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Introduction

Imaging-guided radiotherapy (IGRT) has been greatly 
reshaped the conventional radiotherapy (RT) practice and 
improved RT treatment outcomes evidenced by many 
clinical trials (1,2). Among the complicated processes of 
IGRT workflow, patient position verification via imaging is 
a crucial step for the precise treatment delivery, in particular 
for the fractionized RT treatment schemes, because 

there are still considerable subject- and tissue-dependent 
position uncertainties in multiple fractions even with the 
use of immobilization devices, internal and/or external 
fiducials and external positioning laser for alignment (3,4). 
Many modern radiotherapy treatment machines have 
been equipped with on-board imaging units for position 
verification purpose, most of which are X-ray based, such 
as plain or orthogonal X-ray, cone beam computerized 
tomography (CBCT) and megavolts CT (MVCT) (5). 
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These X-ray based on-board imaging units, although 
very useful, are associated with the limitations of ionizing 
radiation, and relatively poor image quality, and sometimes 
long acquisition time (5-9). In recent years, MR-guided 
radiotherapy (MRgRT) has been proposed, developed, and 
is translating into a clinical tool by taking the advantages of 
non-ionizing radiation feature, superior soft tissue contracts 
and functional imaging capability of MRI (10-17). In the 
workflow of MRgRT, MRI-based positional verification is 
anticipated to further reduce the position uncertainty owing 
to its superior soft tissue contrasts and arbitrary image plane 
acquisition (18-21).

MRI-based position verification could be implemented 
in two ways, either on-line or off-line with the treatment 
machine. The on-line MRI position verification can only be 
implemented on the recent introduced hybrid MR-guided 
radiotherapy (MRgRT) modalities, such as MR-LINAC 
(19,22) and MR-Cobalt 60 radiotherapy machine (23), 
where on-board positioning MR images can be obtained in 
a patient on the treatment machine prior to beam-on. In 
comparison, the off-line MRI position verification acquires 
the MR images of a patient with the identical treatment 
position on a dedicated MR scanner, called MR-simulator 
(MR-sim), equipped with RT-standard 3D positioning laser 
and compatible with immobilization devices. Immediately 
after the MRI-sim scan, the patient in his/her setup position 
is transferred to the RT treatment machine via a trolley- or 
shuttle-based transfer system in a short time to minimize 
the risk of patient positional change. Meanwhile, the 
acquired MR images are also transferred to the treatment 
machine to be co-registered with the planning images for 
position verification and correction prior to radiation dose 
delivery (18,24).

The requirement for MRI on position verification 
of MRgRT is much different from the use of MRI for 
radiotherapy treatment planning. For treatment planning, 
the major purpose and advantage of MRI is to better define 
the treatment targets as well as the organs-at-risk (OARs) 
by taking the advantage of supreme MRI soft tissue contrast 
over CT (25,26). Therefore, high MR image quality in 
terms of spatial resolution, signal-to-noise ratio (SNR), 
contrast-to-noise ratio (CNR), geometric fidelity and artifact 
is critically demanded, so has to be obtained at the cost of 
long MRI scan time. For MRI position verification, the 
requirements on superior MRI quality is much less critical 
as long as the positional shift calculated by registering the 
positioning MRI to planning image is not much deviated 
from the ground truth. However, on the other hand, fast 

MRI acquisition with a short scan time, either implemented 
on-line or off-line, becomes crucial and highly desirable for 
minimizing the possible positional change and maximizing 
the patient comfort and workflow efficiency.

It is well acknowledged that MR image quality, e.g., 
spatial resolution and image artifact, could considerably 
deteriorate with shorter scan time. As such, a critical concern 
on the accuracy and reliability of position verification 
using fast MRI is that compromised imaging quality might 
significantly affect the image co-registration accuracy, and 
thus affect the decision and action on positional correction. 
As such, the major purpose of this pilot study is two-fold. 
We aim to rigorously and quantitatively assess the influence 
of image quality reduction associated with a fast MRI scan 
on the position verification accuracy in the head and neck in 
a simulated fractionized RT setting using a dedicated 1.5 T 
MR-simulator. In addition, we attempt to implement such a 
fast MRI acquisition and evaluate it for MR-based position 
verification, preferably shorter than 90 seconds, on the 1.5 T  
MRI-simulator. 

Methods

A total of 14 healthy volunteers, aged between 24 and  
40 years, were prospectively recruited for this ethics approved 
study. Informed consent was obtained from each subject.

Scan setup and data acquisition

All MR scans were conducted with a 1.5-Tesla MR-
simulator (MAGNETOM Aera, Siemens Healthineers, 
Erlangen, Germany) on which the patient table was overlaid 
with a flat couch-top (Diacor, Salt Lake City, Utah, USA). A 
customized head-and-neck and shoulder thermoplastic mask 
(Orfit Industries, Belgium), and a standard neck rest were 
used for immobilization. This scan position was identical to 
the head and neck RT treatment position in our hospital. 
Permanent lines were drawn on the thermoplastic mask, and 
MRI visible fiducial markers (PinPoint, Beekley Medical, 
USA) were attached at the cross points of the drawn lines. 
Subjects were positioned by aligning the drawn lines on the 
mask with a well-calibrated 3-dimensional positioning laser 
(DORADOnova MR3T, LAP GmbH Laser Applikationen, 
Luneburg, Germany). Two 4-channel surface coils were 
wrapped around the head using two bi-lateral coil holders 
(Orfit Industries, Belgium). An 18-channel flexible body coil 
was anteriorly positioned on the subject. The embedded 
spine coil array underneath the flat couch-top was used to 
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cover the posterior neck and chest for acquisition. All coils 
did not directly touch the patient body. A typical volunteer 
setup that was immobilized and aligned with the positioning 
laser system is illustrated in Figure 1. 

All subjects were each time positioned, aligned and 
underwent a number of scans on the MR-sim to simulate 
the multiple fractions in the HNC RT treatment. 
The subjects No. 1–3 underwent 40, 38 and 32 scans, 
respectively, within 1 month; subjects No. 4–5 underwent 6 
and 7 scans, respectively, within 1 week, and the remaining 
nine subjects No. 6–14 received 4 scans within 1 day, 
yielding a total imaging fractions of 159 in all subjects. All 
MRI scans in each subject included a high quality imaging 
(HQI) protocol with a T1-weighted 3D-SPACE (Sampling 
Perfection with Application optimized Contrasts using 
different flip angle Evolution) sequence accelerated with 
GRAPPA (GeneRalized Auto-calibrating Partially Parallel 
Acquisitions) technique (27). The imaging parameters 
were FOV =470 mm (LR, phase-encoding direction) ×470 
mm (SI, frequency-encoding direction) ×269 mm (AP, 

slice-encoding direction), matrix size =448 (LR) ×448 (SI) 
×256 (AP), isotropic voxel size =1.05×1.05×1.05 mm3; TR/
TE =420/7.2 ms, echo train length (ETL) =40, GRAPPA-
acceleration-factor =3(AP), slice-encoding partial Fourier 
factor =6/8, bandwidth =657 Hz/pixel, acquisition time = 
5 min 1 sec. 

The subjects No. 1–5 underwent a subsequent low-
quality imaging (LQI) acquisition immediately after their 
HQI acquisition in each scan without re-positioning to 
maximize the intra-scan position consistency. This LQI 
acquisition protocol was developed by reducing the spatial-
resolution and applying a very high acceleration factor on 
both phase-encoding and slice-encoding directions in order 
to achieve a scan time shorter than 90 seconds. TR/TE 
were kept the same as the HQI protocol without changing 
the image contrast. The image parameters associated 
with the LQI protocol were FOV =448 mm (LR, phase-
encoding direction) ×448 mm (SI, frequency-encoding 
direction) ×291 mm (AP, slice-encoding direction), matrix 
size = 320 (LR) ×320 (SI) ×208 (AP), isotropic voxel size 

Figure 1 Top: Illustration of a typical volunteer setup that was immobilized and aligned with the positioning laser system; Bottom: One 
representative slice of the acquired high-resolution MR image in the axial, sagittal and coronal plane. 
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= 1.40×1.40×1.40 mm3; TR/TE =420/7.2 ms, ETL =40, 
GRAPPA factor =9 =3(LR) ×3(AP), slice-encoding partial 
Fourier factor =5/8, Bandwidth =657 Hz/pixel, acquisition 
time =86 sec.

For all MRI scans, prescan normalization, a technique 
to compensate receive-B1 field inhomogeneity on Siemens 
MRI platform, and console-integrated 3D geometric 
distortion correction were applied.

Data analysis

All acquired MR data were exported as DICOM images 
and processed off-line using 3D Slicer version 4.5.0 (http://
www.slicer.org) (28). 

The MR images acquired using the HQI protocol in the 
first MRI scan of each subject, named reference-MRI, were 
used as the positioning reference in the high image quality 
planning MRI. The MR images acquired by HQI protocol in 
the following scans, named HQI-MRI, were retrospectively 
further down-sampled in K-space domain by 4-fold 
and then reconstructed using GRAPPA reconstruction 
algorithm in MATLAB (version 2015b, Mathworks, Natick, 
MA, USA) to generate pseudo-LQI-MRI images. The 
major purpose of this pseudo-LQI-MRI image generation 
was to replicate the identical subject positioning to that 
in the HQI MR images but exacerbate the GRAPPA-
related image artifacts to evaluate its influence on image 
registration accuracy compared to the true fast-scan low-
quality MR (true-LQI-MRI) images.

Inter-fractional subject positional variation was quantified 
by rigidly registering different MRI data sets to reference-
MRI using normalized mutual information algorithm. 
Overall positional variation in the head and neck was firstly 
calculated by using the entire image volume for registration. 
After that, sub-regional positional variation was calculated 
by registering individually on the volumes-of-interest 
(VOIs) of brain, nasopharynx (from the base of the skull to 
the upper surface of the soft palate), oropharynx (soft palate 
to the base of the tongue inferiorly) and hypopharynx (the 
epiglottis to the division of the esophagus and larynx). The 
registration transformation matrices were used to calculate 
the translation in left-right (LR), anterior-posterior (AP) 
and superior-inferior (SI) directions and the rotation in roll, 
pitch and yaw directions. Translation to right, anterior and 
superior direction and rotation to the clock-wise direction 
was defined as positive.

The rigid registration of HQI-MRI to reference-MRI 
supposed to have the least registration, so was used as 

the baseline of inter-fractional positional variation. For 
comparison, pseudo-LQI-MRI was also rigidly registered to 
reference-MRI with the identical registration setting. The 
positional shifts of translation and rotation calculated from 
this pseudo-LQI-to-reference registration were pair-wisely 
compared to those from HQI-to-reference registration 
in the overall head and neck and the sub-regions of brain, 
nasopharynx, oropharynx and hypopharynx. 

In addition, in the subjects No. 1–5 on whom the 
true-LQI-MRI was acquired, true-LQI-MRI was rigidly 
registered to reference-MRI. The calculated positional 
shifts from true-LQI-to-reference registration were 
compared with those from HQI-to-reference registration 
for further evaluation.  

Statistical method

The agreement of positional shift calculated from HQI-
to-reference registration and pseudo-LQI-to-reference 
registration were analyzed using Bland-Altman plot. To 
compare the calculated positional shift difference between 
the HQI-to-reference registration and true-LQI-to-
reference registration, only paired student t-test was 
conducted by considering the possible presence of intra-
scan subject positional change. A P value of 0.05 or smaller 
was considered statistically significant. 

The group systematic error (M), SD of systematic error 
(Σ) and root-mean-square (RMS) of random errors (σ) of 
translation and rotation (29) derived from HQI-to-reference 
registration, pseudo-LQI-to-reference registration and true-
LQI-to-reference registration were calculated and compared 
between the overall head and neck and the sub-regions. 

Results

Translational and rotational displacement

The comparison of positional shifts of translation and 
rotation calculated from this pseudo-LQI- and HQI-to-
reference registration in the overall head and neck and 
the sub-regions of brain, nasopharynx, oropharynx and 
hypopharynx was shown in Table 1. Figure 2 showed the 
boxplot of translational and rotational shift of subject 
positioning relative to the reference-MRI calculated 
from HQI- and pseudo-LQI-to-reference registration in 
the overall head and neck, and the sub-regions of brain, 
nasopharynx, oropharynx and hypopharynx. Significant 
differences between HQI- and pseudo-LQI-to-reference 

http://www.slicer.org
http://www.slicer.org
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registration along AP direction for overall head-and-neck 
and all sub-regions (P<0.01), and along SI direction for 
overall and hypopharynx (P<0.01) were observed using 
paired t-test. It is worth noting that the absolute differences 
in these translational displacements were mostly much 
below 1 mm level, although significance was reached in the 
sense of statistics, which would not compromise positioning 
accuracy and precision much in practice even for precise 
radiosurgery purpose. Figure 3 showed the Bland-Altman 
plot between the difference and the average between 
the HQI- and pseudo-LQI-to-reference registration 
of the overall head and neck and the sub-regions. Most 
measurements were distributed within the acceptable limits 
of variation, indicating strong registration consistency 

between pseudo-LQI- n and HQI-to-reference registration. 
Table 2 presented the average displacements and standard 

deviation of translation in LR, SI and AP and rotation in roll, 
pitch and yaw of for the overall and sub-regions calculated 
from HQI- and true-LQI-to-reference registration, 
respectively. Figure 4 showed the box-plot of group’s inter-
methodological translation and rotation of overall and sub-
regions. Significant translation shift differences were only 
observed along SI direction in the overall head and neck and 
oropharynx (P<0.01) using paired t-test.

Systematic and random error

The calculated systematic and random errors are 

Table 1 The average displacements and standard deviation of translation in LR, SI and AP directions and rotation in roll, pitch and yaw directions 
calculated from pseudo-LQI- and HQI-to-reference registration in the overall head and neck and the sub-regions of brain, nasopharynx, 
oropharynx and hypopharynx 

Volumes-of-interest 

3D translation (mm) 3D rotation (°)

LR AP SI Roll Pitch Yaw

HQI p-LQI HQI p-LQI HQI p-LQI HQI p-LQI HQI p-LQI HQI p-LQI

Overall

Mean 0.10 0.09 −0.20 −0.04 −0.08 0.11 0.05 0.03 0.00 0.00 0.24 0.19

SD 0.96 0.97 0.34 0.33 0.75 0.78 0.15 0.15 0.01 0.01 0.59 0.47

Paired t-test to HQI 0.81 0.00 0.00 0.03 0.03 0.04

Brain

Mean 0.26 0.26 −0.20 0.01 −0.15 −0.06 0.04 0.00 0.00 0.00 0.47 0.46

SD 0.89 0.87 0.70 0.67 0.83 0.78 0.43 0.41 0.01 0.01 1.52 1.50

Paired t-test to HQI 0.79 0.00 0.25 0.35 0.23 0.17

Nasopharynx

Mean 0.24 0.26 −0.24 −0.08 −0.16 −0.16 0.05 0.05 0.00 0.00 0.46 0.45

SD 1.19 1.15 0.89 0.87 0.86 0.85 0.54 0.53 0.01 0.01 1.53 1.51

Paired t-test to HQI 0.40 0.00 0.84 0.80 0.31 0.94

Oropharynx

Mean 0.18 0.18 −0.17 0.00 −0.12 −0.08 0.01 −0.03 0.00 0.00 0.40 0.36

SD 1.16 1.11 0.69 0.65 0.75 0.72 0.48 0.45 0.01 0.01 1.43 1.35

Paired t-test to HQI 0.59 0.00 0.07 0.08 0.04 0.35

Hypopharynx

Mean 0.08 0.03 0.02 0.11 −0.29 −0.21 0.21 0.13 0.00 0.00 0.18 0.13

SD 1.03 0.97 0.72 0.69 0.79 0.79 0.28 0.28 0.01 0.01 1.03 0.96

Paired t-test to HQI 0.51 0.02 0.00 0.00 0.89 0.02
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Figure 2 The boxplot of translational and rotational shift of subject positioning relative to the reference-MRI calculated from HQI- and 
pseudo-LQI-to-reference registration in the overall, and the sub-regions of brain, nasopharynx, oropharynx and hypopharynx.

summarized in Table 3. The calculated SD of systematic 
error (Σ) from HQI/pseudo-LQI/true-LQI images for 
overall registration was 1.11/1.14/1.08, 0.28/0.26/0.29, 

0.43/0.44/0.60, and 0.77/0.79/0.74 mm for translation 
in LR, AP, SI and 3D, respectively; The RMS of random 
error (σ) in the corresponding translation direction was 
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Figure 3 The Bland-Altman plot of the agreement of inter-fractional positional shift calculated from HQI- and pseudo-LQI-to-reference 
registration.
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0.97/0.98/0.96, 0.28/0.27/0.26, 0.77/0.77/0.72, and 
0.85/0.87/0.85 mm respectively. All these differences 
were less than 1 mm. For different VOIs, the smallest 
positional error was found in AP translation and pitch 
rotation. Comparing across all VOIs, brain tended to have 
the smallest Σ and σ in 3D for all HQI/pseudo-LQI/true-
LQI registration. Other sub-regions showed different error 
patterns in different directions, and the error results were 
consistent between all calculations regardless of the datasets 
used for registration. 

Discussion

In this pilot study, we prospectively investigated the 

feasibility and accuracy of a highly accelerated MRI in 
the head and neck position verification for MR-guided 
radiotherapy using a 1.5 T MR-sim on a cohort of healthy 
volunteers. The results showed that the image quality 
reduction associated with the highly accelerated fast MRI 
did not necessarily compromise the image registration 
accuracy and thus positional shift calculation, so potentially 
helpful in the MR-based position verification for 
fractionized head and neck RT. 

There are a number of factors should be considered 
in the design of MR-based positional scan. First, MRI 
acquisition based on 3D-sequence is preferable over 
2D-sequence to obtain isotropic voxel size and smaller 
geometric distortion in the imaged volume, in particular 

Table 2 The average displacements and standard deviation of translation in LR, SI and AP directions and rotation in roll, pitch and yaw directions 
calculated from true-LQI- and HQI-to-reference registration in the overall head and neck and the sub-regions of brain, nasopharynx, oropharynx 
and hypopharynx

Volumes-of-interest

3D translation (mm) 3D rotation (°)

LR AP SI Roll Pitch Yaw

HQI t-LQI HQI t-LQI HQI t-LQI HQI t-LQI HQI t-LQI HQI t-LQI

Overall

Mean 0.11 0.13 −0.25 −0.27 −0.20 −0.33 0.06 0.08 0.00 0.00 0.26 0.22

SD 1.03 1.01 0.34 0.32 0.70 0.71 0.16 0.17 0.01 0.01 0.63 0.59

Paired t-test to HQI 0.63 0.13 0.00 0.01 0.19 0.04

Brain

Mean 0.19 0.30 −0.27 −0.22 −0.31 −0.30 0.07 0.03 0.00 0.00 0.43 0.50

SD 0.14 0.92 0.68 0.65 0.75 0.82 0.39 0.42 0.01 0.01 1.52 1.62

Paired t-test to HQI 0.55 0.71 0.13 0.54 0.18 0.45

Nasopharynx

Mean 0.25 0.29 −0.30 −0.29 −0.31 −0.40 0.07 0.06 0.00 0.00 0.49 0.47

SD 1.26 1.26 0.90 0.77 0.82 0.82 0.54 0.48 0.01 0.01 1.64 1.63

Paired t-test to HQI 0.46 0.69 0.03 0.89 0.29 0.62

Oropharynx

Mean 0.19 0.21 −0.20 −0.23 −0.26 −0.39 0.00 0.08 0.00 0.00 0.43 0.37

SD 1.23 1.22 0.71 0.58 0.71 0.69 0.50 0.40 0.01 0.01 1.54 1.47

Paired t-test to HQI 0.76 0.38 0.00 0.02 0.64 0.19

Hypopharynx

Mean 0.10 0.06 0.05 −0.01 −0.46 −0.49 0.23 0.25 0.00 0.00 0.20 0.15

SD 1.09 1.07 0.75 0.64 0.68 0.66 0.27 0.24 0.01 0.01 1.09 1.03

Paired t-test to HQI 0.43 0.15 0.49 0.53 0.01 0.11
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in the through-plane direction (30). Meanwhile, parallel 
acceleration could be more efficiently applied on both 
phase-encoding and slab-encoding directions for scan 

time reduction. Spin-echo sequence is advantageous over 
gradient-echo sequence due to its less proneness to B0 
inhomogeneities, tissue or implant induced susceptibility 

Figure 4 The boxplot of translational and rotational shift of subject positioning relative to the reference-MRI calculated from HQI- and 
true-LQI-to-reference registration in the overall, and the sub-regions of brain, nasopharynx, oropharynx and hypopharynx.
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induced artifacts and geometric distortion. These are 
the major reasons that we selected 3D T1w SPACE for 
positioning MRI acquisition, although some gradient echo 
sequences might be able to obtain shorter scan time. In 
terms of scan time, positioning MRI acquisition should be 
as short as possible to minimize the intra-scan positional 
change. In addition, a scan time shorter than the commonly 
used on-board imaging in IGRT would be advantageous 
to increase the MRgRT workflow efficiency (5). This is 
also the reason that we set the pre-defined aim of 90 s for 
MR-based position verification by referring to other on-
board 3D-CT position verification time. On the other 
hand, the scan time for MRI-based position verification 
should be as long as possible to pursuit better image quality 
in order to facilitate soft-tissue based position verification 
and meanwhile ensure registration accuracy. By taking the 
advantage of superior soft tissue contrast of MRI, position 
verification based on the soft tissue registration, e.g., 
directly tumor registration, rather than the bony structure 
surrogates for registration, should be a unique feature and 
advantage of MRgRT in the precise RT. As such, the soft 
tissue contrast of the MR images for position verification 
could not be much compromised even with a much shorter 
scan time. Finally, within the allowable short scan time, 
the voxel size, i.e., spatial resolution, of the MR images 
for position verification should not be too coarse and 
thus sacrifices image registration accuracy, in particular 
in the presence of the image artifacts associated with the 
acceleration techniques. 

Based on the above consideration, a LQI-MRI protocol 
was developed for position verification based on GRAPPA 
accelerated 3D-T1-SPACE sequence. The scan time was 
84 s, slightly shorter than the pre-defined aim of 90 s, and 
the voxel size was slightly larger, i.e., isotropic 1.4 mm. 
On one hand, the image quality of LQI-MRI inevitably 
deteriorated compared to that of HQI-MRI at the expense 
of the much shorter acquisition. On the other hand, the 
compromised image quality of LQI-MRI was believed still 
better than the commonly used on-board 3D-CT images, 
such as kv CBCT, mv CBCT and MVCT, in particular of 
soft tissue contrasts, to facilitate soft-tissue based overall 
or regional position verification. It is worth noting that an 
even shorter scan time might be achievable for MR-based 
position verification by choosing different sequence, further 
reducing spatial resolution, applying higher acceleration 
factors as well as combining with other advanced fast 
imaging techniques such as compressed sensing (31). 
Further studies and rigorous validations are warranted.T
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We rigorously assessed the influence of image quality 
reduction, in particular of low spatial resolution and 
parallel imaging related artifacts, on the accuracy of 
image registration to high quality planning MRI using 
both retrospectively reconstructed pseudo-LQI-MRI and 
prospectively acquired true-LQI-MRI. As mentioned 
above, the major purpose of this pseudo-LQI-MRI was to 
ensure its identical positioning to that in the HQI-MRI but 
with more pronounced acceleration artifacts. Therefore, the 
positional shift difference calculated from pseudo-LQI-to-
reference registration and HQI-to-reference registration 
could completely avoid the bias and uncertainty introduced 
by the possible intra-scan positional change, and only 
resulted from the image quality reduction itself. Although 
pseudo- and true-LQI-MRI had the same nominal spatial-
resolution, reconstruction algorithm, and acceleration 
factor, their image quality in terms of SNR and artifact 
appearance could still be markedly different. The visual 
assessment indicated that pseudo-LQI-MRI had generally 
poorer image quality and more severe GRAPPA artifact 
than true-LQI-MRI. Therefore, pseudo-LQI-to-reference 
registration might unlikely underestimate the image 
registration error and uncertainty due to the lower spatial 
resolution and acceleration artifacts. No matter pseudo- or 
true-LQI images were used for registration, the calculated 
positional errors were mostly highly consistent, even in 
the possible presence of intra-scan positional change for 
true-LQI images. These results suggested that a highly 
accelerated 3D MRI could be used for head and neck 
positional verification with high workflow efficiency but 
without compromising accuracy.

In our study, rigid registration of sub-regions showed 
that local positional error was often larger than the overall 
positional error, especially in LR and AP directions. As 
such, if position verification and correction were conducted 
based on the global image registration, there might still be 
residual sub-regional positional errors. These observations 
indicate the potential need of sub-regional or target based 
positional verification and correction in MRgRT to further 
increase the positional accuracy.

The implementation of MRI-based position verification 
for off-line and on-line MRgRT can be substantially 
different. For the on-line MRgRT, such as MR-LINAC, the 
derived positional shift from image registration is used to 
shift the treatment plan, in other word, to virtually shift the 
patient since the patient couch on the MR-LINAC is only 
movable along the longitudinal (SI) direction (32). With the 
capability of on-line MRI imaging, the patient positional 

scan could be conducted multiple times before, during 
and after the fractional treatment for different purposes. 
In contrast, the positional-MRI scan should be conducted 
on an MR-sim directly prior to the treatment for the off-
line MRgRT. After that, the patient has to be physically 
transferred in their setup position to the treatment unit 
in the time as short as possible. The patient position 
information obtained by the positional-MRI scan also needs 
to be transferred to the treatment unit for registration with 
the planning images. It has been preliminarily verified 
that the patient position under immobilization would not 
much changed during a short transfer (24). Therefore, 
the on-board X-ray imaging procedure could potentially 
be skipped, if no correction is needed. If a substantial 
positional shift is found via registering positional MRI 
to the planning images, a positional correction will 
be triggered and conducted directly on the treatment 
unit couch in 3 degrees-of-freedom to compensate for 
translational shift or in 6 degrees-of-freedom to compensate 
for both translational and rotational shifts. Without the 
on-line MRI capability, the patient position checking after 
that has to rely on the on-board X-ray imaging modality if 
deemed necessary. 

This study has some limitations. First, this study only 
recruited a small sample size of healthy volunteers, which 
might limit the statistical power of the analysis. More 
importantly, the influence of patient weight loss, tumor 
shrink, and tissue deformations occur during the multi-
fraction treatment on MR-based position verification could 
not be assessed (33-35). Second, the fast MRI scan for 
position verification in this study was achieved mainly by 
high acceleration factor and spatial resolution reduction. 
Alternative MRI-based positional scan protocols could be 
implemented by using different sequences, image contrasts, 
and other acceleration techniques. They could not be 
all included and assessed in a single study so should be 
further investigated. The duration of the positional-MRI 
scan might be further reduced without compromising the 
accuracy of positional shift calculation. Recently, we have 
reduced the positioning MRI scan time of 3D T1w SPACE 
to 53 s and its impact on the positional verification is under 
investigation. Third, this study only involved the MR-
MR image registration with the similar image contrast but 
different spatial resolution. Since planning-CT is still the 
clinical standard for radiotherapy treatment planning and 
X-ray-based on-board imaging is still the mainstream of 
image guidance, multi-modality co-registration of positional-
MRI with other images has to be further studied (36).  
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The residual MRI geometric distortion (30,37,38) even 
after applying geometric distortion correction and its 
influence on position verification, in particular for multi-
modality co-registration, need to be further carefully 
investigated. Future research work is warranted to further 
validate and verify the value of the proposed accelerated 3D 
MRI for both on- and off-line MRI position verification. 
On the newly introduced 1.5 T MR-LINAC, most of the 
current pre-set imaging protocols are based on 3D pulse 
sequences other than T1w SPACE with longer acquisition 
time than the proposed one in this study. They are usually 
not acquired but rather reconstructed in isotropic voxel 
size. The implementation and evaluation of the proposed 
positioning MRI on 1.5 T MR-LINAC is under way. 
For off-line MRI positioning verification, the positional 
variation introduced by the patient transfer procedure is still 
concerned on real patients, although our preliminary study 
indicated that the overall position shift of healthy volunteers 
after transportation measured by rigid registrations were 
very small and acceptable (39). The related study is to be 
conducted in the near future. 
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