
Accumulated Dose in Liver Stereotactic-Body Radiotherapy:
Positioning, Breathing and Deformation Effects

Michael Velec, B.Sc.1, Joanne L. Moseley, B.Math.1, Tim Craig, Ph.D.1,2, Laura A. Dawson,
M.D.1,2, and Kristy K. Brock, Ph.D.1,2,3

1Radiation Medicine Program, Princess Margaret Hospital, University Health Network, Toronto,
Canada
2Department of Radiation Oncology, University of Toronto, Toronto, Canada
3Department of Medical Biophysics, University of Toronto, Toronto, Canada

Abstract
Purpose—To investigate the accumulated dose deviations to tumors and normal tissues in liver
stereotactic-body radiotherapy (SBRT), and investigate their geometric causes.

Methods and Materials—Thirty previously treated liver cancer patients were retrospectively
evaluated. SBRT was planned on the static exhale CT for 27 – 60 Gy in 6 fractions, and patients
were treated in free-breathing with daily cone-beam CT (CBCT) guidance. Biomechanical model-
based deformable image registration accumulated dose over both the planning 4DCT (predicted
breathing dose), and also over each fraction’s respiratory-correlated CBCT (accumulated
treatment dose). The contribution of different geometric errors on changes between the
accumulated and predicted breathing dose were quantified.

Results—Twenty one patients (70%) had accumulated dose deviations relative to the planned
static prescription dose greater than 5%, ranging from −15 to 5% in tumors and −42 to 8% in
normal tissues. Sixteen patients (53%) still had deviations relative to the 4DCT-predicted dose,
which were similar in magnitude. Thirty two tissues in these 16 patients had deviations > 5%
relative to the 4DCT-predicted dose, and residual setup errors (n=17) were most often the largest
cause of the deviations, followed by deformations (n=8) and breathing variations (n=7).

Conclusion—The majority of patients had accumulated dose deviations greater than 5% relative
to the static plan. Significant deviations relative to the predicted breathing dose still occurred in
over half the patients, commonly due to residual setup errors. Accumulated SBRT dose may be
warranted to pursue further dose-escalation, adaptive SBRT, and aid in correlation with clinical
outcomes.
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Introduction
Stereotactic-body radiotherapy (SBRT) is a promising treatment for primary and metastatic
liver cancer patients ineligible for other localized treatment. SBRT planning uses
individualized, highly conformal dose distributions aimed at reducing treatment margins and
sparing normal tissue dose and related toxicity. Liver normal tissue complication probability
(NTCP) models can help estimate SBRT toxicity and allocate or escalate dose (1, 2). Trials
have shown high local control rates with acceptable toxicity(3–5), while lower doses have
been associated with poorer survival or disease control(1, 4), suggesting further dose
escalation may be beneficial provided toxicity rates remain low.

Minimizing geometric uncertainties is necessary for SBRT. Respiratory motion can be
negated using active breathing control (ABC) devices allowing gated beam delivery during
breath holds(6), or reduced with an abdominal compression plate(7). These may allow for
smaller margins, normal tissue sparing and higher tumor doses, but many patients are
ineligible and are treated in free-breathing. Incorporating breathing motion into liver SBRT
dose calculations can potentially impact tumor and normal tissue doses, and margin
design(8–10). Whether these techniques actually estimate the delivered dose better than
static dose calculations is presently unknown. Image-guided radiotherapy (IGRT) can
potentially identify and correct baseline shifts in liver position (relative to bone), breathing
motion or deformation prior to treatment (6, 11, 12). Direct tumor visualization is typically
not possible so IGRT methods for liver SBRT involve imaging fiducial markers(13) or the
liver and diaphragm as soft-tissue surrogates using 2D fluoroscopy or 3D cone-beam CT
(CBCT), in the presence of breathing motion (7, 14).

Romero et al. (15) estimated daily dose deviations in a liver SBRT trial using rigidly-
registered repeat CT, finding IGRT did not on average improve the daily dose to normal
tissues due to anatomical deformations. Rigid registration is unable to accumulate dose over
multiple fractions, in the presence of these changes. Deformable image registration (DIR)
applies spatially variable transformations during registration to more accurately track tissues
between two or more imaging sessions (i.e. SBRT fractions). Janssens et al. (16) found
intensity-based DIR significantly improved interfraction dose accumulation on deforming
phantoms over rigid registration, noting its accuracy is highly dependent on both image
quality and contrast. They also reported that sharp dose gradients, required by liver SBRT
plans to spare normal tissue, can exacerbate dose accumulation errors caused by DIR errors.
Soft-tissue contrast is generally poor on CBCT making IGRT and DIR challenging. Brock et
al. (11) applied a biomechanical model-based DIR algorithm on the daily CBCT of liver
SBRT patients, revealing residual errors in the tumor position that exceeded the setup
tolerance in 15% of fractions. The dosimetric impact of these uncertainties is not well
understood.

Our previous work, Velec, et. al.(9), indicated that performing deformable dose
accumulation incorporating breathing motion from the 4D CT resulted in substantial
deviations in the estimated dose to the tumor and normal tissues compared to the static plan.
The work presented here expands on this, evaluating how well the planning 4D CT predicts
for the best estimate of delivered dose, using deformable dose accumulation over each
fraction’s 4D CBCT. The aim was to accumulate dose using DIR of CBCT over 6-fraction
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SBRT, in free-breathing liver patients. This was compared to both the static dose on the
planning CT, and the breathing dose predicted from the planning 4D CT, to assess which
method better predicts the accumulated dose. The second aim was to investigate the effect of
different geometric uncertainties on dose deviations. Characterizing uncertainties in current
SBRT techniques may enable robust planning development, enable safe escalation of SBRT
doses in future trials, and improve interpretation of clinical outcomes.

Methods and Materials
Patients and SBRT planning

Thirty patients previously treated on institutional review board-approved phase I and II trials
of dose escalated, hypofractionated liver SBRT from February 2006 to April 2010 were
investigated. Patient and planning details are summarized in Table 1. All were ineligible for
ABC breath-hold treatment due to intolerance or small breathing amplitudes (<5 mm), thus
were treated in free-breathing (±abdominal compression). Planning was done on end-exhale
4D CT. Inhale 4D CT liver motion, diaphragm fluoroscopy motion and cine-MRI tumor
motion, aided in breathing motion characterization for designing individualized planning
target volumes (PTV). Delineation and static plan optimization was done on exhale CT in a
commercial treatment planning system (Pinnacle3 v7.6 – 8.0, Philips Medical Systems,
Madison WI). Asymmetric PTVs were designed to account for the patient-specific breathing
motion observed on the imaging studies, with a minimum PTV of 5 mm required. Dose was
individually prescribed for 6 fractions in 2 weeks by determining the risk of radiation-
inducted liver disease from a Lyman-NTCP model(2). The primary planning goal was that
the minimum dose to the GTV and PTV received a minimum of 95% of the prescribed dose
to 0.5 cc, while respecting normal tissue constraints. The maximum allowable doses to the
luminal gastrointestinal organs ranged from 30 to 36 Gy to 0.5 cc. Volume, margin
generation, and NTCP calculations have been detailed by Dawson et al. (2).

IGRT
Patients were treated with daily IGRT in free-breathing on linacs equipped with kV CBCT
and fluoroscopy (Synergy, Elekta AB, Stockholm, Sweden). Prior to treatment, anterior-
posterior fluoroscopy was acquired to assess the maximum exhale diaphragm position and
breathing amplitude compared to the planning images. In addition, a 360° CBCT was
acquired and rigidly registered to the planning exhale CT using a 3D liver-liver alignment.
Breathing artifacts blurred the CBCT, therefore the liver match was biased to the superior
part of the blur, closer to planned exhale CT position. This soft-tissue IGRT strategy
accounted for baseline liver shifts relative to bony anatomy. Tolerance for image registration
was 3 mm and 5°, and any corrections were verified with repeat imaging.

For offline research analysis, a CBCT was acquired in the final treatment position prior to
SBRT. These were retrospectively sorted into ten respiratory-correlated phases (4D CBCT)
(17), and the end-exhale and end-inhale phases were extracted.

Deformable image registration and dose accumulation
Dose accumulation requires that tissues be accurately tracked between images. DIR has
more degrees of freedom over rigid registration to realistically map soft tissue motion and
deformation. This study used Morfeus, a multi-organ biomechanical model-based DIR
algorithm, previously described in detail (18). Briefly, a base model is first created by
converting the exhale CT planning contours into 3D surface meshes and filled with
tetrahedral elements. The liver, external body and spleen meshes are deformed into their
corresponding secondary surface meshes, created from additional contouring (by M.V.) on
secondary images (e.g. inhale CT, CBCT etc.) via guided surface projections (HyperMorph,
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Altair Engineering, Troy MI). All elements, including GTV and organs without secondary
contours, are implicitly deformed by tissue biomechanics and solved using finite element
analysis (Fig. 1). The ability of Morfeus to accurately track the entire volume of the organs
of interest (i.e. the liver, including the interior volume) has been previously quantified using
visible anatomical landmarks within the liver. This accuracy is 2 mm (18).

For this study, dose was accumulated and compared in the Morfeus environment. The static
clinical plan was calculated on both the exhale and inhale planning CT in the treatment
planning system, providing two extreme dose matrices occurring during breathing, and
imported into Morfeus. DIR provides the location of all elements in the model between
exhale and inhale images on 4D CT or 4D CBCT. To accumulate a breathing dose, the dose
matrices are interpolated onto each element’s position at exhale, inhale, and four linearly-
interpolated intermediate phases. Each phases’ contribution is weighted according to the
element’s position in the breathing cycle, as well as time spent in that phase(19). Element
dose was summed across the breathing cycle as reported by Velec et al. (9).

Three doses were calculated:

Planned dose (Dplan) is the static clinical plan, replicated by interpolating the exhale CT
dose matrix onto the initial mesh model at exhale CT. No breathing motion, setup errors,
deformation or dose accumulation is considered.

Predicted dose (Dpred) is the breathing dose predicted by the planning 4D CT. Exhale CT is
deformed to inhale CT. The exhale and inhale CT dose matrices are interpolated onto this
deformation map to accumulate breathing dose. Interfraction setup errors, deformations, and
breathing changes over the course of SBRT are not considered.

Accumulated dose (Dacc) is the dose accumulated over the course of SBRT. Exhale CT is
first deformed to each fraction’s exhale CBCT, to account for all baseline interfraction
changes (setup errors, baseline liver shifts, deformation etc.) and subsequently deformed to
each inhale CBCT to account for the daily breathing motion. The exhale and inhale CT dose
matrices are interpolated onto each fraction’s exhale to inhale CBCT deformation map to
accumulate breathing dose, and subsequently the doses from all 6 fractions are then
summed. Note that daily dose matrices were not recalculated using each CBCT, to avoid the
CBCT-number inaccuracies. Rather, DIR was used to track anatomical motion and
deformation within the dose matrices calculated on the initial planning 4D CT, and
accumulate the dose therein.

Dacc was primarily compared to Dpred for reporting changes in accumulated dose (Dacc–
Dpred), as the clinical plans did not model breathing motion. However, differences between
the accumulated and planned static doses (Dacc–Dplan) were also computed to investigate
whether 4D calculations (Dpred) are superior in predicting Dacc than Dplan. Minimum dose
(to 0.5 cc) to GTV(s), mean dose to liver and kidneys, and maximum dose (to 0.5 cc) to all
other organs were investigated. Dose deviations are described as a percent of the prescribed
dose, and large deviations (≥ 5%) are assumed to be potentially clinically significant. Liver
NTCP changes were also investigated.

Rigid geometric uncertainties during treatment were calculated for each tissue’s centre-of-
mass (COM) displacement as the group mean (M), systematic (ΣCOM) and random (σCOM)
errors (20). Deformation geometric uncertainties were calculated using van Mourik’s
method (21), with the liver COM subtracted from each tissue prior to calculating the group
systematic (ΣDEF) and random (σDEF) errors. Errors were calculated between the planned
position on exhale CT and daily exhale CBCT (which accounts for baseline liver shifts
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relative to vertebral bodies), and between exhale and inhale CBCT. Results are in the left-
right (LR), anterior-posterior (AP) and superior-inferior (SI) directions.

Comparison of geometric uncertainties
Identification of the cause of dose deviations was a secondary study aim. All deformable
registrations started from exhale CT, preserving the number and sequencing of elements in
the base model. This facilitated tracking and dose accumulation, and allowed the
displacement map from one registration (exhale CT to inhale CT) to be applied to the results
of another registration (exhale CT deformed exhale CBCT). This feature was exploited to
investigate the relative importance of different geometric errors on dose deviations (Dacc–
Dpred) by comparing several scenarios (Fig. 2):

Breathing Variations—These are changes in breathing motion and breathing deformation
between planning (4D CT) and treatment (4D CBCT). Dacc (Fig. 2B) was compared to a
modified accumulation (Fig. 2C) that deforms exhale CT to exhale CBCT (identical to Dacc)
to account for all interfraction changes, but subsequently applies the predicted 4D CT
deformation map (not the 4D CBCT deformation map). Both scenarios identically model
interfraction errors (setup, baseline shifts, and deformation etc.) allowing the effect of
breathing changes on dose accumulation to be measured.

Residual Setup—These are positioning errors, or the rigid liver COM differences
between exhale CT and exhale CBCT. Dpred (Fig. 2A) was compared to a modified
accumulation (Fig. 2D) that accounts for daily setup errors using rigid liver registration
between exhale CT and exhale CBCT (not deformable registration as in Dacc), and
subsequently applies the predicted 4D CT deformation map (identical to Dpred). Each
scenario modeled breathing identically, whereas the latter accounts for residual setup effects
in the dose accumulation. Other interfraction changes (baseline liver shifts, deformation etc.)
are not modeled in this comparison.

Deformations—This is abdominal deformation. It includes baseline differences in tissue
position (relative to liver) and shape changes of all tissues between exhale CT and exhale
CBCT. Two modified accumulations scenarios were compared. The first (Fig. 2C) accounts
for interfraction changes between exhale CT and exhale CBCT using DIR (setup errors,
baseline shifts, deformation), while the second (Fig. 2D) uses rigid liver COM registration
(ignoring baseline shifts and deformation). Both scenarios subsequently apply the predicted
4D CT deformation map to model breathing motion. Therefore, accounting for interfraction
changes with either deformable or rigid registration is measured.

Results
Dose was accumulated for thirty patients at planning (Dpred) and over the entire treatment
course (Dacc), using DIR of 60 4D CT and 360 4D CBCT images respectively.

Geometric uncertainties
Group geometric uncertainties evaluated after DIR are summarized in Table 2. Between
exhale CT and exhale CBCT, nine patients (30%) had individual systematic (mean) residual
GTV COM errors > 3 mm in any direction. These occurred in the LR, AP and SI directions
in 2, 6 and 5 patients respectively, up to a maximum of 11 mm. Sixteen patients (53%) had
three or more fractions with residual GTV COM errors > 3 mm. Between 4D CBCT and 4D
CT, sixteen patients (53%) had mean changes in the GTV COM breathing magnitude of at
least 3 mm in any direction,. These changes of −11 to 8 mm occurred in LR, AP and SI
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directions in 2, 6 and 12 patients respectively. Sixteen patients (53%) had at least 3 fractions
with changes in GTV COM breathing motion > 3 mm.

Accumulated dose changes
Accumulated dose is compared to the planned and predicted dose in Table 3. Relative to the
planned dose (Dacc–Dplan), 21 patients (70%) had large dose deviations (|Δ| ≥ 5%) to any
tissue or GTV. Thirty nine tissues in these 21 patients had deviations, and 34 (87%) of these
were dose decreases compared to Dplan. Relative to the predicted dose (Dacc–Dpred), 16
patients (53%) had large dose changes to any tissue or GTV. Thirty two tissues in these 16
patients had significant changes, with 55% decreasing and 45% increasing in dose compared
to Dpred. Mean accumulated dose (Dacc) differed significantly (p<0.05) from the planned
dose (Dplan) for the majority of organs. Mean accumulated deviations relative to the
predicted dose (Dacc–Dpred) differed significantly, and were often smaller in magnitude,
from mean deviations relative to the static plan (Dacc–Dplan). This suggests Dpred may be
better overall at predicting the accumulated dose, particularly for the normal gastrointestinal
organs, however a large range of deviations were still observed. An example of dose
deviations relative to both the planned and predicted dose is shown in Figure 3.

The contribution of each geometric error on deviations from the predicted dose (Dacc–Dpred)
is shown in Figure 4 for selected critical organs. For the 32 tissues that did have large
deviations, residual setup errors were the largest cause in 17 tissues (effect size: −15 to
18%), deformation in 8 tissues (effect size: −22 to 11%), and breathing variations in 7
tissues (effect size: −9 to 7%). Although many tissues had small overall dose deviations <
5%, geometric errors were individually observed to have large effects that could offset each
other (see Figure 4).

Three patients had significant GTV dose deviations (Dacc–Dpred). One patient with three
GTVs had an increase of 5% to a portal-vein thrombus being treated to a lower dose than the
other GTVs. This thrombus had residual systematic errors of 5 mm left and 10 mm
posterior, shifting it towards the other higher dose GTVs. Another patient had a GTV dose
increase of 13% relative to Dpred (see Figure 3). The third patient with a decrease in
minimum GTV dose of 14% due to deformation is shown in Figure 5.

Liver NTCP changes after accumulation were small as the initial planned NTCP was often
low (<2%), and mean liver dose deviations (Dacc–Dpred) were small. Two patients had
NTCP increases relative to Dpred of 8.8% and 9.4%, caused by 3 mm residual systematic
setup errors and 8 mm less superior-inferior mean breathing motion respectively. These
errors moved more normal liver into the high dose region.

Discussion
Accumulated dose was investigated for thirty liver SBRT patients. This is the first study
using DIR of daily 4D CBCT to accumulate dose over the entire course of 6-fraction liver
SBRT, simultaneously accounting for and evaluating the relative importance of different
geometric uncertainties. Significant accumulated dose deviations relative to either the
planned distribution (Dacc–Dplan), or the breathing dose distribution modeled with the
planning 4D CT (Dacc–Dpred), were observed in the majority of patients. Residual setup
errors, observed after DIR of 4D CBCT, followed by deformation and breathing variations,
were the most common source of deviations.

This study compared Dacc to the static plan on exhale CT (Dplan) and to the planning 4D CT-
predicted breathing dose (Dpred) to help determine which distribution is more representative
of the actual delivered dose. Overall, the mean changes between Dacc and Dpred significantly
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differed, and were often smaller in magnitude, compared to changes between Dacc and Dplan
(Table 3). 4D breathing dose distributions (Dpred) may be more robust than static
distributions (Dplan) particularly for the duodenum and bowels, often dose-limiting at
planning(9).

In the clinical trials that these patients were treated on, the prescribed dose was limited by
the liver NTCP or other normal tissue doses on Dplan, which were more often lower after
accumulation (Dacc–Dplan). Large dose deviations were also observed relative to Dpred,
suggesting full dose accumulation (Dacc) may be beneficial for future SBRT trials. One
patient’s duodenum exceeded the planned tolerance when the maximum dose increased by
4% (Dacc–Dpred), or 0.7 Gy, not thought to be clinically significant. Research is ongoing to
correlate accumulated dose with clinical outcomes. Exploiting anatomical changes with
adaptive SBRT, could possibly safely allow further dose escalation. Deviations caused by
uncertainties not modeled in this study include, intrafraction motion, stomach filling, and
changes to the dose matrices caused by external contour variations, need to also be
quantified.

Many tissues had large geometric errors exceeding the IGRT tolerance of 3 mm, yet had
negligible dose changes. GTVs are buffered by the PTV and degree of surrounding dose
conformality. It is also expected that sharper dose gradients are more sensitive to geometric
errors causing larger dose deviations (22). For 4D CT-predicted dose distributions in the
liver, larger tumor changes have been observed for IMRT versus conventional plans(10).
DIR and dose accumulation can aid in evaluating the robustness of planning solutions on
predicting the accumulated dose. Highly conformal techniques (i.e. IMRT) can improve
target coverage, spare normal tissue and possibly allow dose-escalation on the static
distribution (23), or predicted breathing distribution. Stricter IGRT tolerances are required to
minimize accumulated dose deviations for more conformal plans.

Residual setup caused the majority of dose deviations. Many patients had half their SBRT
course with tumor displacements (exhale CT versus exhale 4D CBCT) exceeding the IGRT
tolerance. These residual setup errors are likely due to the inherent uncertainties in using the
liver as a surrogate, breathing artifacts on the CBCT, and the rigid registration used.
Baseline shifts in liver position relative to bony anatomy were largely accounted for through
the use of CBCT and soft-tissue targeting, and thus not a significant contributor to dose
deviations. Neither DIR nor 4D CBCT for online localization were available clinically
during the study period.

4D CBCT has the potential to capture both baseline shifts and breathing motion even with
simple rigid liver registration (12, 24). Combining online DIR with a priori motion models
to improve the quality of the 4D CBCT(25), or target the tumor in with limited 2D
imaging(26) may also improve IGRT. Many patients had breathing variations (4D CBCT
versus 4D CT) thought they were relatively stable, as has been observed in other 4D CBCT
studies of the lung and liver(12, 27). Breathing dose distributions (Dpred) should be
implemented only if the planning 4D CT is representative of the treatment breathing motion.
Case et al. (12) reported that mean 4D CBCT motion correlated well with 4D CT, though
this was evaluated using rigid liver registration. Substantial geometric differences have been
observed between rigid and DIR modeling of breathing motion(9).

Although deformation had less impact on Dacc than residual setup, this should not be
interpreted that DIR can be replaced by rigid registration. DIR facilitated dose accumulation,
and was used for all breathing models. In cases where large anatomical deformations are
observed, and cannot be corrected for with IGRT alone (Fig. 5), re-simulation and re-
planning is strongly recommended. DIR and dose accumulation may also facilitate this,
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though rigorous geometric and dosimetric validation is necessary prior to clinical
implementation.

Conclusions
Deformable registration of 4D CBCT and dose accumulation improved estimates of the
delivered dose to targets and normal tissues in free-breathing liver SBRT patients. The
majority of patients had accumulated dose deviations greater than 5% relative to the static
clinical plan. Breathing dose distributions predicted with the planning 4D CT can help
reduce the overall uncertainty at planning in certain normal tissues, but large deviations still
occurred in nearly half the patients. Breathing dose distributions may need to be coupled
with improvements in IGRT prior to clinical implementation as residual setup uncertainties
commonly caused dose deivations. Full dose accumulation during SBRT can account for
residual anatomical deformations, and may facilitate the development of adaptive therapy
and the pursuit of further safe dose-escalation. Accumulated dose may help interpret clinical
outcomes of SBRT response and toxicity.
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Fig. 1.
Example of multi-organ deformable registration between exhale CT (top) and exhale CBCT
(middle), and the resulting deformation map (bottom).
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Fig. 2.
Schema of dose accumulation comparisons to extract the contribution of geometric
uncertainties on dose deviations: A. predicted 4D CT breathing dose (Dpred); B. full SBRT
dose accumulation (Dacc); C. deformable interfraction accumulation with the 4D CT
breathing motion applied; D. rigid interfraction accumulation with the 4D CT breathing
motion applied; Morfeus=deformable registration. Rigid=liver-to-liver centre-of-mass
registration. Fx=fractions.
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Fig 3.
Deviations from the accumulated dose (Dacc) are shown. PTV coverage was compromised
inferiorly on the static exhale CT plan (Dplan) to spare the large bowel. 4D CT (Dpred)
predicted less dose as these tissues moved inferior away from the high-dose region.
Geometric errors seen on 4D CBCT moved these tissues back towards the high-dose region.
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Fig 4.
The relative contribution of geometric errors to changes between the accumulated (Dacc) and
predicted (Dpred) dose, for all patients’ stomachs and bowels.
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Fig 5.
An example of large dose deviations due to deformation. Left: patient was planned and on
exhale CT for 30 Gy with abdominal compression (liver=purple; GTV=red). Middle:
deformation in the abdomen shown on CBCT was possibly due to a misaligned compression
plate and increased stomach contents. Right: differences between the accumulated and
predicted dose (Dacc–Dpred) showing decreases (dark blue region) to the minimum GTV of
4.3 Gy, and the maximum duodenum by 11.5 Gy.
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