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Purpose: To characterize daily geometrical variations of gastrointestinal organs with respect to pancre-
atic tumors, through a population-based statistical model.

Materials and methods: The study included 131 CT scans from 35 pancreatic cancer patients treated with
Stereotactic Body Radiotherapy (SBRT). For each patient, day-to-day anatomical variations of the stom-
ach, the duodenum and the bowel were assessed from the deformation vector fields (DVF) obtained by
non-rigidly registering the contours of the fractions to the planning CT scans. For the whole population,
day-to-day motion-deformation patterns were abstracted using principal component analysis (PCA) on
the set of DVFs mapped on a reference patient. Based on these geometrical variations, anatomies were
generated to create population-based dose-volume histograms (DVH) per patient, which were also com-
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PCA pared to clinical values.
SBRT Results: Through PCA, the most dominant directions of daily deformations were localized in the abdom-
Pancreas inal organs. Common patterns were found, such as stomach contraction-expansion in the anterior-pos-

terior direction ranging from 5 to 13 mm, and superior-inferior deformations on the bowel from 7 to
14 mm. The duodenum resulted to move laterally, but in a lesser extent (4-8 mm). The population-
based DVHs derived from the model mostly included the daily DVHs observed in the clinic (in >90% of
the cases).
Conclusions: Anatomical variations influence the delivered doses to healthy organs during SBRT. A
motion model was successfully built and explored to extract the larger directions of movement of the
gastrointestinal organs. Day-to-day motion modeling can potentially be used to account for geometrical
uncertainties in future plan optimization and in online adaptive strategies.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 134 (2019) 127-134

Stereotactic Body Radiotherapy (SBRT) delivers high radiation
doses in a few number of fractions, making use of smaller target
margins and sharp dose gradients. However, these treatment plans
are traditionally based on a static snapshot of the patient anatomy,
i.e. the planning CT (pCT), which in highly dynamic regions in the
body, such as the pelvic or abdominal areas, leads to recurrent
anatomical variations during the treatment course. For these
anatomical sites, organ motion management is clearly demanded;
and consequently, the challenge is to overcome these anatomical
variations while maintaining target coverage and maximally spar-
ing the surrounding healthy organs, the Organs-at-Risk (OAR).
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SBRT combined with chemotherapy has emerged as a viable
option for treating unresectable Locally Advanced Pancreatic Carci-
nomas (LAPC) [1-5]. For these patients, the proximity of the pan-
creas to radiosensitive gastrointestinal organs (GIO), such as the
stomach, the duodenum and the bowel, limits the delivery of effec-
tive ablative radiation doses to the tumor, mainly due to the tight
dose-volume constraints clinically imposed to adhere to the OAR
tolerances.

At our institution, LAPC patients responding to chemotherapy
receive a hypofractionated radiotherapy course of 5 x 8Gy on the
CyberKnife® System using Synchrony respiratory motion tracking
(Accuray Inc., Sunnyvale, CA, USA). Synchrony tracks the tumor
in real-time via implanted fiducial markers, continually aligning
the treatment beam by adjusting the position of the robot, which
helps to ensure target coverage and OAR sparing [6,7]. However,
OAR regions inevitably encounter higher doses due to day-to-day
anatomic variations [8]. Until recently, these soft tissue differences
could not be captured given the limitations of treatment room
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imaging capabilities. However, our CyberKnife is integrated with
an in-room CT-on-rails system, offering the possibility to assess
moving-tissue impact nearly in situ [9].

Attempts to characterize OAR variations throughout the radia-
tion course has been a topic of further interest. Deformable organ
motion modeling was initially explored by S6hn et al., who sug-
gested the use of principal component analysis (PCA) to generate
a patient-specific statistical motion-deformation model of multiple
organs [10]. This approach was extended by Budiarto et al., who
adapted the method to allow population-based modeling, and
hence, overcome the limitation of a restricted number of CT scans
per subject. PCA can detect if common variation patterns are
observed in a patient population even if individual organ shapes
and sizes vary [11]. This method has been successfully used to
understand tumor and organ motion-deformation [12-15], to eval-
uate margins [16,17], to simulate dosimetric treatment courses
[16,18-21], to characterize respiratory-induced motion [22-24],
and considered in real-time adaptive replanning for MR-guided
RT [25,26]. Pelvic organs have been the main target of the above-
mentioned studies, with few exceptions for head and neck [19]
and thorax-lungs [14,22,23]. However, day-to-day residual motion
of the abdominal organs with respect to the tumor position, as
needed for improving treatments with SBRT or MR-guided RT, still
remains underexplored.

The present study aims to characterize organ-at-risk daily
anatomical variations and its impact in a cohort of LAPC patients.
Through PCA, a statistical motion-deformation model will be
derived to characterize OAR changes with respect to pancreatic
tumors. Dosimetric uncertainties will be assessed by accounting
for the dominant geometrical variations retrieved from the model.

Materials and methods

Patient data

Thirty-five patients with inoperable LAPC were included in this
study. The data were collected retrospectively through the LAPC-1
Phase-II study (ID: NL49643.078.14), between April 2015 and
November 2017. All patients underwent a combined chemoradia-
tion treatment consisting of chemotherapy (Folfirinox) followed
by a hypofractionated SBRT regime of 40 Gy in 5 fractions, pre-
scribed to the 80% isodose line, delivered on the CyberKnife M6
system and tracked with Synchrony (Accuray Inc., Sunnyvale, CA,
USA). Dose-volume constraints were set at V35Gy <1 ml to the
three critical organs, which include the stomach, the duodenum
and the bowel. To ease target localization, 1 to 4 gold fiducial
markers (median of 3) were implanted in a pre-treatment stage
inside and/or around the pancreatic tumor. Patients were recom-
mended to avoid solid and liquid intakes since 2 h prior to
treatment.

CT images and delineations

Three to four contrast-enhanced CT scans were available per
patient: one pre-treatment scan (pCT), and two or three pre-
fraction in-room CT scans (FxsCT) performed under instructed
end-expiration [9], using the SOMATOM Definition AS CT scanner
(Siemens Healthcare, Forchheim, Germany). CT voxel size was
0.98 x 0.98 x 1.5 mm?. Eight scans were excluded for not contain-
ing the entire OAR. Overall, 131 scans were eligible for inclusion.

Delineations on the pCT were manually performed by a radia-
tion oncologist following the RTOG guidelines of the upper abdom-
inal region [27], including the Gross Tumor Volume (GTV)
delineation. The set of OAR comprised the stomach, the duodenum
and the bowel. The bowel was contoured inferiorly until L4 as a

single structure, including the individual loops of the small bowel
(jejunum and ileum) and the colon.

By mimicking the clinical procedure and using an in-house
developed software, the GTV was transferred rigidly to each FxsCT
by firstly performing a spine match (consisting of a rotation and
translation transformations) followed by a fiducial match correc-
tion (only translation) [9]. All GTVs transferred to the FxsCT scans
were checked by a radiation oncologist by looking at anatomical
landmarks such as arteries, veins or other structures. The remain-
ing OAR delineations in the FxsCT were aided by CT-to-CT deform-
able registration and propagation using commercial software (MIM
Software Inc, Cleveland, OH, USA) and edited by the radiation
oncologist.

Combining deformable contour registrations

The rigid transformations used for GTV propagation were used
to place the FxsCT scans in the pCT coordinate system, i.e. centered
at the fiducials center-of-mass. Next, each FxsCT organ triangu-
lated 3D surface mesh was registered non-rigidly to the corre-
sponding pCT organ mesh by using the Thin-Plate Spline Robust-
Point Matching (TPS-RPM) algorithm [28], available in our in-
house developed software. From each registration, we obtained a
Deformation Vector Field (DVF) that provided spatial correspon-
dences between the FxsCT and the pCT organ meshes (Fig. 1A).

Average meshes of the three organs were created by computing
the mean DVF in each subject. Subsequently, a second non-rigid
registration between the pCT and the FxsCT meshes to the average
organs provided all position and shape variations observed in each
single patient (Fig. 1B). Quantitative metrics were abstracted per
subject: mean surface-to-surface distances (i.e. average length of
the DVFs obtained from the non-rigid registrations per patient),
volumetric differences, center-of-mass displacements and Dice
coefficients (DC). For a dosimetric impact evaluation, differences
in V35 (OAR dose-constraint) were acquired on the DVHs, which
were computed by taking the original contours and deforming
the dose according to the estimated registration between the
contours.

A patient with a representative anatomy was selected as refer-
ence patient to collect all individuals’ variations in a common
frame-of-reference (cFOR). Each subject average organ meshes
were registered non-rigidly to the average organ meshes of the ref-
erence patient (Fig. 1C), whose organ surfaces were discretized
with uniformly distributed points at 1.5 mm resolution.

For all the registrations, the parameters of the TPS-RPM were
optimized and subsequently evaluated individually for each organ.
The transformation accuracy of the registrations was assessed by
means of a transformation error (i.e. mean distance between both
registered surfaces), and an inverse consistency metric (i.e. mean
difference between a forth and back registration between both sur-
faces) [28,29]. A quality check and visual inspection of the registra-
tions output was also performed. For all the registrations, we
achieved an average accuracy and inverse consistency below
1 mm.

Day-to-day OAR motion-deformation model

A population-based motion characterization was performed
through a principal component analysis on the propagated organs
of all the patients to the cFOR (Fig. 1D). Thus, we tested if abdom-
inal organs move under common patterns, i.e. if OAR change in a
correlated way among and within the patients. PCA transforms
the original data into a new space of at most N-1 dimensions or
modes of variation (being N the total number of observations over
all patients, i.e. total number of DVFs). Modes are defined by
orthogonal eigenvectors (v) that outline the most dominant
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Fig. 1. Workflow used for mapping the intra- and inter-patient anatomical variations onto the reference patient. Firstly (A), daily anatomical variations were registered onto

the pCT OAR meshes, and the average OAR was obtained for each patient. Subsequently (

B), pCT and daily anatomies were registered onto the average organs. In C, the inter-

patient registration among the average organs onto the reference patient allowed the further propagation of all the registrations on the reference patient (D).

directions of daily variations. Each mode is associated to an eigen-
value (1) that determines its ability to explain the variance in the
data. The contribution of each mode in explaining the motion
was expressed as the percentage of the sum of the first L eigenval-
ues from the sum of all eigenvalues [10,11].

A combined gastrointestinal daily motion-deformation statisti-
cal model was created from the output of PCA. New deformation
vectors fields, leading to new GIO anatomies (GIO,,, ), were created
by deforming the mean GI organ (obtained from the average of
propagated organs to the cFOR over all patients) by the weighted
(b) sum of the first L eigenvectors (Eq. (1)). We compared the per-
formance of two models: including and excluding the bowel.

L
GIOnew = GIOmean + Z bl 4 (1)

=1

Colormaps were generated to visualize which GIO regions
showed the largest motion due to a specific or a set of modes.
For this purpose, M (M ~ 5000) points with a Gaussian distribution
contained within +3 standard deviations (SD) were sampled on the
first L modes, i.e. random values were given to coefficients b to
modulate each eigenvector v;. A Mersenne Twister Gaussian pseu-
dorandom number generator was used to create the points. Color-
maps were built by ranging each mean per-point vector length
acquired from the distances between the created organs and the
GIOpeqn shape mesh.

To evaluate whether the population data were representative
enough to model GIO daily variations, we applied a leave-one-
out-cross-validation approach (LOOCV). Each database subject
was pulled out of the training dataset and used as testing patient.
Hence, for each case, PCA was calculated on the remaining 34 indi-
viduals. The GIO of the left-out-patient (GIO;) was projected onto
the space spanned by the first L eigenvectors to obtain the coeffi-
cients (b;). With the obtained coefficients, GIO; was reconstructed
back using Eq. (1). The PCA model error was computed as the aver-
age per-point error vector length acquired from the difference
between the original and the reconstructed GIO; [11,14]. The total
model error was averaged from the results on each test patients.

Using the model to create population-based DVHs

As a direct application, the model was used to assess day-to-day
OAR motion impact on delivered treatment plans, by also imple-
menting a LOOCV approach. We simulated P (P ~ 5000) random
organs with a Gaussian distribution on the first L eigenmodes
(within +3SD), which were propagated back on the average organ
of each patient. To ensure the reconstruction of anatomically plau-
sible situations, simulated anatomies overlapping with the GTV
were discarded from each simulation. The original dose volume
was resampled on the simulated organs to obtain the correspond-
ing DVHs. By selecting the 95% confidence interval range at each
bin of the simulated DVHs, we created a population-based DVH
for each patient. Retrospectively, we evaluated the DVH widening
due to moving-tissues.

Results

Day-to-day OAR motion-deformation within each patient

Volumes of the three critical OAR on the pCT scans were on
average (+SD, min-max range): 300+ 100 ml (100-800 ml) for
the stomach; 90+40ml (40-170 ml) for the duodenum; and
1600 +£ 900 ml (200-4700 ml) for the bowel. Volumetric differ-
ences between these OAR contoured on the pCT compared to the
FxsCTs were on average 100x100ml, 20%+10ml, and
200 + 200 ml, respectively (Fig. 2).

Accounting for the study population, non-rigid registrations
from the FxsCT to the pCT organ meshes resulted in average mean
mesh (per-point) displacements of 10 + 4 mm (stomach), 6 + 3 mm
(duodenum) and 10 + 3 mm (bowel) among all FXCT scans. Dice
coefficients of mesh overlaps resulted in: 0.80 £ 0.05 (stomach),
0.80 +0.08 (duodenum) and 0.80 +0.09 (bowel); and center-of-
mass displacements in: 11 +4 mm (stomach), 8 +4 mm (duode-
num) and 12 + 5 mm (bowel).

Propagating the dose from the pCT to the FxsCTs showed an
increase of dose-constraint violations (V35Gy > 1 cc) in the FxsCTs
with respect to the pCT. In total, 22%, 28% and 11% of all FxsCT
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Fig. 2. Histograms of the volumetric differences observed in the stomach, the duodenum and the bowel, acquired by subtracting the FxsCT from the pCT organs.
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(left) and the coronal (right) views. In red, the V35 isodose line amount overlap with the OAR changes on different days.
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scans showed dose-constraint violations for the stomach, the duo-
denum and the bowel, respectively; whereas in the pCT it was
observed to occur in 6%, 11% and 0% of the cases correspondingly.
An example of the daily OAR variation effect with respect to the
V35 dose-constraint is shown in Fig. 3.

Day-to-day OAR motion-deformation model

Deformations with the largest amplitudes were described by
the first eigenmodes. We compared both models including and
excluding the bowel. Whereas 19 and 43 modes (out of 130) were
required to encapsulate respectively 75% and 90% of the full range
of daily motion accounting for the three critical organs, only 7 and
17 modes were needed to explain the most dominant motion-
deformation of the stomach and the duodenum (Fig. 4 - top).

When including the bowel in the model, the first three eigen-
modes covered 17%, 8% and 7% of the daily variations of the three
critical organs. Mode 1 principally describes larger superior-
inferior deformations in the upper-lateral regions of the bowel,
and an expansion-contraction of the ventral region of the stomach.
Mode 2 locates the greatest changes in the top surface of the bowel
and in the inferior region of the stomach, which are mainly
expanding-contracting in the superior-inferior direction. The duo-

denum does not significantly vary until mode 3, whose largest
changes are in the superior-anterior direction. In further modes,
the duodenum mainly varies laterally, but always with lower
amplitude (see Fig. 5). Conversely, when excluding the bowel, the
first three modes accounted for 24%, 16% and 11% of the variance.
In this case, modes 1 and 2 mainly describe displacements toward
the anterior-left direction, and the expansion-contraction of the
ventral part of the stomach. To a lesser extent, the duodenum dis-
places laterally in mode 2.

Combining the information above, colormaps quantify the scale
of day-to-day motion vectors at each location of the anatomy
(Fig. 6). Individual modes deform in particular correlated direc-
tions, and therefore, collect motion in specific hotspots. Consider-
ing a range of modes, we observe a combined distribution of the
daily changes in the anatomy. In the stomach, motion vectors ran-
ged from 5 to 13 mm; in the duodenum, from 4 to 8 mm; and in
the bowel, from 7 to 14 mm. Motion was larger in the anterior sur-
faces, being limited in the inner abdominal cavity closer to the
tumor. Modes representing 90% of the variance were comparable
to the full motion spectrum. Deformations encapsulated by the
residual modes, representing the remaining 10%-variance
(43-130th modes for all organs, 17-130th modes for stomach
and duodenum) are small, suggesting they describe variations

GIOmean — 301171

GIOmean

GIOmean + 301171

Mode 1

GlOmean + 302172

Mode 2

*

y

GlOmean + 303173

Mode 3

Fig. 5. Depiction of the geometric variations described by the first three modes on the critical organs of the reference patient (in red: tumor; in orange: stomach; in yellow:
duodenum; in blue: bowel). The central column shows the direction of motion described individually by each mode on the average population organ (GIOmean). Left and right
columns depict the resulting anatomies after deforming the GIOpean, Organ +3c; along the respective modes v;. (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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contributing to explain the 90%, 100% and residual 25% and 10% of the variance contemplated among our observations. (Top) Model accounting for the three critical organs;
(bottom) model accounting only for the stomach and the duodenum. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

observed only in few observations within our dataset. Conversely,
the residual 25%-variance modes still encapsulate significant
deformations as its corresponding colormap depicts mean per-
point deformations around 5 mm in each organ.

Model accuracy assessment was performed through the leave-
one-out approach. Fig. 4 (bottom) describes the average PCA model
error obtained from projecting the left-out-patients onto the space
spanned by the first L eigenvectors. As the number of modes L
increases, the mean PCA error decreases.

Using the model to create population-based DVHs

Forty-three modes were used to generate population-based
DVHs for the three GI organs of each patient. Fig. 7 shows how
the tumor position can mitigate or worsen OAR daily motion

100
20 95% confidence
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/ simulated DVHs
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Volume [%]
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55 /,Cllnlcal DVHs
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impact on the simulated DVHs. More than 90% of the clinical DVHs
of the whole cohort were contained within the 95% confidence
interval of the population-based DVHs, suggesting the model is
able to reproduce real anatomies.

Discussion

The observed day-to-day OAR variations in our cohort lead to
increased OAR dose-constraint violations when daily organ varia-
tions are not considered during SBRT. For this reason, the develop-
ment of a model that encompasses possible OAR shape and
position shifts is of primary interest to improve safety and efficacy
during treatment. This is the first study to model daily gastroin-
testinal organs deformations with respect to the pancreatic tumor
position. Large geometrical variations (4-14 mm) have been
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Fig. 7. Depiction of the population-based DVHs simulated for two example patients, obtained by generating OAR motions using the PCA model (including the three OAR:
stomach (red), duodenum (orange) and bowel (blue)). In light colors we observe the 95% confidence interval (2.5-97.5% percentile range) of the simulated DVHs, and in solid
lines, the real DVHs observed in the clinic for these specific patients. (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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localized by the first modes of our OAR population-based statistical
model, being predominant in the anterior-posterior direction.

The limited number of fractions available per patient did not
allow us to model independently the distribution of systematic
and random variations. Hence, we restricted ourselves to construct
a model that learnt from both types of variations observed in the
population. For treatment evaluation purposes, we can use the
model to sample the systematic and random component of the
anatomies in order to correctly take preparation and execution
uncertainties into account.

To our knowledge, only Liu et al. [8] previously attempted to
quantify day-to-day anatomical variations on the duodenum and
the stomach with respect to the pancreas. Their findings abstracted
average center-of-mass displacements of 6 and 10 mm respec-
tively, and Dice coefficients of 0.7 (for both organs). Accounting
for delineation errors (of <2 mm) in both studies, their results
agree well with our intra-patient analysis, where average center-
of-mass displacements of 8 mm (duodenum) and 11 mm (stom-
ach), and DC of 0.8 were observed.

In our case, geometrical variations were quantified based on the
estimated TPS-RPM transformations. This method is based on the
registration of points on the 3D surface meshes, and inner points
can be estimated from the interpolation of the obtained transfor-
mation. Nonetheless, we do not expect this significantly impacts
our results, since our OAR are hollow and we were mainly inter-
ested in the position of the organ walls.

Clearly, these geometrical variations have dosimetric conse-
quences: the increase of dose-constraint violations (V35> 1 ml)
in our cohort suggests that daily organ deformations are likely to
result in parts of organs entering the V35 region, due to their prox-
imity to the tumor and the strongly sculpted doses in the pCT.

Learning to simulate realistic geometries through our model
can aid to interpret these dosimetric uncertainties [18]. For this
purpose, the model was firstly used to separate the modes describ-
ing correlated daily motion from uncorrelated movement and
noise. Subsequently, we judged its quality based on the number
of modes used. Other authors [10,11,18,23] tried to find a balance
between the ability of the modes in explaining the variability of the
samples and their capacity to accurately predict unknown ana-
tomies. In our case, both criteria were highly influenced by the
inclusion of the bowel into the model. Bowels are large, complex
and highly variable structures among our patients; and despite try-
ing to keep delineation consistency, bowels could significantly dif-
fer in terms of the information they represent in each subject. For
this reason, we assessed the performance of the model including
and excluding this organ. When including it, this organ variability
could explain why the accuracy error obtained during the predic-
tion of unknown anatomies through the LOOCV increases a factor
of 2, suggesting that some small patient-specific deformations
might not be captured. On the contrary, if excluding it, less vari-
ability of the data needs to be analyzed, and hence, fewer modes
are required to achieve better modeling accuracy. In comparison,
only 17 modes instead of 43 would already represent 90% of the
variance in the second case. Thus, the bowel can be modeled, but
at the expense of increasing the model complexity.

Compared with other models in the literature, gastrointestinal
organs variations seem to be more difficult to capture by the first
modes, suggesting that their deformations are less generic than
in other treatment sides. Whereas our first mode covered 17% or
24% of the variations (when including and excluding the bowel);
in a bladder-prostate model, the first mode could already capture
up to 40-60% of variability [15,18] (corresponding to bladder fill-
ing); and in a prostate-seminal vesicles model [11] or a rectum
model [17], the first mode could cover 35% and 30%, respectively.

Through the colormaps we assessed the impact of selecting
ranges of modes. Capturing 90% of the variance appears to be rep-

resentative enough to locate realistic average daily variations on
the abdominal anatomy (10 mm on the stomach and bowel, and
6 mm on the duodenum), as exactly observed in our intra-patient
analysis. Hence, modes representing 90% of the variance already
encapsulate the strongest common patterns observed in the data.
The remaining 10%-variance mode range does not represent large
deformations on the organs in any case. Therefore, we can decide
to not consider them in our simulations.

Because of the abovementioned observations, to test daily
motion impact on clinical plans for the three critical organs, we
finally used 43 modes to perform patient-specific population-
based DVHs. Through the LOOCV, we evaluated if we could gener-
ate alternative anatomies resembling real organs for an “unknown”
patient. By sampling daily OAR motion from the statistical model,
clinical DVHs fell within the simulated DVH ranges in most of the
cases (>90%).

In summary, we have shown that relative day-to-day motion of
the gastrointestinal organs with respect to pancreatic tumors can
significantly influence the delivered doses to the organs-at-risk.
PCA has been used to find variation patterns in our cohort, and
to generate meaningful anatomies reproducing clinically delivered
doses. OAR motion simulations can be further explored to correlate
the dosimetric impact of OAR motion to reported toxicities, to
investigate meaningful anatomies for a Plan-of-the-Day strategy,
or to be used in automatic plan optimization.
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