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The repeatability of the apparent diffusion coefficient (ADC) during radiotherapy for rectal cancer on a 1.5 T MR-
linac was investigated by acquiring two sequential diffusion-weighted imaging (DWI) sequences at each fraction.
In 109 treatment sessions involving 22 patients, tumors were separately delineated on the b500 images. ADC
maps were generated with all b-values (0, 30, 150, and 500 s/mm?) on the MR-linac, and the median ADC values

were used in Bland-Altman analyses. A relative repeatability coefficient of 17.0 % was determined, providing a
threshold to differentiate between measurement variability and true treatment response. This threshold can be
used for potential response monitoring and personalized treatment adjustments.

1. Introduction

Diffusion-weighted imaging (DWI) is a functional magnetic reso-
nance imaging technique (fMRI) commonly used in oncology. DWI of-
fers insight into tissue characteristics by measuring the diffusion of
water molecules, which is expressed as the apparent diffusion coefficient
(ADC). This ADC serves as a potential quantitative imaging biomarker
for oncologic treatment outcome prediction and response assessment
and might be used in personalized cancer treatment [1].

In rectal cancer, the value of ADC has been widely researched with
diagnostic MRI pre- and post-treatment to assess and predict the
response of chemotherapy and radiotherapy (RT). A low pretreatment
ADC and an increased post-treatment ADC are both correlated with good
response rates after RT [2]. Furthermore, a low pretreatment ADC is
correlated with increased complete and good response rates after che-
moradiotherapy [3]. However, while these studies address the potential
of ADC in rectal cancer response prediction, their impact on clinical
decision-making is limited because they mostly contain only pre- and
post-treatment measurements with long intervals between them. In
other tumor sites, mid-treatment ADC measurements have demonstrated
effectiveness and potential in early response prediction [4-6]. This
absence of comprehensive ADC data throughout treatment in rectal
cancer is a limitation but might be resolved by regularly measuring the

ADC during the course of treatment.

MRI-guided radiotherapy (MRgRT) has this capability with fMRI
opportunities at each fraction. Daily ADC measurements have shown a
prognostic role at some tumor sites [7-9]. More robust ADC information
potentially enhances response monitoring and enables personalized
treatment adjustments for rectal cancer [10,11]. Serial ADC acquisition
is feasible on MR-linac systems for rectal cancer, but these measure-
ments must be reliable to distinguish between therapy-related responses
and measurement variations before they can be integrated into
personalized treatment [8,12]. For diagnostic MRI-systems the repeat-
ability of ADC values for rectal cancer is described for several setups
[13]. However, due to differences in acquisition and system design, this
repeatability might be different for MR-linac systems [14,15]. There-
fore, this study aimed to determine the ADC repeatability during clinical
use by assessing ADC values in rectal cancer, with normal prostate tissue
as reference, using sequential DWI scans on a 1.5 T MR-linac.

2. Methods
2.1. Patients

Twenty-two consecutive patients with rectal cancer were treated on
a 1.5 T MR-linac (Unity, Elekta AB, Stockholm, SW) between September
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2021 and December 2022. All patients were diagnosed with rectal
cancer (stage cT3c-d (MRF-) NOMO or c¢T1-3 (MRF-) N1MO) and received
short-course neoadjuvant radiotherapy with 25 Gy delivered in five
fractions. Eight patients participated in a dose escalation study (pre-
RADAR) and received two to four additional fractions of 5 Gy [16].
Consent was given through the Dutch Prospective Data Collection
Initiative on Colorectal Cancer (PLCRC; NCT02070146) or the Multi-
OutcoMe EvaluatioN of radiation Therapy Using the MR-linac (MO-
MENTUM; NCT04075305) studies, both approved by the Medical
Research and Ethics Committee of the University Medical Centre
Utrecht, the Netherlands.

2.2. Imaging and processing

During procedure on the MR-linac, a transverse T2-weighted and two
directly sequential DWI sequences with b-values of 0, 30, 150, and 500
s/mm? were acquired before dose delivery (Fig. 1). The scanning DWI
sequence parameters are detailed in Supplementary Table 1. Single-shot
spin-echo EPI (ssSE-EPI) was used for the readout. ADC maps (Fig. 1)
were calculated on the MR-linac with a mono-exponential model of all b-
values by fitting the data with signal intensity (S) to the following
equation: S(b) = S @ e~APC*,

After imaging, all sequences were transferred to an in-house tool for
processing [17]. Tumors were delineated on the high b-value (b500)
images of every DWI sequence [15]. For the purpose of providing
reference values in the prostate, the central zone of the prostate gland
was delineated on the T2w scan with a 1 cc cylindrical contour in all
male patients, created by placing concentric circular contours of radius
7.5 mm on three adjacent slices, expanded with a 5 mm margin. Con-
tours were propagated to the ADC maps (Supplementary Fig. 1).

2.3. Statistical analysis

Data were presented as median with interquartile range (IQR), as
mean with standard deviation (SD) or as frequencies with percentages,
depending on their distribution.

Bland-Altman analysis was performed to compare the two sequential
DWI sequences by using the median ADC from each region of interest
[18]. The repeatability coefficient (RC) was calculated from the within-
subject standard deviation (wSD) at a confidence level of 95 %: RC =
2.77*wSD.

Because the RC is an absolute measure and is therefore dependent on
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the magnitude of the ADC measurements, the relative repeatability co-
efficient (%RC) was calculated from the within-subject coefficient of
variation (WCV): %RC = 2.77*wCV [19].

Data were visualized using R studio version 4.2.2.

3. Results
3.1. Patients

Baseline patient and tumor characteristics are summarized in Sup-
plementary Table 2. The cohort was primarily male (77 %) and had an
average age of 63 years, ranging from 43 to 81 years. A total of 109
treatment sessions included two sequential DWI sequences, with 70
sessions containing a prostate contour. One treatment session was
excluded before analysis due to a technical failure in one of the DWI
scans, rendering it unreadable.

On the b500 image of the DWI sequences, tumor contours had a
median volume of 15.05 cc with an IQR of 14.64 cc and a median ADC of
1.23 x 10~3 mm?/s with an IQR of 0.30 x 10> mm?/s. Prostate con-
tours had a median volume of 4.98 cc with an IQR of 0.41 cc and a
median ADC of 1.55 x 10> mm?/s with an IQR of 0.20 x 1073 mm?/s.

For rectal tumors, the bias in ADC values was —0.01 x 10~3 mm?/s
and the limits of agreement ranged from —0.21 to 0.20 x 10~ mm?/s
(Fig. 2). The RC was 0.21 x 103 mm?/s and the %RC was 17.0 %.

For the normal prostate tissues, the bias was 0.01 x 10~> mm?/s and
the limits of agreements ranged from —0.15 to 0.16 x 10~3 mm?/s
(Fig. 2). The RC was 0.08 x 1073 mm?/s and the %RC was 5.4 %.

4. Discussion

In this study, a relative repeatability coefficient of 17.0 % for rectal
cancer ADC measurements on a 1.5 T MR-linac was found. When using
serial ADC measurements on a 1.5 T MR-linac for response monitoring in
rectal cancer, it is crucial to account for this repeatability coefficient to
differentiate between measurement variability and actual treatment
response. Additionally, serial ADC measurements from an MR-linac have
the potential to enhance response monitoring and personalize treatment
for rectal cancer.

The repeatability coefficient was higher for the rectal tumor
compared to the coefficient measured in the prostate region (17.0 % vs
5.4 %), which is consistent with findings in diagnostic MRI studies [13].
This difference is attributed to rectal motion and the passage of gas

Scan1 Scan 2
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Fig. 1. MRI images during a treatment session on a 1.5 T MR-linac for rectal cancer. On the left, a T, weighted scan with the tumor volume delineated (yellow). On
the top right, the tumor illustrated on the b = 500 of two sequential DWI scans, with below, two ADC maps calculated from the DWL
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Fig. 2. Two Bland-Altman plots illustrating the agreement between two sequential DW-MRI scans for rectal tumors (left) and normal prostate tissues (right). The bias
(blue lines) and limits of agreement (red dotted lines) for rectal tumors were 0.01 x 1072 mmz/s, with limits of —0.22 to 0.21 x 102 mm?/s. For the normal prostate
tissues, the bias was 0.01 x 10~2 mm?/s, with limits of —0.15 to 0.16 x 10~2 mm?/s.

though the rectum during DWI acquisition. This was confirmed after
visual inspection of the separate b-value scans, which showed anatom-
ical differences between the different b-values in the patients with the
largest ADC repeatability. These occurrences illustrate the added chal-
lenge when performing fMRI in tumor sites with anatomical motion.
Deformable image registration of individual b-value images could
potentially improve ADC repeatability for rectal tumors, but it is difficult
due to the low signal-to-noise ratio and limited anatomical features
inherent in ADC images, which might lead to registration errors.
Furthermore, different ADC calculation methods might improve
repeatability, such as choosing between region-of-interest analysis or
voxel-based analysis, selecting different b-values, or using alternative
software [20,21]. Another option would be to reduce the acquisition
time by modifying sequence parameters such as numbers of averages
and number of b-values. Faster acquisition would reduce the chance of
capturing unexpected movement in the rectum [22]. The DWI sequence
of this study follows recommendations for consistent and accurate ADC
measurements on Unity MR-Linac systems [15]. We therefore believe
that sequence-related contributions to ADC variability have been
confined to a minimum.

In a prior study of our group, a 9.8 % ADC repeatability coefficient
was found for rectal cancer on a diagnostic 1.5 T MRI unit (Gyroscan NT
Intera, Philips) [13]. While a 1.5 T MR-linac has the same field strength,
it is important to recognize that its hardware design (e.g. split gradient
coils, reduced number of receive channels) reduces the signal to noise
ratio of especially the high b-value images, which might negatively
impact the ADC repeatability [14]. As expected, the repeatability coef-
ficient was higher in this study. Furthermore, like most other quantita-
tive MRI measurements, the exact MR acquisition parameters also play
an important role in the degree of ADC repeatability. The split gradient
system of Elekta Unity systems (leading to a reduced gradient strength
and ramp up time) requires different diffusion gradient characteristics
compared to diagnostic MRI systems, and these must be considered for
ADC measurements.

Although ADC repeatability has been tested before on the 1.5 T MR-

Linac, this is the first study to have done so for rectal tumors. Hence,
comparison is limited to different tumor groups. ADC repeatability
studies for head and neck cancer (HNC) on MR-linac systems found
repeatability coefficients between 26.7 % and 31.3 % using similar
methods as the current study [23,24]. These numbers are higher than
our RC for rectal cancer. Kooreman et al. studied ADC measurements
during different treatment scenarios of prostate cancer on a Unity sys-
tem [15]. They reported absolute ADC repeatability coefficients of 0.34
x 1073 mm?/s and 0. 22 x 1073 mm?/s in the first and second fraction,
respectively. However, they looked at the ADC difference between the
gantry on and off, and they did not discuss this difference in repeat-
ability between the first and second fraction. This study examined
repeatability before dose delivery, likely clarifying our lower RC.

Diagnostic MRI systems generally have a better ADC repeatability
compared to MR-linac systems for rectal cancer. However, the advan-
tage of an MR-linac lies in its scan opportunity at each treatment frac-
tion. Despite less accurate individual measurements, the abundance of
estimations from serial scans allows for a more comprehensive under-
standing of ADC dynamics. This increased sample size could offer a more
refined prediction of the ADC compared to a single diagnostic MRI
measurement. This can be especially helpful in longer RT schemes, like
chemoradiation for locally advanced rectal cancer. In such situations,
adequate response monitoring with ADC during radiotherapy might lead
to personalized treatment adjustments such as dose-(de)escalation,
dose-painting, or selective boosts. Additionally, outcome predictions
based on serial ADC tilt might assist in decision making for a wait-and-
see strategy to postpone surgery. However, longer treatment schemes
may present additional challenges to ADC, such as radiotherapy-induced
edema at the tumor site. Focusing on relevant ADC values for analysis or
using other ADC calculation methods might address this issue. In the
current study, the median ADC value was used to mitigate the impact of
outliers.
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