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Abstract

Background: Diffusion-weighted imaging (DWI), a quantitative magnetic res-
onance imaging (gqMRI) technique, has the potential to aid in disease
characterization and treatment response monitoring. MR-Linacs (MRLs) enable
simultaneous DWI acquisitions during radiotherapy, uniquely aiding in the col-
lection of large-scale datasets for imaging biomarkers, such as the DWI-derived
apparent diffusion coefficient (ADC), without additional patient burden. However,
the limited data reporting on variability in MRL scanner performance character-
istics, and a lack of established clinical trial quality assurance (QA) procedures,
are barriers to this route for biomarker validation.

Purpose: This study aims to quantify the accuracy, intra-scanner repeatability,
and inter-scanner reproducibility of ADC measurements across three MRLs in
Australia in both a phantom and in vivo. These measurements will inform the fea-
sibility of carrying out prospective multi-center studies in Australia investigating
ADC as a biomarker and form a core set of QA procedures and baselines to
assess biomarker and sequence suitability.

Methods: An isotropic diffusion phantom (at 0°C) and one healthy volunteer
were scanned on three Unity MRLs (Elekta AB, Stockholm, Sweden). Standard-
ized (QIBA Diffusion Profile) and anatomy-specific DWI sequences, including
sequences recommended by the MR-Linac Consortium Imaging Biomarker
Working Group, were used to image the phantom and volunteer. ADC maps
generated using the MRL scanner software (inline ADC) and diffusion-weighted
(b-value) images were exported from the scanner console. The latter was used
to generate ADC maps using commercial software (offline ADC) for a separate
comparative analysis. Performance metrics were computed for each sequence,
including a coefficient of variation to assess between-session intra-scanner
repeatability (CVgg) and inter-scanner reproducibility (CV), for each phantom
vial and contoured organ. Additionally, using the phantoms’ known ADC vial
values, a percentage bias (bias) was calculated to determine ADC accuracy.
Results: Phantom-based measurements for the standardized QIBA sequence
had intra- and inter-scanner CV and bias well within recommended guideline
(QIBA Diffusion Profile) tolerance limits of 2.2% and +3.6%, respectively. All
anatomy-specific phantom DWI sequences were also within these tolerances,
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except for the cervix sequence at one site which showed an average intra-
scanner bias of +4.5%. Both accuracy and reproducibility for all sequences
were worse for lower diffusivity vials measured in the phantom. Additionally,
inline and offline ADC maps had high similarity with average percent differences
of +0.2%. Volunteer-based results had worse reproducibility, with the average
inter-scanner CV for the brain and pancreas sequences within 9.0%, however,
reaching up to 27.1% for pelvis and abdomen sequences.

Conclusions: This study demonstrated accuracy, intra-scanner repeatability,
and inter-scanner reproducibility comparable to metrics reported in the liter-
ature, using both the phantom and volunteer datasets. The cervix sequence
had the largest variability in both phantom and volunteer results and was rec-
ommended for further investigation. This study suggests that gMRI techniques
utilizing DWI could be a viable option for future multi-centered patient-
based studies utilizing Australian MRLs, with phantom-based quality assurance
recommended alongside patient imaging.
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accuracy, apparent diffusion coefficient (ADC), MR-Linac, quantitative magnetic resonance imaging

1 | INTRODUCTION

Diffusion-weighted imaging (DWI), a quantitative mag-
netic resonance imaging (QMRI) technique, has potential
applications in disease characterization and treatment
response monitoring."* The apparent diffusion coeffi-
cient (ADC) is a quantitative imaging biomarker (QIB)
derived from DWI that measures water diffusivity in tis-
sues, providing insights into tissue cellularity. Collecting
large-scale datasets of patient QIB values over each
day of their treatment is typically a challenge within a
conventional radiotherapy environment. Collecting this
data requires patients to be moved from treatment
machines to the diagnostic MRI, adding to patient bur-
den and increasing clinical staff time and department
resources to obtain these images.>®

Combining datasets from multiple centers is one way
to increase the available data for examining changes in
QIBs with treatment response. However, failure to con-
duct appropriate inter- and intra-scanner qMRI quality
assurance (QA) procedures to assess accuracy and
variability limits the reliability of the patient-derived QIB
values in the collected datasets.” Performing QA spe-
cific to quantitative imaging types such as DWI is a
relatively new recommendation from the literature, and
thus many past multi-center in vivo DWI studies have
not reported the implementation of such QA8 Per-
forming this type of QA is now recommended before
commencing any clinical trial using MRI QIBs.°

MR-Linacs (MRLs) offer the unique capability to
acquire DW-images concurrently with each fraction of
radiotherapy2 621" This allows the efficient collection of
extensive MRI QIB datasets without additional patient
burden. These QIB datasets will help build the evidence
required to enable clinical implementation of QIB-based
treatment decisions.>'2 However, there are particular

(qMR), repeatability, reproducibility

hardware features of MRLs, such as split gradient coll
design to facilitate the treatment beam, which could
cause deviations in QIB measurements compared to
diagnostic MRI scanners® 912 Ensuring that MRL sys-
tems are reliable in generating QIBs is essential and
should occur both before and during the collection of
large datasets in clinical trials.? "

There are several studies in the literature inves-
tigating the gMRI performance of Unity MR-Linacs
(Elekta AB, Stockholm, Sweden).> %% This includes
investigating ADC variability using the Quantitative
Imaging Biomarker Alliance (QIBA) recommended dif-
fusion phantom (CaliberMRI, Boulder, CO, USA).'®
As an overview, this phantom includes a central
water vial surrounded by an inner and outer ring of
vials of varying concentrations of polyvinylpyrrolidone
(PVP) (Figure 1). Specifics on its design has been
reported in the literature and has well-established ref-
erence ADC values at 0°C./-'>76 |n an intra-scanner
setting, short-term (ST) and between-session (BS)
repeatability of the central water vial ADC measured
using coefficients of variation (CV) was found to be
CVst < 3.3%,°"9 CVgs < 1.3%,>1%13 and accuracy
given by measurement percentage bias (bias) was
found to be <+0.8%.>"3

In one of only a few studies investigating in an inter-
scanner MRL setting, a phantom study by Kooreman
et al. found ADC single time point reproducibility CVs
between MRLs of 2.2%.° Some in vivo studies have also
been completed, with intra-scanner repeatability and
inter-scanner (MR-Simulator vs. MR-Linac) reproducibil-
ity CV found to depend on organ type and/or sequence
choice 819117 More recently, a study by Bisgaard et al.
found organ delineation and ADC calculation methods
to be factors leading to ADC variation, with the latter
having a larger impact.'*
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FIGURE 1

(a) Phantom schematic, highlighting vial number arrangement with polyvinylpyrrolidone (PVP) concentration, in its axial position.

(b) Phantom axial positioning with body coil, solid water (plastic-based material), and stabilizing foam for maintaining positional accuracy
between the three sites. (c) Healthy volunteer setup for brain and head and neck (HN) Consortium sequence acquisition on one of the MRL
systems. The body coil in use was positioned to encompass brain and HN sequences, but the size of the field of view changed in between
sequences. (d) Phantom (n = 12) and volunteer (n = 6) datasets acquired and included (v") for this study between the three MRL sites. Note: site
C, day 2 dataset was acquired, however was not retrievable and thus not able to be included in the analysis.

This study aims to quantify the accuracy, intra-scanner
repeatability, and inter-scanner reproducibility of ADC
measurements of three Australian Unity MRLs. Unlike
previous studies, this work novelly presents findings
using all anatomy-specific sequences recommended by
the MR-Linac Consortium'%'® in addition to the stan-
dardized 1.5 T phantom sequences recommended by
the 2019 QIBA Diffusion Profile.”® This profile specif-
ically outlines methods and performance tolerances
(e.g., for bias and repeatability) required to ensure
negligible contribution of technical errors to tissue mea-
surements, allowing for prospective reproducible in vivo
multi-center trials involving ADC28

Further, using a traveling volunteer, a subset of the
sequences used for phantom imaging were performed
in vivo to assess if performance is similar between phan-
tom and volunteer measurements. Repeated phantom
and in vivo measurements on the same day using the
same sequences are rarely performed in the literature,
and no such investigation has previously been con-
ducted in Australia. This work adds to the current under-
standing of inherent MRL variation, demonstrates the
potential for collaboration, and will support planning for
future multi-center trials across these Australian centers.

2 | METHODS
21 | Imaging

Imaging was performed using three 1.5 T MRI scanners
(Philips, Amsterdam, the Netherlands), each embedded

within the Unity MRL and housed in an Australian radio-
therapy department. Each of the scanners, referred to as
A, B, and C in this work, had the same software version
(Marlin 5.3.31, Elekta AB, Stockholm, Sweden) installed
at the time of imaging. The isotropic diffusion phan-
tom at 0°C (phantom serial number: DP128-A-03-0113),
manufactured by CaliberMRI (CO, USA), was scanned
on 2 consecutive days on each of the scanners. The
phantom’s temperature was established and maintained
using an ice-bath, as detailed in the literature 8

The central water vial of the phantom was positioned
at isocenter within the MRI bore. Image acquisitions
were performed with the phantom in its axial position to
match axial slice selections, as per the QIBA Diffusion
Profile® 9 Stabilizing foam (~1 cm thickness) with posi-
tioning markers for the external sagittal laser was placed
on top of 3 cm of a plastic-based material to raise the
central vial to isocenter and maintain similar positioning
between the three scanners (see Figure 1). Additionally,
the standard Unity MRL body coil was adjusted to a con-
sistently set height and positioned over the phantom to
enhance image signal quality from the phantom.

On each day of measurement, the phantom was
scanned four times sequentially using the QIBA echo-
planar imaging (EPI) diffusion sequence. This was
a standardized single-shot EPI (SS-EPI) sequence,
designed for 1.5 T Philips MRI of phantoms, with acqui-
sition parameters listed in the QIBA Diffusion Profile?
The phantom was also scanned using anatomy-specific
sequences obtained through the private MR Linac
Unity user platform, provided by the MR-Linac Con-
sortium Imaging Biomarker Working Group.'>'® These
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followed Consortium guidelines for ADC measurement
as provided by Kooreman et al.'> and are hereafter
referred to as the Consortium sequences. This included
those designed for imaging brain, abdomen, and pelvis
anatomies (i.e., head and neck [HN], lung, esopha-
gus, pancreas, prostate, and cervix). A list of the key
acquisition parameters can be found in Table 1.

Lastly, a 26-year-old healthy female volunteer was
imaged on the same consecutive days as the phan-
tom measurements at each site. This involved using a
subset of the Consortium sequences (HN, pancreas,
and cervix), plus one standard brain-DWI sequence
that was supplied on the MRL software. The volunteer
took two 10 mg Buscopan tablets 30 min prior to each
imaging session to reduce bowel and muscle motion
during the scan. No bladder preparation was conducted.
The volunteer provided informed consent, with imaging
conducted as part of a project approved by the local
ethics board at each site: HREC 015/20 for Genesis-
Care St Vincent's Hospital, HREC/88477/Austin-2022
at Olivia Newton-dJohn Cancer & Wellness Centre
Austin Hospital, and HREC/QTHS75997 for Townsville
Hospital.

The volunteer was positioned by an experienced MR-
radiographer or MRL-trained radiation therapist. The
region of anatomy to be imaged, including head region
for brain and HN sequences, abdomen for pancreas, and
pelvis for cervix, was positioned at isocenter and the
standard body coil was placed on top of the respec-
tive anatomy (Figure 1b). The field of view (FOV)
was changed between sequences to ensure the cor-
rect anatomy was centered in the image. Acquisitions
involved a survey scan for anatomic alignment,a 3D T1-
weighted image for subsequent contouring, and then the
selected DWI sequences.

2.2 | Image analysis

2.2.1 | Phantom

Both the DW-images obtained at each b-value, and
the ADC maps generated from the MRL scanner soft-
ware (inline ADC) from all acquired DWI sequences
were exported from each Philips scanner console. All
phantom-based data analysis was centralized post-
acquisition and completed by a single physicist. The next
step of analysis involved generating ADC maps (offline
ADC), of both the QIBA EPI and Consortium diffusion
sequences, using the sequences respective DW-images
in the commercial software qCal (CaliberMRI, CO, USA).
qCal is the phantom manufacturer's recommended
analysis software which is approved by QIBA for confor-
mance testing.2° This software calculates the ADC using
a least squares fit using the following formula for each
pixel,where Sy, and Sy are the values of the pixel in the

MEDICAL PHYSICS——2

DW-image with b-value of x and 0 s/mm?, respectively:

be — SbO * e—bx*ADC

Using gCal, a number of intra-scanner QIBA profile
conformance statistics were calculated using each sites’
day 1 image from the QIBA EPI diffusion sequence.
This included calculating the intra-scanner short-term
(ST) repeatability (CVst) and repeatability coefficient
(RCsT), and also signal to noise ratio (SNR), all using
four repetitions of the sequence performed on the same
day.

The calculations performed using the first repetition
of the QIBA EPI sequence included determining the
bias by comparing the measured ADC to each vial’s
reference ADC value for an accuracy measurement.
Particularly, the ADC of the central water vial of the
phantom was the focus for this study (vial 1 in Figure 1a),
with a known characterized ADC value of 1.109 ym?/ms
at 0°C."® However, all vials were analyzed using the soft-
ware, including for bias calculations and additionally for
determining the linearity between measured and refer-
ence ADC vial values with a coefficient of determination
(R?). Precision (CVp) and b-value dependency (Depy,)
were also calculated in the software using the first repeti-
tion only, along with intra-scanner between-session (BS)
repeatability (CVgs and RCgg). This is where the latter
two metrics were assessed by using the standard devi-
ation (SD) and mean of repeat first measurements on 2
consecutive days.

An inbuilt gCal software function (i.e., “Multi-Study
Report”) was used to calculate the inter-scanner repro-
ducibility (CV) and average bias in each of the phantom
vials. This involved first using the day 1 QIBA EPI
sequence intra-scanner average %bias values for each
vial, as calculated from the 4x daily repetitions for each
scanner, and then calculating the average inter-scanner
CV and mean bias between the three MRLs. The full
list of QIBA Profile calculations used in the intra- and
inter-scanner statistical analysis of this study is detailed
in Table S1, consistent with methods described in the
literature.>7-8.19.21 Performance metrics were compared
to QIBA Diffusion Profile tolerance limits (tolerances
outlined in Table 2)8

For the Consortium sequences, three DW-images
using three individual b-values were acquired during
acquisition as shown in Table 1. However, only the
150 and 500 s/mm? b-value DW-images were used to
generate both the inline and offline ADC maps. This
was completed to align with the volunteer datasets,
which exclude the 0 s/mm? b-value DW images to
mitigate the pseudodiffusion effect, following recom-
mendations in the literature® 1222 Note that removal of
the 0 s/mm? b-value images from the offline ADC maps
was only possible through close collaboration with the
gCal vendors.
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TABLE 2

QIBA Diffusion Profile tolerances and corresponding results for QIBA EPI diffusion sequence for each site, including

inter-scanner accuracy, short-term coefficient of variation for repeatability (CVgt), between-session repeatability (CVgs), linearity, random error,

SNR, and b-value dependence (tests A — G)2

Test Performance metric Tolerance Site A Site B Site C

A |bias (%)| <3.600 -0.026 -0.194 +0.047

B RCgt (um2/ms) <0.015 0.012 0.009 0.006
CVsT (%) <0.5 0.4 0.3 0.2

(o3 RCgs (Um2/ms) <0.065 0.001 0.007 N/A
CVgs (%) <2.2 0.0 0.2 N/A

D R? > 0.9 1.0 1.0 1.0
slope (84) 0.95 <4< 1.05 1.00 1.00 0.99

E CVp (%) <2 4.4 5.2 4.9
SNR >50+5 79 75 71
b =0 s/mm?

G Max Depp(%) <2 1.3 0.8 1.2
Max b-value pair 0,500, 900 or 2000 500, 2000 500, 2000 500, 2000
(s/mm2)

Note: All metrics were calculated using the offline automated analysis software, qCal, using ADC measurements for the central water vial of the phantom.

The phantom-based analysis for these sequences
used the inline ADC maps and an in-house developed
Python script. This script calculated each sequence’s
average intra-scanner bias and intra-scanner repeata-
bility (CVgg), and also inter-scanner average bias and
reproducibility (CV), as per the QIBA Diffusion Profile
statistical analysis methods.

2.2.2 | Inline versus offline ADC maps

The day 1, repetition 1, offline generated ADC maps of
both the QIBA Diffusion Profile and each Consortium
sequence from one MRL site were compared with the
corresponding inline maps using an in-house developed
Python script. This involved placing manual regions of
interest (ROIs) over vial 1 of ~1 cm diameter on the
central three slices of the ADC maps and comparing
the ADC value within the ROI across the three slices.
Offline maps were generated with units of um?/s and
thus needed scaling for comparability with inline maps
with units pm?/ms.

From the literature, it is recommended that images are
unscaled prior to ADC analysis (especially for Philips
scanners) to ensure accurate comparisons between
sequences and scanners 1423 |n this study, the rescal-
ing intercept and slope were accounted for in the offline
ADC map generation, and also in the analysis of inline
ADC maps.

2.2.3 | Volunteer

For the volunteer images, the volumetric T1-weighted
images and inline ADC maps were exported from the
scanner consoles, consistent with department protocols

for patient imaging. These were uploaded to MIM (MIM
Software Inc., Cleveland, OH, USA) and a single radia-
tion therapist contoured several organs of interest in all
the T1-weighted datasets. All remaining analysis for the
volunteer dataset was again centralized and completed
by the same physicist as per the phantom data.

These contours were rigidly aligned to the inline ADC
maps, and only organs fully contained in the ADC FOV
were included in the analysis. This involved extracting
the average ADC value from within each organ using
MIM. ADC statistics were calculated, including the aver-
age organ ADC value and intra-scanner repeatability
(CVpgs) using the 2 consecutive days measurements per
MRL, and inter-scanner reproducibility (CV) comparing
day 1 organ ADC measurements between scanners.

3 | RESULTS

A total of 12 phantom datasets were collected including
the QIBA EPI sequence and the Consortium sequences,
each repeated over 2 consecutive days at the three MRL
sites (see Figure 1). At site C,however, the second day of
QIBA dataset measurements was not retrievable, result-
ing in 11 datasets for analysis. Additionally, six datasets
of the volunteer were acquired across the three MRL
sites. This included the standard brain DWI protocol and
the Consortium sequences, each collected on the same
2 days as the phantom imaging.

For the volunteer images, only some organs were
fully contained inside the ADC map FOV for certain
day acquisitions and thus enabled ADC value extraction
from the contours (see Table S2). Completely con-
tained organs included the brain; brainstem; cerebellum
and orbits; kidneys; and cervix, femurs, rectum, and
uterus.
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TABLE 3 NIST reference ADC values'® and average
inter-scanner ADC bias and CV between the three MRL sites using
day 1 imaging sessions.

Vial NIST reference Av. inter-scanner  Inter-scanner
number ADC (um?/ms) ADC bias (%) CV (%)
1¢ 1.109 —-0.06 0.10

2i 1.109 0.67 0.43

3 1.109 1.71 0.53

4i 0.817 1.58 0.20

5 0.817 2.59 0.20

6 0.579 1.48 0.11

7 0.579 2.35 0.39

8 0.380 4.46 0.34

9 0.380 6.26 0.18
10f 0.220 5.25 0.42
1 0.220 5.25 2.54
12i 0.110 7.54 5.86
13 0.110 9.1 2.68
Av All - 3.71 1.07

Note: In each case, the average over each of the phantom vials is given, along
with identifying if the vial is a central (°) water vial, or one of the six surrounding
inner-ring (') vials (see Figure 1, vials: 2, 4, 6, 8, 10, and 12). Reference ADC
values can vary depending on the serial number of the diffusion phantom.

3.1 | Phantom imaging
3.1.1 | Phantom: QIBA diffusion profile
measurements

A summary of results obtained using the QIBA EPI
sequence compared to the Diffusion Profile tolerances
is provided in Table 2. Specifically, all results, except for
the precision (CV,,), were within the QIBA Diffusion Pro-
file limits. Typical ADC maps of the phantom, generated
from acquiring the QIBA EPI sequence, can be observed
in Figure S1.

Table 3 presents the ADC bias and CV as a func-
tion of PVP concentration (%). Although only vial 1 was
required for QIBA Diffusion Profile tests? these data
were still considered valuable given the wide range of
ADC values found in the human body. Generally, as the
PVP concentration in the vials increased (i.e., lower dif-
fusivity), accuracy and reproducibility decreased, with
the worst bias and CV reaching +9.1% and 5.9%,
respectively, between the most concentrated vials (12
and 13).

3.1.2 |
maps

Phantom: Inline versus offline ADC

For both QIBA Profile and Consortium sequences, the
inline and offline ADC maps had high similarity in ADC

values (see Figure 2). A visual comparison between
the inline and offline QIBA EPI-generated ADC maps
can be seen in Figure S1. Quantitatively, for site A, day
1 (and repetition 1 for the QIBA EPI sequence), the
percentage difference in vial 1 ADC values between
inline and offline ADC maps ranged between —2.4% to
+2.1% across QIBA EPI and all Consortium sequences
(average between all sequences = +0.2%). Given the
consistency of results, inline maps were used for
the remainder of the Consortium results presented.
Additionally, the inline and offline Consortium cervix
sequence ADC maps showed the largest deviation
from the known NIST reference value, with percentage
differences of up to 2.8% and 5.4%, respectively.

3.1.3 | Phantom: Consortium sequences
Table 4 summarizes the average intra- and inter-scanner
ADC values found for vial 1 across each Consortium
sequence. In most cases, site C exhibited the most
repeatable ADC, as indicated by the lowest CVgg, com-
pared to the corresponding inter-scanner CV.In contrast,
sites A and B showed variability in CVgg compared to
the inter-scanner CV, depending on the sequence type.
This suggests higher day-to-day variability on these
scanners, particularly at site B, as found in the QIBA
Diffusion Profile results (Section 3.1.1).

The maximum intra-scanner CVgg and bias were
1.6% and +4.5%, respectively, both observed for the
cervix sequence at site A. This bias metric was outside
the Diffusion Profile limits of +3.6%. Across all sites, the
cervix sequence showed the largest inaccuracies and
poorest repeatability.

Observing the inter-scanner vial 1 results in Table 4,
all sequences performed well, with high inter-scanner
reproducibility (CV < 1.0%) and accuracy (bias
<+0.75%, excluding the cervix sequence). The cervix
sequence demonstrated less accuracy across the
scanners, with an average bias of +2.14%, though still
within Diffusion Profile tolerances (<+3.6%). This is also
highlighted in Figure 3, where the ADC recorded for the
cervix sequence diverged from the other sequences,
particularly for non-water-equivalent vials.

Figure 3 also shows that, in general for the Con-
sortium sequences, both accuracy (|bias| values) and
reproducibility (indicated by the spread in bias values)
decreased with higher PVP concentrations. By visual
inspection, the phantom images acquired were noisier
and subject to larger distortions around the higher PVP
concentration vials (Figure S2). When calculating the CV
across the full vial and Consortium sequence range, the
CV was <2% for all water-equivalent vials (vials 1-3)
and <10% for vials 1-8 (or <5% excluding the cervix
sequence).
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FIGURE 2 Inline versus offline ADC results for site A, day 1, vial 1, for all consortium sequences plus the first repetition of the QIBA profile
sequence. Error bars represent the standard deviation in the mean ADC measurements between regions of interest in the central phantom
slices. Also, the reference NIST ADC of this vial (1.109 ym?2/ms) is provided in red for comparison to the known standard at 0°C.

TABLE 4 Phantom imaging intra- and inter-scanner average ADC values for the central water vial and corresponding repeatability,
reproducibility (CVgs and CV), and bias recorded for each Consortium sequence.

Mean intra-scanner ADC (um?/ms) + SD
CVps [bias (%)]

Mean inter-scanner ADC
(um?2/ms) + SD

Sequence Site A Site B Site C CV [bias (%)]
HN 1.11 £ 0.01 1.11 £ 0.00 1.12 +0.00 1.12 £ 0.00
0.57% [+0.04] 0.18% [0.00] 0.03% [+0.96] 0.33% [+0.59]
Lung 1.11 £ 0.00 1.10 £ 0.00 1.12 £ 0.00 1.11 +0.00
0.13% [+0.03] 0.03% [-0.40] 0.20% [+0.58] 0.34% [+0.03]
Esophagus 1.12 + 0.01 1.10 + 0.01 1.11 +0.00 1.11 +0.01
0.53% [+0.70] 0.57% [-0.63] 0.44% [-0.19] 1.04% [-0.20]
Pancreas 1.11 + 0.00 1.11 £ 0.01 1.11 £ 0.00 1.10 = 0.00
0.13% [-0.34] 0.94% [-0.19] 0.02% [-0.21] 0.40% [-0.60]
Prostate 1.11 £ 0.01 1.11 £ 0.00 1.10 + 0.00 1.10 + 0.00
0.93% [-0.16] 0.33% [-0.17] 0.18% [-0.47] 0.25% [-0.75]
Cervix 1.16 + 0.02 1.10 + 0.02 1.14 + 0.00 1.13 + 0.01
1.63% [+4.51] 1.42% [-0.51] 0.42% [+3.15] 0.86% [+2.14]

Note: For the intra-scanner averages and standard deviations (SDs), these performance metrics were obtained over 2 consecutive days of phantom measurements.
For the inter-scanner metrics, these were obtained between day 1 phantom measurements at each MRL site.

3.2 | Volunteer imaging
3.2.1 | Volunteer: Intra- and inter-scanner

Qualitatively, the image quality of the volunteer scans
for the Consortium sequences was noisy, and in some
cases, it was difficult to distinguish anatomical fea-
tures. Sample images have been included in Figure S3.
Overall, the intra-scanner volunteer-based ADC results
demonstrated good performance metrics (Table 5).
Specifically, the overall intra-scanner CVgg was found
to be <2.6% for organs imaged using the standard

brain DWI protocol at site A, and <7.6% for kidneys
between sites A and B which used Consortium pan-
creas sequences. However, for organs situated in the
pelvis region (which are more prone to volume/motion
changes) and imaged using the cervix sequence, larger
CVpgs values were observed, with the rectum showing a
CVpgs of up to 35.3%.

In general, these pelvis organs also exhibited greater
volume changes between contours in the corresponding
datasets. Given the large variability in volumes between
organs (e.g., orbits vs. whole brain), the magnitude of
the percentage differences in volume changes between
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FIGURE 3 Intra-scanner %bias values recorded between the three MRL sites for each vial within the phantom, for all six Consortium

sequences tested, presented as a box and whisker plot with relevant median and interquartile ranges shown. The reference QIBA Diffusion
Profile %bias tolerance of +3.6% has been added. However, this tolerance is only required for the central water vial (vial 1) for QIBA Profile
conformance testing. Note that vials 10 and 11 %bias results were removed as all sequences (excluding cervix and prostate) had significant
signal deficits in these vials on the ADC maps and thus were assumed not to be real measures of bias (i.e., up to +303%) (see Figure S2).

intra-measurements was compared to the measured CV
(data not shown). However, no linear correlation was
found (R? < 0.015).

When examining the inter-scanner CV results based
on day 1 measurements in Table 5, the CV increased
substantially for all brain and abdominal organs com-
pared to their intra-scanner counterparts, as expected.
Specifically, the CV was <5.32% for the brain and
<8.96% for the pancreas sequence-imaged organs,
respectively. However, similar to the intra-scanner results,
there was significant variability in the inter-scanner ADC
values for organs imaged using the cervix sequence
(as seen in Figure 4). The maximum CV recorded
was 27.1% for the rectum, which was less than the
intra-scanner CVgg maximum of 35.27% for the rectum.

4 | DISCUSSION

MRLs have the capacity to generate large gMRI
datasets, crucial for providing the evidence needed to
integrate gMRI into radiotherapy for purposes such as
monitoring treatment response and adapting treatment
plans. However, recent studies have highlighted the need

for phantom and in vivo validation testing before gather-
ing large-scale qMRI datasets.>?* The main purpose of
this study was to investigate the ADC accuracy, intra-
scanner repeatability, and inter-scanner reproducibility
of 1.5 T Unity MRLs using a traveling phantom and vol-
unteer. This is the first multi-center MRL study conducted
in Australia, and also the first demonstration of in vivo
imaging using all the recommended sequences from the
MR-Linac Consortium working group, performed on both
a phantom and traveling volunteer.

As noted, the QIBA Diffusion Profile has a set
list of performance metrics that are recommended
to be met for scanners involved in multi-center tri-
als to ensure ADC accuracy and reproducibility are
maintained? In this study, all three MRLs demonstrated
that nearly all intra-scanner performance metrics were
well within the Diffusion Profile tolerance limits. These
results are consistent with the existing literature®>10.13
High inter-scanner reproducibility was also found using
QIBA sequences. The average CV was 0.1% in the
central water vial, and the average CV (and range)
was 1.1% (0.1%—5.9%) when measured over all vials
(Table 2). This was similar to inter-scanner CV magni-
tudes reported in the literature for the QIBA sequences:
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TABLE 5 \Volunteer imaging intra- and inter-scanner mean ADC and standard deviation (SD) values found for each contoured organ for the
standard brain DWI protocol and Consortium pancreas and cervix sequences.

Mean intra-scanner ADC + SD (um2/ms)

Mean inter-scanner ADC +

CVgs
SD (um?2/ms)
Sequence Organ Site A Site B Site C cv
Brain Brain (whole) 0.77 + 0.02 2.6% 0.81 +£0.30 0.89 + 0.37 0.83 +0.04
N/A N/A 5.21%
Brain Brainstem 0.79 + 0.01 0.64% 0.86 +0.26 0.78 +0.21 0.81 +0.04
N/A N/A 4.68%
Brain Cerebellum 0.68 + 0.00% 0.74 +0.23 0.75 + 0.20 N/A 0.72 +0.01
0.00% N/A 4.27%
Brain Orbits 2.1+ 0.03 1.19% 222 +0.27 1.95+0.73 210+ 0.11
N/A N/A 5.32%
Pancreas Kidneys 1.59 + 0.12 7.55% 1.77 £ 0.02 1.13% 1.79 + 0.51 1.68 + 0.15
N/A 8.96%
Cervix/ Rectum Cervix 1.73+0.105.51% 1.64 + 0.4527.3% 1.89 + 0.11 1.67 = 0.35
6.06% 20.94%
Cervix/ Rectum Femurs 0.61 + 0.03 4.49% 0.67 + 0.04 5.53% 0.62 + 0.02 0.63 + 0.56
3.09% 8.82%
Cervix/ Rectum Rectum 1.07 + 0.08 7.48% 1.45 + 0.51 35.27% 1.7 + 0.06 3.39% 1.28 + 0.35
27.1%
Cervix/ Rectum Uterus 1.53 + 0.03 1.96% 1.86 + 0.126.27% 1.79 £ 0.07 1.65 + 0.11
3.83% 6.58%

Note: Intra-scanner results were averaged over the 2 consecutive measurement days, where available. Given sites B and C had some organ contours outside the ADC
map field of view on day 2 (Table S2), these organs have mean ADC values reported as day 1 measurements only and thus no corresponding CVgs. Additionally,
SDs for these organs were calculated as the variation in ADC values per pixel within the contour. Inter-scanner mean ADC and SD were calculated using day 1

measurements per organ from all three sites.
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FIGURE 4 Variation of the ADC values measured across all three MRL sites (day 1 only) for the organs of interest.

median CV (and range) over all vials being 2.2%
(0.6%—12%).°

One QIBA Diffusion Profile metric was out of toler-
ance (<2%): the intra-scanner precision (CVp = 4.4%—
5.2%), similar to previous 1.5 T MRL studies reporting
CVp values of 5%—9%° and 2.6%—3.6%.'"° The litera-
ture suggests that using an 8-channel body coil instead
of the QIBA Diffusion Profile recommended head coil
on Unity systems could affect sensitivity and thus this

metric.26 Kooreman et al. found that sequence parame-
ter adjustments, such as lowering the b-value, reducing
echo time, and increasing voxel size, improved SNR and
thus CVp 2

One limitation of this study is that it did not adhere
to the most recent QIBA Diffusion Profile guidelines, as
these were published after the data acquisition for this
manuscript was completed. A key difference, between
the acquisition protocols in the 2019 Profile® and the
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latest 2022 Profile?® is the use of five b-values: 0,
500, 1000, 1500, and 2000 s/mm?. It is recommended
that future studies should incorporate the updated Pro-
file recommendations, including this change in phantom
imaging acquisition parameters.

In multi-center investigations and clinical trials, there
are many sources of potential ADC variability that
can limit the use of ADC as a reliable biomarker
in a radiotherapy setting. Variability in ADC measure-
ments between sites can stem from differences in
setup or acquisition parameters* '3 or from differ-
ences in image post-processing analysis methods.'#2%
This study minimized setup and acquisition variability by
using the same standardized sequence list, MRL type,
phantom, and setup aids.

Post-processing variability was minimized by using
inline maps generated with the same calculation algo-
rithm and software version across all three MRLs. Inline
maps were visually comparable to offline maps, with the
largest ADC difference observed in the central water
vial of 0.03 ym?/ms. This difference agrees with the
0.02 ym?/ms variation reported by Carr et al. using the
QIBA Diffusion Profile sequences on a Siemens 3 T
radiotherapy dedicated MRI scanner.'®

To the best of the authors’ knowledge, this study
is the first to publish on the use of gCal software,
which enabled automated ROI placement and analy-
sis for the QIBA Diffusion Profile sequences, reducing
potential user-related variability in the QIBA Profile anal-
ysis. The use of centralized data processing through
offline analysis aligns with literature recommendations
for multi-center diffusion studies.'*?6 However, compar-
ing inline and offline ADC maps validated both methods
for generating accurate ADC maps for both the Consor-
tium and QIBA diffusion sequences, supporting the use
in this case of the inline maps for in vivo based anal-
ysis, which was the preferred method for these MRL
departments.

Comparing the phantom images taken with Consor-
tium and QIBA sequences, it can be observed that the
Consortium images are noisier, with a much larger FOV,
and subject to larger geometrical distortions (Figures S1
and S2). However, excluding cervix, all other sequences
had intra-scanner performance metrics within Diffusion
Profile tolerances (Table 4), suggesting sufficient accu-
racy, repeatability and reproducibility of the Consortium
sequences for each scanner. The cause of the cervix
sequence performance divergence would need to be
further investigated prior to its recommendation for use
in a clinical trial. The main differences in acquisition
parameters from Table 1 include a larger slice thick-
ness of 5 mm and the lowest TE of 66 ms. These
parameters could have impacted diffusion sensitivity,
leading to higher measured noise, and thus contributed
to increased variability in datasets measured using the
cervix sequence.

This study found that bias and reproducibility
degraded with lower ADC reference values, consis-
tent with the literature.>'319 This could be attributed
to factors like insufficient SNR, where even small
noise fluctuations can significantly impact the ADC
curve fitting process,>'%'? or increased probability of
susceptibility-induced distortions near the highly con-
centrated PVP vials due to their relative anterior position
during axial imaging (Figure S1).'° It should be noted
that using SS-EPI sequences in general has several
disadvantages, such as being prone to such suscepti-
bility artefacts and also eddy currents, which can induce
geometric distortions.”'" This could have affected the
derived ADC from the phantom datasets, as well as the
volunteer image datasets, especially for regions in the
phantom and body positioned further than 7 cm from
isocenter.?

There were large variations in Consortium sequence
bias metrics in phantom vials 10 and 11, which were
found to be sequence (and thus likely acquisition
parameter) dependent rather than MRL site dependent.
Observing Figure S2, it can be assumed that the devia-
tions in these vials were not a measure of true ADC, but
rather incorporate pixels with inadequate SNR. Prostate
and cervix sequence images do not exhibit this effect,
potentially due to higher SNR caused by the larger
acquisition voxel sizes, smaller reconstruction matrix,
and/or lower TRs. However, it should be noted that only
vial 1 is required for QIBA Profile conformance testing.
Also, vials 11-13 have reference ADC values outside the
physiological range and are thus would not be consid-
ered of significant concern for prospective multi-center
trials.'27

For the volunteer imaging, both intra-scanner repeata-
bility and inter-scanner reproducibility in vivo mea-
sures were acquired, as per recommendations in the
literature.”~2 The specific ADC values of organs were
less critical in this study. Instead, the focus was on
the intra- and inter-scanner variability. As expected,
inter-scanner reproducibility CV values (Table 5) were
higher than intra-scanner repeatability CVgg for most
sequences and organs, matching existing literature.'?

In particular, intra-/inter-scanner volunteer imaging
results showed a maximum CVgg/CV of 2.6%/5.3% for
the brain and 7.6%/9.0% for the pancreas sequences.
Most Unity MRL intra-scanner ADC repeatability (either
same day or between days) investigations have been
focused on brain/HN anatomy, with comparable mag-
nitude repeatability findings using SS-EPI sequences
with CVgg up to 1.8% for healthy brain tissues® and
6.72% for parotoid glands.'® Further, pelvis organs
imaged using the cervix sequence had larger variations
than previously reported, with a maximum CVgg/CV of
35.3%/27.1%.

The larger deviations in ADC observed in pelvic and
abdominal organs could be attributed to the greater
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motion and anatomical changes in these regions com-
pared to the brain. However, repeatability results showed
changes in pelvic organ ADC values (Table 5), differing
from the study by Ingle et al. who showed stable ADC
values for healthy tissue (ovaries and seminal vesicles)
between imaging sessions.!’

The overall image quality of the volunteer ADC maps
was poor (Figure S3). While T1 anatomical images were
sufficient for contouring, identifying anatomical features
on the ADC maps was difficult, even when the contours
were overlaid. Variability in volunteer setup, shimming
area, and FOV selection across sites, due to different
staff and training, led to some organs being partially or
fully excluded from some of the ADC maps.

Contour variability is a well-known issue in radiother-
apy and the past literature has shown it can impact
ADC studies." The block-based appearance of the
cervix contour in the cervix Consortium sequence image
observed in Figure S3 suggests the creation of this
contour could have impacted ADC variability. Addition-
ally, the contours were generated on the T1-weighted
dataset while ADC measurements were derived from
the ADC maps. Thus, another limitation was possible
misregistration between ADC maps and T1-weighted
images. Although ADC maps were acquired in the same
session as the T1 images, susceptibility-induced distor-
tions or small movements, especially in the rectum, could
cause geometric variation and ADC variability, and thus
impact intra- and inter-scan CV (see Figure S3).

However, the overall effect of contour variability was
minimized by using a single user to contour all volunteer
datasets. Although intra- and inter-scanner differences
in organ volumes were briefly examined, no clear
link was found between volume changes and ADC
variations. For future studies, providing more detailed
imaging protocols (e.g., FOV selection) beyond acquisi-
tion parameters and training to staff are recommended
for a more reliable inter-scanner reproducibility mea-
sure. With such standardization, it is hypothesized that it
is possible to normalize volunteer or patient-based ADC
values by accounting for differences in bias measured
with a phantom during inter-site QA comparisons.

Phantom-based studies generally underestimate the
ADC variability that could occur in patients’ due to
their higher SNR, absence of patient motion, and lack
of tissue complexities.”%'3 While phantom results in
this study adhered to QIBA conformance tolerances,
suggesting adequate accuracy and reliability, volun-
teer results showed larger ADC variability, especially in
regions outside of the brain.

Thus, relying only on phantom measurements could
lead to an inflated sense of accuracy or reproducibil-
ity. Alternatively, performing only in vivo imaging could
lead to the assumption that physiological changes
occurred between imaging sessions rather than ADC
changes inherently caused by the scanner or differ-
ences existing between scanners. This highlights the

MEDICAL PHYSICS——2!

importance of implementing both phantom and in vivo-
based QA to ensure data reliability in prospective single
or multi-center clinical trials involving patient QIBs like
ADC.

Based on the findings of this study, the authors recom-
mend implementing a robust ADC QA program for MRL
Unity systems, especially those involved in single- or
multi-site studies with quantitative ADC measurements.
Guidance can be drawn from the MR-Linac Consortium
Biomarker Working Group,? which aligns with this work’s
approach of acquiring phantom and in vivo datasets
to assess bias and repeatability, respectively, before
commencing clinical trials. Although optimal QA fre-
quency first requires longitudinal studies for individual
scanners, the literature suggests annual ADC QA test-
ing, supplemented by additional testing after major MRI
hardware or software upgrades.'® These assessments
should include QIBA Profile testing and evaluation of
any sequences intended for use in prospective trials.

This study has demonstrated inter-scanner QA of
ADC as a QIB; suitable for informing multi-center
data collection. Future studies could explore improved
sequences to reduce variation, validate findings by
expanding healthy volunteer and patient cohort test-
ing, and explore the potential of normalization methods
between phantom and in vivo results. This work pro-
vides benchmarks to assist in QIB validation of new
machines as installed, allowing them to contribute data
to prospective clinical trials in the region and globally.

5 | CONCLUSIONS

Overall, the phantom-based intra- and inter-scanner
ADC measurements performed well in comparison to
QIBA Diffusion Profile tolerances. Volunteer-based mea-
surements showed higher variability in reproducibility,
with sequence selection and motion as the most likely
contributing factors. This study emphasizes the impor-
tance of completing gMRI QA both on phantoms and
in vivo prior to commencing multi-center clinical trials,
including gqMRI biomarkers to ensure data are accurate
and reproducible. This study quantifies the variability in
ADC measurement and is the first step to collecting reli-
able ADC datasets across Australian MRLs which will
ideally lead to using these biomarkers in clinical appli-
cations such as disease characterization and treatment
response monitoring.
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