
Supplementary Material 

S1 Materials and Methods 

CT images were obtained with a 2mm slice thickness, 0.91mm pixel spacing at 125kV. The CBCT scans 

were acquired at 125kV in half fan mode (large field of view) with diameter and length of 46cm and 

16 and respectively. Reconstructed slice thickness was 2mm and pixel spacing was 2mm. For 

comparison with CT2, the CBCT taken nearest to CT2 in time was used. 

Ideally, in order to compare the performance of DIR for CT1-CBCT with DIR for CT1-CT2, the true 

deformations should be identical. In practice, there would have been small positional differences 

due to reproducibility of set-up on two separate occasions and small anatomical differences due to 

changes in volumes of tumour and surrounding tissues. The time interval between CT2 and CBCT 

ranged from 2-8 days. However, as can be seen in Figure S1, the change in volume of OARs was seen 

to plateau after fraction 15. Since the average fraction number of the CT2 and CBCT images was 16.9 

and 17.8 respectively, the time difference between CT2 and CBCT and any associated change in 

volumes of OARs, was assumed to have had a negligible impact on the uncertainty in DIR. 

Due to the limited length of the CBCT scans, some organs contoured on CT scans were not entirely 

encompassed in the field of view on the CBCTs. These organs were removed from the analysis; 11 

patients had a total of 24 contours excluded; GL and IPC were incomplete on 6 scans, and both 

parotid glands were incomplete on 6 scans. Since these CBCT scans were acquired, it is now possible 

(on some CBCT systems) to take two separate CBCT scans and stitch the images together to have a 

larger field of view. Alternatively, during treatment planning, the isocentre could be positioned to 

maximise the coverage of target and organs in the CBCT image that would be required for adaptive 

RT. 

Both softwares were able to perform DIR in an automated fashion but both also offer a degree of 

user intervention with potential to improve the accuracy. Since the aim of this study was to provide 

a fast workflow the manual image registration refinement functionality was not used. For both 

systems an automatic rigid registration was performed to provide a starting point prior to the 

deformable registration. The MIM software employs an intensity-based free-form deformable 

registration algorithm [1]. In this type of free-form DIR algorithm, the optimiser requires a 

regularising (smoothing) term [2], in addition to maximising the similarity between the images, to 

avoid non-realistic deformations. The degree of smoothing is not user adjustable and would have 

been fixed by the software engineers to give good general performance. However, in specific regions 



of anatomy, locally severe deformations may not have been realised by the DIR software due to over 

smoothing. Conversely, in regions where deformations were small but the anatomical detail was 

complex or there was noise or image artefacts, the algorithm may have introduced local 

deformations erroneously. A workflow was produced within MIM to allow the whole process of DIR, 

including the initial rigid body alignment, to be automated. The user was required only to select the 

two images for DIR and then run the workflow. 

The Velocity AI DIR algorithm is based on a basis spline (B-Spline) technique as discussed by Lawson 

et al [3]. Similar problems of smoothing the detail of deformation and introducing erroneous local 

deformations in the presence of complex anatomy or image artefacts or noise are also present in DIR 

algorithms based on B-spline interpolation. It was not possible to automate the DIR workflow within 

Velocity; rigid body registration was initiated manually followed by a deformable image registration 

stage, during which a region of interest including all the OARs was chosen to focus the deformable 

registration. Care was taken to ensure all DIRs were performed by a single user, in a consistent 

manner. 

A consistency test to investigate the transitivity or reversibility of the DIR was also performed [4,5]. 

DIR in the forward direction (CT1-CT2) was immediately followed by DIR in the reverse direction 

(CT2-CT1) and the original structures on CT1 compared with those having been deformed in both 

directions. Again, this was repeated with the CBCT.  

It is worth noting that in VelocityAI the user is able to automatically calculate the reverse DIR from 

the forward DIR. As expected, with this option selected excellent results of transitivity were 

achieved. However, since this study aimed to investigate the uncertainties of DIR through measuring 

the transitivity of the algorithm the forward and backward deformable image registrations were 

performed independently. This also allowed comparable measurements to be performed on both 

systems.  

The 5 patients re-contoured by the RO were also used to assess the repeatability of the DIR 

techniques being investigated. Each DIR was repeated 5 times for each patient, and the variation in 

contours analysed.  

Comparison of contours, both intra-RO and between RO and DIR were calculated, using MIM or 

VelocityAI software tools. This included the ratio of volumes (VR), the mean, maximum and standard 

deviation of Haussdorff distance (HD) and the Dice index(DSC). This process was completed for each 

organ using the 20 sets of patient data. It was performed for CT2 and CBCT separately and 

independently on the two software packages.  



The volume ratio (VR) of DIR to RO contours was calculated, which ideally should equal 1. 

The Haussdorff distance is a measure of the distance to agreement between two surfaces [6]. If the 

signed distance to agreement is assumed to be normally distributed then the HD which is always 

positive, irrespective of whether the contour was under- or over-lapping, would be expected to 

follow a half normal distribution (on the assumption that the underlying signed distance distribution 

was also normal). In such a case the standard deviation of DTA, 𝜎𝐷𝑇𝐴, would be related to the 

standard deviation of Haussdorff distance, 𝜎𝐻𝐷 by equation 1; 

𝜎𝐷𝑇𝐴
2 = 𝜎𝐻𝐷
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2

𝜋
) 
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Equation 1 was used to transform the DIR software output of 𝜎𝐻𝐷 into signed DTA (𝜎𝐷𝑇𝐴) to account 

for over/under lapping of contours for all DTA measurements, and to calculate the variance in DIR.  

The standard deviation of the DTA measured between DIR and RO contours included both the 

variation in RO contouring, 𝜎𝐷𝑇𝐴
2 (𝑅𝑂), and the variation due to DIR, 𝜎𝐷𝑇𝐴

2 (𝐷𝐼𝑅). The variance due to 

DIR alone was estimated using equation 2; 

𝜎𝐷𝑇𝐴
2 (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑) = 𝜎𝐷𝑇𝐴

2 (𝑅𝑂) + 𝜎𝐷𝑇𝐴
2 (𝐷𝐼𝑅) (2) 

 

The RO variance, 𝜎𝐷𝑇𝐴
2 (𝑅𝑂), was calculated from the repeatability measurements by calculating the 

distance to agreement between each pair of RO delineated contours.  This enabled the variance in 

DIR, 𝜎𝐷𝑇𝐴
2 (𝐷𝐼𝑅), to be calculated. If 𝜎𝐷𝑇𝐴

2 (𝐷𝐼𝑅) was less than 𝜎𝐷𝑇𝐴
2 (𝑅𝑂) then DIR was considered a 

success.  

The Dice similarity coefficient (DSC) was calculated between all DIR generated and corresponding 

reference RO contours (Equation 3). The DSC is highly dependent on volume and does not provide a 

clear indication of acceptability. To resolve these issues the normalised Dice similarity coefficient 

(nDSC) was calculated (Equation 4).  

𝐷𝑆𝐶(𝐴, 𝐵) =  
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where A and B are the volumes of the reference and test volume and 𝐷𝑆𝐶𝑟𝑒𝑓.was measured by 

calculating the Dice index between intra-RO contours. Thus, for nDSC < 1, the errors in DIR produced 

contour were likely to be worse than the uncertainty of RO contours, and for nDSC>= 1 the DIR 

contour was equivalent or better than RO contouring uncertainty. 

Since the contour comparison metrics described above were calculated using application tools on 

the two DIR software systems there was a possibility that bias may have been introduced if the 

calculation was different between the two systems. To investigate potential differences, spheres of 

varying size (from 5-60mm diameter) were created on a test image set (reference). Test sets were 

produced by; 1) expanding each sphere by 1-20mm in every direction; 2) shifting each sphere; 3) 

shifting then expanding spheres. The test sets were compared to the reference set, and the three 

metrics were computed on both commercial software packages.  

The very small differences, observed between the contour comparison metrics, calculated by the 

two software packages for the same volumes, suggest that these discrepancies are negligible. For 

this reason, we have attributed any differences seen between the contours resulting from the DIR in 

the two software packages, to differences in the DIR performance rather than the metric calculation.  

S2 Results 

For MIM, DIR contours were only within RO uncertainty (mean nDSC ≥ 1) for GL with CT1-CT2 and for 

both GL and SPC with CT1-CBCT. VelocityAI had no OARs with mean nDSC ≥ 1 for either CT or CBCT. 

The percentage of OAR contours with nDSC ≥ 1 was also calculated. For MIM this was 25.6% and 

28.8% for CT1-CT2 and CT1-CBCT respectively, for VelocityAI, this was 11.1% and 19.2%.  

All reversed DIR contours were found to have a residual DIR variation slightly smaller than the 

variation measured for DIR in one direction (Table S5). 

If the errors associated with the forward and backward DIR were independent and distributed 

normally, then the total variance (forward and backward) would be two times the forward DIR. It 

was found that the variance associated with the forward and backward DIR were mostly less than 

two times the forward DIR for both CT1-CT2 and CT1-CBCT and with both software systems.  
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Figures 

 

Figure S1 Mean parotid gland volume (ml) during treatment 

  



Tables 

 

Table S1 Disease characterisitics. Number of patients for disease site (Site), tumour staging (T Stage) 

and nodal staging (N Stage) 

Site  T Stage  N Stage  

Oropharynx 11 Tx 1 N0 1 

Nasopharynx 6 T1 6 N1 3 

RMT 1 T2 7 N2 14 

Soft palate 1 T3 2 N3 1 

Unknown 1 T4 4 N4 1 

 

  



Table S2 Mean (range) volume and volume change of each OAR measured on (between) CT1 and CT2. 

Statistically significant (p<0.05) changes in italics. A t-test of two samples assuming unequal variances 

was performed to investigate statistical significance of change in volume between the two scans (p-

value). 

OAR 
Mean Volume/ml (range) Volume change/ml (%) 

CT1 CT2 Mean p-value Min Max 

Glottic larynx 7.9 8.0 0.1 
0.9 

-2.2 3.0 

(GL) (4.2-11.8) (4.7-11.2) (+1.0%) (-23.6%) (46.4%) 

Inferior pharyngeal 
constrictors (IPC) 

5.2 5.3 0.1 
0.8 

-1.3 1.3 

(2.1-9.0) (2.7-9.7) (+2.2%) (-20.8%) (32.7%) 

Middle pharyngeal 
constrictors (MPC) 

2.5 2.7 
+0.2 

(+9.4%) 
0.4 

-1.3 2.1 

(1.3-3.7) (1.1-4.9) (-55.2%) (73.3%) 

Contralateral parotid 
gland (PG C) 

32.6 24.7 -8.0 
0.009 

-23.7 4.2 

(16.1-51.0) (10.2-37.1) (-24.4%) (-46.5%) (16.5%) 

Ipsilateral parotid 
gland (PG I) 

31.8 23.6 -8.2 
0.02 

-20.5 -0.5 

(6.1-53.2) (10.2-38.1) (-25.8%) (-53.7%) (-3.0%) 

Supraglottic larynx 11.5 11.7 
+0.2 

(+1.7%) 
0.9 

-3.2 5.0 

(SGL) (5.5-19.5) (5.8-18.2) (-19.5%) (56.0%) 

Contralateral 
submandibular gland 
(SMG C) 

8.7 6.1 -2.5 
0.002 

-8.4 0.9 

(4.1-13.7) (3.1-12.2) (-28.5%) (-73.2%) (11.6%) 

Ipsilateral 
submandibular gland 
(SMG I) 

8.9 7.3 -1.6 
0.02 

-7.6 2.0 

(6.0-14.3) (4.2-10.6) (-17.8%) (-52.6%) (27.9%) 

Superior pharyngeal 
constrictors (SPC) 

9.6 10.4 0.8 
0.2 

-3.4 4.7 

(7.4-14.2) (7.5-13.9) (+8.4%) (-28.5%) (54.5%) 

 

  



Table S3 Median (Range) of results of RO contouring for 5 patients; VR = Volume Ratio (cm3), DSC = 

Dice Similarity Co-efficient, HD= Haussdorff Distance (cm). # corresponds to the number of contours 

analysed – some CBCT scans were too short to fully encompass some organs, and so partial organs 

were removed from the analysis for CBCT data. 

OAR # 
CT2 

# 
CBCT 

VR DSC HD VR DSC HD 

GL 20 
1.0 0.88 0.30 

14 
1.1 0.81 0.50 

(0.85-1.37) (0.68-0.90) (0.27-1.05) (0.78-1.18) (0.70-0.88) (0.30-0.81) 

IPC 20 
0.9 0.74 0.37 

14 
0.9 0.68 0.43 

(0.79-1.05) (0.68-0.82) (0.30-0.56) (0.64-1.08) (0.590.81) (0.34-0.77) 

MPC 20 
0.7 0.60 0.49 

20 
0.8 0.72 0.30 

(0.49-1.29) (0.59-0.77) (0.42-0.84) (0.65-1.29) (0.60-0.77) (0.42-0.84) 

PG C 20 
1.1 0.84 0.63 

14 
1.0 0.89 0.59 

(0.91-1.26) (0.80-0.91) (0.42-1.56) (0.96-1.11) (0.83-0.92) (0.45-0.90) 

PG I 20 
1.0 0.87 1.00 

14 
1.1 0.88 0.59 

(0.92-1.06) (0.70-0.92) (0.49-1.27) (0.93-1.44) (0.71-0.93) (0.42-1.74) 

SGL 20 
1.0 0.82 0.82 

20 
1.0 0.87 0.84 

(0.70-1.23) (0.70-0.91) (0.52-1.16) (0.84-1.17) (0.67-0.89) (0.32-1.07) 

SMG C 20 
1.0 0.85 0.51 

20 
1.0 0.86 0.57 

(0.86-1.15) (0.78-0.90) (0.35-0.84) (0.85-1.08) (0.74-0.90) (0.36-0.65) 

SMG I 20 
1.0 0.82 0.54 

20 
1.0 0.86 0.48 

(0.75-1.10) (0.70-0.87) (0.45-1.03) (0.84-1.08) (0.76-0.86) (0.44-0.75) 

SPC 20 
0.9 0.72 0.64 

20 
0.8 0.77 0.58 

(0.68-1.07) (0.67-0.82) (0.50-0.80) (0.77-1.09) (0.70-0.82) (0.86-0.48) 

ALL 180 
1.0 0.82 0.56 

156 
1.0 0.81 0.52 

(0.49-1.37) (0.59-0.92) (0.27-1.56) (0.64-1.44) (0.59-0.93) (0.30-2.07) 

 

  



Table S4 nDSC averaged over 20 patients, as calculated using Equation 4. % Contours nDSC>1 is the 

percentage of contours for each DIR system than had a nDSC>1 (out of total 9 OAR X 20 patients = 180 

contours). 

 

OAR 

MIM VEL MIM VEL 

CT1-CT2 CT1-CT2 CT-CBCT CT-CBCT 

GL 1.03 0.82 0.80 0.98 

IPC 1.02 0.87 0.73 0.83 

MPC 0.99 0.83 0.81 0.77 

PG C 0.81 0.90 0.86 0.73 

PG I 0.93 0.90 0.89 0.91 

SGL 0.96 0.87 0.81 0.94 

SMG C 0.90 0.82 0.68 0.91 

SMG I 0.91 0.86 0.76 0.84 

SPC 0.93 0.88 0.87 0.91 

Av 0.94 0.86 0.80 0.87 

% Contours nDSC>1 34% 7% 7% 16% 

 

 

 

 

 

 

 

 

 

 

 



 

Table S5 DTA (cm) after forwards and reverse DIR with RO intra-delineation DTA for comparison. 

OAR 
RO MIM VEL MIM VEL 

CT CT1-CT2-CT1 CT1-CT2-CT1 CT1-CBCT-CT1 CT1-CBCT-CT1 

GL 1.6 1.4 1.5 2.4 3.6 

IPC 1.1 1.1 4.4 1.7 2.1 

MPC 2.0 1.7 1.2 1.1 0.8 

PG C 2.1 1.6 1.1 1.4 1.2 

PG I 2.3 2.1 1.3 2.1 1.3 

SGL  2.1 1.6 1.6 1.1 3.8 

SMG C 1.6 2.3 1.2 1.6 1.0 

SMG I 2.0 2.9 1.1 2.0 1.0 

SPC  1.6 1.4 1.1 1.1 0.8 

Mean 1.8 1.8 1.6 1.6 1.7 

 


