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Background and purpose: Magnetic Resonance Imaging (MRI)-only planning workflows offer many advantages but
raises challenges regarding image guidance. The study aimed to assess the viability of MRI to Cone Beam
Computed Tomography (CBCT) based image guidance for MRI-only planning treatment workflows.

Materials and methods: An MRI matching training package was developed. Ten radiation therapists, with a range
of clinical image guidance experience and experience with MRI, completed the training package prior to
matching assessment. The matching assessment was performed on four match regions: prostate gold seed,
prostate soft tissue, rectum/anal canal and gynaecological. Each match region consisted of five patients, with
three CBCTs per patient, resulting in fifteen CBCTs for each match region. The ten radiation therapists performed
the CBCT image matching to CT and to MRI for all regions and recorded the match values.

Results: The median inter-observer variation for MRI-CBCT matching and CT-CBCT matching for all regions were
within 2 mm and 1 degree. There was no statistically significant association in the inter-observer variation in
mean match values and radiation therapist image guidance experience levels. There was no statistically signif-
icant association in inter-observer variation in mean match values for MRI experience levels for prostate soft
tissue and gynaecological match regions, while there was a statistically significant difference for prostate gold
seed and rectum match regions.

Conclusion: The results of this study support the concept that with focussed training, an MRI to CBCT image
guidance approach can be successfully implemented in a clinical planning workflow.

concept, superseding the conventional use of a simulation CT for treat-
ment planning. To facilitate an MRI-only planning workflow, an elec-

1. Introduction

Magnetic Resonance Imaging (MRI) has advanced in its utilisation
for radiation oncology, with much of the target region and organ at risk
(OAR) contouring performed on a planning MRI, acquired in the treat-
ment position, and transferred across to a computed tomography (CT)
for treatment planning [1,2]. However, this transfer across has the po-
tential to introduce systematic errors, which arise from errors in the
initial registration process between modalities [3,4]. Therefore, MRI-
only radiation therapy planning is becoming an increasingly popular

tron/mass density map is created from the MRI, termed a synthetic CT
(sCT), to enable accurate treatment planning dose calculation [5,6].

In the radiation therapy workflow, the treatment planning data set is
also utilised for daily online image guidance, to allow for accurate
localisation for treatment delivery. Several studies have assessed various
methods for sCT generation and the dosimetric outcomes, however in
the absence of a planning CT for MRI-only workflows, image guidance
solutions also need to be evaluated [6-10]. The treatment planning and

Abbreviations: CBCT, Cone Beam Computed Tomography; DRR, Digitally reconstructed radiograph; GTV, Gross Tumour Volumel; PTV, Planning Target volume;

sCT, synthetic Computed Tomography.
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delivery systems are designed so that current departmental procedures
use the sCT as a reference image for image guidance on treatment.
However, given the sCT is not a true anatomical image, but a syntheti-
cally generated density map for dose calculation, it should ideally not be
used for image guidance. However effective the sCT generation method
is in creating a realistic sCT from the MRI, there are still regions for
anatomical error in the sCT generation process [6,11]. These errors are
systematic and are transferred to the treatment delivery when used for
image guidance [12], while some sCT generation processes do not create
sufficient anatomical information for image guidance [9]. Therefore, it
would be pertinent to determine if the MRI scan that the sCT is gener-
ated from, could be used for Cone-Beam CT (CBCT) image guidance, as
using an anatomical image such as the MRI as the reference image,
would provide greater soft tissue contrast and potentially matching ac-
curacy. This would allow for a greater utility of MRI-only planning for all
pelvic treatment sites. In addition, when the planning MRI is treated as
the primary contouring data set and the CT for dose calculation within a
traditional treatment planning workflow, then utilising an MRI-CBCT
image matching workflow has the potential to reduce the systematic
errors associated with image fusion and target region translation be-
tween images in the treatment planning process.

As current practice is to use CT to CBCT as image guidance, it should
be determined if the substitution of MRI to CBCT for image guidance
affects the accuracy of the image matching. There is limited work
around MRI to CBCT image guidance, with publications mostly focusing
on sCT-CBCT image guidance [13-16]. Two studies, which focused on
MRI-CBCT image guidance, have assessed the soft tissue match accuracy
for prostate treatments, while another study focused on anal canal and
rectum, utilising only one matcher with automatic registration [17-19].
While the results of these studies appear promising, additional work on
this topic has identified that a training package reduces the inter-
observer variability in MRI-CBCT matching, to align with the vari-
ability of CT-CBCT matching values [20].

The aim of this study was to retrospectively investigate if the sub-
stitution of MRI to CBCT for image guidance affects the accuracy of the
image matching for a range of pelvic treatment sites.

2. Materials and methods

Ethics approval was granted through Hunter New England ethics
committee (ref:17/06/21/3.02 & 2019/ETH09769) and twenty patients
receiving radiation treatment to the pelvic region gave informed con-
sent. Patients were separated into four cohorts for the study based on
treatment regions and matching objectives: prostate gold seeds, prostate
soft tissue, rectum/anal canal and gynaecological.

Planning CT and MRI were acquired in the treatment position, uti-
lising positioning tattoos for similar alignment of patients between the
scanning modalities. Planning CTs were acquired on a SOMATOM
Confidence CT scanner (Siemens Healthineers; Erlangen, Germany).
Planning MRIs were performed on a MAGNETOM Skyra 3 T MRI scanner
(Siemens Healthineers; Erlangen, Germany), typically within 15 min
after the CT scan. The MRI scanner was equipped with a Qfix flat couch
(Qfix; Pennsylvania USA) and DORADOnova MR 3 T external laser
bridge (LAP; Luneburg, Germany). An 18-channel body coil was posi-
tioned in a Qfix INSIGHT MR Body coil holder over the pelvic region and
a 32-channel spine coil was utilised under the flat couch top. A standard
T1 Volume Interpolated Breath-hold Examination (VIBE) Dixon MRI was
acquired for the purpose of this study.

Ten radiation therapists participated in the study matching. Radia-
tion therapist image guidance experience was classified into two cate-
gories of: base grade image guidance and stereotactic specialised image
guidance. MRI experience levels were self-reported by all participants
(Supplement A).
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2.1. Training package

An MRI image matching training package was developed by two MRI
trained radiation therapists, based on a previously successful training
model [20]. The training package comprised of basic MRI tissue
weightings, MRI anatomy of the pelvis in males and females, identifi-
cation of key anatomical features on T1 and T2-weighted MRI, and the
rationale behind MRI matching for MRI-only planning workflows. This
was followed by three trial matches between an MRI and CBCT for pelvic
patients, using both bony registration and soft tissue matching. All ten
radiation therapists completed the training package prior to matching
assessment, regardless of previous experience.

2.2. Image matching

All data sets were anonymised, and the T1 VIBE Dixon MRI scan was
rigidly registered to the CT using automatic rigid registration in the
Eclipse 15.6 (Varian Medical Systems Inc., Palo Alto, CA, USA) regis-
tration module. The gross tumour volume (GTV), clinical target volume
(CTV) and planning target volume (PTV) were all transferred to the T1
VIBE Dixon MRI scan to assist in clinical decision making. The OARs and
gold seed fiducial markers (prostate gold seed cohort only) were re-
contoured on the T1 VIBE Dixon MRI scan. The identification of the
gold seed fiducial markers on the MRI was validated against the plan-
ning CT scan.

Image matching was performed in the ARIA (Varian Medial Systems
Inc., Palo Alto, CA, USA) offline review module. Prostate gold seed
overlay structures were utilised on the CT and MRI and matched to the
visible seeds on CBCT, while prostate soft tissue image matching was a
match to the prostate, in the absence of gold seed fiducials. Rectum/anal
canal image matching utilised an automatic bone registration, and
manual adjustment if the GTV was outside the PTV volume, dependent
on rectal volume. Gynaecological image matching was an initial auto-
matic bone registration, followed by a manual primary match to the
vaginal vault and/or endometrial region, dependent on daily rectal and
bladder filling. The workflow is outlined in Supplement B.

For each match region there were three CBCT scans (start, middle
and end of treatment course time points) per patient with five patients
per region, giving fifteen images per treatment region. The ten radiation
therapists performed image matching for each image, resulting in 150
matches per region. The CBCT datasets used for the matches were all re-
set to the treatment acquisition position in offline review. CBCT
matchings were initially performed to CT, a minimum one-week interval
elapsed before matches to the T1 MRI were subsequently performed. The
final match positions (FMP) were recorded for each match, representing
the difference between the therapist’s study match position and the
previously performed clinical match (designated as O position by the
matching software). However, it should be noted that a value of zero
does not designate a perfect match (gold-standard is not known), just
that the study match has closely reproduced the clinical match.

Linear mixed effects modes were utilised to estimate the mean match
positions and adjust the variance for repeated measures for CT-CBCT
and MRI-CBCT respectively, for each match region. Random intercepts
for patient and radiation therapist to account for the repeated images
per patient, and the repeated radiation therapists measuring each image.

For each match region (k) the overall mean FMP was calculated ()
for each direction. This measure assesses if there is any overall bias in
the matching for the different modalities. The linear mixed effects
models were then adjusted for radiation therapist experience and MRI
experience respectively, to determine whether there was any difference
in the matching between the different experience levels. The FMP
recorded for therapist j for image i is denoted (x;). The mean FMP, for

image i across a total of J therapists is denoted X; = Zlexij /J. These

results were assessed using the Bland-Altman plot.
The inter-observer variation (IOV) for each image was calculated (as
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the standard deviation of the ten radiation therapist FMP’s) per scan o;.
For each region and direction of measurement the median IOV and Inter-
Quartile Range (IQR) were determined, for CT-CBCT and MRI-CBCT
respectively [21].

3. Results

The mean match positions X across all directions (Table 1) were
<0.05 mm and <0.5° for all matching regions in MRI-CBCT matching
and <0.1 mm and <0.3° across all matching regions in CT-CBCT
matching. There was no statistically significant difference (p > 0.05)
in the mean match position associated with radiation therapist image
guidance experience. There was no statistically significant difference (p
> 0.05) in the mean match position associated with previous MRI
experience for prostate soft tissue or gynaecological matching. There
was a statistically significant difference between groups in terms of
mean match position for MRI experience for CT and MRI rotational in
prostate gold seed (CT p = 0.02, MRI p < 0.01) and statistically signif-
icant difference between groups in terms of mean match position for
MRI experience for CT lateral (p < 0.01) and MRI longitudinal (p <
0.01) in rectum CBCT matching.

Fig. 1 shows as an example the prostate soft tissue Bland-Altman
plots of inter-observer variability in each direction for CT-CBCT and
MRI-CBCT match positions. For each CBCT registration, the difference
between each recorded registration position and its corresponding mean
image registration position (X - x;) was plotted against the overall mean
registration position x; [22]. The limits of agreement for all regions were
within 0.5 mm for cartesian direction and 1 mm for rotations, while the
difference in limits of agreement between the CT and MRI were within
0.2 mm and 1 degree for all areas. The plots for prostate gold seed
(Supplement C), rectum (Supplement D) and gynaecological (Supple-
ment E) are included in the supplementary material.

Table 2 shows the IOV for each region and direction. The median IOV
for the MRI-CBCT and CT-CBCT were<0.25 mm and 1 degree. The
median IOV was consistently higher for MRI-CBCT than CT-CBCT for all
areas and match directions. The greatest difference in median values
was observed in the IOV for rotation for the MRI-CBCT compared to the
CT-CBCT. This is particularly evident for the prostate gold seed match-
ing, with a median (IQR) IOV of 0.86° (0.51°, 1.03°) in the MRI-CBCT
matching compared to the CT-CBCT median of 0.30° (0.07°, 0.48°).

4. Discussion

This study evaluated the use of MRI to CBCT for image guidance of a
range of pelvic treatment sites and image matching objectives. This is
the first study, to the authors knowledge, which investigates the use of
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MRI-CBCT image guidance for prostate soft tissue, prostate gold-seed,
rectum and gynaecological collectively. While the image matching
processes and aims are different between the sites, the results in
matching variability amongst the cohort of radiation therapists were
similar, with a median IOV in MRI-CBCT matching of < 2 mm. The
greatest variability was observed in the rotational IOV for each site, with
the median value of 0.86° being greatest in the prostate gold-seed MRI-
CBCT cohort, this may be due to the difficulty in identifying the gold
seeds on the MRI and may need more research in this area. Given the
minimal dosimetric impact of such a small rotation, reassuringly this
would not have any significant clinical consequences [23].

On average, the inter-observer variability in the MRI-CBCT matching
was higher than the variability in the CT-CBCT matching, however the
difference in the variability median values is<1 mm for all groups.
Therefore, for this cohort of patients, with PTV margins > 5 mm on the
CTV, the minimal difference between the variability can be considered
not clinically significant. While the translational measurements are
simpler to relate directly to PTV margins, it is difficult to ascertain the
effect of rotation on target location and PTV margins.

A large field of view T1 VIBE Dixon MRI was utilised in this study for
image matching, due to other acquired MRI sequences having insuffi-
cient field of view. The T1l-weighted Dixon is a commonly utilised
sequence for sCT generation [6,10,16], however T2-weighted sequences
used for sCT generation have also been successfully utilised for CBCT
image guidance [19]. The MRI sequences used for synthetic CT creation
may be considered most appropriate for this application if it meets the
requirements of a large field of view and high geometric fidelity over the
treatment region.

The findings correlate with previous studies in the area, such as
Wyatt et al., who investigated MRI-CBCT prostate soft tissue matching
[19]. Wyatt et al reported a similar mean inter-observe error to this
study, and all IOV within 3.3 mm [19]. Other studies have assessed MRI-
CBCT matching using automatic registration algorithms. Edmund et al.
assessed automatic registration for prostate with a resulting 2 mm dif-
ference amongst the matching cohort, while Bird et al., assessed a single
observer automatic registration for rectal and anal canal regions
[17,24]. Bird et al., reported a < 1 mm difference and < 0.4° in auto-
matic registration differences [17]. While the reported difference was
lower for Bird et al., than in this study, the use of automatic registration
is not necessarily reflective of clinical practice, as clinical decisions and
adjustments to the image matching need to be made for anatomical
changes daily, therefore, these studies do not take into account the
differences imparted from MRI image interpretation in image guidance.

While this study investigated the inter-observer variability of a single
radiation therapist performing each of the image matching, this is not
necessarily reflective of clinical practice, in which ordinarily a team of at

Table 1
Mean match position (i) for CT-CBCT, and MRI-CBCT image matching for each region and direction (lateral, longitudinal, and vertical (mm), rotational (°)).
MRI-CBCT CT-CBCT

Variable Mean Standard error p-value Mean Standard error p-value

Prostate soft tissue Lateral (mm) 0.02 0.01 0.01 0.02 0.01 0.02
Longitudinal (mm) —0.05 0.02 0.02 —0.05 0.02 0.01
Vertical (mm) 0.05 0.22 0.04 0.02 0.02 0.01
Rotation (°) —0.24 0.07 <0.01 -0.28 0.07 <0.01

Prostate gold seed Lateral (mm) 0.03 0.01 0.02 0.03 0.01 <0.01
Longitudinal (mm) —0.04 0.01 <0.01 —0.03 0.01 0.04
Vertical (mm) 0.00 0.01 <0.01 —0.01 0.01 0.02
Rotation (°) 0.42 0.09 <0.01 0.14 0.03 <0.01

Rectum Lateral (mm) 0.02 0.01 0.04 —0.08 0.01 0.10
Longitudinal (mm) —0.04 0.02 <0.01 —0.02 0.01 0.25
Vertical (mm) 0.04 0.02 0.01 0.08 0.01 <0.01
Rotation (°) 0.00 0.04 0.34 —0.06 0.03 0.10

Gynaecological Lateral (mm) —0.01 0.01 0.11 —0.02 0.01 0.01
Longitudinal (mm) 0.05 0.02 <0.01 0.02 0.01 0.09
Vertical (mm) 0.04 0.02 0.04 0.01 0.02 0.06
Rotation (°) —0.12 0.12 0.34 0.03 0.13 0.82
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Fig. 1. Bland-Altman plots of the difference in match for each observer by the mean of all observers (for each CBCT scan that is registered) for prostate soft tissue.
Each coloured dot represents a single radiation therapist each. Note that due to ties, it does not always appear as though there are 10 dots for each site. The red line is
the overall mean difference, blue line is the 0 difference (for reference) and the green lines are the upper and lower limits of agreement. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
IOV (Median and IQR) for each region in each direction (lateral, longitudinal, and vertical (mm), rotational (°)).
MRI-CBCT CT-CBCT

Variable Median IQR Median IQR

Prostate soft tissue Lateral (mm) 0.08 (0.07,0.13) 0.06 (0.05,0.08)
Longitudinal (mm) 0.17 (0.12,0.27) 0.11 (0.08,0.15)
Vertical (mm) 0.19 (0.15,0.22) 0.12 (0.10,0.15)
Rotation (°) 0.21 (0.19,0.33) 0.15 (0.12,0.29)

Prostate gold seed Lateral (mm) 0.07 (0.05,0.08) 0.05 (0.03,0.08)
Longitudinal (mm) 0.08 (0.06,0.12) 0.08 (0.07,0.11)
Vertical (mm) 0.06 (0.05,0.07) 0.06 (0.05,0.07)
Rotation (°) 0.86 (0.51,1.03) 0.30 (0.07,0.48)

Rectum Lateral (mm) 0.07 (0.06,0.09) 0.07 (0.06,0.11)
Longitudinal (mm) 0.12 (0.07,0.13) 0.08 (0.06,0.11)
Vertical (mm) 0.14 (0.07,0.17) 0.13 (0.08,0.15)
Rotation (°) 0.25 (0.07,0.34) 0.21 (0.10,0.32)

Gynaecological Lateral (mm) 0.08 (0.05,0.10) 0.07 (0.05,0.11)
Longitudinal (mm) 0.13 (0.10,0.18) 0.12 (0.10,0.13)
Vertical (mm) 0.20 (0.17,0.25) 0.14 (0.11,0.19)
Rotation (°) 0.35 (0.19,0.49) 0.27 (0.12,0.48)

least two radiation therapists perform the daily image matching.
Therefore, the combined input from two radiation therapists, may
invariably reduce the outliers of the inter-observer variability results.

Brooks et al. indicated that the application of a training package
resulted in a lower inter-observer variability in MRI-CBCT matching
than without [20]. Due to the lack of pre-post testing in this study, it is
difficult to determine in this study if the training package similarly
affected the inter-observer variability in the MRI-CBCT matching. The
results showed no significant difference in the results based on therapist
image guidance experience, but there were mixed results based on MRI
experience. There were no observed differences in the results in relation
to MRI experience for prostate soft tissue or gynaecological regions.
There was a positive correlation in the results in terms of MRI experience
for both CT-CBCT and MRI-CBCT image matching for prostate gold-seed
and rectum image matching. Given CT-CBCT was equally affected by
MRI experience, the differences may not be related to MRI image
interpretation, but rather could be attributed to some other undeter-
mined factor, such as greater experience or specialisation in general
image interpretation.

MRI is still a new and emerging technology in radiation therapy, with
radiation therapists having greater experience in CT image guidance
than MRI. It would be useful to repeat this study after a significant
period has elapsed after a clinical roll out of MRI-CBCT image guidance.
It is possible that the daily application of MRI-CBCT image guidance
would increase the experience levels of radiation therapists in MRI
image interpretation and bring the results further in-line with the vari-
ability in CT-CBCT.

This study was limited to an older data set, resulting in the inability
to apply pitch and roll to the image matches. This is not reflective of
current clinical practice which allows for six-degrees of movement for
image matching. The lack of pitch and roll application in this data set
could have introduced some inevitable variations between matchers due
to the need to make compromises when the patient positioning does not
align. Although efforts were made to replicate the CT simulation posi-
tion in MRI, variations could also have been introduced due to different
time points between modalities. Anatomical variations between scans
such as bladder filling, bowel gas location and hip rotation/angulation
could have affected the ability of matching to the MRI scan compared to
the CT scan. This may have been reduced in this study if the MRI were
deformably registered to the CT prior to CBCT image matching and
could be applied to future studies in this field. This could be one
explanation for the greater rotational variation in the prostate gold-seed
cohort with greater bladder filling possibly contribution to greater
rotational differences in the MRI. Also, the additional rotational infor-
mation provided by the gold seeds when compared to the soft tissue on
CBCT, could have also provided a reason for greater rotational

application in this cohort.

The results of this study are not only applicable to an MRI-only
planning workflow but can also be relevant to a traditional CT based
planning workflow, in which there may be a prospective greater reliance
on a planning MRI for the target and OAR contouring, thereby poten-
tially reducing the systematic errors associated with the image fusion
process in planning.

Currently the linear accelerator software does not facilitate the use of
MRI scans or supplementary scans for daily image guidance. As such, a
work around is required to accommodate this, by re-labelling the MRI
DICOM tag as a CT, and to transfer the treatment plan from the sCT to
the co-registered MRI, to allow MRI based daily image guidance [19].
This may delay the uptake of MRI-CBCT image guidance in an MRI-only
treatment planning workflow. However, this study supports the adop-
tion of MRI image guidance within the MRI-only planning workflow,
particularly once the vendor treatment software is updated for MRI
based clinical practice.
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