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Abstract

In  a  radiation  therapy  workflow  based  on  Magnetic  Resonance  Imaging  (MRI),  dosimetric  errors  may  arise  due  to  geometric
distortions introduced  by  MRI.  The  aim  of  this  study  was  to  quantify  the  dosimetric  effect  of  system-dependent  geometric
distortions in  an  MRI-only  workflow  for  proton  therapy  applied  at  extra-cranial  sites.  An  approach  was  developed,  in  which
computed tomography  (CT)  images  were  distorted  using  an  MRI  displacement  map,  which  represented  the  MR  distortions
in a  spoiled  gradient-echo  sequence  due  to  gradient  nonlinearities  and  static  magnetic  field  inhomogeneities.
A retrospective  study  was  conducted  on  4DCT/MRI  digital  phantoms  and  18  4DCT  clinical  datasets  of  the  thoraco-
abdominal site.  The  treatment  plans  were  designed  and  separately  optimized  for  each  beam  in  a beam  specific  Planning
Target Volume  on  the  distorted  CT,  and  the  final  dose  distribution  was  obtained  as  the  average.  The  dose  was  then  recalculated
in undistorted  CT  using  the  same  beam  geometry  and  beam  weights.  The  analysis  was  performed  in  terms  of  Dose  Volume
Histogram (DVH)  parameters.
No clinically  relevant  dosimetric  impact  was  observed  on  organs  at  risk,  whereas  in  the  target  structure,  geometric  distortions
caused statistically  significant  variations  in  the  planned  dose  DVH  parameters  and  dose  homogeneity  index  (DHI).  The
dosimetric variations  in  the  target  structure  were  smaller  in  abdominal  cases  (�D2%, �D98%,  and  �Dmean all  below  0.1%
and �DHI  below  0.003)  compared  to  the  lung  cases.  Indeed,  lung  patients  with  tumors  isolated  inside  lung  parenchyma
exhibited higher  dosimetric  variations  (�D2% ≥  0.3%,  �D98% ≥ 15.9%,  �Dmean ≥  3.3%  and  �DHI  ≥  0.102)  than  lung
patients with  tumor  close  to  soft  tissue  (�D2% ≤  0.4%,  �D98% ≤  5.6%,  �Dmean ≤ 0.9%  and  �DHI  ≤  0.027)  potentially
due to  higher  density  variations  along  the  beam  path.  Results  suggest  the  potential  applicability  of  MRI-only  proton  therapy,
provided that  specific  analysis  is  applied  for  isolated  lung  tumors.
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1 Introduction

Thanks to the favorable physical properties of protons,
external beam proton therapy entails several clinical advan-
tages, by allowing for a highly conformal dose to the target
volume at a reduced integral dose and greater sparing of nor-
mal tissues in comparison to conventional photon therapy
[1–3].

Medical imaging plays an important role in the treatment
planning of state-of-the-art radiotherapy techniques [4], with
Computed Tomography (CT) being the current clinical stan-
dard. CT provides (i) a geometrically accurate representation
of the patient anatomo-pathological configuration and (ii)
information on electron density in the case of photon therapy.
In proton therapy, CT Hounsfield Units (HU) are converted
into stopping power ratio relative to water, which is neces-
sary for dose calculation [5]. As a complementary imaging
modality, Magnetic Resonance Imaging (MRI) has been also
adopted, since it contributes significantly to the target delin-
eation with its superior soft tissue contrast compared to CT
[6,7]. Conventional treatment planning in modern radiation
therapy procedures is based on the hybrid workflow of CT
and MRI, in which image registration is performed to define
a spatial relationship between the two images [7,8]. However,
with this approach, systematic spatial uncertainties are intro-
duced as a result of the multimodal image registration and
inter-scanner differences can potentially occur between the
two imaging sessions [8–11]. Moreover, the increased cost
when using two imaging modalities and patient exposure to
ionizing radiation in the CT acquisition are also undesirable
[7,12].

Due to the limitations of CT/MRI hybrid workflows
[13,14], techniques excluding CT are under investigation.
These workflows are referred to as ‘MRI-only’ – also as
‘MRI-based’ or ‘MRI-alone’ – radiation therapy, where a
synthetic CT is generated from MRI to replace CT and
enable dose calculation [14–16]. Several techniques have been
introduced for synthetic CT generation [17–20], aiming at
radiation-free treatment planning and reduced time, effort, and
resources.

Despite these advantages, the use of MRI in treatment
planning raises challenges, since MR images can suffer
from geometric distortions [21–24]. Geometric distortions can
be categorized as system- and patient-dependent distortions
[21,25]. The system-dependent distortions are mainly caused
by nonlinearities of the gradient field and inhomogeneities
in the main static magnetic field (B0) [26], increasing with
the distance from the MRI system isocenter [27]. Patient-
dependent distortions are related to the magnetic properties
of the patient under scan and mainly stem from magnetic sus-
ceptibility and chemical shift effects [23]. System-dependent

distortions are larger than patient-dependent distortions in
magnitude, but they would be ideally reduced in modern MR
scanners [28,29].
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For the measurement and mapping of MRI distortions,
phantom-based techniques are the most commonly used
approaches [30–32]: the discrepancy in the positions of mark-
ers in the phantom between the CT images (i.e., gold standard)
and the MR images is typically measured to characterize MRI
distortions. Vendor-supplied distortion correction algorithms
and magnetic field shimming can be used to partially cor-
rect for MRI distortions, though geometric inaccuracies still
remain [25,28].

Such inaccuracies may result in dosimetric uncertainties,
with subsequent insufficient irradiation of the tumor and
over-dosage in surrounding healthy tissues [34–36]. Thus, a
thorough investigation of the dosimetric impact of the geomet-
ric distortions in an MRI-only workflow has to be established
for the clinical introduction of MRI-only radiotherapy. Up to
the current knowledge, all of the studies in the literature on the
investigation of the effect of system- and patient-dependent
image distortions on the radiation dose in the MRI-only
workflow are made in conventional photon radiation therapy
[33–35], with no known study in proton therapy. Indeed, the
effect has not been systematically studied for lung, liver and
pancreas, where respiration-induced tumor motion is a major
obstacle for high precision irradiation. In the lung, liver, and
pancreas, proton therapy has shown promising results in terms
of local control, survival and minimization of dose to OARs
[36,37], provided that organ motion and variation in the patient
anatomy along the beam path are properly accounted for, as
they can result in severe degradation of the delivered dose
[38]. In line with this, it is extremely important to investigate
the dosimetric impact of geometric distortions in MRI-only
proton therapy for thoraco-abdominal sites where respiratory
motion-compensated irradiation is essential for dosimetric
accuracy. In the case of MRI-only proton therapy, literature
studies mostly focused on the dosimetric effects of errors
originating from synthetic CT generation methods [39–47],
neglecting the MR geometric distortions.

The aim of this work is to quantify the dosimetric effect
of system-dependent geometric distortions in an MRI-only
proton therapy workflow of the thoraco-abdominal site. The
specific goal is to verify whether accurate proton treatment
planning is able to account for such effects, resulting in accept-
able dosimetric results. The developed methodology enables
us to account for dosimetric changes purely due to geometric
distortions, eliminating the inaccuracies arising from syn-
thetic CT generation techniques. Specifically, 4D CT scans
of lung, liver, and pancreas are used in combination with
displacement maps of geometric distortions to evaluate geo-
metric and especially dosimetric changes.

2 Materials and methods
2.1  Imaging  dataset

Treatment plan simulations were first performed on a digital
breathing thoraco-abdominal phantom to provide a reference
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with a realistic human model, in comparison to clinical
data. The 4D CT/MRI Breathing Anthropomorphic Thorax
(CoMBAT) phantom developed by Paganelli et al. [48] was
used in this study. The phantom dataset comprised two lung
phantoms, with the tumors (tumor size 2.01 cm3) at differ-
ent locations inside the lung parenchyma, a liver phantom
(tumor size 13.83 cm3), and a pancreas phantom (tumor size
13.83 cm3).

Treatment plan simulations were also performed on clin-
ical 4D CT datasets including 10 patients with lung cancer
(2 female and 8 male, age range: 58–82), 4 patients with
liver (3 female and 1 male, age range: 35–78), and 4 patients
with pancreas cancer (2 female and 2 male, age range:
69–84). Patients have been treated with intensity modulated
photon radiotherapy and retrospectively analyzed. Baseline
patient characteristics are summarized in Table 1. Patient
CT images were acquired using a Toshiba Aquilion LB
CT scanner (Canon Medical Systems Cooperation, Japan)
with 550 mm × 550 mm field-of-view, in-plane resolution of
1.074 ×  1.074 mm2, slice thickness of 3 mm in lung image
acquisitions and 2 mm in liver and pancreas image acquisi-
tions. The tube voltage was set to 120 kV, with exposure time
of 500 ms, and tube current of 150 mA. Abdominal compres-
sion was applied during the acquisition of patients with liver
cancer in order to reduce the peak-to-peak motion amplitude.

Each phantom and patient dataset used in this study
included CT images of 10 respiratory phases and an average
CT. The gross tumor volume (GTV) in each respiratory phase
and Organs at Risk (OARs) in the average CT were manu-
ally contoured in case of phantoms data on the open-source
software environment CERR (Computational Environment
for Radiological Research) [49], whereas they were con-
toured by expert radiation oncologists in the case of clinical
data. All data were resampled to the same voxel size
(1.074 ×  1.074 × 3 mm3), in agreement with clinical data set-
tings.

2.2  Displacement  map  generation

Residual geometric distortion quantification was obtained
for a Magnetom AERA 1.5 T Scanner from Siemens. A
displacement map, represented as Deformation Vector Field
(DVF), was generated by experimental quantification of the
system-dependent geometric distortions using a self-designed
distortion phantom. The displacement map calculated for a
spoiled gradient-echo sequence (sGRE) was used, relying on
axial image stacking (5 mm thickness) and 3D distortion cor-
rection. The utilized sGRE sequence featured the following
characteristics: echo time 2.78 ms, repetition time 5.80 ms,
flipping angle 8◦, bandwidth per pixel 295 Hz, voxel size
1.172 ×  1.172 ×  5 mm3. The demonstrated geometric distor-

tion in the sGRE sequence had a mean in-slice landmark
deformation up to 1 mm and maximal mean landmark defor-
mation up to 3 mm in the slice selection direction at 105 mm
distance from the MRI system isocenter. Deformations were
hys 32 (2022) 85–97 87

strongly dependent on the position within the field of view,
with a rather symmetric behavior around the imaging isocenter
(Figure A.1). As such, the average (absolute max) of observed
3D geometric distortions using the self-designed phantom
were 0.0 mm (11.6 mm), −0.2 mm (13.5 mm), and 0.0 mm
(4.3 mm) in the X, Y and Z directions, respectively. The details
of the approach for the assessment and representation of geo-
metric distortions in MRI are provided in Appendix A and
described in detail by Kroll et al [50].

2.3  Treatment  planning

The pencil-beam scanning proton treatment plan sim-
ulations were performed in the in-house particle therapy
extension of the CERR treatment planning system [49,51].
The treatment plan workflow used in this study is summarized
with a flow chart in Figure 1.

In order to model respiratory motion-compensated irradi-
ation, a gated treatment was simulated at the exhale phase,
as implemented clinically in proton therapy facilities [52].
Accordingly, 3 GTVs around end-exhale were combined to
form the internal target volume (ITV). As reported in Kang
et al. (lung case), Hong et al. (liver case), and Jethwa et al.
(pancreas case), the clinical target volume (CTV) was defined
by 8 mm isotropic expansion of the ITV [53–55]. Consid-
ering that simple isotropic expansion of CTV volumes to
create the planning target volume (PTV) is inadequate in pro-
ton therapy treatment planning [56,57], a beam specific PTV
(bsPTV), which takes into account set-up error and systematic
range uncertainties, was generated following the approaches
by Moyers et al. [56] and Paganetti [3].

The proton treatment fields were designed to best conform
the dose to the CTV with the prescribed dose of 2 GyE/fraction
in the lung and liver cases and 3 GyE/fraction in the pancreas
cases. The treatment plan optimizations were performed on
the average CT volume. The proton treatment fields consisted
of two beams, and gantry angles were determined case by
case. In the lung cases, the beams allowing the shortest pos-
sible distance to the tumor and avoiding a beam path through
the contralateral lung and the heart were selected. For the liver
cases, the two beams were arranged in the lateral (range of
275◦–280◦) and anterior directions (range of 0◦–10◦) and, for
the pancreas cases, two oblique fields (ranges of 120◦–150◦
and 200◦–240◦) were used. After determining the optimal
beam angles, bsPTVs were generated for each field in Raysta-
tion (Raysearch Laboratories, Stockholm, Sweden) using the
structure definition with beam specific margin functionality.
Beam specific distal and proximal margins were calculated
assuming a proton range uncertainty of 3.5% of the range
plus an additional 3 mm [56], based on the most distal and
proximal water-equivalent depth of the CTV contour on the

beam path, respectively. Then, a 3 mm lateral margin in the
beam’s eye view was added to account for set-up errors.

In order to spare the healthy tissues nearby the tumor vol-
ume, a ring concentric to the bsPTV was generated by an
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Table 1
Patient and treatment characteristics. The tumor size was computed across the 10 4D CT phases.

Anatomical Site Patient no Tumor size (mean±STD) [cm3] CC motion [cm] A-P motion [cm] L-R motion [cm]

Lung

Patient 1 0.9±0.1 0.6 0.4 0.3
Patient 2 5.9±0.2 0.9 0.2 0.2
Patient 3 14.6±1.5 0.9 0.5 0.3
Patient 4 16.2±0.4 0.9 0.3 0.2
Patient 5 1.4±0.1 1.2 0.3 0.2
Patient 6 2.9±0.1 0.9 0.8 0.3
Patient 7 12.6±0.9 1.5 0.3 0.1
Patient 8 4.4±0.4 1.2 1.0 0.3
Patient 9 5.3±0.8 0.9 0.3 0.1
Patient 10 3.6±0.5 0.9 0.5 0.3

Liver

Patient 1 20.1±4.0 1.0 0.2 0.3
Patient 2 20.2±1.2 1.0 0.3 0.3
Patient 3 0.7±0.3 2.1 0.5 0.3
Patient 4 4.9±0.3 0.6 0.3 0.3

Pancreas

Patient 1 64.1±5.3 0.6 0.3 0.3
Patient 2 0.7±0.1 0.8 0.2 0.2
Patient 3 39.5±2.6 1.0 0.4 0.2
Patient 4 6.4±0.5 0.8 0.3 0.20

Abbreviations: CC, Cranial Caudal; A-P, Anterior Posterior; L-R: Left Right.

ss 
Figure 1. Treatment planning workflow used in this study. GTV: Gro
Volume, OAR: Organ at Risk, CTV: Clinical Target Volume.

isotropic expansion of the bsPTV by 3 cm to 4 cm, exclud-
ing the bsPTV inside; the single-field uniform dose treatment
plans were optimized by aiming at 0 GyE dose delivery within
the ring. The radius of the rings was patient-specific, depend-
ing on the location of the tumor and the OARs, so that the
nearby organs were spared.

2.4  Impact  of  geometric  distortions

To simulate the geometric distortions arising from MRI,
the DVF representing the distortion model was applied to

the CT images and delineated contours using the same
imaging isocenter, thus creating distorted CT images. For
patients, the entity of the geometric distortion was quantified
in the CTV and in the whole volume. Additionally, the mean
Tumor Volume, ITV: Internal Target Volume, PTV: Planning Target

absolute error (MAE) between the undistorted and the dis-
torted images in the CTV and the whole body volume
was computed, in order to quantify the voxel-wise intensity
changes as a result of the geometric distortion application.
Specifically, the MAE describing the absolute voxel-wise dif-
ference in HU was defined as:

MAE = 1

N

i=1∑

N

∣∣Volundistortedi −  Voldistortedi

∣∣ (1)
where N  is the number of voxels, Volundistorted is the
undistorted structure volume and Voldistorted is the distorted
structure volume [15]. In case of the body volume, the union



d P
H.S. Dumlu et al. / Z Me

area of the undeformed and deformed body volume masks
was used to compute MAE results.

2.5  Quantification  of  dosimetric  impact  of  geometric
distortions

Using a pencil beam dose calculation algorithm, the treat-
ment plan was optimized for each single field on the distorted
CTs. In order to keep consistency with the MRI-only work-
flow in the clinical practice, the distorted dose was calculated
with distorted contours where the distorted bsPTV was defined
as the target. The final dose distribution for the distorted
CT, denoted as Ddistorted, was found as the average of the
dose distributions generated from each single uniform field
optimization. In the treatment plans, the treatment isocen-
ter was defined as the isocenter of the bsPTV. Thus, the
treatment isocenter was shifted in the distorted CT treatment
simulations. The dose was then recalculated in the undis-
torted CT for each field using the same beam geometry, dose
prescriptions, and the same beam weights, which were cal-
culated in the single field optimization in the distorted CT.
The final dose distribution for the undistorted CT, denoted as
Dundistorted, was found following the same approach in calcu-
lating Ddistorted. The workflow of the developed methodology
is shown in Figure 2. Dundistorted and Ddistorted, computed on
the average CT volumes, were analyzed in undistorted and
distorted contour sets, respectively, and compared based on
their dose–volume histogram (DVH) parameters, using the
following metrics in the CTV: near-minimum dose (D98%),
near-maximum dose (D2%) and mean dose (Dmean). The
results were expressed as the percentage dose difference
(normalized to the prescribed dose) between Dundistorted and
Ddistorted (�D98%, �D2%, �Dmean). In addition, change in
the uniformity of the dose distribution in the target structure
due to geometric distortions was assessed by computing the
variation in dose homogeneity index (�DHI), where DHI was
defined as:

DHI = D5%

D95%
(2)

with D5% and D95% being the minimum dose in the 5% and
95% volume of the CTV, respectively [58]. For the assessment
of the dosimetric impact of geometric distortion in the OARs,
the difference in mean dose (�Dmean) and maximum dose
(�Dmax) parameters between Dundistorted and Ddistorted were
calculated and normalized to Ddistorted. The considered OARs
were as follows:

• lung cases – spinal cord, heart, esophagus, contrary lung,
and ipsilateral lung;
• liver cases – liver, right kidney, spinal cord, stomach, and
large intestine;

• pancreas cases – spinal cord, liver, stomach, large intestine,
and left and right kidneys.
hys 32 (2022) 85–97 89

In order to evaluate the significance of the dosimetric vari-
ations in the DVH parameters due to geometric distortions,
the Wilcoxon matched-pairs signed-rank test was performed
on the clinical dataset on the paired undistorted and distorted
dosimetric results at the CTV structure and OARs. The ρ-value
was returned for the paired, two-sided test at a 5% significance
level for the null hypothesis that the absolute difference of
undistorted and distorted dosimetric result pairs comes from a
distribution with zero median. Then, the Kruskal–Wallis test
was performed on the �D98%, �D2%, �Dmean, and �DHI
metrics at the same significance level to evaluate the distribu-
tion of these parameters among different anatomical regions
with the null hypothesis that the dosimetric results at each
anatomical region come from the same distribution.

3 Results

3.1  Results  in  phantom  cases

3.1.1  Impact  of  geometric  distortions

MAEs between the undistorted CT and the distorted CT in
the whole body volume were 33.14 HU, 33.89 HU, and 33.89
HU for the lung, liver, and pancreas phantoms, respectively.
The MAEs in the CTV volume were 28.39 HU, 2.41 HU, and
3.82 HU for the corresponding phantoms.

3.1.2 Dosimetric  impact  of  geometric  distortions

Treatment plans on three phantom cases (lung, liver, and
pancreas) are displayed in Figure 3.

Table 2 reports the dosimetric variations due to geometric
distortions in the CTV DVH parameters for the phantom cases.

The differences between the undistorted and distorted dose
distributions were smaller in the abdominal regions, with
�DHI reaching a maximum value of 0.001 and the rest of the
DVH parameters exhibiting a maximum dosimetric variation
of 0.13% with respect to the prescribed dose. The dosimetric
changes due to geometric distortions were higher in the lung
region. Indeed, for the lung phantom with an isolated tumor
inside the lung parenchyma, the results showed a higher dif-
ference compared to other phantoms, with �DHI reaching
0.048 and the dosimetric variation in terms of rest of the
DVH parameters ranging between 0.70% and 8.70% of the
prescribed dose.

�Dmean and �Dmax in the OARs in phantom cases exhib-
ited a maximum variation of 3.70% and 2.53% with respect
to the dose in the distorted plans, respectively.

3.2  Results  in  the  patient  cohort

3.2.1  Impact  of  geometric  distortions
The median and range of the mean geometric distortions
presented within the CTV and whole body volumes in the
lung, liver, and pancreas datasets are displayed in Table 3.
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Figure 2. Flow chart of operations applied on CT image in order to quantify and analyze the dosimetric impact of geometric distortions.
CT: Original CT image, Dundistorted: Dose distribution from undistorted CT, Ddistorted: Dose distribution from distorted CT.

Figure 3. Phantom study: Treatment plan on the (a) lung phantom with tumor isolated inside the lung parenchyma, (b) liver phantom, (c)
pancreas phantom.

Table 2
Dosimetric change in CTV DVH parameters between undistorted and distorted dose distributions in the phantom data (Dosimetric change
in terms of D2%, D98%, Dmean DVH parameters are normalized to the prescribed dose, which was 2 GyE in lung and liver cases and 3 GyE
in pancreas case).

�D2% (%) �D98% (%) �Dmean (%) �DHI

Lung phantom (tumor close to soft tissue) 0.40 0.40 0.25 0.007
Lung phantom (tumor isolated in lung parenchyma) 0.70 8.70 1.30 0.048
Liver phantom 0.10 0.10 0.05 0.001
Pancreas phantom 0.13 0.07 0.10 0.001

Table 3
Median and min–max range values of the geometric distortion magnitude applied within CTV and whole body volume in lung, liver and
pancreas datasets.

Geometric distortion in CTV (mm) Geometric distortion in the whole body
volume (mm)

Median Range Median Range
Lung 2.0 0.5–3.1 

Liver 2.3 0.0–3.4 

Pancreas 1.4 0.4–3.2 

The application of geometric distortions is demonstrated
with the overlay of distorted CT on the undistorted CT in
Figure 4 with an example from each studied anatomical site.
MAEs between the undistorted and distorted CT in the
whole body volume had similar median values across differ-
ent sites, i.e. 40.01 HU, 40.70 HU, and 39.0 HU in the lung,
2.1 0.0–12.0
2.3 0.0–13.5
2.2 0.0–11.8

liver, and pancreas datasets, respectively. However, lung cases
presented higher variation compared to the abdominal cases:
MAEs in the whole body volume ranged from 22.55 HU to

43.88 HU, 32.90 HU to 42.71 HU, and 29.65 HU to 42.09 HU
in lung, liver, and pancreas, respectively. Considering undis-
torted CTV vs. distorted CTV, MAEs presented lower median
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e o
re
Figure 4. Demonstration of geometric distortion application with th
for (a) lung Patient 3 (b) liver Patient 3, and (c) pancreas Patient 2. A

values and smaller ranges in the abdominal sites compared to
the lung. Specifically, the MAEs in the CTV had a median
of 26.61 HU, 10.26 HU, and 17.15 HU in the lung, liver, and
pancreas cases, respectively, with a range of 17.46–40.28 HU,
8.55–23.27 HU and 12.89–17.34 HU in the corresponding
sites. MAE values higher than the median for the correspond-
ing site were reported in the cases where the tumor was close
to a rib (namely lung Patients 2, 3, 7, 8, and liver Patient 2).

3.2.2 Dosimetric  impact  of  geometric  distortions

3.2.2.1  Results  in  the  target  structure.  The dosimetric impact
of geometric distortions on the CTV DVH parameters was
lower in the abdominal sites compared to the lung (Figure 5).
Specifically, while in the abdominal sites �DHI medians had a
maximum of 0.001, and the medians of the other DVH param-
eter differences were all below 0.10%, for the lung patients the
medians of the �D2%, �D98%, and �Dmean parameters were
0.25%, 2.85%, 0.01%, respectively, and �DHI presented a
median of 0.045. �D98% also exhibited the highest interquar-
tile range in the lung cases (Figure 5(a)) with a range of
15.30% with respect to the prescribed dose. Indeed, in lung
patients 1, 3 and 6, which presented an isolated tumor inside
the lung parenchyma, �D98% was relatively higher varying
between 15.90% and 21.50%, whereas, in the rest of the lung
patients that presented a tumor close to soft tissue, �D98%
was smaller reaching a maximum value of 5.60%. Findings
from the quantification of the dosimetric impact of geomet-
ric distortions in the CTV structure DVH parameters for each
patient are provided in Appendix B Table B1.

Figure 6 shows the dose distributions and DVH plots for
four example patients: lung Patient 3 (a) and lung Patient
8 (b) (i.e. exemplary lung cases in which the tumor is
isolated inside the lung parenchyma and close to the soft
tissue, respectively), liver Patient 3 (c) and pancreas Patient
2 (d). The largest DVH deviation (with �D2% = 0.40%,
�D98% = 21.50%, �Dmean = 3.25%, and �HI = 0.132) was
observed in lung Patient 3, in which the tumor was isolated in

the lung parenchyma, whereas in the other exemplary patients
the differences between undistorted and distorted CTV dose
were comparably smaller, with �D98% reaching up to 0.40%
and �DHI exhibiting a maximum value of 0.004.
verlay of undistorted CT (green) and distorted CT (purple) images,
as of agreement are depicted in gray scale.

According to the Wilcoxon matched-pairs signed-rank test
at a 5% significance level, the dosimetric variation due to geo-
metric distortions was found statistically significant in all of
the target DVH parameters. Additionally, the Kruskal–Wallis
test (alpha = 5%) confirmed the statistically significant differ-
ence among different anatomical sites for �D98% and �DHI.
Indeed, as a result of the multiple comparison post-hoc test,
the dosimetric change due to geometric distortions in the lung
cases was found to come from a different distribution than the
abdominal sites.

3.2.2.2 Results  in  OARs.  Grouped average values were cal-
culated in each OAR relying on the median across the whole
patient group, as defined by the corresponding treatment site.
The grouped average for �Dmean was 0.50%, 0.05%, and
1.18% in lung, liver and pancreas sites, respectively. Like-
wise, the grouped average for �Dmax was 0.20%, 0.25% and
0.41% in the corresponding treatment sites. In the parallel
OARs, the median of �Dmean reached a maximum value of
1.80% in the ipsilateral lung for the lung patient group, and
0.23% in the liver for the liver patient group. Accordingly,
the dosimetric variations between undistorted and distorted
dose distributions in the OARs were mainly quantified to be
higher, compared to the grouped average, in the organs where
the tumor was located. Above all, according to the Wilcoxon
signed-rank test, the dosimetric impact of geometric distor-
tions was found not statistically significant in OAR DVH
parameters.

4 Discussion

The sensitivity of proton dose distributions to uncertain-
ties and the resulting severe dose degradation when these
uncertainties are not properly accounted for have been widely
explored [2,38]. However, in the consideration of a clinical
introduction of MRI-only proton therapy, studies in the lit-
erature mainly investigated the dosimetric effects of errors
originating from synthetic CT generation methods [39–47],
with no published papers, to the best of our knowledge, on

the dosimetric effects of geometric distortions arising from
MR imaging, especially for thoraco-abdominal tumors. In this
study, a method has been introduced to quantify the dosi-
metric impact of system-dependent geometric distortions in
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Figure 5. Box plots of the dosimetric changes in CTV DVH parameters for (a) lung, (b) liver and (c) pancreas clinical data in which �D2%,
the
�D98%, �Dmean% are shown in red, blue and green, respectively with 

is shown in black with its y-axis on the right.

an MRI-only proton therapy workflow for thoraco-abdominal
sites, where organ motion requires special consideration for
accurate planning. In the developed methodology, we mapped
a distortion model, derived by phantom-based experimental
quantification of MRI system-dependent geometric distor-
tions, on 4D CT images. This allowed us to perform a
pure analysis of the dosimetric effects of MRI spatial dis-
tortions, eliminating the inaccuracies arising from synthetic
CT generation techniques. Such a setting is meant to pro-
vide an evaluation of the potential of treatment planning
techniques in compensating for MRI spatial distortions. Our
investigation does not therefore explore the complexity of
MRI spatial distortion effects: specific studies are needed
to address causes and sources of residual geometric dis-
tortion, and to provide optimization of the MR imaging
sequence.

Our study considered dose delivery gated at exhale, rely-
ing on two beams in a single field uniform dose setting. The
choice was motivated by the need to provide similar condi-
tions for the applied beams and a homogeneous dose within the
bsPTV. This allowed us to quantify the intrinsic effect of MRI

distortions, independently of the applied dose modulation in a
pure Intensity Modulated Proton Therapy (IMPT) setting. The
use of more complex intensity modulation patterns deserves
ir y-axis on the left and variation in dose homogeneity index (�DHI)

specific attention, as the location of MRI distortions with
respect to the planned IMPT pattern is expected to introduce
further variability in terms of dosimetric effects.

The methodology was first tested on a thoraco-abdominal
digital phantom and the impact of geometric distortions quan-
tified both in terms of voxel-level accuracy and dosimetric
changes. Smaller MAEs were measured between the undis-
torted and the CTV volume in the abdominal phantoms
compared to the lung phantom. Similarly, smaller dosimetric
variations in the target structure were observed in the abdomi-
nal sites than in the thorax and dosimetric deviations in OARs
were negligible.

As tissue inhomogeneities were not completely accounted
for in the phantom simulations [48], we conducted a com-
prehensive study in 18 clinical thoraco-abdominal cancer
patients. As a result of the application of geometric distortions,
MAEs between the undistorted CT and the distorted CT in the
whole body volume had a higher range in the lung site patient
dataset compared to the abdominal sites. Moreover, MAEs
between the undistorted and the distorted CTV volumes were
quantified to have higher median value and variability in the

lung cases than abdominal sites, which is attributable to the
fact that higher density variations are present in the lung region
around the tumor.
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Figure 6. Dose distributions (on the top) for the distorted scan and DVH plots of the dose in CTV structure (on the bottom), in which the
red curve belongs to the dose in the undistorted CT (D ) and the blue curve belongs to the dose in the distorted CT (D ), for

chy

undistorted

(a) lung Patient 3, where the tumor is isolated inside the lung paren
Patient 3, (d) pancreas Patient 2.

The target DVH parameters of the undistorted and distorted
dose distributions were found to be statistically different at the
5% significance level in the clinical dataset, confirming that
MRI geometric distortions introduce variations in the planned
dose. Specifically, as a consequence of geometric distortions,
higher dosimetric variations were quantified in the lung cases
with �D98% (the DVH parameter exhibiting the highest vari-
ation) reaching 21.50% with respect to the prescribed dose

and �DHI going up to 0.132, whereas lower dosimetric vari-
ations were quantified in the abdominal site with �DHI having
a maximum value of 0.003 and the variation in terms of other
distorted

ma, (b) lung Patient 8, where tumor is close to soft tissue, (c) liver

DVH parameters staying below 0.13% with respect to the
prescribed dose. As a result of the geometric distortion appli-
cation, the variations of the induced dosimetric change among
the lung and abdominal patient datasets comply with the MAE
result patterns in the CTV volume for the corresponding sites.

The statistical analysis also highlighted that the dosimetric
variations in terms of the D98% and DHI parameters in the lung
dataset came from a different distribution than the abdominal

sites dataset (Kruskal–Wallis, alpha = 0.5). Different distribu-
tion among the datasets is attributable to the fact that tumors
presented two different locations in the lung: isolated inside



e
94 H.S. Dumlu et al. / Z M

the lung parenchyma or close to soft tissue, whereas it was
always surrounded by soft tissues in the abdominal cases, as
also demonstrated in the phantom cases. As such, while the
dosimetric variation was higher for the lung cases with the
tumor isolated inside the lung parenchyma away from the
soft tissue (�D98% ranging between 15.90% and 21.50%), it
was much smaller in the abdominal and lung cases where the
tumor was within or close to the soft tissue (�D98% ≤  5.60%
in the relative lung cases and �D98% ≤  0.13% in the abdomi-
nal cases). This is due to the fact that the beam configuration
with the tumor isolated in the lung parenchyma is subject to
high-density variations within the beam pathways due to the
presence of dense ribs and air. In order to better investigate
the impact of geometric distortions in presence of inhomo-
geneities, Monte Carlo (MC) optimization is worth to be
investigated since it provides more robust and accurate plan-
ning and improves therapeutic benefit [59,60], especially in
heterogeneous media [61].

Analyses on OARs were also conducted to evaluate poten-
tial over-dosage due to MR distortions. In this case, dosimetric
differences due to geometric distortions were negligible and
did not result significant.

In similar studies, Gustafsson et al. concluded that the mean
dose deviation and dosimetric impact on radiotherapy struc-
tures due to system-dependent geometric distortions were
insignificant for the prostate [33]. Conversely in Yan et al. dis-
tortions did not result in clinically meaningful dose deviations
for 9 out of 14 patients, whereas in the rest of the 5 patients,
including liver, prostate and head and neck cases, MRI distor-
tions caused up to 3.6% loss of target coverage [35]. Although
a direct comparison between our work and previous studies in
the literature is not straightforward, since they are conducted
in MRI-only conventional photon radiotherapy and evaluated
different body regions with different parameters, our results
were similar to the findings in the literature for abdominal
sites [35]. Indeed, in the current study, dosimetric variations
due to geometric distortions in target DVH parameters in the
abdomen were quantified to be small and changes in OARs
negligible.

The major limitation of our study is the limited patient
dataset. The effect of geometric distortions on just three
thorax cases where the tumor was isolated inside the lung
parenchyma away from soft tissue, has been concluded to be
appreciably higher than the other cases. Thus, an analysis on
a larger patient cohort is required to safely integrate the MRI-
only proton therapy workflow into the clinical practice for this
anatomical site.

Even though the nonlinearity of the gradients is the domi-
nant source of distortions [22], we may have underestimated
the dose deviation caused by the geometric distortions in
MRI, as the patient-dependent geometric distortions are

not simulated in the current study. Conversely, the MRI
sequence used in this study features a relatively low bandwidth
(295 Hz/pixel), which is expected to lead to larger distortion
compared to high bandwidth sequences, as typically applied
d Phys 32 (2022) 85–97

for synthetic CT generation [62]. In our study, the dose distri-
bution was not influenced by any errors that could originate
from synthetic CT generation in an MRI-only workflow, for
which the absolute maximum dose differences relative to CT
were reported below 2% in earlier studies [39,63]. In order
to consider all the real-life application aspects of MRI-only
proton therapy and test the feasibility of this workflow in the
clinical practice, further analyses would include the uncer-
tainties introduced by patient-dependent geometric distortions
and synthetic CT (sCT) generation. Synthetic CT generation
methods based on deep learning [62,64,65,41] could poten-
tially be employed to learn consistent differences in geometry
between CT and MRI due to spatial distortion, thus providing
a method for correction. This is expected to be feasible espe-
cially for deep learning based methods that do not assume
perfect co-registration of CT and MRI for training, relying
for example on cycle-consistent generative adversarial net-
works [41]. Additional investigations should be also focused
on the reduction of the inaccuracies arising from HU to relative
stopping power ratio conversion.

5 Conclusions

In this study, we aimed at quantifying the dosimetric impact
of geometric distortions arising from MRI in an MRI-only pro-
ton therapy workflow in the thoraco-abdominal site. While the
dosimetric impact of system-dependent geometric distortions
in the target structure was higher for the lung cases, especially
when the tumor was isolated inside the lung parenchyma away
from the soft tissue, it was much smaller in the abdominal
cases. In OARs, the dosimetric impact of geometric distor-
tions was instead negligible. This study, therefore, suggests
the potential applicability of MRI-only proton therapy, pro-
vided that analyses on a larger patient cohort are performed to
conclude on the dosimetric impact of MRI distortions, espe-
cially when the tumor is isolated from the soft tissue inside
the lung parenchyma.
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Appendix A Displacement map generation

Geometric distortion artifacts in MR imaging were experi-
mentally quantified using a self-designed distortion phantom
with grid-like structure. MR images were made with a
water-filled phantom (four physically aligned modules) using
Magnetom AERA 1.5T Scanner from Siemens. The phantom
was designed with Polymethyl methacrylate (PMMA) and had
a total volume of 369 ×  300 ×  500 mm3. Each phantom sub-
unit housed 5 distortion grids with the edge dimensions of
5 mm for the rectangular grid bars and a spacing of 20 mm for
the crossings. The phantom contained 3840 reference points
distributed over 20 grids. A virtual model of the phantom was
created in voxel space in accordance with the construction
plan. Landmarks were added to the virtual model to be able
to extract deformation information at the region of interest in
the analysis of phantom images.

The phantom was verified relying on rigid image reg-
istration between the virtual model and a CT scan.
CT-measurement of the phantom was performed using a

Toshiba CT scanner (model: Aquilon LB) with a resolution
of 1.074 ×  1.074 ×  1 mm3 in order to verify that the digital
model of distortion phantom accurately represented the real

Figure A.1. Representation of the calculated 3D vector field representi
coronal (panel C) view. The vector field is overlaid to a digital phantom

Table B.1
Dosimetric change in CTV DVH parameters between undistorted and 

change in terms of D2%, D98%, Dmean parameters are normalized to the p
in pancreas case).

Anatomical site Patient number D2% (%) 

Lung

Patient 1 0.80 

Patient 2 0.40 

Patient 3 0.40 

Patient 4 0.80 

Patient 5 0.0 

Patient 6 0.30 

Patient 7 0.20 

Patient 8 0.0 

Patient 9 0.0 
hys 32 (2022) 85–97 95

distortion grid. The RMSD of the phantom landmarks in the
CT image and the virtual model after registration was found to
be 1.00 mm for a registration based on the two central phantom
modules, covering 250 mm in the superior-inferior direction.

After the completion of the CT-acquisition, MR imaging of
the water-filled phantom was performed with a resolution of
1.172 ×  1.172 × 5 mm3. MR images were acquired with the
following sGRE sequence: echo time 2.78 ms, repetition time
5.80 ms, flipping angle 8, bandwidth per pixel 295 Hz, with
vendor-supplied 3D distortion correction. In order to extract
the deformation field, non-rigid registration was calculated
between the acquired MR images and the virtual phantom
model. B-spline deformable image registration was imple-
mented in Plastimatch (http://plastimatch.org/), relying on
mutual information metric (Mattes) as a metric. The deter-
mined vector field (Figure A.1) was finally used to model the
residual MRI distortion, i.e. the spatial distortion that is not
adequately compensated by the applied distortion correction.
For a more extensive description, the reader is referred to the
analysis reported by Kroll et al [51].
Appendix B Dosimetric impact of geometric
distortions in CTV in the patient cohort

ng MRI spatial distortions in axial (panel A), sagittal (panel B) and
 for better visualization.

distorted dose distributions belonging to clinical cases (Dosimetric
rescribed dose, which was 2 GyE in lung and liver cases and 3 GyE

D98% (%) Dmean (%) DHI

15.90 3.40 0.102
5.60 0.85 0.027
21.50 3.25 0.132
4.0 0.70 0.026
1.70 0.40 0.012
17.60 3.75 0.129
1.40 0.20 0.009
0.40 0.05 0.004
0.60 0.25 0.003

http://plastimatch.org/
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Table B.1 (Continued)

Anatomical site Patient number D2% (%) D98% (%) Dmean (%) DHI

Patient 10 0.0 0.60 0.10 0.005

Liver

Patient 1 0.10 0.10 0.0 0.001
Patient 2 0.10 0.0 0.10 0.001
Patient 3 0.0 0.0 0.05 0.0
Patient 4 0.0 0.0 0.05 0.001

Patient 1 0.0 0.07 0.03 0.0
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Pancreas
Patient 2 0.07 

Patient 3 0.07 

Patient 4 0.0 
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