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A B S T R A C T   

Background and purpose: Stereotactic body radiation therapy (SBRT) of locally advanced pancreatic cancer 
(LAPC) is challenging due to significant motion of gastrointestinal (GI) organs. The goal of our study was to 
quantify inter and intrafraction deformations and dose accumulation of upper GI organs in LAPC patients. 
Materials and methods: Five LAPC patients undergoing five-fraction magnetic resonance-guided radiation therapy 
(MRgRT) using abdominal compression and daily online plan adaptation to 50 Gy were analyzed. A pre- 
treatment, verification, and post-treatment MR imaging (MRI) for each of the five fractions (75 total) were 
used to calculate intra and interfraction motion. The MRIs were registered using Large Deformation Diffeo-
morphic Metric Mapping (LDDMM) deformable image registration (DIR) method and total dose delivered to 
stomach_duodenum, small bowel (SB) and large bowel (LB) were accumulated. Deformations were quantified 
using gradient magnitude and Jacobian integral of the Deformation Vector Fields (DVF). Registration DVFs were 
geometrically assessed using Dice and 95th percentile Hausdorff distance (HD95) between the deformed and 
physician’s contours. Accumulated doses were then calculated from the DVFs. 
Results: Median Dice and HD95 were: Stomach_duodenum (0.9, 1.0 mm), SB (0.9, 3.6 mm), and LB (0.9, 2.0 mm). 
Median (max) interfraction deformation for stomach_duodenum, SB and LB was 6.4 (25.8) mm, 7.9 (40.5) mm 
and 7.6 (35.9) mm. Median intrafraction deformation was 5.5 (22.6) mm, 8.2 (37.8) mm and 7.2 (26.5) mm. 
Accumulated doses for two patients exceeded institutional constraints for stomach_duodenum, one of whom 
experienced Grade1 acute and late abdominal toxicity. 
Conclusion: LDDMM method indicates feasibility to measure large GI motion and accumulate dose. Further 
validation on larger cohort will allow quantitative dose accumulation to more reliably optimize online MRgRT.   

1. Introduction 

Pancreatic cancer is the fourth leading cause of cancer-related death 
in the US and has the highest mortality rate of all cancers [1]. Surgery 
still represents the only curative treatment. However, 30–40% of pa-
tients present with locally advanced pancreatic cancer (LAPC) and are 
deemed unresectable [2–4]. Standard radiotherapy approaches, 
commonly delivering 40 to 60 Gy in 1.8–2.0 Gy per fraction, add min-
imal to no survival benefit over chemotherapy alone for patients with 
locally advanced unresectable pancreatic cancer [5–7]. Our group has 
shown that ablative radiation doses of >100 Gy10 biological equivalent 

dose produces results that are comparable to surgery in patients with 
inferior prognostic features [8,9]. The ablative dose prescribed to the 
target is limited by the dose tolerance and tight dose-volume constraints 
of nearby radiosensitive gastrointestinal (GI) organs such as stomach, 
duodenum and small bowel surrounding the disease. Exceeding these 
tolerances could result in normal tissue toxicity such as bleeding, ul-
ceration, and perforation. Treatment delivery of such ablative doses, 
when given in fewer fractions, is also complicated by the significant 
inter and intrafractional motion and appearance variability of gastro-
intestinal (GI) organs. The interfraction variability can be addressed by 
magnetic resonance guided adaptive radiotherapy (MRgART) systems 

* Corresponding author at: Department of Medical Physics, Memorial Sloan-Kettering Cancer Center, 545 East 74th Street, New York, NY 10021, USA. 
E-mail address: tyagin@mskcc.org (N. Tyagi).  

Contents lists available at ScienceDirect 

Physics and Imaging in Radiation Oncology 

journal homepage: www.sciencedirect.com/journal/physics-and-imaging-in-radiation-oncology 

https://doi.org/10.1016/j.phro.2022.02.007 
Received 29 July 2021; Received in revised form 2 February 2022; Accepted 11 February 2022   

mailto:tyagin@mskcc.org
www.sciencedirect.com/science/journal/24056316
https://www.sciencedirect.com/journal/physics-and-imaging-in-radiation-oncology
https://doi.org/10.1016/j.phro.2022.02.007
https://doi.org/10.1016/j.phro.2022.02.007
https://doi.org/10.1016/j.phro.2022.02.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phro.2022.02.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Physics and Imaging in Radiation Oncology 21 (2022) 54–61

55

that have enabled delivery of ablative doses using five fraction stereo-
tactic body radiation therapy (SBRT) treatments to pancreatic tumors by 
allowing real time adaptation of dose distribution to account for day-to- 
day variation in luminal organ shapes and position [10–12]. 

Although day-to-day interfraction motion can be accounted for by 
daily online adaptation, a lack of objective and reliable methods for 
estimating the total cumulative dose delivered to the mobile GI organs- 
at-risk (OARs), including both the spatial and temporal variation of the 
maximum dose to the OARs, still presents a clinical challenge. Motion 
and deformation of GI organs during treatment presents an added 
challenge and motivation to precisely and accurately measure the dose 
delivered to the GI organs. However, due to lack of reliable and accurate 
automated methods to objectively quantify the dose delivered to the 
OARs, in the effort to limit dose, the OARs are over-constrained by 
adding larger safety margins. This approach limits the achievable target 
coverage with ablative doses and the number of patients that can be 
treated to potentially curative doses. Currently available deformable 
image registration (DIR) methods implemented on clinical commercial 
MRgRT systems lack accuracy for deformable anatomies such as prostate 
and head and neck [13,14]. The MR-MR DIR was also not able to ac-
count for large volume changes such as those seen in bladder or rectum 
[13]. The MR-MR DIR in these commercial systems is also insufficiently 
accurate for aligning highly deforming and irregularly shaped organs 
such as upper GI OARs as shown in Fig. 1. 

In particular, prior literature includes few investigations into DIR 
methods applied to highly deforming organs such as small and large 
bowel and the stomach_duodenum as well as methods to compute 

accumulated doses during and between treatment fractions. Liu et al 
quantified day-to-day anatomical variation of GI organs on daily CT 
scans by estimating a center of mass displacement of 6 mm and 10 mm 
on the duodenum and stomach [15]. More recently, Magallon-Baro et al 
[16] estimated inter-fraction motion of 10 ± 4 mm, 6 ± 3 mm and 10 ±
3 mm for stomach, duodenum and bowel in their SBRT cohort treated 
using Cyberknife with integrated CT-on-rails. The group also performed 
principal component analysis to generate meaningful anatomies to 
reproduce clinically delivered doses. Eigen modes representing 90% of 
the variance represented majority of the large deformations (10 mm on 
the stomach and bowel and 6 mm on the duodenum) of these OARs. This 
daily interfraction motion translated to over-irradiation of critical 
structures adjacent to the tumor such as duodenum and stomach and the 
dosimetric impact was predominant on small volumes of tissues (e.g. 
Dmax) [17]. Recently, a deep learning-based DIR method for aligning GI 
OARs from CT-to-CBCT images was published and shows promising 
results [18]. To our knowledge, no prior studies have reported MR-to- 
MR deformation for upper GI OARs including stomach and the duo-
denum, as well as small and large bowel. Therefore, in this study, we 
have quantified the inter and intrafraction deformations and the accu-
mulated dose for the afore-mentioned upper GI organs from daily high 
resolution three-dimensional (3D) T2w MRIs for LAPC patients under-
going MR-guided ablative SBRT on 1.5 Tesla MR-linac system using an 
in-house developed Large Deformation Diffeomorphic Metric Mapping 
(LDDMM) deformable registration method. 

Fig. 1. DIR propagated OAR segmentation produced using a) commercial DIR available in the Monaco treatment planning system for Elekta Unity MR-linac b) 
Physician ground truth segmentations and c) Large Deformation Diffeomorphic Metric Mapping (LDDMM) method. Segmentations for Liver (Yellow), Large Bowel 
(light brown), Small Bowel (green) and Stomach_duodenum (cyan) are shown. Poor or no segmentations resulting from commercial DIR method are shown in white 
arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2. Materials and methods 

2.1. Patient imaging and planning details 

On-treatment MRIs from five LAPC patients undergoing five fraction 
MR-guided SBRT to a total dose of 50 Gy using a pneumatic compression 
belt were analyzed. The study was conducted under MSKCC IRB 
approved retrospective protocol number 21–129. The pneumatic pres-
sure level was set in consultation with the patient to minimize gross 
tumor volume (GTV) and adjacent organ motion within 5 mm. The de-
tails of our treatment workflow were recently published [19]. During 
each treatment fraction, a set of three 3D T2w MRIs (TR/TE = 1300/87 
ms, voxel size = 1 × 1 × 2 mm3, FOV = 400 × 450 × 250 mm3) – 
pretreatment, verification and post-treatment were acquired. Verifica-
tion MRI was acquired immediately before beam-on to confirm patient 
anatomy has not changed during contouring and adaptive planning. 
Post-treatment MRI was acquired at the end of treatment. Daily online 
planning was performed using Elekta’s Adapt-to-Shape workflow [20]. 
A new adaptive plan was generated on the pre-treatment MRI in the 
Monaco treatment planning system for every fraction using fluence 

optimization and bulk electron density assignment derived from refer-
ence planning CT or prior MR. Interfraction motion was assessed by 
comparing OAR deformation between the pre-treatment MRI of the first 
fraction from the remaining four fractions. Intrafraction motion was 
assessed by comparing OAR deformation between pre-treatment, veri-
fication, and post-treatment MRI of each treatment fraction. Three or-
gans were analyzed – stomach_duodenum, small bowel, and large bowel. 
These three structures were contoured on each of the seventy-five 3D 
T2w MRI images by an expert medical student (AM) and independently 
verified by the radiation oncologists (KT, CC). A representative example 
case with contours for stomach_duodenum, small bowel, and large 
bowel for all five fractions is shown in Fig. 2. The physician contours 
were also used as ground truth to assess the accuracy of the DIR algo-
rithm. Each patient was prescribed an ablative dose of 50 Gy in five 
fractions. The adaptive plan generated on pre-treatment MRI was also 
copied to verification and post-treatment MRI and doses were recalcu-
lated to assess intrafraction dose accumulation. The dose constraints to 
GI organs were defined as Dmax or D0.035 cm3 ≤ 33 Gy and D5cm3 ≤

25 Gy. D5cm3 for large bowel was ≤ 30 Gy. 

Fraction 1

Fraction 2

Fraction 3

Fraction 4

Fraction 5

Fig. 2. An example patient case with contours for stomach_duodenum (purple), small bowel (light green) and large bowel (dark green) for all five fractions indicating 
large inter-fraction motion of GI organs. Other structures include GTV (red) and kidneys (left orange; right blue). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

S. Alam et al.                                                                                                                                                                                                                                    



Physics and Imaging in Radiation Oncology 21 (2022) 54–61

57

2.2. Deformable image registration method 

The inter-fractional registrations were performed sequentially be-
tween a pair of pre-treatment MRI images in consecutive fractions, i.e 
Fx1 → Fx2, Fx2 → Fx3 and so on. Intrafraction registration for each 
fraction was performed from verification to pre- and post-treatment to 
pre-treatment MRI. A multi-stage registration approach was used. The 
first stage performed a global alignment of the MRIs to spatially align the 
OARs. This stage used a sequence of rigid and affine image registrations. 
In the next stage, a DIR was performed using an integrated B-spline 
regularized method called Symmetrized Large Deformation Diffeomor-
phic Metric Mapping (LDDMM) registration [21–23] to capture the large 
organ deformations. The B-spline regularization was performed by 
fitting a Deformation Vector Field (DVF) to a B-spline object, which 
gives free-form elasticity to the converging/diverging vectors and rep-
resents a morphological shrinkage/expansion. Because the GI organs 
also exhibit large out-of-plane deformations, we employed a multi- 
objective registration that minimizes both image intensity differences 
and geometric change of the contours in the optimization function using 
Mean Square similarity energy. The geometry objective is enforced 
using organ delineations, which provide a structure guidance for regis-
tration. Equation (1) defines the objective function used for DIR opti-
mization, where φ(x) is the transformation between baseline Ib (moving) 
and follow-up If (target) images:   

Consequently, separate cost metrics and their derivatives were 
computed for the stomach_duodenum, small and large bowel structures 
along with the images. The metric derivatives were combined at each 
iteration using scalar weights of 1.0 for small and large bowels, 0.9 (10% 
less) for stomach_duodenum and 1.2 (20% more) for the images. The 
weights were obtained experimentally based on significantly larger 
volumes of the small and large bowels (population mean of 597 cm3 and 
504 cm3, respectively) compared to stomach_duodenum (242 cm3). 
Three levels of multi-resolution registration were used with B-spline 
mesh size of 16 mm at the coarsest level that was reduced by a factor of 
two at each sequential level. The optimization step size was set to 0.2 
and the number of iterations (100, 70, 30) at each level. Before the 
registrations, histogram matching [24] was performed to standardize 
the intensity between the moving and target MRIs. 

2.3. Data analysis 

Inter and intrafraction deformations and motions within each OAR 
were quantified for each direction (i.e. Left-Right [LR], Anterior- 
Posterior [AP], Superior-Inferior [SI]) using voxel-wise average and 
maximum gradient magnitude of the DVF calculated from LDDMM DIR 
between pre-treatment MRIs and during treatment MRIs of all the 
fractions. Geometric evaluation of the registrations was assessed using 
Dice similarity coefficient (DSC) and 95th percentile Hausdorff distance 
(HD95) calculated between deformed contours and manually drawn 
ground truth contours for stomach_duodenum, small bowel, and large 
bowel. DSC and HD95 was also compared between rigid and DIR reg-
istrations. Rigid registration was used for comparison as this represents 
the worst-case scenario. A voxel-wise calculation of Jacobian determi-
nant (J) of the deformations was performed to determine the amount of 
compression or expansion. J was calculated at each voxel as the deter-
minant of the gradient of the DVF that measured the ratio of local 

volume change where J > 1 indicates local volume expansion, J < 1 
shrinkage and J = 1 no change [23,25]. The Jacobian integral defined as 
[(Mean J – 1) × structure volume] measured the net local volume 
change. The correlation between the local volume change of each 
structure obtained using Jacobian integral and the volume change ob-
tained from the ground-truth contours by the physician was calculated 
[22,26] by generating scatter plots. 

OAR doses for each patient were accumulated using the voxel-by- 
voxel correspondence built via DIR between each fraction MRI and 
during treatment MRIs. The deformed dose voxels were summed based 
on trilinear interpolation that minimized uncertainties and unnecessary 
discontinuities/distortions in large deformation area in the calculated 
warped doses [27]. The prescribed dose map in each fraction was scaled 
to five fractions and for each fraction, the DVF was used to first accu-
mulate intrafraction doses from post-treatment to pretreatment MRI. 
This was followed by interfraction dose accumulation on the pretreat-
ment MRI from the previous fraction to the current fraction. Accumu-
lated dose-volume parameters such as D0.035 cm3 and D5cm3 were 
extracted for stomach_duodenum, small bowel, and large bowel and 
compared with our published departmental constraints for 50 Gy in five 
fractions [19]. To evaluate the dosimetric performance of DIRs, the 
agreements between the accumulated dose-volume parameters derived 
from deformed contours and the ground-truth manual contours between 
each fraction were compared using Bland-Altman plots [28]. 

3. Results 

DSC and HD95 for stomach_duodenum, small bowel, and large bowel 
were calculated between subsequent fraction deformation for all the 
patients and compared with rigid registration (supplementary Fig. 1). 
Median DSC and HD95 for the rigid vs. DIR methods were stomach_-
duodenum (0.7, 7.9 mm) vs. (0.9, 1.0 mm), small bowel (0.7, 14.6 mm) 
vs. (0.9, 3.5 mm), and large bowel (0.7, 11.5 mm) vs. (0.9, 2.0 mm). 

Inter and intrafraction deformations and motions were calculated 
from the gradient magnitude of DVFs between pre-treatment MRIs and 
during treatment MRIs of all the fractions and summarized in Table 1. 
Intrafraction displacement from pre-treatment to post-treatment as well 
as pre-treatment to verification MRI were calculated. Median(range) 
interfraction deformation for stomach_duodenum, small bowel and 
large bowel were 6.4 (0.0–25.8) mm, 7.9 (0.0–40.5) mm and 7.6 
(0.0–35.9) mm. Median intrafraction deformation from pre-treatment to 
post-treatment MRI were 5.5 (0.0–22.6) mm, 8.2 (0.0–37.8) mm and 7.2 
(0.0–26.5) mm. All OARs showed maximum deformation of 2 cm or 
larger indicating large inter and intrafraction displacement. 

The 3D deformation displacement map for stomach_duodenum, 
small bowel and large bowel was extracted to show the regions of large 
displacement between Fx1->Fx2 for all five patients (Fig. 3). Our 
analysis showed that the regions of large displacements varied from 
patient-to-patient. The boxplots for maximum and average displacement 
in AP, LR and SI direction for stomach_duodenum, small bowel and large 
bowel were also calculated (supplementary Fig. 2). 

There was a reasonable correlation between the Jacobian integral 
and volume changes calculated from the ground truth contours for 
stomach_duodenum, small bowel, and large bowel (see scatter plot 
supplementary Fig. 3). Percentage difference (mean%±std%) between 
the volume change calculated by Jacobian integral and physician’s 
ground-truth for stomach_duodenum, large bowel and small bowel were 
0.6%±0.6%, 2.9%±10.7% and 3.8%±11.4%. The scatter plot for small 
bowel indicates large deformations as compared to stomach_duodenum 

C
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and large bowel. 
Daily fraction images and daily fraction doses (scaled to 5 fractions) 

were sequentially deformed, and DVF after each deformation was used 
to interfractionally accumulate doses (D0.035cm3 and D5cm3) for all 5 
patients (Table 2 and Fig. 4). Horizontal dashed line shows the corre-
sponding departmental constraint of 33 Gy for D0.035cm3 and 25 Gy for 
D5cm3 doses. Two out of five patients had no violations of constraints. 
One patient exceeded two stomach_duodenum (D0.035cm3 = 36.5 Gy, 
D5cm3 = 26.1 Gy), and two small bowel (D0.035cm3 = 36.8 Gy, D5cm3 

= 26.2 Gy) constraints, while other two patients exceeded two small 
bowel constraints (D0.035cm3 = 39.4 Gy, D5cm3 = 29.1 Gy) and two 
stomach_duodenum (D0.035cm3 = 35.8 Gy, D5cm3 = 27.1 Gy) con-
straints. Treatment was overall well-tolerated in this group of patients, 
despite several exceeding constraints, with only one patient experi-
encing Grade1 (mild abdominal pain) acute and late abdominal toxicity 
(supplementary table 1). 

The agreement between the dose-volume parameters calculated 
using the deformed contour versus the ground-truth contours for the 
three OARs evaluated using Bland-Altman method showed small mean 
absolute differences for D0.035cm3, D2cm3 and D5cm3 of 0.3 ± 0.3 Gy, 
0.05 ± 0.05 Gy and 0.04 ± 0.06 Gy for stomach_duodenum, 0.5 ± 0.3 
Gy, 0.2 ± 0.09 Gy and 0.1 ± 0.07 Gy for small bowel and 0.1 ± 0.08 Gy, 
0.02 ± 0.03 Gy and 0.03 ± 0.03 Gy for large bowel, respectively (sup-
plementary Fig. 4). 

4. Discussion 

In this study, we have quantified the inter and intrafraction de-
formations and dose accumulation of upper GI organs for LAPC patients 
undergoing MR-guided ablative SBRT using an in-house developed 
LDDMM deformable registration method. Our results show that large 
inter- and intrafraction motion (>10 mm) occurs for upper GI OARs and 
the LDDMM method produced promising results for the OAR de-
formations, as evidenced by the high geometric accuracy in the contour 
overlap measures. Dose accumulation after each treatment fraction 
using this method showed that DIR accumulated dose metrics exceeded 
our departmental constraints for three patients while they met for others 
suggesting the need for dose accumulation tools to further optimize 
online adaptive planning process. 

Out of five patients, three patients exceeded the D0.035cm3 and 
D5cm3 dose constraint when dose accumulation was applied to manual 
contours. A clinical consequence of more accurate estimate of dose 
accumulation to the GI organs is the possibility that target dose coverage 
can be safely escalated, or OARs can be further spared. Our preliminary 
results indicate that DIR based dose accumulation may provide the 
ability to assess the cumulative dose and allow safer delivery of ablative 
doses to the GTV while sparing near-by OARs. The dose accumulation 
strategy in this study was based on sequential deformation by registering 
each fraction image onto the previous fraction’s image in a sequential 
fashion. This can be done offline prior to the next fraction and in future, 
once streamlined, can be integrated into the online clinical workflow. 
For adaptive planning, sequential deformation is more intuitive as it 
gives the total dose delivered to the patient to the point and helps in 
estimating the residual dose that can potentially be added or subtracted 
in the next fraction. The process also represents the worst-case estimate 
as the errors in DIR get accumulated sequentially. 

Four of the five patients experienced no acute or late toxicities. The 
one patient who experienced toxicity had mild (grade 1) acute and late 
abdominal pain had exceeded two of the duodenal constraints 
(D0.035cm3, D5cm3). Please see Supplementary table 1 for accumulated 
dose and toxicity among these five patients. Treatment was overall well- 
tolerated in this group of patients, despite several exceeding constraints, 
with only one patient experiencing mild abdominal pain suggesting that 
(a) location of hotspots in stomach_duodenum may explain the 
discrepancy between P2 and P4 and (b) our institutional constraints 
maybe stricter compared to other institutions. Choung et al [29] and 
Hassanzadeh et al [30] have published the maximum dose constraints to 
be V40Gy < 0.035 cm3 and V36Gy < 0.5 cm3 implying we do need a 
consensus on GI OAR dose volume constraints for ablative SBRT treat-
ments of locally advanced pancreatic cancer patients. Future analysis of 
DIR and dose accumulation on a larger patient cohort will further help in 
understanding the relationship between delivered dose and toxicity. 

Our analysis showed that the DSC calculated between LDDMM 
derived segments and ground truth for all three upper GI organs was 
between 0.83 and 0.93, which is within the range of AAPM TG-132 
recommended DSC values to consider a DIR algorithm sufficiently reli-
able for clinical deployment [31,32]. Although our results are pre-
liminary due to lack of more reliable measurements such as the target 
registration error as recommended by the TG-132, these results still 
show significant improvement over rigid registration and marked 
improvement over commercial methods. The preliminary results pro-
vide the confidence to further evaluate the use of an accurate DIR 
method for reducing physician contouring time. Current contouring 
time is around 23 mins with the commercial method as the physician 
recontours the whole OAR within 2 cm from the PTV because of poor 
accuracies. In fact, contouring time represents the most time-consuming 
part of overall online adaptive planning process [19]. 

In order for a DVF to be reliable, Jacobian integral should have a 
good agreement with ground-truth volume change (by physician) 
calculated between the two structures of any fraction. Jacobian integral 
is calculated from Tensor Based Morphometry [33] that exploits the 

Table 1 
Median (range) inter and intrafraction displacements for stomach_duodenum, 
small bowel and large bowel.   

Stomach_duodenum Small Bowel Large Bowel  

Median 
(mm) 

Range 
(mm) 

Median 
(mm) 

Range 
(mm) 

Median 
(mm) 

Range 
(mm) 

IntraPre- 

>post 

(fx1)  

4.5  [0–20.9]  7.1  [0–36.3]  8.2  [0–41.0] 

Intrapre- 

>ver 

(fx1)  

5.5  [0–22.5]  5.8  [0–40.9]  8.4  [0–38.3] 

Interfx1- 

>fx2  

6.5  [0–29.0]  10.4  [0–43.2]  11.4  [0–48.0] 

IntraPre- 

>post 

(fx2)  

5.2  [0–21.5]  8.9  [0–34.9]  7.7  [0–31.2] 

Intrapre- 

>ver 

(fx2)  

4.6  [0–21.7]  6.9  [0–32.3]  7.2  [0–31.3] 

Interfx2- 

>fx3  

7.7  [0–31.6]  7.8  [0–42.8]  7.7  [0–35.9] 

IntraPre- 

>post 

(fx3)  

5.9  [0–23.7]  7.6  [0–42.7]  7.4  [0–28.4] 

Intrapre- 

>ver 

(fx3)  

5.0  [0–21.2]  6.3  [0–40.7]  5.8  [0–27.3] 

Interfx3- 

>fx4  

6.3  [0–22.7]  8.0  [0–36.6]  7.4  [0–35.2] 

IntraPre- 

>post 

(fx4)  

6.2  [0–26.4]  9.4  [0–38.3]  7.1  [0–24.0] 

Intrapre- 

>ver 

(fx4)  

4.8  [0–22.5]  7.1  [0–40.2]  6.1  [0–22.9] 

Interfx4- 

>fx5  

4.7  [0–18.3]  7.2  [0–38.1]  6.4  [0–35.8] 

IntraPre- 

>post 

(fx5)  

4.2  [0–16.4]  6.7  [0–37.2]  4.7  [0–24.6] 

Intrapre- 

>ver 

(fx5)  

3.5  [0–23.1]  5.6  [0–31.5]  4.2  [0–24.0]  

S. Alam et al.                                                                                                                                                                                                                                    



Physics and Imaging in Radiation Oncology 21 (2022) 54–61

59

gradient of a DVF obtained from a DIR to characterize voxel-by-voxel 
volumetric change of an object [25]. Thus, the local structural 
changes throughout the volume can be quantified. There are many 
studies that utilize Jacobian integral to evaluate volumetric changes 
[22,23,25]. Fuentes et al. [34] and Sarkar et al. [35] used Jacobian map 
to measure the net volume change of irradiated brain tissue in MRI and 
liver tumors in CT image, respectively. Both showed that Jacobian map 
had good agreement with ground-truth segmentation. In our previous 
work [23], tumor local structural change was quantified in PET and CT 
images of 61 esophageal cancer patients using Jacobian integral where 
percentage difference between Jacobian and ground-truth tumor vol-
ume changes were small (7.8%). In this study, the correlations between 
the Jacobian integral and ground-truth volume changes were high for 
stomach_duodenum, small bowel, and large bowel (supplementary 
Fig. 1). Main reason could be that in these OARs, the majority of local 
deformations are morphological elastic and linear shifts. Therefore, 
DVFs followed straightforward directions and Jacobian could accurately 

capture their volume changes. 
Clinically, during online adaptive planning, the contours are edited 

within a 2 cm ring around the PTV for faster online planning. This 
volume includes the relevant dosimetric information including steepest 
dose gradients [36]. For dose accumulation purpose, contours and doses 
within the 2 cm volume is not sufficient and may result in incorrect 
accumulated doses. Hence, OARs were redrawn by an expert physician 
and deformation and accumulated dose was calculated within the entire 
patient volume. 

Our studies have a few limitations. A total of 75 MRIs from five pa-
tients undergoing five MR-guided adaptive treatments were analyzed. 
Another limitation was the challenge in validating deformable regis-
tration results, as is common to all DIR methods [37]. The cost metrics 
used for optimizing the registration between the MRI scans may need 
improvement as mean square error measure can be adversely impacted 
due to differences in MRI signal intensities. However, our results showed 
clear performance gains compared to rigid registration and investigation 

Fig. 3. Regions of largest displacement map of stomach_duodenum, small and large bowels between Fx1 and Fx2 for all five patients.  
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of appropriate cost metrics is study for future. Similarly, geometry in-
formation that currently relies on clinician generated contours could be 
impacted by inter-rater variability that can be propagated into the DIR. 
We plan to address this in the future by using automated segmentation 
methods using deep learning. In this study, we performed both geo-
metric and dosimetric DIR validations. For the geometric validation, 
contour statistics such as Hausdorff distance and dice similarity between 
deformed contours and ground truth physician contours was calculated. 
For dosimetric evaluation, we took advantage of daily dose map from 
clinic and calculated the dose-volume parameters difference between 
the deformed contours and the ground-truth manual contours between 
the previous and current fractions. Bland Altman plot suggested that the 

dose metrics derived from deformed contours as well as ground truth 
physician contours shows minimal dosimetric difference implying good 
accuracy between DIR propagated contours and ground truth contours. 
In addition, DVFs used for dose accumulation were validated using Ja-
cobian maps calculated from DIR between the fractions. Finally, the 
dose accumulation performed in this study was based on physical dose. 
In future, we will also look into converting physical doses to biological- 
equivalent dose by applying appropriate biological model for this dose 
fractionation. Eventually, spatial validation would require use of digital 
or anthropomorphic phantoms. 

In conclusion, LDDMM DIR registration was able to account for large 
deformations of upper GI organs. Such robust tools for dose 

Table 2 
Average sequentially accumulated inter and intrafractional D0.035 cm3 and D5cm3 doses for stomach_duodenum, small bowell and large bowel.   

Stomach_duodenum Small Bowel Large Bowel  

D0.035cm3 (Gy) D5cm3 (Gy) D0.035 cm3 (Gy) D5cm3 (Gy) D0.035cm3 (Gy) D5cm3 (Gy) 

Pre(fx1) 7.0 ± 1.0 5.1 ± 0.4 7.4 ± 1.4 5.1 ± 0.7 5.5 ± 0.8 4.5 ± 0.6 
IntraΔPre-post (fx1) 0.1 0.01 0.4 0.07 0.3 0.4 
IntraΔPre-ver (fx1) 0.2 0.02 0.3 0.07 0.3 0.2 
Interfx1->fx2 13.7 ± 1.4 9.9 ± 0.8 14.2 ± 2.4 10.2 ± 1.8 10.6 ± 2.4 8.6 ± 1.6 
IntraΔPre-post (fx2) 0.9 0.3 0.4 0.1 0.8 0.7 
IntraΔPre-ver (fx2) 0.7 0.3 0.5 0.3 1.0 0.6 
Interfx2->fx3 20.4 ± 3.0 15.0 ± 1.6 20.3 ± 3.4 15.2 ± 2.1 14.7 ± 2.5 12.4 ± 1.8 
IntraΔPre-post (fx3) 0.1 0.3 0.9 0.009 1.1 0.7 
IntraΔPre-ver (fx3) 0.2 0.2 1.2 0.3 1.1 0.6 
Interfx3->fx4 25.5 ± 3.8 20.7 ± 2.1 28.1 ± 4.7 20.0 ± 2.4 21.9 ± 5.0 16.2 ± 2.3 
IntraΔPre-post (fx4) 0.9 0.4 0.04 1.2 1.3 0.7 
IntraΔPre-ver (fx4) 0.4 0.3 0.2 1.0 1.4 0.6 
Interfx4->fx5 31.7 ± 2.7 23.9 ± 1.9 33.2 ± 6.0 25.3 ± 4.8 24.7 ± 5.6 20.1 ± 3.1 
IntraΔPre-post (fx5) 0.2 0.4 0.2 0.3 1.2 0.7 
IntraΔPre-ver (fx5) 0.3 0.3 0.2 0.3 1.2 0.6  

Fig. 4. Box plots showing accumulated dose metrics D0.035cm3 (left) and D5cm3 (right) for stomach_duodenum, small bowel and large bowel from interfraction (top 
row) and intrafraction (bottom row) deformation of all patients for all 5 fractions. Horizontal line represents the departmental constraint of 33 Gy (left) for 
D0.035cm3 and 25 Gy (right) for D5cm3. 
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accumulation could allow further personalization of the treatment plans 
and better correlation to normal tissue toxicity in each fraction with safe 
dose escalation and reduced treatment toxicities. In future, incorpo-
rating prospective dose accumulation to optimize subsequent treatment 
fractions has potential to achieve more OAR sparing or further escalate 
target dose by using higher OAR and/or target priority in inverse 
planning optimization. 
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