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Background and purpose: In MR-guided SBRT of pancreatic cancer, intrafraction motion is typically mon-
itored with (interleaved) 2D cine MRI. However, tumor surroundings are often not fully captured in these
images, and motion might be distorted by through-plane movement. In this study, the feasibility of
highly accelerated 3D cine MRI to reconstruct the delivered dose during MR-guided SBRT was assessed.
Materials and methods: A 3D cine MRI sequence was developed for fast, time-resolved 4D imaging, fea-
turing a low spatial resolution that allows for rapid volumetric imaging at 430 ms. The 3D cines were
acquired during the entire beam-on time of 23 fractions of online adaptive MR-guided SBRT for pancre-
atic tumors on a 1.5 T MR-Linac. A 3D deformation vector field (DVF) was extracted for every cine
dynamic using deformable image registration. Next, these DVFs were used to warp the partial dose deliv-
ered in the time interval between consecutive cine acquisitions. The warped dose plans were summed to
obtain a total delivered dose. The delivered dose was also calculated under various motion correction
strategies. Key DVH parameters of the GTV, duodenum, small bowel and stomach were extracted from
the delivered dose and compared to the planned dose. The uncertainty of the calculated DVFs was deter-
mined with the inverse consistency error (ICE) in the high-dose regions.
Results: The mean (SD) relative (ratio delivered/planned) Dggy of the GTV was 0.94 (0.06), and the mean
(SD) relative Dg 5. of the duodenum, small bowel, and stomach were respectively 0.98 (0.04), 1.00 (0.07),
and 0.98 (0.06). In the fractions with the lowest delivered tumor coverage, it was found that significant
lateral drifts had occurred. The DVFs used for dose warping had a low uncertainty with a mean (SD) ICE of
0.65 (0.07) mm.
Conclusion: We employed a fast, real-time 3D cine MRI sequence for dose reconstruction in the upper
abdomen, and demonstrated that accurate DVFs, acquired directly from these images, can be used for
dose warping. The reconstructed delivered dose showed only a modest degradation of tumor coverage,
mostly attainable to baseline drifts. This emphasizes the need for motion monitoring and development
of intrafraction treatment adaptation solutions, such as baseline drift corrections.
© 2023 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 182 (2023) 109506 This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Stereotactic body radiotherapy (SBRT) has been established as a
feasible therapy for unresectable tumors in and around the pan-
creas [1-6]. MR-guided radiotherapy [7,8] has enabled effective
SBRT for this tumor site, with safe delivery of high irradiation doses
in hypofractionated regimens, because of its excellent online imag-
ing capabilities compared to its conventional, CT-guided counter-
parts [9].

MR-guided radiotherapy also enables simultaneous imaging
during treatment delivery, for e.g. intrafraction motion monitoring
and retrospective treatment evaluation. This feature is especially

* Corresponding author at: Department of Radiation Oncology, University
Medical Center Utrecht, Heidelberglaan 100, 3584CX Utrecht, the Netherlands.
E-mail address: g.grimbergen@umcutrecht.nl (G. Grimbergen).

https://doi.org/10.1016/j.radonc.2023.109506
0167-8140/© 2023 The Author(s). Published by Elsevier B.V.

important for SBRT in the upper abdomen, because of the proxim-
ity of these tumors to highly radiosensitive organs at risk (OARs)
and potentially large motion amplitudes. Mitigating respiratory
motion with passive motion management, like abdominal com-
pression, is a well-established method in the upper abdomen
[10-16], but residual motion and small drifts can still have a signif-
icant dosimetric impact on target coverage and OAR dose [17-20].

Online motion monitoring in the upper abdomen is challenging
due to the limitations of contemporary MRI techniques. In order to
capture detrimental breathing irregularities and tumor drifts,
imaging ideally needs to be conducted in a time-resolved fashion,
at a frequency fast enough to capture respiratory motion. In cur-
rent practice, this is mainly achieved with 2D cine MRI, which
was employed in a previous study to perform delivered dose
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Dose reconstruction for pancreas MRgRT with 3D cine MRI

reconstruction in the upper abdomen [20]. However, this tech-
nique suffers from limited field-of-view (FOV), being unable to
capture tissue motion outside the 2D plane(s), and is unsuitable
for assessing out-of-plane motion. Attempts to design time-
resolved volumetric acquisitions were often focused on recon-
structing 3D motion from 2D cine MRI [21-26]. However, high-
frequency, time-resolved 4D MRI is also possible through direct
acquisition when reducing the spatial resolution of the acquired
images [27]. This technique results in a lower visual image quality,
but modern deformable image registration algorithms can still
extract accurate 3D motion information at large voxel sizes
[28,29]. Moreover, assuming that the motion fields vary slowly in
the spatial domain, they can be upsampled and interpolated to dif-
ferent coordinate grids with higher resolutions. This way, low-
resolution, real-time 3D cine MRI becomes a potential technique
for dose reconstruction in the upper abdomen.

In this study, we aimed to investigate the use of highly acceler-
ated 3D cine MRI for reconstruction of the delivered dose during
MR-guided SBRT of pancreatic tumors, and analyze the volumetric
motion patterns extracted from these 3D cine MRIs. In addition,
the delivered dose was calculated under various simulated motion
correction strategies.

Materials & methods

Patient and treatment overview

Five patients were included that underwent online adaptive
MR-guided SBRT for upper abdominal malignancies between
August and September 2022. Patients provided informed consent
through the prospective Multi-OutcoMe EvaluatioN of radiation
Therapy  Using the  MR-linac (MOMENTUM)  study
(NCT04075305). Patient characteristics are given in Table 1.

The patients were treated with a 5x8 Gy SBRT regimen on the
Elekta Unity (Elekta AB, Stockholm, Sweden) magnetic resonance
linear accelerator (MR-Linac), a 7 MV flatting filter free (FFF) linear
accelerator combined with a 1.5 T wide bore MRI scanner. Treat-
ment was conducted in an online adaptive fashion [30], in which
the treatment plan was adapted to a 3D To,w MRI sequence
acquired at the start of each fraction. Intrafraction tumor motion
was mitigated by compression with an abdominal corset [11,16].
The treatment protocol did not include bowel preparation. An iso-
tropic planning target volume (PTV) margin of 3 mm was used, and
treatment was delivered with a 9-14 beam step-and-shoot
intensity-modulated radiotherapy (IMRT) technique. Our institu-
tional planning objectives and constraints are given in supplemen-
tary Table S1.

Imaging overview

A 3D cine MRI sequence was developed for fast, time-resolved
4D imaging. The sequence is an RF-spoiled, T;-weighted, gradient
echo scan with a low resolution of 5 x 5 x 6 mm® voxel size.
The low resolution allows for high-speed volumetric imaging at
2.3 Hz (430 ms per volume) when combined with acceleration
strategies such as compressed SENSE [31,32], partial Fourier, and

Table 1
Patient characteristics.

a large echo train length. The water-fat shift was manually set to
a maximum of 0.5 mm, to ensure geometrically accurate images.
The sequence was tuned using the standard parameters available
in the clinical environment of the MR-Linac, such that this
sequence can be readily implemented on similar systems. The 3D
cine MRIs were acquired during the entire beam-on time of each
fraction. A detailed overview of the sequence parameters is given
in Table 2.

Dose reconstruction

The reconstruction of the delivered dose was conducted in a
time-resolved fashion, where the total dose plan was split into par-
tial doses for every cine dynamic. This way, the motion measured
in a cine dynamic was only applied to the dose that was delivered
during that particular dynamic’s acquisition time. This was done
by using the machine log files of the linac, which log the current
state of the linac (gantry angle, dose rate, and multi-leaf collimator
positions) during treatment delivery every 40 ms. Because the
entries in these log files are timestamped with the current clock
time, they can be segmented into partial logs based on the acqui-
sition times of every cine dynamic. When combined with a
pseudo-CT (bulk electron density assignment of the pre MRI:
bone = 1.117 g/cm?, air = 0.001 g/cm?, all other tissue was assigned
as water = 1.000 g/cm?), a partial dose plan can be calculated with
GPUMCD [33] for every cine dynamic. Motion was extracted from
the 3D cine MRIs as deformation vector fields (DVFs) using EVolu-
tion [34] (o = 0.35, patch size =5 x 5 x 5). The cine dynamics were
internally registered; therefore, the DVFs relate the motion of each
incoming dynamic to a reference state. In order to later apply the
DVFs to the partial dose plans, this reference state needs to corre-
spond to the anatomical state for which the dose plan was created,
assumed to be the time-weighted average position of the internal
anatomy. To create an appropriate reference cine dynamic, a first
registration loop was run in which the first 30 seconds of cine
MRI data was registered to a dynamic in the exhale state. Then,
the average DVF over this period was calculated and used to warp
this exhale dynamic to create a new dynamic, corresponding to the
time-weighted average position. This dynamic was used as the ref-
erence image during the main registration loop.

After every registration of the reference dynamic to an incom-
ing cine dynamic, the resulting 3D DVF was interpolated to the
coordinate grid of the partial dose plans (voxel size:
3 x 3 x 3 mm°®). A cubic interpolation method was used to pre-
serve large motion gradients between stationary and mobile tissue,
for example at the spine interface. After interpolation, the partial
dose plan corresponding to the incoming dynamic was warped
while preserving energy/mass transfer [35], taking the density
changes into account during dose warping. The partial dose plans
were summed with and without warping, resulting in the deliv-
ered and planned dose, respectively. The method for dose recon-
struction is illustrated in Fig. 1. After warping a partial dose plan,
the same DVF was used to warp the GTV contour from the refer-
ence state to the incoming dynamic. This was done to create a
GTV contour that moved along with the anatomy, of which the
center of mass could be tracked to generate a 3D motion trace of

# Age Sex GTV/PTV volume (cm?) Diagnosis Tumor location
1 71 M 23/38 Locally advanced pancreatic carcinoma Head

2 73 F 144/202 Locally advanced pancreatic carcinoma Tail

3 59 M 47/81 Locally recurrent pancreatic carcinoma Tail

4 72 M 2/5 Pancreatic neuroendocrine carcinoma Tail

5 61 M 5/11 Pancreatic oligometastasis of renal cell carcinoma Head
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Table 2
3D cine MRI sequence parameters.

Value

RF-spoiled Fast Field Echo

Parameter

Scanning technique

FOV (mm?) 400 x 400 x 180
Acquisition/reconstruction voxel size (mm?) 5x5x6

TE/TR (ms) 1.1/2.2

FA (%) 10

Compressed SENSE factor 4

Partial Fourier factor 0.7 (x-y), 0.7 (y-z)
Echo train length 185

Readout bandwidth (Hz/pixel) 2170

Scan type per dynamic (s) 0.430

the tumor. This motion trace was characterized by its respiratory
motion amplitude and maximum drift in the same manner as in
our previous studies [16,20]. The respiratory amplitude was calcu-
lated by high-pass filtering the motion trace and calculating the
peak-to-peak distance, and the drift magnitude was calculated by
low-pass filtering and extracting the maximum absolute value of
the drift motion. The overall respiratory amplitude and drift were
calculated as the 2-norm of their values in the three cardinal direc-
tions: cranio-caudal (CC), anterior-posterior (AP), and left-right
(LR).

Motion correction simulation

The above method for dose reconstruction and GTV motion
monitoring was also used to simulate various intrafraction motion
correction strategies, and calculate their subsequent impact on the
delivered dose in terms of tumor coverage.

Three strategies were simulated, using the measured GTV
motion trace to apply a beam isocenter shift as a 3D offset to the
DVFs before warping the dose. The first strategy was a thresholded
baseline shift, where the beam isocenter is set to the moving aver-
age tumor position over the last 30 seconds, when this average
position exceeds a certain distance threshold from the previous
isocenter. Smaller thresholds will lead to better conformity but
might require corrections at an unfeasibly high frequency, as each
correction would realistically require a minimum processing time.
Therefore, six different thresholds were investigated: 0.5, 1.0, 1.5,

3D cine MRI DIR DVFs
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2.0, 2.5 and 3.0 mm. The second strategy was tumor trailing [36],
where the isocenter is continuously updated with the average
tumor position. Trailing can be regarded as a thresholded baseline
shift with a threshold of 0 mm. The third strategy was tumor track-
ing, where the applied offset is continuously updated with the
actual tumor position.

Evaluation

For delivered dose evaluation, key DVH parameters of the GTV
and neighboring OARs (duodenum, small bowel, stomach) were
extracted and compared to their respective values of the planned
dose, expressed as the ratio between the delivered dose over the
planned dose. For the gross tumor volume (GTV), the Dggy was
evaluated, and for the OARs the Dg 5.

When performing 3D deformable image registration to warp
dose maps, it is important to ensure that the obtained motion is
realistic up to a dosimetrically relevant level. This is a notoriously
complicated problem in the absence of a ground truth. We there-
fore employed the inverse consistency error (ICE) as a metric to
evaluate the quality of the obtained DVFs [37,38], which can also
be applied to low-resolution DVF evaluation [27]. Moreover, this
inverse consistency is a commonly used evaluation metric in dose
warping studies, as it measures spatial uncertainty of the warped
dose on a voxel-by-voxel basis [39-42]. A DVF is known to be
inverse consistent when a voxel at reference location 7, mapped
to location 7, with DVFy,_,,, ends up back at T o when the inverse
DVF,_,, is applied to 7. If instead it is mapped at a different loca-
tion Ty, the ICE is equal to |7y — T, (see Fig. 2).

The ICE was calculated for the first two minutes of 3D cine MRI
data of every fraction, and evaluated in only the dosimetrically rel-
evant area where voxel values in the planned dose were above
20 Gy (scaled to the complete 40 Gy treatment regimen).

Results

All five patients received complete treatment of five fractions.
However, in one fraction the 3D cine acquisition was started too
late after beam-on, and in another fraction, the linac log file was

Dose
warping

Warped dose plans
= Accumulated

dose

Dose
calc.

g

Linac log Partial dose plans

Fig. 1. The method pipeline. 3D cines are acquired every 430 ms during beam-on, and for each dynamic the current state of the linac is saved and reconstructed into a partial
dose plan. Deformable image registration (DIR) is performed on the cine frames, and the resulting deformation vector field (DVF) is used to warp the corresponding partial

dose plan. The warped doses are then summed to obtain the delivered dose.
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Fig. 2. Schematic representation of the inverse consistency error (ICE). After
registering reference image I, to incoming image I,, the resulting DVF maps voxel 7o
tor;. The inverse DVF, obtained by registering I; to Iy, maps 7, back to E; If
inaccuracies in the registration occur, this location might differ from the jtarting
position. The ICE is defined as the length of the difference vector between ry andr,.
Note that 7/ often does not fall exactly on the image grid, so the inverse DVF needs
to be interpolated to obtain the backward vector at that location.

missing. Therefore, the data from these fractions was disregarded,
and a total of 23 fractions was included in the final analysis.

A 3D cine MRI acquisition demo is given in supplementary
video 1 (top row), along with the corresponding motion-
compensated dynamics (bottom row). In the latter, the 3D deform-
able image registration quality can be assessed by the level of
residual motion present in the images. Please note that this video
is not a real-time representation but sped up for visual purposes
to ten dynamics per second, covering 64 seconds of actual cine
MRI acquisition. Quantitatively, a high inverse consistency was
achieved in the high-dose region, with a mean (SD) ICE of 0.65
(0.07) mm over all fractions. An example of an ICE map is given
in supplementary Fig. S1. Upon closer inspection of the obtained
motion fields, the motion gradient at the spinal interface turned
out less steep than initially inspected, so the cubic interpolation
method did not result in different motion fields than with linear
interpolation (supplementary Fig. S2).

The relative (ratio delivered/planned) DVH parameters of the
GTV, duodenum, small bowel, and stomach are presented in
Fig. 3, with respect to the measured GTV respiratory amplitude
and drift magnitude. The mean (SD) relative Dggy of the GTV was
0.94 (0.06), and the mean (SD) relative Dgs. of the duodenum,
small bowel, and stomach were respectively 0.98 (0.04), 1.00
(0.07), and 0.98 (0.06). Upon closer inspection of the fractions
where the largest decline in tumor coverage was measured, it
was observed that significant lateral drifts had occurred during
these fractions. An example is given in supplementary video 2,
where the 3D cine MRI and GTV motion trace can be seen of a frac-
tion where the delivered GTV Dggy, was 88 % of the planned Dggy.
The video, played in real-time, features a bulk shift about two-
thirds into the treatment as the patient repositioned themselves

GTV relative D
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6.5 millimeters to their right. One minute and 40 seconds later,
the patient shifted back to roughly the baseline position. Another
example is the fraction with the lowest relative GTV Dggy, Which
was 76 % of the planned Dggy. The GTV motion trace is given in sup-
plementary Fig. S3. In this fraction, the lateral drift was smaller
than in the previous example, but it occurred relatively early into
treatment and sustained for almost the entire beam-on time. It
had, therefore, a larger detrimental effect on tumor coverage. This
same fraction also featured the largest relative OAR dose increase
of 122 % in small bowel Dg 5.

In the motion correction simulations, it was found that thresh-
olded baseline shifts already greatly mitigate the dosimetric effects
of all the intrafraction motion during the beam-on time, similar to
the continuous trailing strategy (Fig. 4). Tracking strategies further
improved the congruence between planned and delivered dose.
However, the effects of tracking the respiratory motion turned
out to be limited for this cohort. For the different threshold values,
the average number of corrections per fraction was: 47 for 0.5 mm,
16 for 1.0 mm, 7 for 1.5 mm, 4 for 2.0 mm, 2 for 2.5 mm and 1 for
3.0 mm. Further improvement in target coverage was limited when
using lower thresholds or continuous trailing.

Discussion

We have employed a fast, real-time 3D cine MRI sequence for
delivered dose reconstruction, using deformable image registration
to obtain highly accelerated volumetric motion information
directly from the acquired images. In this study, we have demon-
strated that these motion fields can be used for dose warping to
reconstruct the delivered dose for MR-guided SBRT of upper
abdominal tumors.

In its current retrospective setting, we believe that the most
useful clinical application of the end-to-end dose reconstruction
method would be as a QA tool for offline treatment evaluation,
after a fraction has been delivered. Should the delivered dose show
that unfavorable deviations have occurred in tumor coverage or
OAR dose, the treatment strategy of the upcoming fractions might
be adapted to “repair” tumor cold spots and/or mitigate OAR hot
spots.

The results from the delivered dose reconstructions showed in
most fractions modest dosimetric degradations caused by
intrafraction motion. However, in some fractions tumor coverage
was clearly impacted by intrafraction drifts during bream-on time.
With an average beam-on time of 8 + minutes, there is a realistic
probability of these small drifts occurring. The OARs were less
impacted by intrafraction motion than the tumor coverage. The
largest relative OAR dose increase of 122 % in small bowel Dgscc
turned out to be a negligible absolute increase from 11.8 Gy to
14.3 Gy (scaled to the complete 40 Gy treatment regimen). In only
two fractions, the delivered dose violated the OAR dose constraints,
and in both these cases this violation was already present in the

Stomach relative D
0.5cc
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Fig. 3. The relative (ratio delivered/planned) DVH parameters in the GTV and OARs of the measured intrafraction motion. Each point represents a fraction, accumulated with
the motion measured during that fraction, and characterized by the magnitudes of the respiratory amplitude (x-axis value) and drift of that fraction (point color scale).
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Fig. 4. The simulated effect of tracking, trailing and thresholded baseline shifts on the delivered GTV Dggy, for the fractions in this study. The whiskers of the boxplot extend to
the minimum and maximum of the values not considered outliers (values further than 1.5 times the interquartile range from the box). The outliers are indicated by the red

plus signs.

planned dose. One fraction had a violated stomach constraint in
the planned dose, but this was as such mitigated by intrafraction
motion that the Dgs. fell below the constraint in the delivered
dose. For further clarification, we have included all absolute OAR
Do scc values in supplementary Table S2.

The simulations demonstrated that the largest degradations in
tumor coverage could be sufficiently improved with systematic
monitoring of the target in combination with a correction strategy.
Since thresholded baseline shifts require a substantially lower
number of intrafraction corrections than continuous trailing or
tracking, this strategy might be the most accessible candidate for
a clinical solution to mitigate detrimental drifts. The chosen
threshold value will depend on how long a correction would take
to process and execute in practice. Based on the number of correc-
tions that were applied in the simulations, and assuming a maxi-
mum correction frequency of once per minute, a threshold of
1.5 mm (resulting in seven intrafraction corrections on average)
would have been the recommended value for this cohort.

The 3D cine MRI sequence was developed as plug-and-play,
using acquisition and reconstruction options available in the stan-
dard clinical environment of the 1.5 T MR-Linac. Therefore, it also
has the potential as a motion monitoring tool comparable to the 2D
cine sequences used for gating/tracking on MR-Linac systems.
However, mainly due to the high compressed SENSE factor, the
reconstruction time (approximately-one second per dynamic) is
currently too long for online applications. Nonetheless, with future
(GPU-based) acceleration of reconstruction, we believe that time-
resolved volumetric sequences will become a feasible method for
real-time online motion monitoring, overcoming the limitations
of 2D acquisitions. Furthermore, with the particular low-
resolution sequence employed in this study, the reduced data size
also means that images can be streamed and processed with min-
imal latency.

A critical workflow component in 3D dose warping is the QA of
the obtained motion fields. Because of the low resolution of the 3D
cine MRIs much detail is lost, which may introduce additional
uncertainty in the DVFs. However, we believe that the motion of
upper abdominal tumors and the immediate surroundings in the
high dose area (such as abutting OARs), are predominantly charac-
terized by rigid transformations, especially when restricted by
abdominal compression. This holds both for the respiratory motion
and for bulk shifts. Because of their geometric simplicity, these
rigid displacements can typically be easily captured by DIR algo-
rithms. There might still be a deformable component present
which may be harder to accurately extract under low resolutions,
for example the digestive motion of surrounding bowel structures.
Bowel motion can be quite subtle and might require imaging with

e.g. higher contrast, higher resolution or oral contrast agents [43-
46]. However, this motion in the immediate vicinity of the tumor,
as well as the deformable motion component of the tumor itself is
much smaller than the rigid component, often periodic and there-
fore might be less dosimetrically relevant.

While this study only employed a single DVF uncertainty metric
and lacks a ground truth for true error quantification, the mean ICE
of 0.65 mm in the high-dose region still signifies a low uncertainty
in the obtained motion fields. Moreover, this study was confined to
a relatively simple problem within the context of dose warping
studies; image registration was performed in a highly correlated
set of images and produced spatially smooth, low-resolution 3D
motion fields reflecting only global anatomical motion. Even
though it requires more sophisticated imaging tools, we argue that
intrafraction image registration and dose warping is less error-
prone than interfraction dose accumulation, where motion fields
need to reflect much more dramatic anatomy changes, as struc-
tures are likely to grow, shrink, appear and disappear between con-
secutive images [47]. Nevertheless, uncertainty in the obtained
motion fields will still lead to nontrivial uncertainty in the recon-
structed dose plans. Quantifying the uncertainty in dose accumula-
tion is a known and open problem in the field [48-54], and while
considered beyond the scope of this study, it should be a vital part
of the clinical implementation of any intrafraction dose accumula-
tion method, if clinical decision making is going to be based on the
resulting delivered dose reconstructions.

Conclusion

This study showed that highly accelerated 3D cine MRI during
beam-on can be used for delivered dose reconstruction during
MR-guided SBRT of pancreatic tumors. The low-resolution cine
dynamics can be deformably registered with substantial inverse
consistency. This study’s results show that drifts are the most
detrimental motion components for adequate tumor coverage in
the upper abdomen. However, these errors can be resolved through
simple online correction strategies, such as intrafraction baseline
shift corrections. Moreover, our method would allow day-to-day
treatment evaluation to optimize the treatment strategy of the
upcoming fractions.
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