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Abstract
Purpose—To investigate the effect of breathing motion and dose accumulation on the planned
radiotherapy dose to liver tumors and normal tissues using deformable image registration.

Method and Materials—Twenty one free-breathing stereotactic liver cancer radiotherapy
patients, planned on static exhale CT for 27 – 60 Gy in 6 fractions, were included. A
biomechanical model-based deformable image registration algorithm, retrospectively deformed
each exhale CT to inhale CT. This deformation map was combined with exhale and inhale dose
grids from the treatment planning system to accumulate dose over the breathing cycle.
Accumulation was also investigated using a simple rigid liver-to-liver registration. Changes to
tumor and normal tissue dose were quantified.

Results—Relative to static plans, mean dose change (range) after deformable dose accumulation
(as % of prescription dose) was −1 (−14, 8) to minimum tumor, −4 (−15, 0) to max bowel, −4
(−25, 1) to max duodenum, 2 (−1, 9) to max esophagus, −2 (−13, 4) to max stomach, 0 (−3, 4) to
mean liver, and −1 (−5, 1) and −2 (−7, 1) to mean left and right kidneys. Compared to deformable
registration, rigid modeling had changes up to 8% to minimum tumor and 7% to maximum normal
tissues.

Conclusion—Deformable registration and dose accumulation revealed potentially significant
dose changes to either a tumor or normal tissue in the majority of cases due to breathing motion.
These changes may not be accurately accounted for with rigid motion.
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INTRODUCTION
Radiotherapy for inoperable primary and metastatic liver tumors has become feasible with
technological advances in treatment planning and delivery. Stereotactic body radiotherapy
(SBRT) has recently been used to deliver highly conformal treatment plans aimed at sparing
normal tissue dose, particularly the liver, and allowing dose escalation (1–4).

Liver radiotherapy remains challenging because of respiratory motion (5). At the Princess
Margaret Hospital (PMH), the preferred treatment for liver SBRT patients is in controlled
exhale breath hold using an active breathing control (ABC) device (6). This technique has
good inter and intrafraction reproducibility with online image guidance (6,7). While the
impact of respiration on dose with this approach is negligible, many patients are unsuitable
for ABC and are treated during free breathing. Therefore, breathing motion should be
considered during treatment planning.

Deformable image registration (DIR) algorithms that solve the independent voxel
transformations between two images, are a prerequisite to accurate dose accumulation. The
effect of breathing on dose has been investigated with DIR of respiration correlated (4D) CT
primarily for lung radiotherapy (8–16). Dose reductions to targets (8,14) and increases to
normal tissues (13) are sometimes possible. Breathing dose in liver radiotherapy has been
studied less in comparison. Challenges with liver radiotherapy not commonly seen with the
lung include target volumes directly overlapping adjacent critical structures, and the
inability to clearly visualize the tumor on 4D CT due to the lack of contrast. At PMH, liver
planning includes individualized planning target volumes and prescription doses. Previous
accumulation efforts on liver radiotherapy often used dose(5) or fluence(17) convolution
with probability distribution functions that model respiration motion, though these
effectively model breathing with rigid-body motion.

Kaus et al. (18) investigated DIR of exhale and inhale abdominal MR images using
corresponding organ surface-meshes and elastic-body or thin-plate splines, achieving
accuracy near the image resolution. Image intensity-driven algorithms, such as B-splines
with normalized mutual information (19,20), have also been investigated. Brock et al.(21)
demonstrated multi-organ registration is accurate using a biomechanical model-based
algorithm. Brock et al. (22) accumulated dose for four patients' livers by deforming exhale
to inhale CT. Compared to static plans, changes in the allowable prescribed tumor dose from
−4.1 to 1.7 Gy were seen, suggesting the dosimetric effects of breathing may be clinically
significant. This study involved simulated tumors and plans however, omitting the
complexities seen in plans where clinicians must adhere to strict trial protocols. Further
investigation is warranted to study organs at risk, which often limit the safe doses that may
be delivered despite highly conformal planning (23).

This study investigates accumulated breathing dose to targets and normal tissues for liver
radiotherapy planning using biomechanical model-based deformable registration. Breathing
dose was accumulated with the unaltered clinical plans, initially optimized on exhale CT, to
provide a realistic account of the information that can be derived with DIR under current
planning techniques. A secondary aim was to compare dose accumulation using simple
rigid-body motion to DIR. This is essential in understanding respiration, the largest
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geometric uncertainty in radiotherapy, on planning where critical decisions must be made
regarding tumor dose, to improve disease control, and normal tissue dose, to avoid toxicity.

METHODS AND MATERIALS
Patient details and imaging

This study included 21 liver cancer patients previously treated on a Research Ethics Board
(University Health Network) approved protocol of Phase I/II dose-escalation,
hypofractionated liver SBRT. Patients had primary liver cancer (n=8) or liver metastases
(n=13). The number of tumors ranged from 1 (n=15) to 6 (n=1). Subjects in this analysis
were unsuitable for ABC treatment due to small breathing amplitude (<0.5 cm), inconsistent
breath-hold position, diaphragm drifts, and compliance issues or tolerance of the device. All
were treated during normal free breathing (n=15) or free breathing plus abdominal
compression plate (n=6).

Patients were supine with arms above head and immobilized using an evacuated cushion
(n=16), chest board (n=1) or an SBRT body frame (n=4). Planning was done on helical CT
acquired during voluntary normal exhale breath-hold (n=15), or on the end exhale breathing
phase from 4D CT (n=6). Inhale CT was acquired during 4D CT, or immediately following
the exhale scan using a voluntary normal inhale breath hold, to assess breathing motion. 4D
CT images were reconstructed by binning images using phase-based sorting of an infrared
tracked reflective external marker. CT imaging had an average resolution of 0.1×0.1×0.3
cm3. In addition to 4D CT, fluoroscopic measurement of diaphragm motion (amplitude
range: 0.5 – 3.0 cm, mean: 1.3 cm) and cine-MRI of the tumor were done when possible to
aid in determination of individualized margins as direct 3D tumor motion is poorly
visualized on 4D CT, despite the use of contrast agents.

Treatment planning
Planning and delineation was done on a static exhale CT data set using a commercial
treatment planning system (Pinnacle3 v6.2 – 8.1, Philips Medical Systems, Madison WI).
Volumes were generated as per the clinical protocol as follows. Gross tumor volumes
(GTV) were isotropically expanded 0.8 cm within the liver to create clinical target volumes
(CTV). Individualized, asymmetric internal margins (IM) were generally created by
estimating 90% of the maximum motion from the baseline exhale position seen on the 2D
imaging studies. This avoid unnecessarily large IM that might be exaggerated by short lived,
large maximum inhales, as the end inhale position is less stable than exhale(24). These
maximum motions, easily captured on 2D imaging, are not as discernable on 4D CT due to
multiple breathing patterns combined to form each dataset, which naturally will reduce the
maximum motion. A 0.3 cm setup margin (SM) for daily positioning error was added to
each patient specific IM to create planning target volumes (PTV). Although setup
uncertainties are not modeled in this study, this expansion was included to evaluate normal
tissues moving in and out of the realistically irradiated volume during respiration. PTV (IM
+ SM) ranged from 0.5 – 1.0 cm left and anterior, 0.5 – 0.7 cm right, 0.5 – 0.6 cm posterior
and superior, and 0.8 – 2.5 cm inferior. A PTV was first applied around the GTV creating a
PTVGTV. The same PTV margin was also applied around the CTV (GTV + 0.8 cm in liver)
creating a PTVCTV.

Coplanar or non-coplanar beam arrangements were placed to minimize path length through
the liver. The number of beams, including forward planned segments, ranged from 5 – 21
(median: 8). Planning objectives used (Table 1) varied as the clinical protocols evolved.
Respecting normal tissue constraints was mandatory. Maintaining PTVGTV coverage was
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the primary goal, while coverage of the larger PTVCTV was a secondary aim with lower
dose criteria.

Dose was individually prescribed by determining the risk of radiation-induced liver disease
from the Lyman NTCP model (25), based in part by diagnosis (primary or metastases), the
assigned NTCP level per study protocol (5 – 20%), and the liver effective volume (Veff).
Veff is the uninvolved liver volume uniformly irradiated to the prescription, and estimated to
have an equivalent complication risk as non-uniform irradiation(26). The mean dose was 39
Gy (range: 27 – 60 Gy) in 6 fractions over two weeks, limited mostly by liver and luminal
gastrointestinal dose constraints.

Deformable image registration
A multi-organ biomechanical model-based DIR algorithm (Morfeus) developed in-house,
deformed 4D CT images allowing tissue tracking across the breathing cycle. This algorithm,
previously described in detail (21,27), is summarized here.

Primary contours from the exhale CT plan are converted into 3D surface meshes and filled
with tetrahedral elements creating a base model of the patient. Contours minimally included
the liver, GTV(s), external body, spleen and organs at risk. The deformation and motion of
the model is driven by guided surface projections of the primary surface meshes into
secondary surfaces created from additional inhale CT contours of the liver, external body
and spleen. All tetrahedral elements, including organs and GTV(s) without additional inhale
contours, are implicitly deformed according to biomechanical tissue properties (Table 2)
using finite element analysis. The result is a displacement map from exhale to inhale. The
accuracy of Morfeus for all deformed tissues is less than 0.2 cm(21).

Dose calculations
Dose was calculated in the planning system on exhale CT using a convolution-superposition
algorithm and heterogeneity corrections, with a matrix resolution of 0.25×0.25×0.25 cm3.
Plans were also calculated on the inhale CT providing two dose extremes occurring during
breathing. Dose accumulation using extracted matrices was performed in the DIR research
environment. From DIR, the locations and size of every element in the model during
breathing are known. Four intermediate positions and volumes between exhale and inhale
are linearly interpolated for each element representing intermediate phases. The element
centroid at every step is interpolated onto each matrix, where the dose contribution is
weighted to the element's position in the breathing cycle. For example, the exhale matrix
will contribute greater dose to an element closer to exhale. This simplification avoids
intermediate phases' matrices, as the majority of patients lacked 4D CT. Steps are
additionally weighted according to time spent in that phase (Table 3), based on previously
studied patients (28). Element dose was summed across the breathing cycle as follows (22):

where D(x, y, z) is the element dose at coordinates x, y, z,  and  are the relative
contributions from the exhale and inhale dose matrices respectively, φ is the breathing phase
(range is 0 [exhale] to 1 [inhale] in increments of 0.2), φΔx, φΔy, φΔz is the translation of the
element from the deformation map, Tφ is the time weighting factor for phase φ.
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Dosimetric analysis
Three scenarios were compared:

1) Static distributions calculate dose solely on exhale CT, replicating clinical
practice without motion. Elements in exhale are interpolated onto the exhale
dose grid within the DIR environment, to facilitate their comparison to the
following.

2) Distributions that accumulate breathing dose using the rigid liver centre-of-mass
(COM) breathing motion applied to the entire model. Liver COM was chosen
over the GTV as direct tumor visualization is poor and often impossible on 4D
CT, impossible with fluoroscopy, and the use of cine-MRI (for direct
visualization of the tumor) is not standard in most clinics. Meaning, clinicians
would likely not have the true 3D GTV COM information without DIR.

3) Breathing dose accumulation incorporating DIR uses the full multi-organ
deformation map.

Changes greater than 1 Gy were considered potentially significant, though are here as a
percent change (normalized to the prescription dose). Differences in liver NTCP and Veff
were also quantified. To assess the potential clinical impact of breathing dose accumulation
on planning, clinical plans were reviewed to determine if target coverage was compromised
due to normal tissues. Normal tissues within 2 Gy of the limit (Table 1) were identified as
having potentially influenced planning.

RESULTS
Breathing motion

Breathing COM motion from DIR is summarized in Table 4. Rigid modeling used liver
COM motion, while static plans did not consider motion.

After DIR, nine patients (43%) had GTV COM motion that exceeded the initial PTVGTV.
These excursions occurred in the left (n=4, range: 0.1 – 1.0 cm), anterior (n=6, range: 0.2 –
1.0 cm) and inferior (n=6, range: 0.1 – 0.3 cm) directions. Liver COM motion similarly
predicted these GTV excursions in all but one case, where rigid liver COM motion
underestimated the GTV motion from DIR by 0.3 cm, due to liver deformation.

Differences of at least 0.3 cm between liver and GTV COM motion after DIR were observed
in eleven (52%) cases. Average absolute differences (maximum) were 0.1 (0.6), 0.2 (0.7),
and 0.2 (1.0) cm in the left-right, anterior-posterior, and superior-inferior directions
respectively. DIR revealed differences in intrahepatic GTV motion for multifocal cases (Fig.
1). Six of seven patients with multiple tumors had GTV COM differences greater than 0.3
cm in at least one direction, up to a maximum of 1.0 cm in the left-right and anterior-
posterior directions, and 0.8 cm superior-inferiorly. These would not have been accounted
for with rigid liver motion alone.

Effects of dose accumulation
Dosimetric changes with rigid and deformable breathing dose accumulation are shown in
Table 5. Changes of at least 1 Gy to the minimum GTV dose, or maximum or mean normal
tissue dose were observed in all but one patient (95%) when comparing deformable dose
accumulation to static plans. A breathing dose distribution using DIR is shown in Fig 2.
Rigid accumulation caused discrepancies greater than 1 Gy in ten patients (48%) compared
DIR, resulting in changes up to 8% in tumors and 7% in normal tissues.
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Patients with over 1.0 cm of liver motion had higher average absolute changes with DIR
compared to static, than small breathers. This was significant for the minimum GTV dose
(increase of 2.7% with DIR, p=0.004), mean dose to the liver (2.8%, p=0.003), right (13.8%,
p <0.000) and left (7.5%, p=0.02) kidneys and maximum duodenum dose (13.4%, p=0.004).
Dose to remaining organs for large breathers was also generally higher (p>0.05).

Potential changes to planning constraints
In order to respect normal tissue constraints in ten patients, GTV (n=2) or PTVGTV (n=8)
dosimetric criteria (Table 1) were compromised on the initial clinical plans based on static
exhale CT. After deformable dose accumulation, the minimum dose to 0.5 cm3 in any one
GTV changed in five patients by −11.9% – 3.7%. For two of these cases, rigid accumulation
had differences compared to DIR of −5.0% and 4.2%. Figure 3 demonstrates changes to
tumors and normal tissues among the three dose distributions.

Bowels were limiting organs in 8 patients (38%). The maximum dose to 0.5 cm3 decreased
in four cases with DIR by −13.1 – −6.2%. For one patient, DIR predicted a difference of
−0.8% whereas rigid accumulation incorrectly predicted −4.0%. Stomach and esophagus
were limiting organs for seven (33%) and five (24%) patients respectively. With DIR, the
maximum dose to 0.5 cm3 changed in three stomach cases by −9.3 – 3.3%, and increased by
8.9% and 4.0% for two esophagus cases. A maximum difference of −2.4% was observed for
one stomach case between rigid and deformable accumulation. Duodenum was a limiting
organ for three patients (14%). DIR reduced the maximum dose to 0.5 cm3 in two cases by
−6.9% and −7.9%. Rigid accumulation had a discrepancy of 2.9% compared to DIR for one
patient. Right or left kidney dose was a limiting organ for seven patients (33%). DIR
reduced the mean dose in three cases, corresponding to changes of −6.6 – −2.7 %. A
maximum difference of 2.5% between rigid accumulation and DIR was seen for one patient.

Changes in liver Veff and NTCP are shown in Table 6. Seven patients (29%) had changes in
liver NTCP greater than 5% when breathing motion was modeled with either deformable or
rigid registration.

Overall, ten patients failed to meet constraints to either the GTV or PTVGTV on the clinical
exhale plans without exceeding normal tissue doses. With deformable dose accumulation,
five patients had further reductions to minimum tumor dose and two of these also had
increases to esophagus or stomach that would have exceeded dose constraints.

DISCUSSION
Dose distributions incorporating breathing motion were calculated for 21 SBRT liver
patients using deformable registration of exhale and inhale CT. Compared to static dose,
DIR resulted in dose changes of at least 5% in 12 of 21 patients (57%), to at least one target
volume or normal tissue structure. Rigid-body accumulation compared to DIR caused a dose
difference of at least 5% in 2 patients (9.5%). To our knowledge, this is the largest series
investigating multi-organ deformable registration on breathing dose accumulation for liver
radiotherapy.

Patients were on a hypo-fractionated protocol that prescribed dose based on estimated liver
NTCP(25), though normal tissue dose constraints commonly limited the prescription and
minimum GTV or PTVGTV dose. Ten patients had known dose compromises to targets
which resulted in more significant changes to the minimum GTV dose in five patients after
DIR. It is important to emphasize the relative difference in breathing dose accumulation
versus static plans however, and not the specific planning technique used. Patients could
have been prescribed to a lower isodose, thereby eliminating the compromised target dose
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but increasing unwanted hot spots. Accurate knowledge of doses planned in the presence of
breathing motion would allow more informed tumor dose-toxicity risk tradeoffs to be made,
potentially reducing patient risks or improving dose escalation. Deformable registration for
breathing dose accumulation at the time of plan optimization may be beneficial for these
cases. All cases where minimum tumor dose decreased with DIR had either initially
compromised target coverage or tumor motion that exceeded the original PTVGTV.

DIR provided important geometric information in addition to dose accumulation. In nine
cases, tumor motion exceeded the boundaries of the PTVGTV by 0.1 – 1.0 cm, with three
being ≥ 0.5 cm. Liver and diaphragm motion, assessed using 4D CT, and tumor motion,
assessed using cine-MRI, were compared to rigid liver COM motion for the nine cases to
see if the clinical PTVGTV margins were initially underestimated. Three cases revealed that
rigid liver COM motion was smaller than the PTVGTV yet the GT motion from DIR
exceeded it. This indicates complex deformation-motion not accounted for in margins based
on rigid 4D CT liver motion, or motion observed with fluoroscopy. This is possible as liver
regions can move and deform more than the whole liver (Figure 1). Four cases had rigid
liver COM motion greater than the motion based on the diaphragm, indicating a simple liver
rigid registration may better predict motion than the method used clinically. Finally, two
cases had rigid liver COM and diaphragm motion larger than the PTV boundaries by 0.6 cm
anterior and 0.5 cm left. For three cases with extreme excursions (≥ 0.5 cm), a review of the
cine-MRI revealed that even direct visualization of the tumor motion in 2D may not
adequately capture the complex deformation-motion revealed with deformable registration
of 3D images. The GTV was visualized on 4D CT for one of these cases, and after careful
review of all slices and planes the DIR predicted motion was confirmed. Future studies
could investigate how well 2D motion studies predict 3D deformation-motion.

Patients could have been re-planned with PTVGTV revised using the DIR predicted GTV
motion. However this retrospective study was designed to capture the impact DIR has on
current planning techniques. Larger margins may improve GTV dose, at a cost of increased
liver NTCP and larger changes to normal tissues due to the larger irradiated volume. Setup
uncertainties, not modeled in this study, are assumed to be small as patients are treated with
soft-tissue image-guidance and a 0.3 cm tolerance level, much smaller than the breathing
motion.

Liver COM motion was used to model rigid-body motion in this study. GTV COM was not
used as this would have required the results of DIR of 4D CT. Unlike in the lung, liver
tumors are often poorly visualized on 4D CT despite intravenous contrast(29), prohibiting
the use of rigid registration to accurately measure GTV COM. Additionally, the effect of
choosing COM of the GTV versus the liver, a relatively large organ, as a surrogate for all
motion within the abdomen is unknown, as large differences between GTV and liver COM,
or between GTV COM for multifocal cases, were sometimes observed.

DIR was used on voluntary breath hold CT, or free breathing 4D CT. Breath hold CT may
exaggerate motion if patients' took deep breaths during imaging. To reduce this possibility,
patients were instructed to breathe normally. Additionally for this study, superior-inferior
liver motion from DIR was compared to the fluoroscopy motion and was generally found to
not exceed this (maximum observed increase from DIR was 0.3 cm).

Dose changes were observed with minimal breathing, however, patients with over 1.0 cm of
motion had significantly greater changes to most tissues suggesting this subgroup may
benefit more from DIR during planning optimization. Factors confounding the magnitude of
dose change are the relative distance between organs and targets, and variability in planning
techniques or dose gradients, though these are subject to ongoing analysis. Wu et al. (20)
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accumulated liver SBRT breathing dose using thin plate splines on five patients' 4D CT
images and demonstrated intensity-modulated radiotherapy may be more sensitive to
breathing motion than conventional plans.

Exhale and inhale 4D CT was used, with a linear interpolation providing intermediary
breathing positions. Future work will investigate integrating intermediate 4D CT phases as
hysteresis and motion non-linearity have been observed in other studies(30). Patient specific
breathing patterns extracted from 4D CT could also be integrated into DIR, though research
suggests variations in pattern asymmetry is unlikely to significantly impact dose (5,15).
Although geometric validation of DIR algorithms has been done, dosimetric validation of
4D calculations in deforming anatomy is complicated by a lack of precise enough phantoms
to establish a control. Work in underway to address this using deformable gel dosimeters.

Breathing dose accumulation at planning is valid if the motion during treatment is
consistent. Accumulating dose over the entire treatment course using daily breathing models
acquired with 4D cone-beam CT (31) is also possible with DIR. Better accounting of dose to
targets and normal tissues in the presence of geometric uncertainty may improve
understanding of dose-response outcomes for normal tissue toxicity and tumor control.

CONCLUSIONS
Deformable image registration between exhale and inhale CT, allows tissue tracking and
breathing dose accumulation. Potentially significant dose changes were observed in the
majority of patients to either a tumor or normal tissue, compared to static plans.
Understanding breathing dose accumulation may help identify which liver patients,
previously limited in prescribed dose because of normal tissues, may be safely escalated to
higher doses with more realistic modeling at planning.
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Fig 1.
Example of an exhale liver (top), and intrahepatic GTVs (bottom). The 3D motion map
overlaid is found by deforming the exhale to inhale CT. Regions of the liver move 4 cm in
this case, due to breathing induced deformation.
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Fig 2.
Dose distribution changes are shown on exhale CT (in Gy). Six GTVs were prescribed 32.4
Gy in 6 fractions. Top: Static dose. Middle: Dose accumulation with DIR. Bottom:
Difference between DIR and static plans.
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Fig 3.
Example DVH highlighting changes to targets and normal tissues for three calculations:
static (solid line) and dose accumulation with either DIR (dashed line) or; rigid liver motion
(dotted line).
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Table 1

Target and normal tissue planning criteria, for 6 fractions.

Region of interest Dose criteria Limit*
Limit if the PTV overlaps non-liver normal
tissues

GTV Min to 0.5 cm3 95% of prescription n/a

PTVGTV
† Min (max) to 0.5 cm3 volume 95% (140%) of prescription 80% of prescription

PTVCTV
† Min to 0.5 cm3 27.0 Gy n/a

Large Bowel Max to 0.5 cm3 28.2 Gy 30.0 Gy

Small Bowel Max to 0.5 cm3 28.2 – 33.6 Gy 30.0 – 36.0 Gy

Stomach Max to 0.5 cm3 28.2 – 30.0 Gy 30.0 – 33.6 Gy

Duodenum, esophagus Max to 0.5 cm3 28.2 Gy 30.0 Gy

Kidney(s) Mean to one or combined kidneys 10 Gy n/a

Abbreviations: GTV = gross tumor volume; CTV = clinical target volume (GTV plus 0.8 cm expansion in liver); PTV = planning target volume
(patient specific internal margin for breathing plus 0.3 cm setup margin expansion); PTVGTV = PTV applied around the GTV; PTVCTV = PTV
applied around the CTV.

Notes:

*
Ranges indicate criteria was modified during the course of the trial

†
For each patient the same PTV expansion was applied to each the GTV and CTV though dose criteria was different.
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Table 2

Linear elastic material properties used by MORFEUS.

Poisson's ratio Young's modulus (kPa)

Liver, esophagus, heart 0.450 7.8

Liver tumor 0.450 78.0

Stomach 0.499 500.0

Bowel, duodenum 0.499 10.0

Spleen 0.499 50.0

Kidneys 0.499 24.0

Other body tissues 0.400 1.5
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Table 3

Time weighting factors for each breathing phase28.

Breathing phase, φ Relative time weight, Tφ

0 (exhale) 0.48

0.2 0.13

0.4 0.09

0.6 0.08

0.8 0.10

1 (inhale) 0.12
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Table 4

Average (range) centre-of-mass motion from deformable registration of exhale to inhale CT (in cm).

Organ Left-right Anterior-posterior Superior-Inferior 3D Vector magnitude

GTV(s) (n=42) −0.2 (−1.5, 0.4) 0.6 (−0.1, 1.7) 1.0 (0.1, 2.1) 1.3 (0.3, 2.5)

Liver (n=21) −0.2 (−1.0, 0.3) 0.5 (0.1, 1.3) 1.0 (0.3, 1.8) 1.2 (0.5, 2.1)

Thoracic organs (esophagus, heart) (n= 35) −0.1 (−0.6, 0.3) 0.3 (0, 0.9) 1.0 (0.3, 2.7) 1.1 (0.3, 2.8)

Abdomimal organs (stomach, bowel duodenum,
spleen, right/left kidney) (n= 122) −0.1 (−0.9, 0.9) 0.5 (−0.2, 2.1) 1.0 (0.1, 5.9) 1.2 (0.1, 6.3)

Abbreviations: GTV=gross tumor volume. Notes: Positive values indicate motion in the left, anterior, or inferior directions.
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Table 5

Average change (range) per tissue for different dose distributions (in % change of prescription dose).

Tissue Criteria MORFEUS vs. static Rigid-body vs. static MORFEUS vs. rigid-body

GTV(s) (n=42) Δ Min −0.9 (−14.2, 8.0) −0.8 (−10.6, 6.6) 0 (−5.1, 8.3)

Liver* (n=21) Δ Mean −0.3 (−3.2, 4.0) −0.4 (−3.3, 3.0) 0.2 (−0.2, 1.0)

Left Kidney (n=21) Δ Mean −0.6 (−4.6, 0.8) −0.6 (−3.6, 1.1) −0.1 (−2.5, 0.9)

Right Kidney (n=21) Δ Mean −1.6 (−6.6, 1.1) −1.7 (−7.1, 0.9) 0.1 (−0.2, 0.7)

Bowel† (n=21) Δ Max −3.5 (−15.0, 0.2) −4.2 (−13.6, 0.3) 0.7 (−3.9, 7.2)

Duodenum (n=19) Δ Max −3.8 (−24.7, 0.8) −4.0 (−25.2, 0.2) 0.2 (−4.0, 2.0)

Esophagus (n=19) Δ Max 1.9 (−1.3, 9.1) 1.8 (−1.3, 9.6) 0.1 (−0.5, 1.4)

Stomach (n=19) Δ Max −1.6 (−13.4, 4.1) −1.7 (−13.3, 6.0) 0.2 (−1.9, 2.7)

Heart (n=16) Δ Max 3.5 (−0.7, 12.8) 3.7 (−0.7, 11.4) −0.3 (−4.2, 3.3)

Abbreviations: GTV = gross tumor volme

Notes:

*
Liver minus GTV.

†
lncludes large or small bowel. Note: Min and max doses are reported to a single element.
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Table 6

Average absolute change (and actual range) in liver Veff and NTCP.

Comparison Δ Veff (% volume) Δ % NTCP

MORFEUS vs. static 1.2 (−3.2, 4.0) 3.2 (−15.7, 5.3)

Rigid body vs. static 1.2 (−3.4, 3.0) 3.1 (−15.4, 4.2)

MORFEUS vs. Rigid body 0.2 (−0.2, 1.0) 0.3 (−0.3, 1.8)

Abbreviations: Veff = effective volume; NTCP = normal tissue complication probability.
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