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Purpose: Multiparametric magnetic resonance imaging (MRI) is known to provide predictors for malignancy and
treatment outcome. The inclusion of these datasets in workflows for online adaptive planning remains under
investigation. We demonstrate the feasibility of longitudinal relaxometry in online MR-guided adaptive stereo-
tactic body radiotherapy (SBRT) to the prostate and dominant intra-prostatic lesion (DIL).

Methods: Fifty patients with intermediate-risk prostate cancer were included in the study. The clinical target
volume (CTV) was defined as the prostate gland plus 1 cm of seminal vesicles. The gross tumor volume (GTV)
was defined as the DIL identified on multiparametric MRI. Online adaptive radiotherapy was delivered ina 1.5 T
MR-Linac using a prescription of 800 cGy/900 cGy x 5 fractions to the CTV + 3 mm/GTV + 2 mm. Relaxometry
and diffusion-weighted imaging were implemented using clinically available sequences. Test-retest measure-
ments were performed in eight patients, at each treatment fraction. Bias and uncertainty in relaxometry mea-
surements were also assessed using a reference phantom.

Results: The bias in longitudinal/transverse relaxation times was negligible while uncertainty was within 3 %.
Test-retest measurements demonstrate that bias/uncertainty in patient T1 and T2 were comparable to bias/
uncertainty estimated in the phantom. Mean T1 and T2 relaxation were significantly different between the
prostate and DIL. The correlation between T1, T2, and diffusion was significant in the DIL, but not in the prostate.
During treatment, mean T1 in the DIL approaches mean T1 in the prostate.

Conclusions: Longitudinal relaxometry for online MR-guided adaptive SBRT is feasible in a high-field MR-Linac
and may provide complementary information for target delineation and response assessment.

1. Introduction

The integrated MR-Linac provides a novel platform for offline, on-
line, and real-time MR-guided adaptive radiotherapy (MRgART) [1-4].
The increased precision in target and organ-at-risk delineation has
enabled treatment methods with ablative doses and improved outcomes
[5-11]. The accuracy and efficiency of online MRgART will be further
enhanced by automation techniques for segmentation [12], staging
[13], and outcome modeling [14].

Anatomical imaging remains the most widely used modality for plan
adaptation in MR-guided stereotactic body radiotherapy (SBRT). While

functional, physiologic, and metabolic imaging features are known to be
predictors of malignancy and treatment outcome [15-17], the inclusion
of these datasets in workflows for online adaptive planning is in the
validation phase and still under investigation. Recent work acknowl-
edges spatiotemporal variations in tumor biology [18] and the impor-
tance of adaptation based on biologically-driven inputs [19]. Several
groups have reported their initial experience with suitable measurement
protocols for quantitative imaging and quality assurance trends in
hybrid MR-Linacs [20-26].

Multiparametric MRI protocols have become one of the most
important tools for detection, characterization, and categorization of
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prostate lesions [27]. The longitudinal (T1) or transverse (T2) relaxation
times and the apparent diffusion coefficient (ADC) have been shown to
be significantly lower in prostate cancer when compared to non-
cancerous tissue. These findings are valid at various magnetic field
strengths and correlate with histology [28-43].

Online MR-guided adaptive SBRT to the prostate, with focal dose
intensification to the dominant intraprostatic lesion (DIL), has recently
been implemented in a high-field MR-Linac [10]. The aim of this work is
to demonstrate the feasibility of longitudinal relaxometry measurements
for online MRgART to the prostate and DIL. The leading hypothesis is
that relaxometry will complement and may improve upon current
clinical methods for target localization and response assessment.

2. Materials and methods
2.1. Adaptive treatment planning and delivery

Fifty consecutive patients with National Comprehensive Cancer
Network (NCCN) defined intermediate-risk prostate cancer were
included in this IRB approved study. Median (min-max) age was 70.5
(55-85) years old. Patients had one to four dominant intraprostatic le-
sions (DIL) identifiable on multiparametric MRI with a Prostate Imaging
Reporting and Data System (PI-RADS) score of 3-5 [44]. To minimize
the effect on longitudinal analysis, patients were excluded if relaxom-
etry or diffusion measurements failed in two consecutive treatment
fractions.

All patients were treated in an integrated 1.5 T MR-Linac (Elekta AB,
Stockholm, Sweden). The clinical target volume (CTV) was defined as
the prostate gland plus 1 cm of seminal vesicles at the base. The gross
tumor volume (GTV) was defined as the DIL identified on multi-
parametric MRI during simulation in a 3.0 T scanner (Philips Health-
care, Best, the Netherlands) [45]. Prescription was 800 cGy x 5 to the
CTV + 3 mm with an integrated boost of 900 cGy x 5 to the GTV + 2
mm, delivered every other day. Treatment planning was performed in
the Monaco treatment planning system (Elekta AB, Stockholm, Sweden).
Reference and daily online-adapted plans consisted of 15 IMRT beams
spaced equidistantly while avoiding hardware in the cryostat pipe and
couch. All plans were calculated using a 3.0 mm grid with a statistical
uncertainty of 1.0 % per calculation. Delivery was in step-and-shoot
mode using a dose rate of 425 MU/min at the isocenter. Daily con-
tours for online plan adaptation were drawn on a 3D T2-weighted MRI
scan (MRIpqn) using the following imaging parameters: TR/TE = 1300/
87 ms, voxel size = 1 x 1 x 2 mm?®, FOV = 400 x 450 x 250 mm>.
Additional details for the workflow including simulation, planning,
online adaptation, and delivery can be found in the literature [10]. Of
note, all patients underwent placement of a hydrogel rectal spacer
(SpaceOAR, Boston Scientific, Marlborough, MA, USA) approximately
one week prior to simulation to increase the distance between the
prostate gland and rectal wall.

2.2. Data acquisition

Relaxometry and diffusion-weighted imaging were implemented
using clinically available sequences in the MR-Linac. T1 values were
estimated with the variable flip-angle (VFA) method, T2 values were
estimated with the multi-slice multi-echo (MSME) method, and the
apparent diffusion coefficient was estimated with a multi b-value
diffusion weighted acquisition. The implementation of these methods in
the MR-Linac is described in detail elsewhere [26]. A brief summary for
each technique and corresponding parameters is provided in Supple-
mentary Materials.

The following imaging parameters were used in the measurement of
T1 relaxation times: TR/TE = 20/2.3 ms, FA={4°, 22°}, number of ex-
citations (NEX) = 1, acquisition matrix = 160x160, field of view = 320
x 320 mm?, slice thickness = 3 mm, slice spacing = 1.5 mm, number of
slices = 67 (axial), SENSE = 2 (RL, phase). Receiver gain settings were
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determined using FA = 15° and the same settings were used for both
acquisitions in the VFA protocol. The total acquisition time per flip angle
was ~ 45 s.

The following imaging parameters were used in the measurement of
T2 relaxation times: TR/TE/ATE = 4000/22/11 ms, 8 echoes, NEX = 1,
acquisition matrix = 160 x 160, field of view = 320 x 320 mmz, slice
thickness = 3 mm, slice spacing = 3 mm, number of slices = 33 (axial),
SENSE = 2 (RL, phase). To minimize the effect of stimulated echoes, a
dummy echo was generated and discarded before the echo-train used in
the analysis. The total acquisition time was ~5.5 min.

Diffusion measurements were additionally performed in a subset of
eight patients using a single-shot spin-echo EPI (SS-EPI) imaging
sequence based on recommendations from the Unity MR-Linac con-
sortium [21]. The following imaging parameters were used: b (NEX) =
{0 (1), 10 (1), 40 (1), 70 (1), 90 (1), 100 (1), 120 (1), 170 (1), 210 (1),
240 (1), 270 (2), 390 (2), 500 (3), 620 (3) s/mm?}, TR/TE = 6098/73
ms, acquisition matrix = 104 x 104 mm?, field of view = 256 x 256
mmz, slice thickness = 4 mm, number of slices = 30 (axial), SENSE = 2.5
(RL, phase), SPAIR fat suppression. The total acquisition time was ~6
mins.

The bias and uncertainty of relaxometry measurements were
assessed using the phantom developed by the National Institute of
Standards and Technology (NIST) and International Society of Magnetic
Resonance in Medicine (ISMRM) [46]. This phantom includes two par-
allel plates containing vials with nominal relaxation rates. The phantom
is positioned at the isocenter with the anterior coil placed flush on its
surface. Room temperature was monitored and maintained in the range
of 19-22 °C. The nominal relaxation rates were compared to the
measured values with weekly scans over the course of eight weeks. The
bias and uncertainty of ADC measurements are reported in literature
[21,26,47].

Relaxometry test-retest measurements were performed in eight pa-
tients, at each treatment fraction. During online plan adaptation,
relaxometry maps were acquired consecutively without changes in pa-
tient positioning. A schematic diagram of the acquisition timeline is
shown in Supplementary Materials Fig S1.

2.3. Image analysis

For phantom measurements, the bias (%) was defined as:

o — & .
p = D measred = L omina 113, M
riiNominal

where & represents T1 or T2. Uncertainty was quantified using the
percent coefficient of variation (COV):

Cov = ,% « 100% @)

where ¢ and y represent the standard deviation and the mean value
of the measured data. The analysis was performed in a circular ROI of 1-
cm diameter centered on each vial of interest in the NIST/ISMRM
phantom.

For each treatment fraction, all acquired patient images were im-
ported in the computational environment for radiotherapy research
(CERR) and automatically fused using rigid registration focusing within
a region of 2.0 cm around the prostate [48]. The registrations were
inspected by three board certified medical physicists and manual ad-
justments were made if needed. Contours were transferred to the
relaxometry and diffusion-weighted datasets, and the mean values of
T1/T2/ADC were extracted in the CTV and GTV. To remove the influ-
ence from the values within the GTV, the CTV contour did not include
the contour of GTV (removed by Boolean operation). To minimize the
bias from overlapping T1 and T2 values in the hydrogel, the spacer was
manually contoured at each fraction for the first eight patients in the
study. The mean T1 and T2 relaxation from the hydrogel spacer was
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used to remove the values from the overlapping regions within the CTV
and GTV by thresholding.

All statistical analysis was performed in MATLAB (MathWorks,
Natick, MA, USA). Test-retest acquisitions were analyzed using Bland-
Altman plots. For each patient, the mean value of T1 and T2 in the
CTV and GTV was compared using the paired, two-tailed t-test. All
correlations were evaluated using Spearman’s rank correlation coeffi-
cient. Significance was determined based on a p-level less than 0.05.

3. Results
3.1. Longitudinal bias and uncertainty in NIST phantom

The feasibility of longitudinal relaxometry measurements was
initially assessed using the NIST/ISMRM phantom. Fig. 1 presents the
bias and uncertainty of measured T1 and T2 as compared to nominal and
baseline values. The mean and standard deviation of measured values in
Fig. 1 is from the combined data from eight weeks. Baseline values were
calculated by averaging the measurements from the first four weeks of
the study. Figure S2 in Supplementary Materials shows a representative
example from the phantom measurements, and Figure S3 presents the
longitudinal trend over eight weeks. When comparing to nominal
phantom values, the range [min — max] of bias and COV for T1 were
[-5.5%-0.9 %] and [1.7 % — 2.9 %], respectively; the range of bias and
COV for T2 were [—2.9 % — 7.9 %] and [0.6 % — 1.5 %], respectively.
When comparing to baseline values, the range of bias for T1 and T2 were
[-1.3 % — —0.5 %] and [-0.2 % — 0.3 %], respectively. Baseline cor-
rections do not affect the variance therefore the range for COV remains
the same as when comparing with respect to nominal values. The cor-
relation of bias and COV with mean T1 and T2 was not statistically
significant (p>0.05, for all cases), irrespective of whether the compar-
ison was with nominal or baseline values.

3.2. Longitudinal relaxometry for online MRgART

Relaxometry measurements were successfully completed in 244,/250
and 242/250 fractions for T1 and T2 mapping, respectively. None of the
patients included in the study had failures in consecutive treatment
fractions. The primary failure mode was inappropriate gain settings due
to user error, which was addressed by increasing operator training. In
our cohort of 50 patients, eight patients had two distinct DILs, one pa-
tient had three distinct DILs, and one patient had four distinct DILs
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within the prostate gland. Fig. 2 illustrates the potential use of relax-
ometry maps for target localization in online adaptive MR-guided
planning. The contours for CTV and GTV were drawn on the 3D T2-
weighted planning MRI scan, aided by the ADC map. In this example,
the GTV can be clearly seen in the T2 map (arrows). An example where
the GTV can be seen in the T1 map is shown in Supplementary Materials
Fig. S4. Translations and rotations from the planning MRI to the T1 and
T2 maps are plotted in Fig. 3. The translations and rotations (mean +
std.dev.) from the planning MRI to the T1 map were 0.1 + 0.3 mm (Rt),
0.9 £+ 0.2 mm (Post), 0.0 &+ 0.4 mm (Inf), and 0.0 + 0.1 deg (Roll), 0.0
+ 0.2 deg (Pitch), 0.0 &+ 0.2 deg (Yaw), respectively. The translations
and rotations from the planning MRI to the T2 map were 0.1 + 0.3 mm
(Rt), 1.9 + 0.3 mm (Post), 0.8 + 0.5 mm (Inf), and 0.1 + 0.1 deg (Roll),
0.0 + 0.1 deg (Pitch), 0.0 + 0.2 deg (Yaw), respectively. The time (mean
+ std.dev.) from the planning MRI to the T1 and T2 map was 11.8 + 3.1
mins and 15.6 + 3.3 mins, respectively.

The bias and uncertainty in test-retest acquisitions were estimated
using the Bland-Altman plots shown in Fig. 4. The mean values of T1 and
T2 in the CTV and GTV were not significantly different (p>0.05, for all
cases). The bias and limit of agreement (LoA = 2ec) for T1 in the CTV
and GTV were —0.5 %+4.6 % and —0.6 %=+5.9 %, respectively. The bias
and limit of agreement for T2 in the CTV and GTV were 0.3 %+2.7 %
and —0.2 %=+4.7 %, respectively. The volume of CTV and GTV as a
function of fraction number is plotted in Supplementary Materials
Fig. S5. The correlation of mean CTV or GTV volume versus fraction
number was not significant (p>>0.05, for both cases).

The mean values of T1 and T2 relaxation in the CTV and GTV are
compared in Fig. 5. When combining the data from all fractions, mean
T1 and mean T2 in the GTV were significantly lower than in the CTV
(ple'5 for T1; pleO'25 for T2). T1 relaxation (mean + std.dev.) in the
GTV and CTV was 1484.4 + 150.7 ms and 1525.8 + 110.1 ms, respec-
tively. T2 relaxation in the GTV and CTV was 107.6 + 14.2 ms and 120.4
=+ 12.1 ms, respectively. Mean T1 in the GTV was significantly correlated
with fraction number (p = 0.02), approaching the mean value of T1 in
the CTV. The correlation between mean T1 in the CTV or mean T2 in the
CTV/GTV with respect to fraction number was not significant (p>0.05,
for all cases).

A comparison between T1 and T2 relaxation with ADC is shown in
Fig. 6. In the GTV, we find that the correlation between mean ADC and
mean T1 or T2 was significant (p = 0.005, both cases). The correlation
coefficient for T1 vs ADC and T2 vs ADC in the GTV was p = 0.45 and p
= 0.46, respectively. In the CTV, this correlation was not significant
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Fig. 1. Bias and uncertainty in relaxometry measurements in the NIST/ISMRM phantom. (a, b) The mean and standard deviation of measured T1 and T2 are
compared with respect to the nominal phantom values. (c, d) The mean and standard deviation of measured T1 and T2 are compared with respect to the baseline
values. Baseline values were calculated by averaging the measurements from the first four weeks of the longitudinal phantom study. (b = baseline, m = measured, n

= nominal).
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500 ms T1

2000 ms 50 ms T2

250 ms

Fig. 2. Representative acquisitions from an online adaptive plan demonstrating (a) the dose distribution overlayed on T2-weighted MRI, (b) contours for the CTV and
GTV, (c) T1-map, and (d) T2 map. Arrows in panels (c,d) point to the location of the GTV. The colormap for the dose distribution in panel (a) is in the range of the

prescription, i.e. 800 cGy to 900 cGy.
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Fig. 3. Mean and standard deviation of translations and rotations from (a, b) planning MRI to T1 map and (c, d) planning MRI to T2 map. The time (mean =+ std.dev.)
from the planning MRI to the T1 and T2 map was 11.8 &+ 3.1 mins and 15.6 + 3.3 mins, respectively.

(p>0.05, both cases). The mean and standard deviation of the distri-
bution of T1, T2, and ADC is compared in Supplementary Materials
Fig. S6. In the subset of eight patients over five fractions, mean T1, T2,
and ADC was significantly lower in the GTV when compared to the
corresponding mean value in the CTV.

4. Discussion

The integrated MR-Linac provides a novel platform for precision
radiotherapy. The availability of functional imaging biomarkers may
enable further improvements by identifying high sensitivity and speci-
ficity features that can aid in target delineation and response assessment.

In this work we demonstrate the feasibility of longitudinal relaxometry
for online adaptive planning of prostate SBRT with focal dose intensi-
fication using a high-field MR-Linac.

The bias and uncertainty of T1 and T2 relaxation times, measured
with clinically available MRI pulse sequences, were estimated in a NIST-
traceable phantom and eight patients over five fractions. In phantom
experiments, the mean bias with respect to nominal values for T1 and T2
was —1.5 % and 3.4 %, respectively. Previous work has also shown a
consistently larger bias for nominal T2 values [20,26]. An example of
the distribution of the excitation (B1) field measured in a uniform cy-
lindrical phantom is given in Supplementary Materials Fig. S7. The
average deviation of B1 with respect to nominal is 1.2 + 0.2 %, with
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Fig. 4. Bland-Altman plots for test-retest acquisitions of relaxometry maps. (a, b) Comparison of mean T1 in CTV and GTV. (c, d) Comparison of mean T2 in CTV and
GTV. The mean values of T1 and T2 were not significantly different between the two test-retest acquisitions. m1, m2 = first, second measurement.
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Fig. 5. Comparison of (a) mean T1 and (b) mean T2 values in the CTV and GTV. (c, d) Mean T1 and T2 in CTV and GTV as a function of fraction number. In the GTV,
mean T1 and mean T2 was significantly lower than in the CTV. Mean T1 in the GTV was significantly correlated with fraction number (p = 0.02), approaching the
mean value of T1 in the CTV. The correlation of mean T1 in the CTV and mean T2 in CTV or GTV with respect to fraction number was not significant.

minimal dependence on gantry position. When accounting for baseline
differences, the mean bias for T1 and T2 was —0.8 % and 0.1 %,
respectively. The mean COV for T1 and T2 was 2.2 % and 1.0 %. The
uncertainty was not dependent on T1 or T2, as can be seen in Fig. 1 and
Fig. 4. Note that for single-institutional studies, uncertainty may take
priority over bias, particularly for biomarkers for which the biological
interpretation is still under investigation. This is corroborated by our
findings from the in vivo test-retest experiment where the mean bias for
T1 and T2 was —0.5 % and 0.1 %. Furthermore, the uncertainty of T1
and T2 was comparable in phantom and patient measurements, with
COV less than 3.0 % in both cases, indicating that it is feasible to achieve
an average uncertainty that is primarily dictated by the MRI sequence
parameters.

Mean T1 and T2 relaxation times are significantly lower in the
dominant lesion and correlate significantly with ADC values, as shown
in Fig. 5 and Fig. 6. On average, T1 and T2 in the GTV are approximately
3 % and 12 % lower than in the CTV. During the course of treatment,
mean T1 relaxation in the GTV increased and approached the mean T1

relaxation in the CTV. While at baseline (fraction 1) the mean T1 is
significantly lower in the GTV (p = 0.0009), at fraction 5 there is no
significant difference between mean T1 in the GTV and CTV (p = 0.2).
These findings suggest that relaxometry measurements may provide
additional complementary information for online and offline plan
adaptation, with T2 maps primarily enhancing target delineation and T1
maps assisting in treatment response assessment. It is worth stressing
that our work demonstrates that current clinical methods provide suf-
ficient sensitivity to measure changes in T1 that arise during the course
of adaptive radiotherapy. However, our work does not show that T1 is
measuring treatment response. While the correlation with diffusion
provides insightful preliminary data for future work, further studies are
needed to address the biological interpretation of T1 and T2 values. Note
that hardware limitations may have a disproportionate influence on the
accuracy of relaxometry and diffusion measurements, as shown in a
representative patient with a hip implant in Supplementary Materials
Fig. S8. The magnitude of system specific distortions has been estimated
elsewhere [26]. The longitudinal analysis of diffusion weighted imaging
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Fig. 6. Comparison of mean T1 and T2 with mean ADC in the (a, ¢) GTV and (b, d) CTV. The correlation between mean ADC and mean T1 or T2 in the GTV was
significant (p = 0.005, both cases); the correlation was not significant in the CTV (p>0.05, both cases).

for MR-guided online adaptive radiotherapy will be reported in future
work.

In our study, intrafraction motion was assessed using rigid registra-
tion focused on a region around the prostate gland. Intrafraction
translations were generally found to be small, with the worst case being
on the order of the acquisition voxel size, as shown in Fig. 3 (refer to
Fig. S9 in Supplementary Materials for translations and rotations in the
test—retest study). While the use of rigid registration does not capture
fine deformations due to changes in the surrounding anatomy, the use
and validation of longitudinal deformable registration is still work in
progress. Deformable registration will also help minimize the effects
from the hydrogel spacer, which in our work was removed by thresh-
olding (for hydrogel spacer: mean T1 = 2700 msec, mean T2 = 490
msec).

Multiparametric MRI protocols, particularly T2-weighted and diffu-
sion weighted MRI, have become one of the most important tools
available for detection, characterization, and categorization of prostate
lesions. Morphologic and functional imaging features are known to be
predictors of malignancy and treatment outcome [15-17]. Nevertheless,
the inclusion of these protocols in workflows for online adaptive
radiotherapy remains an open question.

The inclusion of functional, physiologic, and metabolic imaging in
workflows for online adaptive radiotherapy remains under investiga-
tion, even though these datasets are known to be predictors of malig-
nancy and treatment outcome. We demonstrate the feasibility of
longitudinal relaxometry measurements for online MR-guided adaptive
radiotherapy. Relaxometry maps provide measurements with minimal
bias and sufficient precision to allow for differentiating between target
subunits and for measuring changes during the course of therapy. The
bias of T1 and T2 was negligible while the uncertainty, estimated by the
COV, was less than 3 %. Test-retest measurements in eight patients over
five fractions demonstrate that the bias and uncertainty of in vivo T1 and
T2 were comparable to the bias and uncertainty of T1 and T2 in a NIST-
traceable phantom. Mean Tl and T2 relaxation are significantly
different between the prostate and DIL. The correlation between T1 and
T2 with ADC is significant in the DIL, but not the prostate.
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