisation process 
must fulfi l the defi ned constraints in each treatment 
fraction. 

 The optimisation process converged towards a 
rigid transformation, which maps the re-contoured 
VOIs inside the respective fair territories. The sum 
of all fraction volumes outside the fair territories was 
used as objective function. The minimum of the 
objective function is determined by a simplex algo-
rithm [11]. The proposed approach could be inter-
preted as a best fi t of a rigid-body transformation to 
a given DVF, which described the deformations of 
the anatomy. The optimised vector resulting from 
this optimisation process included three translational 
and three rotational parameters.   

 Reference method: standard IGRT correction.   To com-
pare our method, a widely used standard (state-of-
the-art) IGRT correction was simulated. Therefore, 
a rigid registration method considering translations 
and rotations was used to determine an IGRT cor-
rection vector. The registration method was based on 
mutual information [12]; the bounding box encom-
passed the pCTV. The applied rigid registration 
method is included in our in-house developed treat-
ment planning system [13] and is regularly applied 
for image-guided positioning corrections in IMRT 
treatments for about 10 years. The resulting align-
ment quality is also subject to regular quality assur-
ance performance tests.   

 Decision-making aid for re-planning .  In the presence of 
extensive deformations it can be expected that the 
transformation determined in the optimisation pro-
cess results in unacceptably large volume fractions 
located outside the fair territories. In these cases defor-
mations cannot be compensated by a simple couch 
shift that maps the current, deformed anatomy as best 
as possible to the planning anatomy. Re-planning is 
required to handle these large deformations. Here, the 
proposed method can be used to introduce an action 
level for re-planning. In this study, we chose the action 
level to be 2 volume percent of each VOI. This means 
that a maximum 2% of each VOI outside the margin-
extended volume was accepted. If this criterion was 
exceeded by any VOI, re-planning was assumed to be 
necessary in this study.     

 Results 

 The volume fractions located outside the margin-
extended volumes were displayed for the spinal cord, 
the tCTV and the pCTV for one exemplary patient 
(patient 10) in Figure 2. While the upper panel (no 
IGRT correction) showed an acceptable mapping of 
all three VOIs in only seven of 30 fractions, the two 
lower panels (IGRT) showed an increased number 
of fractions with acceptable VOI positioning: stan-
dard IGRT showed 13 acceptable positioning cor-
rections and our proposed optimised IGRT showed 
even 25 of 30 acceptable corrections (in non-IGRT 
scenarios a further margin extension would typically 
be applied to correct for this worse alignment). 

 Comparison of the two IGRT strategies revealed 
that the optimised IGRT strategy is superior. 
The number of fractions with any of the volumes 

  Figure 1.     Schematic illustration of the three fair territories    �    margin-extended volumes. Left panel: planning situation: Delineated are the 
tCTV (red), pCTV (pink), spinal cord (blue) and their respective fair territories in shades of grey. Right panel: Same VOIs re-contoured 
on the changed anatomy prior to the optimised correction. Hatched areas indicate the volume fractions which are minimised in the 
optimisation process. Green arrows: Allowed voxel motion that does not violate the constraint for optimisation. Red arrows: Voxel motion 
that violates the constraint.  
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exceeding the 2% threshold was reduced consider-
ably in this exemplary patient: from 17 to fi ve of 
30. Even though the registration box was fi tted to 
the pCTV in the standard IGRT scenario, more 
fractions with a worse alignment of this specifi c 
VOI were observed in comparison to the proposed 
method: with eight versus three unacceptable 
positioning corrections for the pCTV. 

 Considering the whole patient cohort and differ-
ent strategies, the increasing values in Table I illus-
trated that the optimised IGRT method (with the 
defi ned constraints) was able to determine a rigid 
correction vector more frequently compared to the 
alternatives, despite the high fl exibility of the anat-
omy in the head-and-neck region. In total 327 
control-CT scans of 11 HNC patients were analysed. 
In 171 fractions (    �    52.3% vs. 22.6% in the standard 

IGRT strategy) the proposed method could deter-
mine an optimised vector meeting all defi ned con-
straints. These fractions were distributed across all 
patients. 

 Comparison of the standard IGRT strategy with 
a version of the optimised IGRT strategy that did not 
considered rotations in the optimisation process 
showed that, in more fractions, an acceptable align-
ment of the three VOIs was achieved with the latter 
strategy in all but one patient (# 9). This was also 
true, when comparing the standard IGRT strategy 
with the optimised IGRT correction strategy allow-
ing for translational and rotational corrections. 

 The optimisation process to generate the opti-
mised 3D vector took on average (1.5    �    0.2) minutes 
in our cohort for the optimisation including rota-
tional degrees of freedom.   

  Figure 2.     Residual volume fractions along the treatment course. Presented for one patient (patient 10) are the volume fractions outside 
the margin-extended volume (fair territory) of the spinal cord (blue), tCTV (red) and pCTV (pink) over a treatment course. The three 
panels show the outlying volume fractions, above: using no IGRT but patient positioning based on external markers; middle: using a 
standard IGRT correction determined from a rigid image registration including rotations; below: using the optimised IGRT correction 
determined from a vector fi eld, including rotations.  
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 Discussion 

 In this proof-of-principle study we present a new 
fi eld of application for DVFs: The deformation 
described by the DVFs is used to determine an opti-
mised treatment couch correction for the patient 
setup. This determination additionally allows intro-
ducing a threshold as a decision-making aid for 
re-planning. 

 Comparison of the different approaches for deter-
mination of a couch vector showed that the opti-
mised IGRT strategy is superior in respect to a widely 
used method that uses rigid registration. This is 
expected because the criteria of the optimisation pro-
cess focus on the proper mapping of all voxels of the 
relevant VOIs, independent of their image intensities. 
This approach can be understood as an  “ inverse ”  
alignment. In contrast, using a  “ forward ”  alignment 
via rigid registration, the user cannot restrict the 
desired position of the VOIs after registration, because 
the image intensities dictate the mapping. The user 
can only choose the region for registration without 
knowing its impact of the weighting of the included 
content on the registration result. However, it is 
known that the size and site of the region used for 
registration infl uences the couch vector and thus the 
alignment of different head and neck structures [6]. 
In our method, there is no need to think ahead 
regarding how the chosen region for registration 
might infl uence the alignment of the VOI, since no 
registration box defi nition is required. Due to the 
optimal VOI alignment in our method, the probabil-
ity to fi nd a vector for a rigid correction is higher. 
This means our method reduces the need for plan 
modifi cation, since it is able to fi nd satisfactory rigid 
correction parameters in more cases than the stan-
dard approach. 

 Furthermore, the proposed method can be used 
as a decision-making aid, which is highly desirable in 
the workfl ow of adaptive radiotherapy. Automation 
can help to standardise the re-planning process by 
making such decisions reproducible. Re-planning 
is necessary in the presence of large deformations, 
since no simple correction method can result in an 
acceptable mapping of the VOIs. A current study of 
Paganelli et   al. proposes a decision-making index for 
re-planning based on automatic feature detection 
and its cohort-based ratio comparing the feature dis-
tances after rigid transformation and deformation 
analysis, derived by a DIR [14]. If our method is used 
as a decision-making aid, more detailed information 
about the specifi c VOI violating the constraints can 
be achieved as well as the extent of this violation. For 
our method it is necessary to defi ne an action level 
for re-planning. In this proof-of-principle study we 
used a threshold of 2% volume fraction. In all of the 
analysed patients, re-planning would have been nec-
essary if this criterion was applied. It should be kept 
in mind that this criterion is a very strict one. Yet, the 
goal of our study was to demonstrate the potential 
of the proposed method only and not to present a 
statistical evaluation of the necessity to re-plan HNC 
patients. Therefore, further investigations with large 
patient cohorts are necessary to determine the appro-
priate threshold. If re-planning is performed during 
the treatment course, the method can also be used 
to choose the plan which is more suitable in subse-
quent fractions, by checking the re-planning criteria 
for both plans. This corresponds to a best-plan-of-
the-day concept, since it is possible to choose the 
better option between the initial strategy and the re-
planned one in subsequent fractions. Here, the better 
plan corresponds to a VOI alignment with smaller 
volume fractions outside the fair territories. 

  Table I. Percent (number) of fractions resulting in a mapping of the VOIs with less than 2% of each 
VOI volume being located outside the margin-extended volume (fair territory). The values are presented 
for four different correction strategies.  

Patient no IGRT IGRT pCTV opti-vec-IGRT dim3 opti-vec-IGRT dim6 

1 7.1 (2) 32.1 (9) 46.4 (13) 57.1 (16)
2 0.0 (0) 16.7 (5) 16.7 (5) 36.7 (11)
3 6.9 (2) 6.9 (2) 10.3 (3) 27.6 (8)
4 7.1 (2) 3.6 (1) 28.6 (8) 35.7 (10)
5 21.9 (7) 37.5 (12) 78.1 (25) 84.4 (27)
6 6.7 (2) 16.7 (5) 20.0 (6) 30.0 (9)
7 34.4 (11) 34.4 (11) 81.3 (26) 84.4 (27)
8 6.7 (2) 10.0 (3) 23.3 (7) 36.7 (11)
9 10.0 (3) 33.3 (10) 23.3 (7) 63.3 (19)
10 13.3 (4) 43.3 (13) 60.0 (18) 76.7 (23)
11 7.1 (2) 10.7 (3) 10.7 (3) 35.7 (10)

    no IGRT: no IGRT correction is performed; IGRT pCTV : IGRT strategy based on a rigid image registration 
with a bounding box enclosing the pCTV; opti-vec-IGRT dim3 : opti-vec-IGRT strategy optimised from 
a DVF without considering rotations; opti-vec-IGRT dim6 : opti-vec-IGRT strategy optimised from a DVF 
including rotations.   
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instead of fi xed margin-extensions. This could help 
to maintain the prescribed dose in OARs, since, e.g. 
the actual isodose lines do not necessarily correspond 
to the PRV contours. The need to consider dosimet-
ric consequences for the CTV was previously indi-
cated in a simplifi ed approach [18]. In our method, 
not only the constraints, but also the number and 
sites of the VOIs considered in the optimisation pro-
cess can be chosen at will. Another step in a further 
development of the method can be the introduction 
of VOI-specifi c weighting factors. So far we have not 
considered a prioritisation of a single VOI. 

 Our method allows selecting the fractions that 
require re-planning. This is benefi cial in comparison to 
an unselective (daily) online re-planning strategy 
because it reduces the treatment time, which is an 
important aspect in clinical practice. To date, this pro-
posed optimisation approach is with 1.5 minutes much 
faster than the published times for daily online re-
planning processes, which are reported to take at 
least 5 minutes [19]. In the current proof-of-principle 
implementation, parallelisation and optimisation of the 
used algorithms are not exploited. Thus, there is the 
potential to further speed-up our method. A possible 
workfl ow integrating our method for the re-planning 
process is to fi rst check if an optimised vector can be 
determined. If not, re-planning is initialised. This sce-
nario takes 6.5 minutes, assuming the above-mentioned 
time specifi cations. However, if an optimised vector 
can be determined, only 1.5 instead of 5 minutes 
is required. In our study in more than half of all frac-
tions re-planning was not necessary despite the strict 
constraints. Less strict constraints would further 
increase the number of fractions that do not require 
re-planning, and thus save further treatment time. 

 In summary, the proposed method has two main 
advantages: First, the correction parameters deter-
mined by this method ensure controlled mapping of 
the VOIs despite small deformations. Our method 
does not require manually choosing a region for reg-
istration when using IGRT. Second, the proposed 
method can also serve as a decision-making aid for 
re-planning. Thus, our method helps to lower the 
efforts of more complex correction strategies, such 
as unselective daily online re-planning. This means 
the method can help to standardise the re-planning 
process and make re-planning decisions more repro-
ducible, which is highly desirable in the workfl ow of 
adaptive radiotherapy.         
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 The idea of selecting patients with large deforma-
tions that might benefi t from a plan adaptation has 
already been raised by van Kranen et   al. [7]. In their 
study, couch shifts were optimised based on rigid 
multiple region-of-interest registrations, instead of 
using only one box for registration. This approach 
requires the defi nition of multiple registration boxes 
and is limited to bony anatomy. The infl uence of the 
registration of single boxes on the actual alignment 
of the important VOIs, e.g. target volumes, needs to 
be considered by the physician in this approach. In 
our method the knowledge of the deformation is not 
limited to bony anatomy because a complete vector 
fi eld is used. 

 In this proof-of-principle study, the proposed 
method was demonstrated using a DIR that was 
developed in-house [10]. It is not important which 
specifi c DIR method is used. Previous studies have 
already shown the benefi t of DIR applications in 
image-guided radiotherapy [15]. Yet, if a DIR method 
is applied in daily routine, as a matter of course, only 
registration methods that have shown suffi ciently 
high registration accuracy should be used. Nowadays, 
an unquestioned method to validate DIR results is 
still missing. Especially, the inter-observer variations 
of chosen references and its assessment for accuracy 
quantifi cation represent a limiting factor [16]. In the 
present study the uncertainty due to inter-observer 
variations could not be assessed and the visual inspec-
tion served as threshold to accept a specifi c individual 
DIR result. However, the majority of studies includ-
ing DIR steps indicate that the resulting structure 
alignment is better than applying solely rigid registra-
tion methods, at least when accompanied by visual 
control [17]. When using our method for IGRT cor-
rection or as criterion for re-planning, visual inspec-
tion of the re-contoured VOIs can be realised prior to 
treatment. This way the risk of gross errors due to 
mis-registrations can be minimised. An additional 
control instrument is the visual inspection of the 
rigidly transformed control-CT in relation to the 
planning-CT and its initially defi ned VOIs. 

 To demonstrate the method, geometrical con-
straints needed to be defi ned. In this study we defi ned 
the same constraints for the three VOIs in all patients. 
However, in daily routine, the constraints can be fi xed 
individually for each patient at the request of the phy-
sician, e.g. dependent on the applied PTV margins. 
It is also possible to defi ne several constraints for one 
VOI. For example, different constraints for the ante-
rior-posterior and left-right direction could be used 
for the spinal cord. Currently, the optimisation pro-
cess is limited to geometrical constraints only, in 
order to simplify matters. A further advancement of 
our method is to upgrade the geometrical constraints 
to dosimetric constraints, e.g. by using isodose lines 
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