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Supplementary Material 
Clinical implementation and validation of an automated adaptive 
workflow for proton therapy 

 

S1: Target dose constraints used during validation of contour propagation 

Table S1: Dose constraints for the target in the dose re-evaluation on the repeat CTs acquired during the treatment course 

for each tumor site. 

CTV type Dose type Constraint 

Brain 

CTV VWmin 𝑉94% ≥ 99% 

CTV VWmax 𝐷0.03cm3 ≤ 109% 𝐷𝑝𝑟𝑒𝑠 

Head-and-neck 

Elective CTV (low dose CTV) VWmin 𝑉93% ≥ 98% 

Primary CTV (high dose CTV) VWmin 𝑉94% ≥ 98% 

Primary CTV (high dose CTV) Nom 𝐷3% ≤ 107% 𝐷𝑝𝑟𝑒𝑠 

Primary CTV (high dose CTV) VWmax 𝐷3% ≤ 109% 𝐷𝑝𝑟𝑒𝑠 

Breast 

High dose CTV VWmin 𝑉93% ≥ 98% 

Low dose CTV VWmin 𝑉94% ≥ 98% 

Lung 

Primary CTV VWmin 𝐷95% ≥ 95% 𝐷𝑝𝑟𝑒𝑠 

Nodal CTV VWmin 𝐷95% ≥ 95% 𝐷𝑝𝑟𝑒𝑠 

Total CTV VWmax 𝐷0.03cm3 ≤ 115% 𝐷𝑝𝑟𝑒𝑠 

Lymphoma 

CTV VWmin 𝐷98% ≥ 94% 𝐷𝑝𝑟𝑒𝑠 

CTV VWmax 𝐷0.03cm3 ≤ 109% 𝐷𝑝𝑟𝑒𝑠 
Abbreviations: CTV, clinical target volume; Nom, nominal dose distribution (i.e., without accounting for setup and range 

errors); VWmin/VWmax, voxel-wise minimum / maximum dose distribution computed based on 28 error scenarios 

including both range uncertainty (±3%), and setup uncertainty (1 mm along 14 directions). Dpres, prescription dose. 

 

S2: Overview of false negative flagging 

Patient 1: Head-and-Neck 

For this patient (see Fig S1), the shoulder was misaligned on the repeat CT (reCT) in regards to the planning 

CT (pCT), which caused the nodal gross tumor volume (GTV) structure to shift on the reCT compared to 

the position seen on the pCT. In this case, a rigid mapping of the GTV structure, would cause a lateral shift 

of the GTV, while a deformable mapping causes a shrinkage of the GTV which is clinically undesirable. The 

manually re-delineated clinical target volume (CTVmanual) was created by expanding the GTV delineated on 

the reCT by 5 mm and adapting to anatomical structures, bones and air gaps. Due to the misalignment of 

the shoulder, the dose distribution re-computed on the reCT also did not correctly cover CTVmanual. The 

under-dosage of CTVmanual was small, V94%=97.4%<98%. 



2 
 

   
Figure S1: Coronal view of the lower part of the right neck. (Left) The repeat CT (reCT) with contours for manually re-

delineated clinical target volume (CTVmanual; purple), the deformably mapped CTV (CTVauto; red), the gross tumor volume 

(GTV; yellow), and the body outline (green). Full lines are the contours on this reCT, while the dashed lines show the 

contours for the planning CT (pCT). It is seen that the shoulder position was different on this reCT in regards to the shoulder 

position on the pCT. 

 

Patient 2: Head-and-Neck 

This patient lost weight between the acquisition of the pCT and the reCT (47 days apart; 22 fractions), 

which caused the volume of the deformably mapped CTV (CTVauto; 127 cm3) to be decreased compared to 

the CTV delineated on the pCT (153 cm3). CTVmanual is created as a 5 mm isotropic expansion of the GTV 

delineated on the reCT with anatomical editing, the volume of CTVmanual is therefore decreased less (135 

cm3). For this patient, CTVmanual had a slightly too high max dose, D0.03cc=74.2>74.1 Gy. 

 
Figure S2: Transversal slice of the reCT overlaid with the CTVmanual (purple), CTVauto (red), and the manually delineated GTV 

(yellow) contour, as well as the body outline (green). The full lines correspond to the reCT, while the dashed contours 

correspond to the pCT. It is seen that the patient lost weight between the pCT and the reCT. 
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Patient 3: Head-and-Neck – reCT 1 

A change in the position of the air cavity caused the deformably propagated target contour (CTVauto) to 

shrink compared to the pCT. However, the GTV contour is clinically not allowed to shrink, whereby this 

contour was kept the same in the manual contour set on the pCT and the reCT. The CTVmanual was then 

created as an isotropic expansion of the GTV by 5 mm, with anatomical adjustments to bone and air 

cavities. But these adjustments might not have been consistently made on the pCT and the reCT, which 

would cause differences between CTVmanual and CTVauto. A hot spot was seen exactly in the part of CTVmanual 

which was not included in CTVauto, which caused this false negative. Again, only a slightly too high max 

dose was seen for CTVmanual, D0.03cc=74.2>74.1 Gy. 

 

  

Figure S3: Mid-sagittal view at the level of the larynx. (Top left) pCT with CTV (blue) and GTV contour (yellow). (Top right) 

reCT with CTVmanual (purple), CTVauto (red), rigidly copied CTV from pCT (blue), and GTV delineated on reCT (yellow). 

(Bottom) Dose distribution recomputed on the reCT; a hot spot is seen in the top part of the CTV contours, mainly 

influencing CTVmanual and to a lesser degree CTVauto. 

 

Patient 3: Head-and-Neck – reCT2, adapted reCT  

This false negative reCT was the only false negative reCT for which an actual plan adaptation had been 

made (see also section 3.2 in the main text). Due to a change of the air cavity (representing the right 

piriform sinus; likely caused by radiation-induced edema) between the pCT and the reCT, the deformable 
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image registration between the pCT and the reCT caused the CTVauto to shrink compared to the CTV 

delineated on the pCT. However, according to departmental clinical guidelines, the GTV is not allowed to 

shrink on the reCT (unless for anatomical boundaries, like air and bone). As is seen in Figure S4, CTVauto 

(red contour) is smaller than the GTV (yellow) on the reCT in the lower left corner on this slice. CTVmanual 

was created as a 5 mm expansion of the GTV delineated on the reCT, and an adjustment to the bones and 

the air cavities; this structure stayed mainly unchanged between the pCT and reCT. This is thus an example 

of an unwanted behavior caused by the deformable image registration. I.e., the root cause of the false 

negative was similar as for the first reCT for this patient, described above. But the differences between 

CTVmanual and CTVauto were seen in different locations, and the consequence on the dose distribution on 

the reCT was different, since an under-dosage was seen for CTVmanual on this reCT, while an over-dosage 

was seen for the previous reCT. For this reCT, the V94%=96% for CTVmanual while the constraint was 98%, 

and the under-dosed region of CTVmanual¬ was not included in the smaller CTVauto, resulting in this false 

negative.   

 

   
Figure S4: (Left) Planning CT, (Right) reCT. The blue contour is the CTV delineated on the pCT, this contour has been rigidly 

copied to the reCT for visualization; the yellow contour is the GTV, by comparing the two images it can be seen that the 

GTV stayed the same on the two CT scans. The purple contour is the CTV delineated on the reCT (CTVmanual), and the red 

contour is CTVauto. (Lower) Dose distribution, showing and under-dosage of the left part of CTVmanual. 
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Patient 4: Head-and-Neck 

The volumes of CTVmanual (233 cm3) and CTVauto (234 cm3) were quite similar, but the two contours did not 

completely overlap (DICE=0.91). E.g., whereas the superficial and deep muscles of the neck 

(sternocleidomastoid muscle and scalenus muscles, respectively) were included in the CTV delineated on 

the pCT, a clinical decision was made not to include this on the reCT. The cause of the dose difference was 

the contour difference in the shoulder region. The shoulder position was slightly dissimilar on the pCT and 

the reCT. The CTVmanual extends a few slices below CTVauto in this region, and thereby extends outside the 

94%-isodose line, resulting in V94%=97.5%<98%. 

   

 

Figure S5: CTVmanual (purple) and CTVauto are slightly different, on some slices the one is biggest, and on other slices the 

other is bigger. (Upper left) E.g., the sternocleidomastoid muscle has not been included in the CTVmanual (purple full line), 

while this was the case on the pCT (blue). Only very minor anatomical variations can be seen in this slice, and they cannot 

explain the delineation difference. (Upper right) The shoulder was slightly mis-aligned between the two scans; the fusion 

of the two images shows the reCT in orange, and the pCT in blue. The red contour shows CTVauto; the full lines are the 

contours on the reCT, and the dashed lines are the contours on the pCT. (Lower) Dose distribution on the reCT; the yellow 

iso-dose corresponds to the constraint of 94% of the prescription dose. CTVmanual extends below CTVauto in the shoulder 

region, causing an under-dosage of CTVmanual (red arrow). 
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Patient 5: Breast 

The difference between CTVmanual and CTVauto was interpreted as caused by inter-observer variability. The 

CTVmanual had been re-delineated from scratch. This contour had a slightly different position than the 

original contour on the pCT, as well as a slightly larger volume than on the pCT. The volume of CTVmanual 

was 17.35 cm3, CTVauto had a volume of 16.69 cm3, while the volume of the CTV on the pCT was 16.62 cm3. 

This naturally also caused differences between CTVmanual and CTVauto. The CTV is located in the shoulder 

region; however, the shoulders are well-aligned on the pCT and the reCT (not shown). Again, only a small 

under-dosage was seen for CTVmanual, V94%=97.1%<98%. 

 
Figure S6: CTVmanual (purple contour) delineated on this reCT, is larger and slightly shifted compared to the CTV delineated 

on the pCT (blue contour, rigidly copied to this reCT). The deformed CTV (CTVauto, red contour) is closely aligned with the 

rigidly copied contour. 

 

Patient 6: Breast 

Two target contours (the primary CTV, and the total CTV including the primary as well as the nodes) were 

slightly under-dosed on the first reCT for this patient, while the DVH parameters for CTVauto were just 

above the constraint; V93%=97.6% and V93%=97.4% for CTVmanual. For both targets, CTVmanual is slightly 

larger than CTVauto (by 19 and 18 cm3 for the primary and total CTV, respectively). CTVmanual is also larger 

than the CTV delineated on the pCT (by 81 and 93 cm3, respectively), since extra slices have been included 

cranially. Moreover, the patient was slightly misaligned during the acquisition of the reCT. The rigid 

registration between the pCT and the reCT was focused on the ribs, which made the rest of the contour 

seem rotated. 
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Figure S7: (Left) Fusion view of the reCT and the pCT. Red contours are the deformed contour, and the purple contours 

are the manually delineated contours; full lines are the contour on the reCT, while the dashed lines are the contours on 

the pCT. The reCT is set as the primary CT for the fusion view (blue) and the pCT is the secondary CT (orange). (Right) 

Voxelwise minimum dose distribution on the reCT; the yellow isodose (93% of prescription dose) marks the lower 

constraint for the V98%. It is seen that CTVmanual extends out to the low dose region in the lower part of the target. 

 

Patient 7: Breast 

For this patient, the CTV was under-dosed on the second reCT. V93% was just below the constraint of 98% 

for CTVmanual and right above for CTVauto (97.77% vs 98.36%). The CTV was delineated slightly larger on the 

reCT than on the pCT, a few extra slices have been included cranially and caudally. Re-assessment of 

CTVmanual by another RTO showed that the most cranial and caudal slice potentially should not have been 

included in CTVmanual; it was also confirmed that CTVauto looked okay. In this case, the false negative was 

therefore caused by inter-observer variability. 

   
Figure S8: Coronal view of the breast, with the CTV delineated (magenta: manually delineated (CTVmanual), red: deformably 

mapped from pCT (CTVauto), blue: rigidly copied from pCT (only shown to visualize the difference in volume of the CTV delineated 

on the pCT and the reCT). The green contour is the body outline. 
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Patient 8: Lung 

For this patient, the nodal CTV was under-dosed on the second reCT. Again, the under-dosage was very 

small (V95%=94.9%<95%), and did not lead to an adaptation of the treatment plan. However, for this 

patient, there was a larger difference in the V95% extracted for CTVmanual and CTVauto (94.9% vs 99.1%). 

This difference was mainly driven by the large volume difference between the two contours, V(CTVmanual) 

= 100.3 cm3 and V(CTVauto) = 67.9 cm3. The volume of the nodal CTV delineated on the pCT was 69.8 cm3. 

In Figure S9, it is seen that CTVmanual extends into the lung volume, which is not typically the case. 

Retrospective investigation by another RTO confirmed that CTVmanual could have been adjusted, and that 

CTVauto was correct. Therefore, this false negative reCT should potentially not be classified as a false 

negative. 

  
Figure S9: Transversal (left) and coronal (right) view of the heart, with the nodal CTV delineated (magenta: manually delineated 

(CTVmanual), red: deformably mapped from pCT (CTVauto), blue: rigidly copied from pCT (only shown to visualize the difference in 

volume of the CTV delineated on the pCT and the reCT). 

 

 

S3: Script-based automatic reCT evaluation workflow 

A script was developed to do several of the steps in the reCT evaluation workflow. An active decision was 

made that the rigid registration should still be performed manually, as this step typically requires some 

manual judgement. This was therefore not included in the script, but set as a pre-requisite before running 

the script. 

Our patients were categorized into three groups, non-movers (patient planned on a 3D-CT: brain, HN, and 

breast patients), small movers (patients planned on an average CT (CTavg) based on a 4DCT, and treated 

using a CTV-based approach: lung patients with a tumor movement less than 5 mm, and lymphoma 

patients), and large movers (patients planned on an average CT (CTavg) based on a 4DCT, and treated 

using an internal volume target (ITV)-based approach: lung patients with a tumor movement above 5 mm, 

and esophagus patients). The script therefore has different workflows for these three groups; the 

graphical user interface (GUI) can be seen in Figure S10.  
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In the GUI, the user has to choose which of the three workflows to use, select the plan to re-evaluate (the 

pCT is automatically detected based on the chosen plan), select the reCT to perform the re-evaluation on, 

and choose the setup uncertainty to use during the robust dose computation (typically 1 mm is used for 

reCT evaluation (see main text) but for esophagus patients a setup uncertainty of 2 mm is used during 

reCT evaluation). The user also has to choose the ROIs to be deformably mapped and the ROIs to rigidly 

mapped from the pCT to the reCT, here multiple selections are available. The two lower drop-down menus 

in the GUI (Figure S10) only need to be filled in, if the large mover workflow has been chosen, and if an 

ITV needs to be created (not mapped) on the reCT. Here either the CTV to base the creation of the ITV on 

and the name of the ITV itself have to be selected. 

The first step in the script comprises a few checks, including checking if the pCT and reCT are rigidly 

registered; if a CT conversion curve has been set for the reCT; if the pCT and reCT are average CTs in case 

the small- or large-mover workflow has been chosen; if the lists of ROIs to be rigidly or deformably 

propagated do not overlap and that both lists are not empty; and that the ROIs to be propagated are 

delineated on the pCT (if this is not the case, a warning is stated, and the user can decide to continue 

whereby the missing ROIs will be removed from the list, or to stop the workflow). 

The second step is to create the deformable image registration (DIR) between the pCT and the reCT. This 

step differs between the non-mover workflow and the small/large-mover workflows. In the two latter 

workflows, the CT50ex scans corresponding to the pCT and to the reCT are identified, and then the DIR is 

created between the pCT50ex and the reCT50ex. For the non-mover workflow, the DIR is created directly 

between the pCT and the reCT, which are both 3DCTs. If a DIR with the correct properties already exists, 

that one is used, otherwise a DIR is created. Thirdly, the chosen ROIs are mapped, either rigidly or 

deformably depending on the choice of the user. For the small and large movers, the ROIs are 

subsequently rigidly copied from the reCT50ex to the reCTavg.  

For the large movers, an extra step exists to create an ITV on the reCT, if the two lower drop-down menus 

in the GUI have been set. In this case, a DIR is created between the reCT50ex and the other phases of the 

re4DCT (seven other phases in our case; we apply amplitude-binning with eight phases). The chosen CTV 

is deformed to these other phases. If a GTV has been chosen instead of a CTV (this is only to be done for 

lung tumors), this GTV is deformed to the other phases and a CTV is created on all eight phases of the 

re4DCT by expanding the deformed GTV isotopically by 5 mm. The internal target volume (ITV) is created 

as a union of the eight CTVs on the phases.  

The last two steps in the automated workflow are similar for all three workflows; the nominal dose is re-

computed on the reCT, and at last, the 3D robust evaluation is performed on the reCT, computing a voxel-

wise minimum and maximum (VWmin/max) dose distribution. The full workflow lasts around 15 minutes, 

where most of the time is spent on the 3D robust evaluation. During the execution, a log file is created in 

case the script crashes, it can be seen which steps have been finished; this happens rarely and is mostly 

caused by connection issues and not due to the script itself. 
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Figure S10: Illustration of the GUI used to start the script-based reCT evaluation workflow. At the top the patient group has to be 

selected (recipe; drop down menu seen at the right). Below the plan to be evaluated on the reCT is selected, followed by the CT 

scan to be evaluated (Examination). Next the setup uncertainty is selected. Two multiple selection boxes are used to select the 

contours (ROIs, regions-of-interest) to propagate either deformably or rigidly from the pCT to the reCT. The lower part of the GUI 

is only to be set for large-mover patients, for which an ITV should be created on the reCT.  


