
A novel concept to include uncertainties in the evaluation of stereotactic
body radiation therapy after 4D dose accumulation using deformable image
registration

Juan Diego Azconaa)
Service of Radiation Physics and Radiation Protection, Cl�ınica Universidad de Navarra, Avda. P�ıo XII, 31008 Pamplona, Navarra,
Spain

Carlos Huesa-Berral
Service of Radiation Physics and Radiation Protection, Cl�ınica Universidad de Navarra, Avda. P�ıo XII, 31008 Pamplona, Navarra,
Spain
Department of Physics and Applied Mathematics, School of Sciences, Universidad de Navarra. C/ Irunlarrea, 31008 Pamplona,
Navarra, Spain

Marta Moreno-Jim�enez
Service of Radiation Oncology, Cl�ınica Universidad de Navarra, Avda. P�ıo XII, 31008 Pamplona, Navarra, Spain

Benigno Barb�es
Service of Radiation Physics and Radiation Protection, Cl�ınica Universidad de Navarra, Avda. P�ıo XII, 31008 Pamplona, Navarra,
Spain

Jos�e Javier Aristu
Service of Radiation Oncology, Cl�ınica Universidad de Navarra, Avda. P�ıo XII, 31008 Pamplona, Navarra, Spain

Javier Burguete
Department of Physics and Applied Mathematics, School of Sciences, Universidad de Navarra. C/ Irunlarrea, 31008 Pamplona,
Navarra, Spain

(Received 28 March 2019; revised 30 July 2019; accepted for publication 31 July 2019;
published 6 September 2019)

Purpose: To use four-dimensional (4D) dose accumulation based on deformable image registration
(DIR) to assess dosimetric uncertainty in lung stereotactic body radiation therapy (SBRT) treatment
planning. A novel concept, the Evaluation Target Volume (ETV), was introduced to achieve this goal.
Methods: The internal target volume (ITV) approach was used for treatment planning for 11 patients
receiving lung SBRT. Retrospectively, 4D dose calculation was done in Pinnacle v9.10. Total dose
was accumulated in the reference phase using DIR with MIM. DIR was validated using landmarks
introduced by an expert radiation oncologist. The 4D and three-dimensional (3D) dose distributions
were compared within the gross tumor volume (GTV) and the planning target volume (PTV) using
the D95 and Dmin (calculated as Dmin,0.035cc) metrics. For lung involvement, the mean dose and V20,
V10, and V5 were used in the 3D to 4D dose comparison, and Dmax (D0.1cc) was used for all other
organs at risk (OAR). The new evaluation target volume (ETV) was calculated by expanding the
GTV in the reference phase in order to include geometrical uncertainties of the DIR, interobserver
variability in the definition of the tumor, and uncertainties of imaging and delivery systems. D95 and
Dmin,0.035cc metrics were then calculated on the basis of the ETV for 4D accumulated dose distribu-
tions, and these metrics were compared with those calculated from the PTV for 3D planned dose
distributions.
Results: The target registration error (TRE) per spatial component was below 0.5 � 2.1mm for all
our patients. For five patients, dose degradation above 2% (>4% in 2 patients) was found in the PTV
after 4D accumulation and attributed to anatomical variations due to breathing. Comparison of D95

and Dmin,0.035cc metrics showed that the ETV (4D accumulated dose) estimated substantially lower
coverage than the PTV (3D planning dose): in six out of the 11 cases, and for at least for one of the
two metrics, coverage estimated by ETV was at least 5% lower than that estimated by PTV. Further-
more, the ETV approach revealed hot and cold spots within its boundaries.
Conclusions: Aworkflow for 4D dose accumulation based on DIR has been devised. Dose degrada-
tion was attributed to respiratory motion. To overcome limitations in the PTV for the purposes of
evaluating DIR-based 4D accumulated dose distributions, a new concept, the ETV, was proposed.
This concept appears to facilitate more reliable dose evaluation and a better understanding of dosi-
metric uncertainties due to motion and deformation. © 2019 American Association of Physicists in
Medicine [https://doi.org/10.1002/mp.13759]
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1. INTRODUCTION

Intrafraction lung tumor motion1 and deformation2 are a
cause of uncertainties in the calculation and delivery of
the absorbed dose3,4 in lung stereotactic body radiation
therapy (SBRT). These uncertainties can be partially
accounted for by using four-dimensional (4D) computed
tomography (CT) treatment planning.1,5–8 Gross tumor vol-
ume (GTV) is depicted on each respiration phase on a 4D
CT and projected to the mid-ventilation (reference) phase.
The internal target volume (ITV) is established as the vol-
ume that encompasses all GTV projections. The planning
target volume (PTV) includes the ITV plus a margin to
account for patient setup and treatment uncertainties due
to the equipment used. Current treatment planning systems
perform these dose calculations only in one phase.6,9

Although this is a practical approach, uncertainties covered
by a full 4D dose calculation are not taken into account.
Specifically, single-phase calculations do not cover how
dose distributions can be effected by breathing, which can
change the position and shape of the tumor and the tissue
around the tumor.

Another important source of uncertainty in the absorbed
dose that affects patient treatment planning lies in the defini-
tion of the tumor volume to be treated, which depends on the
physician.2,10 Such uncertainty can be large in lung treat-
ments11 and arguably represents the most important factor
contributing to geometric inaccuracy.12 However, in lung
tumors treated with SBRT, where the GTV is well-defined,
this interobserver delineation variability has been estimated
to be mainly in the range of 1.2–3 mm.10,13

With respect to patient treatment, although uncertainty in
breathing amplitude during treatment are small for most
patients,8,14 their treatment may still benefit from real-time
correction to prevent possible underdosages.1,3,15–17 In addi-
tion to these intrafractional variations, patient respiratory pat-
terns change during the course of the treatment.10,18–21 The
use of 4D CBCT in clinical practice10,22 attempts to limit par-
tially the geometrical uncertainties in tumor targeting by min-
imizing the systematic error in patient positioning. This
IGRT technique matches the tumor’s trajectory-of-the-day —
as determined by 4D CBCT — with the planned trajectory
identified through the ITV as defined by means of planning
4D CT. In this way, any interfractional positioning error is
minimized.22,23

Uncertainties in the relationship between planned and
delivered dose also include the interplay effect when using
IMRT or VMAT as the delivery technique. These uncertain-
ties seem to be small24 but, in some cases, may not be negli-
gible.25,26 Several methods have been recently developed in
an attempt to assess this effect.26,27

Deformable image registration (DIR) is an image process-
ing technique that is gaining acceptance in treatment plan-
ning. The output of DIR is the so-called displacement vector
field (DVF), a set of vectors that makes it possible to establish
a spatial correlation between voxels in different respiration
phases that correspond to the same anatomical area.2 DIR

performed for the various respiration phases on the planning
4D CT scan makes it possible to perform the accumulation of
the absorbed dose on a single phase, once a full dose calcula-
tion has been done. Mexner et al.28 calculated accumulated
doses after 4D dose calculation for patients with large lung
tumor motion, concluding that the effect of motion on the
accumulated dose was very small. Valdes et al.29 compared
full 4D dose distributions accumulated on a single phase with
projections to other phases of dose distributions calculated in
one phase. They concluded that the accuracy of such pro-
jected dose distributions "might" be good enough for clinical
purposes.

The Task Group 132 of the AAPM has recently pub-
lished a report2 which reviews the use of DIR in the clini-
cal environment and provides recommendations for quality
assurance (QA). The performance of registration algo-
rithms should be tested before being used in clinical prac-
tice.2,30 Current achievable accuracy of these algorithms
for lung tumors can be quantified by the target registration
error (TRE). The overall accuracy of good registration in
lung nodules per spatial direction should be comparable to
the voxel size in that direction.2,31 The effect of the uncer-
tainties associated with DIR in its application to treatment
planning in SBRT is still largely unknown.32,33 Another
relevant study is that of Samavati et al.32 who looked at
the role of DIR in lung SBRT dose accumulation and the
impact of geometrical uncertainties in several dose metrics
for tumor and lung used in clinical practice. They showed
how the combination of the quantitative measurement of
DIR uncertainty with patient-specific properties such as
tumor volume and planning heterogeneity have an impor-
tant effect on the dosimetric uncertainty, concluding that a
1.6 mm average reduction in DIR uncertainty may have
clinical impact.

The objective of the current paper was to use DIR to
assess uncertainties in determination of absorbed dose during
the planning process for patients with lung tumors to be trea-
ted with SBRT. Geometrical uncertainties in the DIR were
evaluated in first place by validating the software with real-
patient images. Uncertainty assessment in planning was per-
formed by 4D dose calculation followed by DIR-based dose
accumulation in the reference phase. Several dose metrics for
tumor and organs at risk (OAR) were evaluated in the refer-
ence phase for the planned and the accumulated dose distri-
butions. In this way we evaluated dose coverage in the GTV
and PTV, as well as dose in OAR. In view of the observed
limitations of the PTV concept to evaluate 4D accumulated
dose distributions, we introduced the new concept of the
Evaluation Target Volume (ETV), a volume that is defined
for dose evaluation after DIR-based 4D dose accumulation.
The ETV is calculated on the basis of the GTV for the refer-
ence phase, and the outcomes of DIR transformation of each
phase with the reference phase, plus the uncertainties
included in PTV expansions: delineation, patient setup
including image systems, and delivery systems uncertainties.
In this way the ETV takes into account the effect of respira-
tory motion.
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2. MATERIALS AND METHODS

2.A. Patient treatment planning and delivery

Eleven patients with lung tumors were treated by SBRT
using 6 and 10 MV flattening filter free (FFF) beams. An
abdominal compression belt was used in six patients to limit
breathing motion. Treatment planning was done in Pinnacle
v9.10 with a 4D CT scan. The dose calculation algorithm was
the collapsed-cone convolution. The extension of tumor
motion was calculated by the position of the GTV centroid
on each phase. The ITV was built-up by superposition of all
the GTVs defined in each respiratory phase. The expansion
of ITV-to-PTV margins was 3mm in anterior–posterior and
lateral directions, and 5mm in the superior–inferior direction.
In some cases (patients 4, 7, and 8), a trade-off was sought
between target coverage and OAR sparing (i.e., rib sparing).
In those cases, the PTV was further modified manually by
the medical doctor. ITV and PTV were depicted in the refer-
ence phase for treatment planning and dose calculation. The
mid-ventilation phase was selected as the reference phase. It
represents the respiration phase closest to the time-averaged
tumor position and it has the potential to reduce margins for
treatment of SBRT lung tumors using 4D CT.6 No density
override was done in the ITV-to-PTV expansion. OAR were
only contoured for the reference phase.

Patients were treated in 3, 5, or 8 fractions, according to
three different SBRT protocols depending on the size and
location of the tumor. Several dosimetric indicators (D95 and
Dmin) were recorded to assess the tumor coverage (GTV and
PTV) and involvement of OAR. Dmin,0.035cc, which is the
minimum dose to the tumor without taking into consideration
the 0.035 cm3 volume with minimum dose values, was cho-
sen as a surrogate for Dmin. For OAR, we evaluated V20, V10,
and V5 metrics for the lung. Mean dose to the lung was also
evaluated, as were maximum doses (Dmax) to other OAR.
Similar to Dmin, Dmax was expressed in terms of D0.1cc, which
represents the maximum dose to the organ without taking
into consideration 0.1 cm3 of the organ’s volume with maxi-
mum dose values. Table I includes clinical and dosimetric
data for each patient.

Patients were scanned in a Siemens Somatom Plus CT,
which uses “phase binning” to assign each CT slice to its cor-
responding respiration phase. The slices are assigned to one
of the eight different phases. With this method, patient phases
are sorted at equal acquisition times. Patients were treated on
a Versa (Elekta Medical, Crawley, UK) linear accelerator (li-
nac), after 4D CBCT-based setup. 4D CBCT calculates the
time-average tumor position. It minimizes patient setup error
by registering all 10 CBCT phases with the mid-ventilation
phase of the 4D CT.

2.B. Validation of DIR

We used MIM commercial software (MIM Software Inc.,
Cleveland, OH) to perform all the deformable registrations
between 4D CT respiration phases in this work. MIM uses a
proprietary constrained, intensity-based, free-form algorithm

that performs a DIR based on the intensity values of two
images. MIM enables users to check and refine the initial
DIR through the introduction of locked alignments (using the
RegReveal and RegRefine tools). In these cases, MIM runs a
second intensity-based deformation using the locks to steer
the final deformation results.34 The selection of the locked
alignments is to some extent operator dependent. To ensure
homogeneity among cases, all the registrations in this work
were done by the same person, a radiation oncologist with
expertise in lung SBRT. The effectiveness of the RegReveal
and RegRefine tools in the lung has been shown by Johnson
et al.35

We validated MIM software in lung DIR in two steps.
First, we used the “point-validated pixel-based breathing tho-
rax model” (POPI model,36,37 https://www.creatis.insa-lyon.f
r/rio/popi-model). The POPI model is a set of real-patient
images in 4D CTwith 10 phases of respiration, in which a set
of 100 landmarks have been identified in respiration phases
by an expert observer. In three patients, all respiration phases
are covered; in two patients, just two phases are covered by
landmarks. The POPI data are accepted — with justification
— as ground truth. The landmarks cover the full extension of
both lungs and identify the same anatomical point in the dif-
ferent phases of respiration.

Our second MIM validation step was to validate registra-
tion for the images of the patients in our study. We first per-
formed deformable registration between the phases of full
expiration and full inspiration for each one of our 11 patients.
Two sets of 30 and 65 pairs of landmarks — each pair com-
prising the same anatomical point in both phases — were
identified by a radiation oncologist with expertise in lung
SBRT. Landmarks were distributed throughout the whole vol-
ume of the two lungs. In the first set, 30 pairs of landmarks
(15 on each lung) were placed allowing an approximately
equal spacing on each lung on both sets. In the second set,
another 35 pairs of landmarks were placed in the lung that
contains the tumor and more concentrated in the area where
the tumor was, which was the area with higher absorbed
dose. In this way, the outcome when evaluating the DIR is
weighted toward the area of the tumor, which is most rele-
vant. The goodness of fit of registration was assessed through
the target registration error (TRE).2

2.C. 4D dose calculation

To retrospectively assess the geometrical and dosimetrical
uncertainties in tumor-dose delivery when using the ITV
approach, we did a full 4D dose calculation of the treatment
plan using Pinnacle v9.10 with collapsed-cone convolution.

In-house computer code was programmed in MATLAB to
calculate the dose-volume histograms (DVH) and dosimetric
indicators needed to assess the tumor (GTV) coverage (D95)
from the dose matrices for each respiratory phase. Metrics for
the PTV were calculated on the reference phase. We also
used Pinnacle to calculate dosimetric indicators (D95) for the
GTV on each respiratory phase (in accordance with the medi-
cal doctor’s determination of the GTV on each phase) and for

Medical Physics, 46 (10), October 2019

4348 Azcona et al.: Uncertainties in 4D dose evaluation 4348

https://www.creatis.insa-lyon.fr/rio/popi-model
https://www.creatis.insa-lyon.fr/rio/popi-model


the PTV on the reference phase. MIM was also used to calcu-
late these metrics (D95) after DICOM exportation from Pin-
nacle.

2.D. Dose accumulation and DIR transformation of
each of the 4D CT phases with the reference phase

Aworkflow schema was designed in MIM in order to reg-
ister the phases of 4D CT and accumulate the dose. The
schema is represented in Fig. 1. As a starting point, it uses the
4D CT scan, the dose matrices calculated for each of the eight
phases, and the set of contours of the reference phase. The
workflow steps are as follows: (a) Select the mid-ventilation
phase in the 4D CT scan as the reference phase, (b) Calculate
the 3D dose distribution on each CT phase, (c) Perform DIR
between each phase and the reference CT phase, (d) Check,
and, if necessary, tweak DIR using MIM tools (RegReveal
and RegRefine), (e) Transfer all 3D dose matrices from each
CT phase to the reference CT phase using the DIR results, (f)
Assign weights to the dose matrix of each of the respiration
phases, and, (g) Accumulate the total dose received in the ref-
erence phase.

The weight for each dose matrix is set to 1/8 because the
4D CT acquisition is “phase-binned.” This is an exact
approach for 3D dose plans. In the case of IMRT plans, it is
an approximation because interplay effects are not taken into
account in this approach.

GTV and OAR were determined in the reference CT phase
by an expert radiation oncologist. The GTV in each of the
remaining CT phases was also similarly demarcated. Further-
more, all GTV and OAR structures were propagated by MIM
from the reference phase to all of the other CT phases using
the DIR results. DVH and dosimetric indicators for tumor
volumes on the reference phase (D95, Dmin,0.035cc) after dose
accumulation were calculated with our MATLAB code. MIM
was also used to calculate DVH and metrics from the accu-
mulated dose matrices and structures on the reference phase.

2.E. Introduction of the Evaluation Target Volume
(ETV) concept

The novel concept of ETV is introduced in this section. Its
purpose is to surmount the limitations of the PTV when eval-
uating 4D dose accumulated distributions. The PTV is used
for treatment planning in the reference phase to ensure that
the GTV receives the prescribed dose despite image and
delivery system uncertainties and despite motion effect.
Motion effect is taken into account by the ITV.

TABLE I. Patients with their tumor localization, motion, volume change, and treatment planning characteristics.

Pt. # Loc.

GTV motion
amplitude (mm) GTV volume (cm3)

Tech. Energy (MV) # fields # segs Total dose to PTV (Gy) # fx BeltLAT AP SI Ref. Min. Max.

1 RLL 1.0 1.5 4.8 4.64 3.45 5.31 IMRT 6 9 27 52.0 3 N

2 LLL 0.8 2.0 12.5 1.68 1.01 1.68 IMRT 10 7 27 51.3 3 Y

3 RUL 0.6 4.1 4.1 3.12 2.01 3.23 IMRT 10 8 29 52.0 3 Y

4 LUL 0.3 3.7 2.0 1.86 1.63 1.86 3D 10 10 10 47.2 5 N

5 RML 2.3 0.5 1.1 1.75 1.70 1.96 3D 10 8 8 47.6 3 Y

6 RUL 1.6 2.8 2.7 0.53 0.46 0.62 3D 6 8 8 50.8 3 Y

7 LUL 0.0 0.0 0.0 1.89 1.89 1.89 3D 10 9 9 48.1 5 N

8 RLL 2.2 2.1 1.9 1.34 1.10 1.44 3D 10 9 9 48.7 5 N

9 LUL 1.0 1.1 1.3 6.37 5.52 6.50 IMRT 10 8 28 63.3 8 N

10 LUL 1.7 3.7 4.8 1.00 0.76 1.22 IMRT 10 9 19 56.5 5 Y

11 RUL 0.3 0.6 0.5 32.67 29.27 32.67 IMRT 6 8 28 28.9 3 Y

RLL: right lower lobe, LLL: left lower lobe, RUL: right upper lobe, LUL: left upper lobe, RML: right middle lobe.

FIG. 1. Workflow for four-dimensional (4D) dose accumulation. Deformable
image registrations are done for all respiration phases with respect to the ref-
erence phase. By means of registration, dose calculations previously per-
formed on each respiration phase are transferred to the reference phase, and
summed up to obtain the 4D accumulated dose. [Color figure can be viewed
at wileyonlinelibrary.com]
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When DIR is used afterward to evaluate the plan, the dose
matrices for the patient’s anatomy as defined in all breathing
phases are projected to the reference phase. In this way, they
can be summed up to calculate the 4D accumulated dose.

The PTV, when derived from the ITV as described above,
is appropriate for the treatment planning but is inadequate for
our evaluation purposes here because it incorporates the
effect of tumor motion and deformation, which are also con-
sidered by the DIR used in evaluation. Due to this shortcom-
ing, a new volume (the ETV) is needed. The ETV is used for
dose assessment once a DIR-based 4D dose accumulation
has been performed. It is defined by expanding the GTV in
the reference phase by the appropriate margin to include: (a)
geometrical uncertainties of DIR, (b) interobserver variability
in the definition of the tumor, and, (c) uncertainties associ-
ated with the patient setup and imaging and delivery systems.
Uncertainties summarized in points (b) and (c) above are
those included in PTV expansions.

Dose metrics calculated on the basis of the PTV in this
cohort of patients were also calculated on the basis of the
ETV.

3. RESULTS

3.A. DIR validation

For the purposes of assessing DIR, the accuracy of land-
mark placement done by the expert physician was assumed to
be the voxel size in each spatial direction. The TRE was cal-
culated for each of the three spatial coordinates and the 3D
vector. The data are displayed in Table II with their standard
deviation (SD), for the 5 POPI phantom cases and our 11
patients. Error components are provided after refining the
registration with the MIM tools RegReveal and RegRefine.
We used five points to steer the final registration outcome,
namely sternum, lung hilum (one on each side), and dia-
phragm (one on each side). The use of these points improved
registration for those cases in which the motion and deforma-
tion was relatively large, whereas for cases with less motion
and deformation the effect of the refinement was negligible.
With respect to the number of landmarks employed to vali-
date the registration, the second set, which has more land-
marks, results in a lower TRE. The reduction in 3D TRE is
<0.5 mm for both mean and SD in the majority of cases.

3.B. Dose accumulation metrics for the tumor and
OARs

We compared the following two sets of the GTV and PTV
dose metrics in the reference phase: the retrospectively accu-
mulated metrics and the patient treatment planning metrics.
Table III shows the D95 and Dmin,0.035cc for the GTV and
PTV, calculated with our MATLAB code. Dose differences
in GTV coverage were small, always below or equal to �1%.
However, differences in PTV were greater: in one case, the
retrospectively accumulated metrics were diminished relative

to the planning metrics by �6.6% for the D95 and �18.9%
for the Dmin,0.035cc; in two out of 11 cases (cases 2 and 3), the
difference in the dose coverage for both metrics was above
4%; in another five cases, at least one of the indicators was
decreased by more than 3%.

Table IV shows the comparison of reference phase OAR
metrics calculated, by means of MIM, for the distributions of
treatment planning dose and retrospectively accumulated
dose. Accumulated and reference phase planned doses were,
in general, far below OAR tolerances.

3.C. Tumor and lung metrics for individual phases

Results comparing metrics for GTV coverage through D95

are shown in Fig. 2. The GTV metrics displayed show (upper
box), for patients 1, 5, and 8, the largest changes in GTV cov-
erage in different breathing phases (SD is of the order of
1 Gy for D95 in both sets of GTV contours). GTV contours
were validated by an expert radiation oncologist. In addition,
GTV contours were propagated by MIM from the reference
phase contour validated by the expert radiation oncologist.
The metric most sensitive to lung movement was V5 (lower
box).

3.D. Assessment of treatment plans on the basis of
the ETV

To accommodate the uncertainty of DIR, we expanded the
ETV by the voxel size in each spatial direction. This expan-
sion set a lower limit for the amount of uncertainty to be
included. We assessed that in the majority of cases, mean
TRE values plus one SD were lower than voxel size.

Figure 3 shows the dosimetric indicators D95 and
Dmin,0.035cc calculated on the basis of ETV from accumulated
dose distributions and compared with those indicators calcu-
lated on the basis of PTV from treatment planning dose dis-
tributions. In the lower box of Fig. 3, the differences in the
metrics (Diff. ETV – PTV) values for D95 and Dmin,0.035cc are
displayed. All volumes are in the reference phase. In case 2,
for which dose degradation in the PTV was large after 4D
accumulation, differences in coverage between the ETV and
planned PTV were small. In contrast, differences in cases 1,
3, 8, and 11 were greater than 10% for the Dmin,0.035cc. In
these four cases, and in most cases, ETV metrics based on
accumulated dose were smaller than PTV metrics for use in
treatment planning doses.

Finally, in cases 4, 7, and 8 the medical doctor chose to
modify the PTV for treatment planning purposes. In these
cases, we estimated the ETVon the basis of the modified vol-
umes.

4. DISCUSSION

The registration accuracy of MIM for the lung was evalu-
ated and the TREs were found to be small. Registration error
is greatest in the z direction, where voxel size is largest, but
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in the field of SBRT, errors are smaller than the mean differ-
ences in delimitation of lung tumors by expert observers10,13

(mainly in the range of 1.2–3 mm).
Dose evaluation after 4D accumulation revealed adequate

GTV coverage. These results are in line with the conclusions
of Mexner et al.28. However, in several patients, we observed
differences in PTV coverage when used to assess 4D accumu-
lated when compared to PTV coverage in 3D treatment plan-
ning dose matrices in the reference phase (Table III). This
indicates the possibility of GTV underdosage due to treat-
ment uncertainties. For those patients in which the PTV
underdosage was greatest (Table III, cases 1, 2, 3, and 5), we
attributed the degradation to changes in anatomical shape
and/or position due to respiration; our results demonstrate the
benefit of performing a 4D dose calculation. In addition, for
patients 1, 5, and 8, the SD in the D95 metrics was higher (in
the order of 1 Gy, data are summarized in Fig. 2), a finding
that further supports the role of respiration as a main cause of
dose degradation.

It is worth noting that Dmin,0.035cc is very sensitive to con-
tour definition. It was calculated by removing a few voxels
with the lowest dose values within the target volume, which
are usually located in the tumor’s surface. For this reason, we
did not include Dmin,0.035cc values when comparing metrics
for tumor volumes within different respiratory phases.

What is needed is a way to identify when discrepancies
from PTV coverage are clinically relevant. By taking into

account lung movement and deformation, the DIR-based
ETV approach evaluated here can help to identify true over-
and underdosages due to breathing. The margins of the ETV
take into account the uncertainties in the DIR process. To
define this margin extension, we used the voxel size. Note
that the volume expansion need not be the mean TRE plus
just one SD, it could include two or three SDs. In this way,
three ETVs can be demarcated, and the dose metrics for each
of them can be determined with a probability of 68.3%,
95.5%, and 99.7% of including all DIR geometrical uncer-
tainties (under the assumption that such geometrical uncer-
tainties follow a Gaussian distribution).

To better illustrate the concept of ETV vs PTV for assess-
ing the dose distribution, the 11 cases are shown in Fig. 4
(cases 1 to 10) and Fig. 5 (case 11), where the planned dose
and the accumulated dose in the reference phase are com-
pared and the differences for each voxel are expressed in Gy.
The figures show several overlapping contours: the ETV
(blue) as expanded from the GTV (red) and, by contrast, the
ITV (pink) with its related PTV (black). It can be seen that
the ETV is, in some cases, smaller than the PTV. It is worth
stressing that this fact roots in how the ETV and PTV are
built. In 4D planning, the PTV is obtained by expanding the
ITV. The proposed ETV concept is defined to evaluate 4D
DIR-accumulated dose distributions, which already include
the effect of tumor motion. Thus, the ETV is obtained by
expansion of the GTV. For case 2, the underdosage in the

TABLE II. Target registration error (TRE) expressed as the three-dimensional (3D) mean error and the mean error per spatial coordinate for the landmarks consid-
ered, along with TRE SD. Spatial directions are x (lateral), y (anterior–posterior), and z (cranio–caudal). The maximum 3D registration error found is also
reported (Max. RE). For the POPI phantom cases 1 to 3, the values displayed correspond to the DIR with the highest TRE among the 9 deformable image regis-
tration performed for those cases. POPI validation employed sets of 100 landmarks distributed throughout both lungs. Patient validation consists of two sets: one
with 30 pairs of landmarks distributed throughout both lungs (15 on each) and another with 65 pairs of landmarks, 50 of them distributed in the lung that con-
tains the tumor and 15 in the other lung.

TRE 3D (mm) TRE x (mm) TRE y (mm) TRE z (mm) Max RE (mm) Resolution (mm)

POPI

POPI 1 1.1 � 0.6 �0.1 � 0.5 �0.2 � 0.5 0.4 � 0.9 4.3 0.98 9 0.98 9 2

POPI 2 1.2 � 0.9 0.1 � 0.7 0.0 � 0.8 0.1 � 1.1 5.9 0.98 9 0.98 9 2

POPI 3 1.1 � 2.1 0.0 � 0.9 0.1 � 1.0 �0.7 � 1.8 10.5 0.88 9 0.88 9 2

POPI 4 1.5 � 3.6 0.2 � 1.6 �0.1 � 1.7 �0.9 � 3.0 20.2 0.78 9 0.78 9 2

POPI 5 0.6 � 1.1 �0.1 � 0.7 0.0 � 0.5 �0.3 � 0.9 8.9 1.17 9 1.17 9 2

# landmarks 15 + 15 15 + 50 15 + 15 15 + 50 15 + 15 15 + 50 15 + 15 15 + 50 15 + 50

PATIENTS

Patient 1 0.8 � 1.0 0.2 � 0.2 0.1 � 0.6 �0.0 � 0.1 �0.1 � 0.7 0.0 � 0.2 0.0 � 0.9 �0.0 � 0.1 1.1 0.97 9 0.97 9 2.1

Patient 2 1.1 � 0.7 0.2 � 0.3 0.0 � 0.8 �0.0 � 0.1 0.1 � 0.7 0.0 � 0.1 �0.1 � 0.8 �0.0 � 0.3 2.2 0.96 9 0.96 9 2.1

Patient 3 1.3 � 1.5 1.2 � 1.6 0.1 � 0.6 0.1 � 0.4 �0.3 � 1.2 �0.2 � 1.2 0.1 � 1.5 0.3 � 1.5 6.1 0.92 9 0.92 9 2.1

Patient 4 1.4 � 2.2 1.0 � 1.6 �0.4 � 1.1 �0.2 � 0.8 0.0 � 1.1 �0.1 � 0.8 0.2 � 2.1 0.1 � 1.5 10.0 0.96 9 0.96 9 2.1

Patient 5 0.5 � 0.7 0.4 � 0.7 0.0 � 0.2 0.0 � 0.2 0.1 � 0.7 0.1 � 0.5 0.0 � 0.5 0.1 � 0.5 2.9 0.96 9 0.96 9 2.1

Patient 6 0.3 � 0.6 0.3 � 0.7 0.0 � 0.1 0.0 � 0.2 0.1 � 0.3 �0.0 � 0.3 0.1 � 0.6 �0.0 � 0.6 4.2 0.98 9 0.98 9 2.1

Patient 7 0.6 � 1.0 0.5 � 0.9 0.1 � 0.7 0.1 � 0.6 �0.1 � 0.5 �0.1 � 0.5 0.1 � 0.8 0.1 � 0.6 4.9 0.97 9 0.97 9 2.1

Patient 8 0.3 � 0.3 0.2 � 0.3 0.0 � 0.1 �0.0 � 0.1 0.0 � 0.4 �0.0 � 0.3 �0.1 � 0.3 �0.0 � 0.2 1.4 0.98 9 0.98 9 1.5

Patient 9 0.2 � 0.3 0.1 � 0.2 �0.1 � 0.2 �0.0 � 0.1 0.0 � 0.2 �0.0 � 0.1 0.0 � 0.2 �0.0 � 0.1 1.2 0.96 9 0.96 9 2.1

Patient 10 0.3 � 0.6 0.2 � 0.3 �0.1 � 0.2 0.0 � 0.1 0.0 � 0.2 0.0 � 0.1 �0.1 � 0.7 0.1 � 0.3 1.9 0.96 9 0.96 9 2.1

Patient 11 0.3 � 0.3 0.2 � 0.2 0.0 � 0.2 �0.0 � 0.1 0.0 � 0.1 0.0 � 0.1 0.0 � 0.3 �0.0 � 0.2 1.3 0.96 9 0.96 9 2.1
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PTV after dose accumulation does not affect the ETV, and so
the ETV provides a better way to assess 4D dose accumula-
tion in this case in which there was considerable anatomical
deformation. Differences between dose metrics for accumu-
lated doses in the ETV and planned doses in the PTV (refer-
ence phase) were small.

After 4D dose accumulation, hot (case 3) and cold (case 8)
spots were found inside the GTV. These dose differences sup-
port the use of 4D calculations to get a better assessment of the
dose to patients. Cases 1 and 6 had similar dose metrics. For
case 6, ETV coverage was bigger than PTV coverage. Case 3
had underdosage in the ETV despite having a hot spot in the
GTV; the cold spots after dose accumulation affected the lower

part of the ETV. In summary, the ETV concept appears to facil-
itate accurate evaluation of dose distribution.

For clinicians, the ETV might provide a way to adjust mar-
gins while reducing radiation of OARs that are close to the
GTV.9 In practice and in most situations, however, differences
in estimates of OAR exposure to radiation as a result of 4D
dose calculation and accumulation have been found to be
small.

It is interesting to note that we used pairwise registration
methods in our DIR, which need of the registration of an
image to a reference image among the same set. Groupwise
registration methods, on the contrary, simultaneously register
all images of a 4D set to a common reference frame, thus

TABLE III. Comparison between D95 and Dmin,0.035cc, as calculated by accumulation and for the reference phase, for the gross tumor volume (GTV) and for the
planning target volume (PTV).

GTV reference phase dose and accumulated dose PTV reference phase dose and accumulated dose

3D Ref. phase dose
(Gy)

4D accumulated
dose (Gy) Differences (%)

3D Ref. phase dose
(Gy)

4D accumulated
dose (Gy) Differences (%)

D95 Dmin,0.035cc D95 Dmin,0.035cc D95 Dmin,0.035cc D95 Dmin,0.035cc D95 Dmin,0.035cc D95 Dmin,0.035cc

1 55.8 55.1 56.2 55.5 0.7 0.8 52.0 46.8 52.0 43.9 0.0 �6.1

2 55.8 55.1 56.1 55.4 0.5 0.5 51.2 44.4 47.8 36.0 �6.6 �18.9

3 55.2 53.3 55.3 53.4 0.2 0.0 51.9 49.5 49.6 43.8 �4.4 �11.5

4 48.5 47.1 48.3 46.6 �0.4 �1.0 46.4 45.0 45.5 43.3 �1.9 �3.8

5 51.6 51.0 51.3 50.9 �0.6 �0.3 46.3 44.0 44.9 41.9 �3.0 �4.8

6 56.7 57.3 56.9 57.4 0.4 0.1 50.4 48.2 50.8 48.7 0.8 1.0

7 51.5 51.1 51.5 51.0 0.0 �0.2 48.4 46.9 48.4 46.8 0.0 �0.3

8 48.9 48.3 49.1 48.8 0.4 1.0 48.8 47.2 47.9 46.6 �1.8 �1.2

9 65.3 64.6 65.5 64.8 0.3 0.4 63.2 61.0 63.4 60.7 0.3 �0.6

10 62.3 62.2 62.5 62.5 0.3 0.5 56.0 53.7 54.9 51.7 �2.0 �3.8

11 30.5 29.6 30.5 29.6 0.0 0.0 28.8 26.2 28.7 25.4 �0.3 �3.2

TABLE IV. Comparison of organs at risk metrics for accumulated doses and doses calculated in the reference phase. A blank field indicates that the estimated dose
to the organ(s) was so low that it was assumed to be zero.

Lung Spinal cord Esophagus Heart Ribs

Mean dose
(Gy) V20 (%) V10 (%) V5 (%) D0.1cc (Gy) D0.1cc (Gy) D0.1cc (Gy) D0.1cc (Gy)

Ref. Accum. Ref. Accum. Ref. Accum. Ref. Accum. Ref. Accum. Ref. Accum. Ref. Accum. Ref. Accum.

1 3.1 3.1 4.4 4.3 9.0 8.9 13.5 13.4 13.5 13.6 7.5 7.7 15.8 15.5 27.8 27.3

2 3.8 3.5 4.3 3.8 7.8 7.1 20.7 19.0 14.1 14.1 – – 8.9 8.6 26.9 26.7

3 3.7 3.6 5.2 5.0 9.8 9.5 17.0 16.7 1.1 1.1 10.8 10.6 – – 27.1 27.0

4 0.7 0.7 1.0 1.0 1.6 1.5 2.4 2.4 10.6 10.7 11.8 12.1 0.0 0.0 43.4 43.1

5 2.6 2.6 2.6 2.5 6.1 6.1 14.5 14.6 0.3 0.3 – – – – 28.5 28.3

6 1.9 1.9 2.4 2.5 4.7 4.8 9.0 9.4 7.2 7.1 10.9 10.9 0.3 0.3 28.1 28.0

7 1.5 1.5 2.3 2.4 4.3 4.4 6.2 6.3 5.2 5.2 – – – – 46.1 47.3

8 2.4 2.5 2.9 3.0 6.4 6.7 11.7 12.1 2.1 2.1 – – 3.6 3.6 46.7 47.1

9 1.9 1.9 3.2 3.2 4.5 4.5 6.3 6.3 5.1 5.2 15.3 15.4 0.0 0.2 64.6 64.7

10 4.8 4.9 5.9 6.2 13.8 14.4 21.9 22.5 7.3 7.2 8.6 8.4 11.8 11.7 60.0 59.0

11 3.1 3.1 3.4 3.4 10.7 10.4 18.5 18.1 2.9 2.9 2.3 2.3 0.8 0.8 30.0 30.0
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minimizing the influence of artifacts on any particular image
representing the patient at any specific time on the final out-
come.37,38 Registration is thus expected to be more robust
and accurate. In the context of medical physics in radiation

oncology, groupwise registration has been used to improve
quality in 4D CT and 4D CBCT reconstruction.37,38 This new
method for DIR in the context may potentially benefit the
accuracy of 4D dose accumulation.
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FIG. 2. Gross tumor volume (GTV) coverage dose metrics (D95) calculated from GTVs determined by a radiation oncologist and propagated using deformable
image registration (upper box) and lung involvement dose and volume metrics (lower box) for dose calculations on each four-dimensional computed tomography
phase. Each point represents the mean of the metrics for all phases; the bar represents the standard deviation.
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ted in the upper box and differences in the lower box.

Medical Physics, 46 (10), October 2019

4353 Azcona et al.: Uncertainties in 4D dose evaluation 4353



A final discussion can be established in terms of the
energy used for the treatment. Most patients were treated with
10 MV FFF photons. The dose rate achievable approximately
doubles that with 6 MV FFF photons. Lung SBRT patients
can be treated faster, improving their comfort and potentially
reducing their positioning uncertainty throughout their whole
treatment irradiation. However, dose calculation based on 3D
convolution/superposition algorithms, and in particular using
the collapsed-cone convolution implementation, has some
uncertainties. These increase with the range of the secondary
electrons, that is, with the photon beam energy, and could be
manifested in the calculation on several respiration phases.
Only three (out of 11) patients were treated with 6 MV pho-
tons. However, when looking at Table III, the patients with
larger differences in dose metrics between 4D accumulated
and 3D dose calculations were all of them treated with 10
MV photons. However, there are other possible causes that
could have an influence on these results, such as tumor size,
location, and motion. Although not conclusive due to the size

of the cohort, this fact gives a note of caution on the use of
larger energies in lung SBRT and its potential impact on 4D
dose accumulation, and suggests the use of 6 MV photons to
limit dose calculation uncertainties in these cases.

The objective of this study was to assess dose delivery
uncertainties on the planned dose distribution by comparing
it with the distribution after dose accumulation. Future work
might assess, using 4D CBCT, the actual tumor motion and
deformation during treatment.39 Breathing can change from
day-to-day9 and, with respect to planned dose, such changes
will induce larger uncertainties in the patient delivered dose.
This highlights the ideal for the future of real-time tumor
tracking, accumulating the dose based on the actual way a
patient breathes during treatment, and, ultimately, adaptive
replanning40 and real-time treatment adaptation.41

5. CONCLUSION

A workflow for 4D dose accumulation based on DIR has
been devised and applied to a cohort of 11 lung SBRT
patients. Dose degradation was found in the PTV after accu-
mulation in several patients and was attributed to respiratory
motion. A new concept, ETV, was proposed for evaluating
DIR-based 4D accumulated dose distributions. This concept
appears to facilitate more reliable dose evaluation, a better
understanding of dosimetric uncertainties due to motion and
deformation, and is thus of potential value in helping a clini-
cian to adjust margins and treatment.
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