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Background & purpose: To propose a novel mid-position (midP) workflow for MRI-guided liver SBRT and
provide a validation of the required midP-MRI generation and registration steps.

Materials & methods: The first step of the midP workflow is the generation of a simulation midP-MRI from
a 4D-MRI scan using deformable image registration. Next, a planning midP-CT is warped to the midP-MRI
to enable planning in the midP-MRI anatomy. For daily MRI-guidance, three different registration meth-
ods to the simulation midP-MRI are proposed; (1) 4D rigid registration of all phases of the daily 4D-MRI,

ﬁ%’;’_‘l gﬂfg;nce (2) 3D rigid registration of the daily midP-MRI, and (3) 3D deformable registration of the daily midP-MRI.
Liver SBRT The midP-MRI image quality was assessed with respect to 4D-MRI acquisition time, which is related to
Mid-position over-sampling of the data acquisition (i.e. number of dynamics). The deformable registration precision
MR-linac for the midP-MRI generation was validated using the distance discordance metric (DDM). The deformable

CT-MRI and daily MRI-MRI registration accuracies were quantified using the ‘full circle method’.
Results: The DDM was 1.5 mm (median) within the liver, independent of the number of dynamics. The
root-mean-squared difference between midP-MRIs based on 10 and 60 dynamics was only 5.2%. The full
circle CT-MRI deformable registration error had a median 3D vector length of 1.8 mm in the liver. The
daily MRI-MRI registration error was submillimeter for all three evaluated methods.

Conclusion: The feasibility of an MRI-guided mid-position workflow for liver SBRT is supported by the
demonstrated high precision of all image processing and registration steps.

Image registration
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Introduction

In recent years, the use of stereotactic body radiation therapy
(SBRT) has led to substantial improvements in local control for pri-
mary and metastatic liver tumors [1-4]. The success of this treat-
ment critically depends on accurate tumor localization, which is
challenged by inter-fraction liver position variability and
respiratory-induced liver motion [5]. Online motion and set-up
correction strategies for liver SBRT on conventional linear acceler-
ators (linacs), are currently based on the linac-integrated X-ray
systems. These often require the implantation of fiducial markers
due to poor tumor visibility [6] and can come at the expense of
complications [7], patient discomfort and potential surrogacy
errors [8]. The novel MRIdian (ViewRay Inc., Cleveland, OH, USA)
and Unity (Elekta AB, Stockholm, Sweden) MR-linac systems
provide in-room MRI-guidance. This enables direct daily tumor
visibility, thus eliminating the invasive procedure of marker
implantation.
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There are various strategies to account for respiratory motion
using image-guided liver radiotherapy [9]. In conventional linac-
based liver SBRT, the internal target volume (ITV) method is widely
used [10]. However, since the whole tumor trajectory of one
breathing cycle is irradiated, the relatively large planning-target-
volume (PTV) causes unnecessary damage to healthy tissue [9].
MRI-guided respiratory and breath-hold gating have recently been
implemented clinically [11,12]. In this way the PTV is reduced, but
beam delivery times are typically prolonged depending on the gat-
ing window and the regularity of breathing. Duty cycles can be
improved using (voluntary) breath holds, but this requires patient
compliance. For treatment with the mid-position (midP) strategy,
the treatment plan is created on the time-weighted averaged anat-
omy of the patient [13,14]. In this way uncertainties due to respi-
ratory motion are minimized while the patient is free-breathing.
As the 3D motion of the tumor is incorporated as random error
in the PTV margin, it results in a significantly smaller PTV
compared to the ITV method (up to 40% for liver SBRT [15]) and
comparable PTV size and coverage to exhale-gating [9], depending
on tumor motion and tumor size. The midP strategy is relatively
easy to implement as it only affects the treatment planning,
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however, at the same time it does not account for intra-fraction
changes such as midP baseline drifts [5,16,17].

In today’s midP liver SBRT workflow, a 4D-CT is acquired during
simulation from which the midP planning-CT is created using
deformable image registration [12,14]. For the online set-up cor-
rection, a 4D cone-beam (CB) CT is acquired and rigidly registered
to the midP-CT based on the implanted markers [19]. We propose
an MRI-guided mid-position workflow, where an additional simu-
lation 4D-MRI is acquired of which a midP-MRI is generated and
registered with the planning midP-CT. The daily 4D-CBCT is
replaced with a 4D-MRI scan on the MR-linac (Fig. 1). Over the
years, several 4D-MRI techniques for liver have been developed
[20-27]. In general, slice based 4D-MRI methods are relatively easy
to implement, as they are based on standard pulse sequences in
combination with fast reconstruction algorithms. We previously
developed a 4D-MRI method based on axial slices specifically for
daily MRI-guidance of liver SBRT, providing direct tumor visibility
[20].

In this study, an MRI-guided mid-position strategy for liver
radiotherapy is proposed and all necessary image processing steps
are validated. This includes an assessment of the precision and
quality of the midP-MRI generation from 4D-MRI, deformable
image registration between the simulation midP-CT and midP-
MRI, and the image registration between the simulation and daily
MRI.

Materials & methods

MRI-guided mid-position strategy

Fig. 1 shows a schematic overview of all the steps in the MRI-
guided midP workflow. First, during simulation, a 4D-CT and a
4D-MRI are acquired of which a midP-CT and a midP-MRI are gen-
erated using deformable image registration. In analogy with the
midP-CT generation [11,12], all phases of the 4D-MRI are regis-
tered to end-exhale using deformable image registration
(Fig. 1A). The resulting deformation vector fields (DVFs) are
averaged (Mpyr) and inverted (Mpyg). All individual DVFs are then
concatenated with Mpyr and used to deform all phases to the mid-
position. A final midP-MRI is derived by calculating the median
intensity per voxel over the ten deformed phases.

To obtain the electron densities needed for treatment planning
on the midP-MRI geometry, the midP-CT is deformed to the midP-
MRI to create the planning midP-CT. The target and organs at risk
are contoured and the plan is optimized on the deformed CT.

On the MR-linac, a daily pre-beam 4D-MRI is acquired for posi-
tion verification and plan adaptation. We propose three methods
for registration of the daily anatomy to the simulation midP-MRI
(Fig. 1B):

- 4D rigid: This is analogous to the method used in our CBCT-
guided mid-position workflow. The ten phases of the daily
4D-MRI are rigidly registered to the simulation midP-MRI on
the tumor. The time weighted average of the resulting transla-
tions (Mr) was calculated to get a shift-vector for daily plan
adaption.

3D rigid: A midP-MRI is generated from the daily 4D-MRI and
rigidly registered to the simulation midP-MRI on the tumor to
get a shift-vector for plan adaptation.

3D deformable: A midP-MRI is generated and deformably regis-
tered to the simulation midP-MRI.

The resulting 4D and 3D rigid shift-vectors can be used in an
adapt-to-position workflow [28]. In this workflow, the daily plan
adaptation is performed based on a rigid tumor shift and the plan
is re-optimized using the pre-treatment CT and contours with a

shifted iso-center. The resulting DVFs from the 3D deformable
method facilitate an adapt-to-shape workflow [28], in which the
plan adaptation is optimized on the daily MRI geometry with
adapted contours.

Data-sets

Volunteer data

Ten healthy volunteers underwent an MRI-examinationona 3 T
MRI-scanner (Ingenia, Philips Healthcare, Best, The Netherlands),
containing a slice-based 4D-MRI scan which was acquired and
reconstructed as described by van de Lindt et al. [20]. The acquisi-
tion is based on a stack of axial 2D images covering the relevant
field-of-view, which is acquired repeatedly (each full stack is
referred to as ‘dynamic’). A respiratory signal is retrieved from
the acquired data and used to sort the images in 10 phase bins. If
a bin remains empty due to under-sampling, the missing slice is
interpolated. The following acquisition parameters were used:
voxel size=2 x 2 x 2mm?>, number of slices=50, number of
dynamics (D) = 60, total scan time = 15 min.

For each volunteer, the full 60 dynamics dataset was used to
reconstruct a 4D-MRI scan (4D-MRlIgp). Because 4D-MRIgq contains
minimal missing data [20], midP-MRIg, was defined as the gold
standard for the evaluation of the midP image quality. The first
50, 40, 30, 20 and 10 dynamics (equivalent acquisition times,
Table S1) of the acquired data were also reconstructed into 4D-
MRI scans, resulting in higher under-sampling [20]. The missing
slices identified in the under-sampled 4D-MRI were removed from
the gold standard 4D-MRIgg and interpolated, to create simulated
4D-MRIp (D = 50,40,30,20,10) unbiased from variability in anatom-
ical motion during the image acquisition. MidP-MRIp
(D =50,40,30,20,10) was generated from the simulated 4D-MRIp,
to compare against midP-MRIgo.

Patient data

Three patients with liver metastases were imaged on the Unity
(Elekta AB, Stockholm, Sweden) multiple times, before or after
their treatment fractions on a conventional linac. Patient 1 had a
liver sigmoid carcinoma metastasis (15 mm diameter) and under-
went 4 MRI-examinations. Patient 2 had a rectum carcinoma
metastasis (28 mm) and underwent 3 MRI-examinations. Patient
3 had two leiomyosarcoma metastases in the liver (9 and 7 mm)
and also underwent 3 MRI-examinations. A retrospective
self-sorting 4D-MRI scan [20] was acquired (voxel
size =2 x 2 x 5 mm?>, slices=25, D=30, total scan time=4:10
min) and midP-MRI3y scans were reconstructed. For each patient,
a midP-CT was available, acquired with 1 x 1 x 3 mm? voxel size
on a 24-slice Somatom-Sensation-Open CT-scanner (Siemens,
Forchheim, Germany).

Image registration

All deformable registrations were performed in Elekta’s
Advanced Medical Image Registration Engine (ADMIRE 2.0.1,
Elekta AB, Stockholm, Sweden) using an NVIDIA Tesla K40c
graphical processing unit (GPU) (2880 cores — 12 GB RAM). For
intra-modality registrations, ADMIRE uses a deformable block-
matching method with normalized-sum-of-squared-differences
for robust initial alignment, followed by a dense non-linear image
transformation using the local-cross-correlation-coefficient to
align image details [29]. Inter-modality deformable registrations
are performed using normalized mutual information.

All rigid registrations were performed using in-house developed
software, using mutual information as cost function with a clipbox
on the tumor area.
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Fig. 1. Schematic overview of the MRI-guided midP workflow. (A) MidP generation from a 10 phase 4D-MRI. (B) Registration of the daily MRI to the simulation midP-MRI,
with the blue arrows representing deformation vector fields and the red arrows representing rigid translations. In the 4D rigid method, all phases are rigidly registered to the
simulation midP-MRI and the resulting translations are averaged (Mr). In the 3D method, a daily midP is generated and subsequently registered to the midP MRI, using rigid
or deformable registration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

MidP-MRI generation registration”). ADMIRE works on the discretized image grid when
it performs the deformable registration, however, the physical

The midP i i ith in-h 1 s . . .
e midP generation was performed with in-house developed plausibility constraints dictate that vectors do not usually point

software, using the DVFs generated in ADMIRE (Section “Image
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directly from one voxel center to the center of another voxel.
Instead, the DVFs from ADMIRE direct to continuous points in
space. Because there is complimentary information in the ten
4D-MRI phases, the 4D-MRIs were deformed onto a finer
1 x 1 x 1 mm? grid resulting in a high resolution midP-MRI.

The interpolated missing slices in the 4D-MRI scans were
excluded from the midP-MRI generation to only include original
data. This was done by first creating a binary 4D-MRI mask, setting
all interpolated voxels to 1. Then, the DVFs were applied to the bin-
ary 4D-MRI mask, deforming the mask onto the 1 x 1 x 1 mm°®
midP grid. All voxels with intensity >0.5 in the deformed mask,
i.e. voxels that are dominated by initially interpolated missing
data, were not taken into account when calculating the median
from the 10 deformed midP images to create the final high resolu-
tion midP-MRL

Validation

Deformable image registration for midP-MRI generation

The performance of the deformable registration method in the
midP-MRI generation was evaluated using a modified version of
the distance discordance metric (DDM) [30]. The DDM is a quanti-
tative metric to evaluate the performance of deformable image
registration in the absence of a ground truth. It is based on the vari-
ability in the DVFs, registering a given image to the reference imag-
ing via different intermediate images.

All 10 4D-MRI phases were used to evaluate the DVF between
end-inhale (phase 1) and end-exhale (phase 6). First, phase 1 was
deformed to phase 6 via each of the other eight respiratory phases
(Fig. 2A). For each voxel in phase 6, this resulted in eight originat-
ing positions in phase 1 of which then the centroid was calculated
as an approximation of the unobservable ground truth location.
The standard deviation (SD) of the distances to the centroid in
left-right (LR), cranio-caudal (CC) and antero-posterior (AP) direc-

tion was calculated. From these a 3D vector length was derived,
giving the DDM score for each voxel, with smaller values indicating
better registration consistency. The DDM of 4D-MRIp
(D = 60,50,40,30,20,10) was analyzed over all voxels of all volun-
teers within the liver and the body contour (incl. liver).

MidP-MRI image quality

The image quality of the midP-MRI was determined as a func-
tion of dynamics, over all volunteers. The root-mean-squared-
difference (RMSD) and mean structural similarity (SSIM) index
were calculated to evaluate the quality of the under-sampled
midP-MRIp (D = 50,40,30,20,10) with respect to the fully sampled
mldP—MRleg

The RMSD is a widely used metric that provides a difference
measure based on intensity differences relative to midP-MRIg,
and was evaluated over all voxels within the liver and within the
body contour. Additionally, to quantify the visibility of structures
(vessels) within the liver, the RMSD was evaluated over only
the voxels with intensity I<T_ or I>T, in the liver, where
T. =mean + SD intensity over all voxels in the liver.

The SSIM index [31] is a commonly used metric that predicts
perceived quality difference of an image relative to a reference
image, based on patterns of pixel intensities that were normalized
for luminance and contrast. The SSIM index was computed within
the liver and the body contour, between each slice in midP-MRIp
(D =50,40,30,20,10) and midP-MRIgo. The liver was manually con-
toured and the body contour was created with a threshold for
analysis.

MidP-CT to midP-MRI deformable image registration

MidP-CT to midP-MRI deformable registration was evaluated
with the ‘full circle method’, which has been shown to quantify
the inter-modality registration precision in the absence of a
ground-truth [32]. For a perfect registration algorithm, a circular

Fig. 2. (A) Deformation vector fields between end-inhale and exhale via all other 4D-MRI phases for the DDM analysis, to validate the deformable registration in the midP-
MRI generation. (B) Deformation vector fields between a CT and two MRI scans in the full circle method, to validate the inter-modality deformable registration. (C) Rigid
registrations between three 4D-MRI and midP-MRI scans in the full circle method, for validation of the daily 4D and 3D registration method. The blue arrows represent the
deformation vector fields, the dashed arrow the inverse deformation vector field and the red arrows the rigid translations. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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concatenation of multiple registrations results in a zero total dis-
placement. Imperfections, on the other hand, typically result in
residual displacement following a full circle. To that end, for each
patient, circular deformable registrations between a midP-CT and
two midP-MRI scans were performed (Fig. 2B). The midP-CT was
deformed to both midP-MRI scans and one of the DVFs was
inverted to connect the DVFs in a circle. The residual vectors after
concatenating the three resulting DVFs, corrected for the number
of inter-modality deformations in one circle (division with /2),
characterize the registration precision. All unique combinations
of a midP-CT and two midP-MRI scans for each patient were ana-
lyzed, leading to a total of 12 circles (Supplements, Table S2).
The residual vectors per voxel within the clinical liver and body
contour were evaluated, with smaller residuals indicating better
registration results.

To investigate the impact of registration error on CT-numbers,
the corrected residual DVFs were applied to the midP-CT scans.
Then, the difference between the original and distorted midP-CT
was calculated and evaluated within the body contour and the
liver.

Daily MRI to MRI registration

To validate the 4D rigid registration method between the daily
4D-MRI and the simulation midP-MRI, an adapted version of the
full circle was applied [33] (Fig. 2C). Twelve unique circles (Supple-
ments, Table 2S) of three image pairs each (a 4D-MRI and the cor-
responding midP-MRI) were created and the phases of 4D-MRI,
were rigidly registered to midP-MRIg, 4D-MRIg to midP-MRIc and
4D-MRI¢ back to midP-MRI,. To validate the daily 3D rigid registra-
tion method, midP-MRIs were rigidly registered in a circle (Fig. 2C).

The 3D deformable method was validated with circular deform-
able registrations between three midP-MRI scans. Because in
ADMIRE the concatenation of the forward and inverse registrations
are constrained to zero, clockwise and counterclockwise circles
provided identical results. Therefore, only six unique circles of
three midP-MRI scans could be created (Supplements, Table 2S).
Residuals were corrected for the number of intra-modality regis-
trations (,/3) and analyzed within the body contour and the liver.
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Results

Volunteer and patient midP-MRIs were reconstructed from the
4D-MRI scans (Figs. 3 and 4). The total computation time of 10
DVFs of 25-50 slices per respiratory phase in ADMIRE was approx-
imately 30-40s. Volunteer median (interquartile range) respira-
tory period derived from the self-sorting signal and peak-to-peak
CC diaphragm amplitude derived from the 4D-MRI scans were
4.5 (4.0-5.2) s and 7 (5-12) mm. Patient respiratory period and
tumor motion in CC were 4.0 (3.7-5.7) s and 8 (5-10) mm.

In general, by combining the information of all 10 respiratory
phases in the midP-generation, 4D-MRI artefacts were reduced
and tumor visibility was improved (Figs. 3 and 4). Fig. 4 shows that
sorting artefacts were mitigated in the midP-MRI scans compared
to the inhale and exhale phases of the 4D-MRI scans. This is espe-
cially visible in the sagittal and coronal planes of patient C, where
sorting artifacts were clearly present at the top of the non-smooth
diaphragm in the inhale phase. Liver lesions were visible in all
patient midP-MRI scans (Fig. 4). The small 7 mm lesion in patient
C was not visible in all respiratory phases of the 4D-MRI (Fig. 4C,
inhale, axial), but could be detected in the midP-MRI (Fig. 4C, midP,
axial).

The amount of missing data in the 4D-MRI reconstructions
increased with decreasing number of dynamics as expected
(Fig. 5A). However, this did not deteriorate the performance of
the deformable registration in the midP generation (Fig. 5B). The
DDM was stable over the number of dynamics, with an average
median (interquartile range) of 0.9 (0.4-1.8) mm within the body
contour and 1.5 (0.9-2.7) mm within the liver. The right panel in
Fig. 3 shows that larger DDM values (>3 mm) were found in areas
that are affected by cardiac or gastrointestinal motion such as the
heart, stomach and bowel.

Stable image quality of the midP-MRI was shown, even for
highly under-sampled 4D-MRI. The RMSD in the liver was largest
for 10 dynamics with a median (interquartile range) of 5.2 (4.8-
6.6) % over all volunteers (Fig. 5C). The RMSD of the vessels in
the liver increased to a maximum of 11.6 (9.8-13.5) % for 10
dynamics with respect to 60 dynamics. The SSIM between

10 dynamics

midP DDM

‘. :
f ” y
ANy |

(mm)
3

Fig. 3. Sagittal (Sag), coronal (Cor) and axial (Ax) representation of a volunteer 4D-MRI inhale and exhale phase and reconstructed midP-MRI, with green-purple overlay of
images generated from 10 and 60 dynamics. More green-purple is present in the inhale and exhale images, compared to the midP images. This means there are larger
differences between 10 and 60 dynamics based individual 4D-MRI phases compared to the midP. On the left plane, a 10 dynamics inhale phase with corresponding DDM

values is shown.
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Fig. 4. Sagittal (Sag), coronal (Cor) and axial (Ax) representation of three patients through the center of the (largest) lesion. Left: The inhale and exhale phase of a 4D-MRI and
reconstructed midP-MRI scans are presented. The visible tumor area is indicated with a red arrow. Right: A green-purple overlay of the original and distorted CT scan
resulting from the inter-modality full circle deformable registration validation, which show minimal differences. The GTV (red), liver (orange) and external (blue) contours are
shown on the CT. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

midP-MRIp (D = 50,40,30,20,10) and midP-MRIgg decreased with
decreasing number of dynamics (Fig. 5D). However, all SSIM val-
ues were high; even for 10 dynamics the median over all volun-
teers was 0.98 (0.97-0.98) in the liver and 0.97 (0.96-0.98)
inside the body contour. The green-purple overlay in Fig. 3
shows larger differences due to under-sampling between 4D-
MRI;p and gold standard 4D-MRIlgy, compared to midP-MRI;q
and midP-MRIgg.

Results of the inter-modality deformable registration full circle
method are shown in Table 1A. The registration error had minimal
impact on the CT number, with a 5-95th percentile of —62 to 65
HU within the body contour and —31 to 36 HU in the liver. This
is also shown in the right panel of Fig. 4 by the minimal differences
between the original and distorted CT.

The results of the daily 4D and 3D rigid, and 3D deformable full
circle method are shown in Table 1B and C. The rigid methods had
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(D =50,40,30,20,10) with respect to midP-MRIgo. Median, 25th and 75th percentiles (whiskers) over all voxels in body and liver contour of 10 volunteers are shown.

Table 1
Full circle registration results. Median (interquartile range) of residual errors over all
evaluated circles.

(A) Deformable midP-CT to midP-MRI registration and impact on CT number

In body contour

In liver contour

LR (mm) 0.0 (-0.5 - 0.5) 0.0 (-0.6 - 0.6)
cC (mm) 0.0(-1.0 - 1.0) 0.0(-1.0-1.0)
AP (mm) 0.1 (-04 - 0.6) 0.3 (-03-1.0)
3D vector length (mm) 1.6 (1.0 - 2.7) 1.8(1.2-2.38)
CT number (HU) 0(-11-12) 0(-8-9)
(B) 4D and 3D rigid daily MRI-MRI registration

4D method 3D method
LR (mm) 0.2 (-0.1-0.3) 0.1(-0.2-0.3)
cC (mm) 0.8 (0.4 - 1.1) 0.2 (-0.0 - 0.4)
AP (mm) -0.4 (-0.6 - -0.2) —0.3 (-0.5 - 0.4)
3D vector length (mm) 0.9 (0.7 - 1.2) 0.7 (0.5 - 1.0)

(C) 3D deformable daily MRI-MRI registration

In body contour In liver contour

LR (mm) 0.0 (-0.2 to 0.2) 0.0 (—0.2 to 0.2)
CC (mm) 0.0 (0.4 to 0.4) 0.0 (—0.3 to 0.6)
AP (mm) 0.0 (—0.2 to 0.2) 0.0 (-0.3 to 0.2)
3D vector length (mm) 0.7 (0.3 to 1.6) 0.7 (0.3 to 1.7)

comparable precision with submillimeter median vector lengths,
dominated by the error in CC direction. The median residuals of
the deformable method were submillimeter in the liver as well
as the body contour. As for patient A more 4D-MRI scans were
available, the full circle method for patient A contained more cir-
cles than for patients B and C (Supplements, Table S2). Therefore,
we performed the full circle analyses again with three 4D-MRIs
for each patient (excluding the fourth 4D-MRI of patient A). This
had negligible impact on the full circle method results.

Discussion

We proposed an MRI-guided mid-position workflow for liver
radiotherapy on an MR-linac and validated all necessary image
processing and registration steps. This approach has the potential
to eliminate the need for the time-consuming and invasive marker
implantation of conventional image-guided liver SBRT. The pro-
posed workflow has been shown to be feasible and accurate.

The midP-MRI generation presented in this paper was inspired
by the original midP-CT method by Wolthaus et al. [13]. The orig-
inal method was adapted to account for missing slices due to
under-sampling of the 4D-MRI data. Missing data were excluded
from the final midP-MRI such that the missing information in
one phase could be substituted with complementary information
from any of the other respiratory phases. This resulted in stable
image quality of the midP-MRI regardless of the number of dynam-
ics. Even for high under-sampling with the acquisition of only 10
dynamics, the median RMSD in the liver was 5.2% and the SSIM
0.98 relative to the gold standard of 60 dynamics. The average
SSIM for individual 10 dynamics 4D-MRI phases compared to 60
dynamics found by van de Lindt et al. [20] was lower (~0.86). This
corresponds with our visual perception of the images (Fig. 3),
which show that the differences between 4D-MRI phases based
on 10 or 60 dynamics are larger than the differences in the corre-
sponding midP-MRI scans. The deformable registration precision in
the midP-MRI generation was also stable over the number of
dynamics with average median DDM values of 0.9 mm and
1.5 mm within the body and liver contour, respectively. This is in
the same order of magnitude as the average registration error in
the liver midP-CT generation of mean(+SD) 1.8(+0.5) mm found
by Kruis et al. [14].

To register the planning midP-CT with the simulation midP-MRI
for treatment planning, inter-modality deformable registration is
required. This was validated using the full circle method [32], with
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a median midP-CT to midP-MRI registration precision of 1.6 mm in
the body contour and 1.8 mm in the liver. This is an upper limit of
the registration error, since the full circle includes the intra-
modality midP-MRI registration error which was not corrected
for. In 2010, a multi-institution study of three MRI to CT deform-
able registration algorithms was performed [34]. Average absolute
errors reported were in the same order of magnitude: 1.1-2.6 mm
(LR), 2.0-5.0 mm (AP), and 2.2-2.6 mm (CC). The ADMIRE algo-
rithm for intra-patient deformable MRI registrations has previ-
ously been investigated [35] using the scale-invariant feature
transform (SIFT), reporting average random errors between 1.5
and 1.8 mm. The inter-modality registration error had minimal
impact on the CT numbers, hinting at a minimal impact on dose
calculations.

The 4D and 3D registration of the daily 4D-MRI and simulation
midP-MRI, acquired for the purpose of daily plan adaptation, were
evaluated using the full circle method. This resulted in comparable
submillimeter registration precision, which can be accounted for in
the treatment margin [36]. The rigid registration in the 4D method
is fast (order of seconds), compared to the additional deformable
registrations in the 3D method (30-40s). However, manually
checking and possibly adjusting the ten rigid registrations may also
be time-consuming. We showed that the midP-MRI provides better
image quality than the individual 4D-MRI phases and mitigates the
4D-MRI artifacts, which makes the subsequent registration easier.
In patient C (Fig. 4C), the smallest lesion was not visible in all res-
piratory phases but it could be detected in the midP-MRI. The
midP-MRI, being a single 3D image, is potentially easier to inte-
grate into the daily plan adaptation workflow. The resulting 4D
and 3D rigid shift-vectors can be used in an adapt-to-position
workflow [28]. This method is based on a rigid tumor shift and
does not take into account anatomical changes of the tumor or
OARs. The 3D deformable method can facilitate an adapt-to-
shape workflow [28], which accounts for contour deformations.
For the latter, it is important that the accuracy of the contour prop-
agation of the tumor and OARs are further investigated, especially
since the DDM analysis of the MRI to MRI registration showed lar-
ger errors (>3 mm) in areas such as the heart, stomach and bowel,
probably due to cardiac and gastrointestinal motion and resulting
motion artifacts in the 4D-MRI scan. The bowel may also contain
(dis)appearing air cavities, which presents a challenge for deform-
able registration. A daily adaptation based on deformable registra-
tion requires a relatively large FOV covering all relevant OARs, at
the cost of acquisition time.

The registration and image quality metrics used in this study
have some limitations. The SSIM and RMSD are global metrics
which can be dominated by the homogenous tissue in the liver
and slightly underestimate the error in other structures such as
the vessels and the tumor. Therefore, the RMSD was additionally
analyzed on only the vessel structure in the liver. However, this
introduces the risk of overestimation of the actual error due to
the large impact of small geometrical displacements. The DDM
was based on the variability in the distance between correspond-
ing voxels from different images which are co-registered to the
same voxel in a reference image. In principle, low values indicate
accurate registration and high values a poor registration. However,
the metric is susceptible to systematic failure due to the lack of a
ground truth [30]. In the full circle method, where three registra-
tions are concatenated in a circle, there is also a possibility that
errors cancel each other out. Due to the limited patient data avail-
able, the unique circles were grouped and assumed to be
independent.

The midP strategy was demonstrated in combination with the
axial self-sorting 4D-MRI method [20], but can in principle be used
in combination with any 4D-MRI technique. When used in combi-
nation with amplitude-binned 4D-MRI [21], the non-uniformity in

the time spend per bin needs to be accounted for in the midP gen-
eration by applying a weighted median [18]. Voxels that were
dominated by initially interpolated missing data, were not taken
into account when calculating the median from the 10 deformed
midP images to create the final high resolution midP-MRI. The
threshold for exclusion can be set to the user’s preference, for
example if the threshold of 0.5 results in voxels in the midP with-
out information. There is a well-known trade-off in MRI of the
image acquisition time and spatial resolution. Mapping the midP-
MRI to a finer grid, enables the user to acquire the 4D-MRI with
a larger voxel size to speed up the 4D-MRI acquisition. This is espe-
cially relevant for daily 4D-MRI, to minimize the overall treatment
time slots.

As described in literature, the time-averaged tumor position can
change over time [5,16,17]. However, the proposed midP workflow
does not compensate for these intra-fraction position changes. In
the future, the midP strategy on the MR-linac can be extended with
tumor trailing in which the shape of the beam aperture is adapted
according to slow baseline drifts of the tumor [37]. The next step
before implementation of MRI-guided mid-position treatments in
our clinic is to validate the geometric and dosimetric accuracy of
the method using phantom measurements on the Unity MR-linac.
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