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ARTICLE INFO ABSTRACT

Keywords: Background and Purpose: Radiation-induced damage to the organs at risk (OARs) in head-and-neck cancer (HNC)
Head and Neck cancer patient can result in long-term complications. Quantitative magnetic resonance imaging (QMRI) techniques such
Radiotherapy as diffusion-weighted imaging (DWI), DIXON for fat fraction (FF) estimation and T, mapping could potentially
)s(:;?/itroymgi nds provide a spatial assessment of such damage. The goal of this study is to validate these gMRI techniques in terms
Dysphagia of accuracy in phantoms and repeatability in-vivo across a broad selection of healthy OARs in the HN region.

Materials and Methods: Scanning was performed at a 3 T diagnostic MRI scanner, including the calculation of

Swallowing muscles
apparent diffusion coefficient (ADC) from DWI, FF and T, maps. Phantoms were scanned to estimate the qMRI

Quantitative MRI

Repeatability techniques bias using Bland-Altman statistics. Twenty-six healthy subjects were scanned twice in a test-retest

T2 mapping study to determine repeatability. Repeatability coefficients (RC) were calculated for the parotid, submandibular,

Fat fraction sublingual and tubarial salivary glands, oral cavity, pharyngeal constrictor muscle and brainstem. Additionally, a

i;"é linear mixed-effect model analysis was used to evaluate the effect of subject-specific characteristics on the gMRI
values.

Results: Bias was 0.009x10°> mm?/s for ADC, -0.7 % for FF and -7.9 ms for T. RCs ranged 0.11-0.25x10° mm?/s
for ADC, 1.2-6.3 % for FF and 2.5-6.3 ms for Ts. A significant positive linear relationship between age and the FF
and T, for some of the OARs was found.

Conclusion: These qMRI techniques are feasible, accurate and repeatable, which is promising for treatment
response monitoring and/or differentiating between healthy and unhealthy tissues due to radiation-induced
damage in HNC patients.

1. Introduction

Radiation-induced damage to the salivary glands and swallowing
muscles of head and neck cancer (HNC) patients can lead to late toxic-
ities such as xerostomia and dysphagia, which severely impair the pa-
tients’ quality of life (QoL) [1,2,3]. Techniques such as salivary gland
scintigraphy [4], salivary flow measurements [5] and video fluoroscopy
[6] are employed to measure functional impairment. However, these
techniques are invasive to some extent, do not correlate with patient-
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reported outcomes [7] and most importantly lack spatial information
on the radiation-induced damage location. In the era of advanced
photon and proton therapy techniques, steering steep dose gradients
while sparing important organs at risk (OARs) is feasible [8]. Therefore,
an objective quantification of the OARs radiation-induced damage may
contribute to improving radiotherapy planning strategies and ultimately
refining the current late toxicity prediction models [9].

Magnetic resonance imaging (MRI) is a non-invasive technique with
superior soft-tissue contrast that plays an important role in the
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diagnosis, prognosis, radiation treatment planning [10] and more
recently in the position verification with MRI-guided systems [11].
Furthermore, quantitative MRI (QMRI) has shown potential in predicting
and monitoring tumor response during treatment and to some limited
extent evaluating OAR toxicity [12,13]. Diffusion-weighted imaging
(DWI), for tissue cellularity quantification [14-16], chemical shift-
encoded sequences such as DIXON, for fat fraction (FF) measurement
[17] and Ty mapping, for tissue edema characterization [17], have been
showing promising value in HNC. These studies reported an apparent
diffusion coefficient (ADC) and T, values increase in the salivary glands
post-radiotherapy suggesting that these techniques could potentially be
employed for late toxicity quantification.

Before using information derived from gMRI in clinical practice,
their quality must be validated in terms of accuracy, repeatability and
reproducibility as defined by the Radiological Society of North Amer-
ica’s Quantitative Imaging Biomarkers Alliance (QIBA) [18]. Estimating
gMRI repeatability is essential to define the threshold between changes
due to true biological events and measurement errors. Recent studies
have validated the acquisition of DWI and/or Ty mapping in different
tumor sites like HN [19-21], prostate [22,23] and liver [24]. Due to
motion (swallowing) and susceptibility (air/tissue interfaces) artifacts,
the HN region represents a challenging location for the gqMRI acquisi-
tion. Thus, investigating qMRI repeatability for this region is crucial.
Repeatability depends not only on the MR field strength, gradient and
coil hardware but also on the structure composition, size and anatomical
region [20,21,23]. Therefore, different repeatability outcomes might be
expected between diverse structures (tumor and/or different OARs). To
date, QMRI repeatability in the HN region with the above mentioned
sequences has only been evaluated for DWI acquisitions and only for the
submandibular and parotid glands [20,21].

The lack of repeatability literature in HNC creates a barrier for the
clinical translation of QqMRI measurements. Thus, the main goal of this
study was to evaluate the accuracy in phantoms and the repeatability in
healthy subjects of the following QMRI techniques at a diagnostic 3 T
MRI scanner: DWI with split acquisition of fast spin echo signal for
diffusion imaging (SPLICE) [25], FF and Ty mapping. The repeatability
analysis was performed for a wide selection of healthy structures shown
to be potentially associated with HNC late toxicity: sublingual [26],
submandibular, parotid [26-28] and tubarial salivary glands [29], oral
cavity [28], pharyngeal constrictor muscle [27,28] and the brainstem
[30]. Additionally, gMRI reference values for the abovementioned
techniques and healthy OARs were reported and the effect of subject-
specific characteristics on the qMRI measurements was evaluated.

2. Material and Methods
2.1. Imaging details

MRI acquisitions were performed at a 3 T diagnostic scanner with a
16-channel HN coil (Ingenia, Philips Healthcare, Best, The Netherlands),
including: T;-weighted DIXON for anatomical definition, DWI-SPLICE
for ADC calculation, mDIXON Quant for FF estimation and T, map-
ping for measurement of the T, relaxation time. All qMRI maps were
calculated on the scanner. DWI-SPLICE acquisition was performed using
three b-values: 0, 200 and 800 s/mm?. ADC maps were calculated by
fitting a linear function to the log of the signal decay at two b-values, 200
and 800. The DWI at 0-value was excluded in order to mitigate perfusion
contamination [31]. For FF the mDIXON Quant method with a six-echo
3D gradient echo sequence was employed and maps were reconstructed
using a 7-peak fat spectral model and correction for Ty* decay. For Ty
mapping, an accelerated multi-echo spin echo sequence with 12 echoes
was used [32]. To avoid bias from stimulated echoes, the first echo was
discarded by skipping the acquisition during scanning [33]. T2 maps
were calculated by fitting a mono-exponential decay function. The same
scanner, receive coil and sequence parameters were used in both
phantoms and healthy subjects examinations (Table 1).
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Table 1

qMRI sequence parameters: (1) DWI-SPLICE, (2) mDIXON Quant and (3) T,
mapping. Abbreviations: turbo spin echo (TSE), fast field echo (FFE), field of
view (FOV), repetition time (TR), echo time (TE), Compressed Sen-
sing-Sensitivity Encoding (CS-SENSE) and anterior-posterior (AP).

Parameter DWI-SPLICE mDIXON T, mapping
Quant
Technique multi-slice TSE 3D FFE multi-slice
TSE
Orientation transverse - transverse
Shot mode single-shot - multi-shot
FOV [mm?] 280 x 222 x 140 400 x 350 x 250 x 205 x
180 180
Acquired voxel size 3x3x4 25x25x%x3 3x3x4
[mm?]
Number of echoes 1 6 12
TR / TE / ATE [ms] 4322 /67 / — 5.6/0.97/ 7650/ 20 /10
0.7
b-values (averages) 0(2), 200(3), 800 - -
6)
Flip angle [degree] 90 3 90
Acceleration factor SENSE, 1.8 (AP) SENSE, 2 (AP) CS-SENSE, 4
(direction)
Acquisition time [min: 05:01 00:24 05:52
sec]
2.2. Phantom

Measurements with different phantoms were performed to evaluate
the QMRI techniques accuracy. All phantoms were positioned such that
samples were aligned with the By. For ADC, the QIBA diffusion phantom
(High Precision Devices, Inc., Boulder, Colorado) consisting of thirteen
vials with aqueous solutions of 0-50 % w/w polyvinylpyrrolidone (true
ADC values between 0.1-1.1 x 10”2 mm?2/s) was used. The vials were
surrounded by ice water to ensure measurements at 273.15 K per
phantom instructions. The DWI phantom was positioned with the center
vial at the scanner isocenter to minimize the effect of gradient non-
linearities [18]. For FF, a commercially available proton-density FF
phantom (Calimetrix, Model 300) was used with twelve agar gel-based
vials with true FF values between 0-100 %. The phantom was placed
in the scanner room one hour before examination to adjust to the room
temperature. For T, mapping, the Eurospin TO5 phantom (Diagnostic
Sonar, Livingston, Scotland) was used. Ty analysis was performed in
twelve gel samples with relaxation times between 49-156 ms at 3 T and
296 K. The temperature was measured before and after acquisition in a
water tube kept near the phantom. Temperature corrections on the
measured Ty values were performed using the phantom’s manufacturer
tables. For data analysis, circular regions of interest (ROIs) with 20 mm
diameter were delineated manually in the center slice of each vial on the
gMRI maps using RayStation treatment planning system (version 10B,
RaySearch Laboratories, Stockholm, Sweden).

2.3. In-vivo

Twenty-six healthy subjects were scanned twice with a minimum of
3 days apart in a test-retest fashion to assess long-term repeatability.
The protocol was approved by the institutional review board and written
informed consent was obtained from all participants before the first
session. Subjects were instructed not to drink/eat 1 h before scanning so
that the salivary glands were at rest during acquisition. All scans were
performed between 17:00-19:00 h to account for the circadian rhythm.
A head support placed inside the HN coil was used to stabilize the
subject’s head [34].

The following ROIs were defined by a board-certified HN radiation
oncologist and a radiologist using RayStation on the anatomical T;-
weighted DIXON test and retest images: all pairs of the salivary glands
(parotid, submandibular, sublingual, tubarial), extended oral cavity
(0Q), the total, superior, middle and inferior pharyngeal constrictor



F. Guerreiro et al.

muscle (PCM, PCMs, PCMy;, PCM;) and the inferior section of the
brainstem (Fig. 1). In addition, the retromandibular vein was manually
removed from the parotid gland contours and air and dental artifacts
from the OC contour. To minimize motion uncertainties, a rigid regis-
tration between the anatomical image and the DWI (b = 0) image, the FF
map and the first acquired echo image (TE = 20 ms) was performed. The
DWI (b = 0) and (TE = 20 ms) echo images were defined in the same
frame of reference as the ADC and T maps, respectively. For both test
and retest sessions, the ROIs were rigidly propagated to each map and
reviewed slice-by-slice for any misalignments. Manual corrections on
the propagated ROIs were performed when needed. To assess the impact
of delineation variability and ROI propagation uncertainties the same
analysis was performed on both delineated and contracted ROIs. Large
ROIs (OC, parotid and submandibular glands) were contracted by 1 mm
and small ROIs (sublingual and tubarial glands and all PCM volumes) by
0.5 mm.

2.4. Statistical analysis

For the phantom data, the agreement between measured and refer-
ence qMRI values was assessed by a Bland-Altman analysis. Bias and
limits of agreement (LoA) were computed using the difference between
measured and reference qMRI values (AQMRI) and the reference value
among all phantom vials.

For the subjects data, mean qMRI values were extracted for all ROIs
and test-retest sessions. Mean qMRI values + 1 standard deviation (SD)
among all subjects were reported for the test session. The repeatability
coefficient (RC) was calculated by estimating the within-subject SD
(wSD) (Eq.1). The RC is the value under which the difference between
any two repeat measurements on the same subject acquired under
identical conditions should fall with 95 % probability. In addition, the
within-subject coefficient of variation (WCV%) was also calculated
(Eq.2) [18].

n
RC=1.96 x V2 x wSD = 2.77 x ,/% > ot €h)
i=1
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n_ o
WCV (%) = % Z% x 100 @
i=1 "1

with i =1, 2, 3...n where n is the total number of ROIs, ¢ the sample
variance between test-retest values, p the mean of test-retest values.

To estimate the effect of the MRI session and subject-characteristics
on the gMRI values, a linear mixed-effect model analysis was carried-out
using SPSS (version 29, IBM SPSS Inc, Chicago, Illinois). The dependent
variable in the model was the gMRI value of the specified ROI, subject id
was included as random effect. Age, body mass index (BMI), gender
(female/male) and MRI session (test/retest) were included as fixed ef-
fects (significance < 0.05). Age and BMI were defined as continuous
variables while sex and session as categorical variables (with male and
test session as default).

3. Results
3.1. Phantom

The AgMRI ranged from —0.032 to 0.028x 10"> mm?/s for ADC, from
—1.6 to 0.1 % for FF and from —15.3 to —1.8 ms for Ts. The bias 4 LoA,
as determined by the Bland-Altman analysis,

were 0.009 =+ 0.042 x 10”3 mm?/s for ADC, —0.7 + 0.9 % for FF and
—7.9 £+ -9.3 ms for Ty (Fig. 2).

3.2. In-vivo

Twenty-six subjects, 12 males and 14 females, with median age of 34
years (range 23-61 years), median BMI 23.2 (range 18.2-31.1) were
recruited. Re-test session was on average 17 + 12 days apart from test
session. An overview of the delineated ROIs volumes and mean qMRI
values for the test session and repeatability analysis is given in Table 2.
Fig. 3 shows the AQMRI values per ROI.

The range difference of the RC between the delineated ROIs and the
contracted ROIs was from —0.09 to 0.00 x 10 mm2/s for ADC, from
—1.3 to 0.8 % for FF and from —1.7 to 0.7 ms for T, Thus for all qMRI
techniques and the majority of the ROIs, the contracted ROIs had the

T, mDIXON

FF T,

Fig. 1. Representative images of the study protocol sequences and the delineations for one healthy subject. The parotid glands are shown in red, the submandibular
glands in brown, the sublingual glands in dark blue, the tubarial glands in white, the OC in pink, the PCMg in yellow, the PCMy in orange, the PCM; in light blue and
the brainstem in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



F. Guerreiro et al.

0.06
LoA: 0.051
0.04
@
"5 0.02+ MR N
£ + bias: 0.009
o I +
z 0 +
8 +
S0.02 -
= 0.02 n
< +
0047 LoA: -0.039
-0.06 ‘ : : : : :
0 0.2 0.4 0.6 0.8 1 1.2
Reference ADC (x10'3 mmz/s)
1 -
0.5F
% LoA: 0.3
O .
< X X o
= -05r X « X bias: -0.7
A XX
-1 F
-1.5+¢ X «
LoA:-1.6
2 . . . . . !
-20 0 20 40 60 80 100
Reference FF (%)
5 -
oL LoA: 1.5
¥
. * * *
w5+
g * *
= * bias: -7.9
o™
~
< -10r %
*
-15+ *x ¥
LoA:-17.2
20 ' . . ‘ ‘ ‘
40 60 80 100 120 140 160

Reference T2 (ms)

Fig. 2. Bland-Altman analysis for the three QMRI techniques with phantoms.
The solid red line indicate the bias whereas the dashed blue lines represent the
upper and lower limits of agreement (LoA). Each individual point represents a
vial. (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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same or slightly higher RC.

The linear mixed-effect model analysis results are given in Table 3. A
significant positive linear relationship between age and the FF and T,
values was found for the majority of the ROIs, suggesting that older
subjects will denote higher qMRI values. A significant effect on the ADC
values for age, BMI and sex was seen for a minority of the structures,
however, the effect size was negligible. No significant differences were
found between test-retest measurements, confirming a good repeat-
ability for all gMRI techniques.

4. Discussion

With the potential of improving treatment response monitoring and
the assessment of radiation-induced toxicity, the interest for gMRI in
radiation oncology has been rapidly growing. We assessed the accuracy
in phantoms and the repeatability in healthy subjects of ADC, FF and T,
measurements on a 3 T diagnostic scanner. All qMRI techniques
demonstrated good accuracy. To date, this is the first study evaluating
the in-vivo repeatability of multiple gqMRI techniques across a broad
selection of OARs in the HN region. Calculated RCs were lower than
0.25 x 10> mm?/s for ADC, 6.2 % for FF and 6.3 ms for To.

The qMRI techniques were evaluated in terms of accuracy with
phantoms. The bias from the Bland-Altman analysis was close to zero for
ADC and FF, thus considered negligible. These results align with prior
reports on ADC [35] and FF [36] accuracy at 3 T diagnostic scanners. For
T,, a small negative bias was found over the entire range of T, values,
which was also previously reported in studies using a multi-echo
approach [22,23,35]. Nevertheless, as this bias was seen consistently
for multiple vials with the same reference Ty, its impact in comparing
differences within the same tissue is expected to be minimal.

For the in-vivo analysis, mean qMRI values for some organs are
available in the literature in healthy subjects and/or HNC patients
before radiotherapy. For ADC, mean values ranged from 0.95 to 1.26 x
10mm/s® [14,15,16,21], 1.13-1.40 [14,15,16] and 1.52-1.58 x 10°
*mm/s? [16] for the parotid, submandibular and sublingual glands were
reported, respectively. The mean ADC values calculated in this study
(0.85, 1.05 and 1.03 x 10'3mm/sz, respectively) were lower, which can
be potentially attributed to differences in the choice of b-values, scanner
(field strength and type) and acquisition protocols [31]. In this work,
only the non-zero b-values were used for the ADC estimation, excluding
the signal attenuation from perfusion in contrast to the majority of the
studies using the Ob-value [14,15,16,21]. In addition, we used a SPLICE
acquisition since it has been shown that SPLICE has higher geometrical
accuracy at tissue-air interfaces compared to EPI [37]. However, SPLICE
requires longer acquisition times which may cause larger uncertainties
due to motion (swallowing and coughing) and lower signal to noise
ratio. Mcdonald et al. [21] showed that for a group of HNC and healthy
subjects, slightly different mean ADC values in the parotid glands were
obtained for a SPLICE compared to an EPI acquisition at a 1.5 T MRI-
Linac. For FF, mean values ranged from 29.4 % to 38.4 % for the pa-
rotid [17,38,39,40] and from 4.7 % to 13.8 % for the submandibular
glands [37,38,39] were reported. T, values were only available for the
parotid glands (72 ms) [17]. We found mean FF values of 29.3 % and
10.7 % for the parotid and submandibular glands, respectively and mean
T, values of 77.5 ms for the parotid glands, which are consistent with the
literature.

Furthermore, a significant effect of age in the FF and T, values was
found. The effects of gender and BMI in all gMRI techniques were
negligible. The observed trend of increasing qMRI values with
advancing age may be attributed to age-related histopathological
changes in the salivary glands and muscles, such as fatty infiltration,
squamous and mucous metaplasia, atrophy and regeneration [41,42].
Our results suggest that the influence of age needs to be taken into ac-
count when evaluating changes of FF and T, values between subjects.

In-vivo repeatability qMRI analysis in HNC are rare. Nevertheless,
with the introduction of MRI-guided systems more repeatability studies



F. Guerreiro et al.

Table 2
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Mean and standard deviation (+SD) volume (vol) and qMRI values among all healthy subjects for the test session, within-subject coefficient of variation (WCV %) and
repeatability coefficient (RC) for all techniques and ROIs. Results for the parotid, submandibular, sublingual and tubarial salivary glands include right and left glands

(n = 52).
ROI Vol (cc) ADC (10 mm?/s) FF (%) T, (ms)
Mean + SD Mean + SD wCV (%) RC Mean + SD wCV (%) RC Mean + SD wCV (%) RC
Parotid 185+ 5.2 0.85 +0.11 5.5 0.13 30.2 £ 11.0 5.0 3.6 78.0 £ 7.6 1.5 3.3
Submandibular 7.3+1.6 1.05 £ 0.10 6.7 0.20 12.6 £7.5 11.1 3.6 69.5 + 6.0 2.4 4.6
Sublingual 2.6 +0.7 1.03 £ 0.11 8.4 0.24 14.1 + 6.9 11.9 3.9 69.1 +7.3 3.3 6.3
Tubarial 2.5+ 0.6 1.08 £ 0.11 5.4 0.11 7.4+3.0 25.8 4.8 65.2 + 5.0 3.5 6.2
oC 84.5 £15.4 1.20 £ 0.11 6.9 0.23 11.8 £3.3 4.2 1.4 57.7 £ 4.4 1.6 2.5
PCM 11.8 + 2.7 1.03 £+ 0.12 6.5 0.16 7.5+ 2.3 14.3 3.7 53.7 £ 2.7 2.0 3.0
PCMg 6.1+ 1.7 1.04 £+ 0.11 7.2 0.20 7.0 +£ 2.5 15.0 3.2 57.6 + 3.7 2.5 4.0
PCMm 25+0.7 1.02 £ 0.16 8.8 0.23 82+24 22.6 6.3 50.1 +£ 3.9 2.9 4.0
PCM, 3.2+0.8 1.01 £0.18 11.0 0.25 7.8+33 23.0 5.2 48.4 + 3.7 4.1 4.0
Brainstem 12.3+5.8 0.81 + 0.04 4.7 0.11 2.2+0.6 20.0 1.2 93.8 + 3.6 2.4 6.2
oc ——— < o
Parotid == e S ————
Brainstem o m———— S —_—————
Submandibular ——o —0 o—
PCMs —— —_— Em———
e, | - -~
Sublingual —_— e — . ————
PCMy —_—— — S —
Tubarial e —— —_— = —_——— e——— e —
-04 -03 -0.2 -0.1 00 01 0.2 03 04 -10 -5 0 5 10 -8 -6 -4 =2 0 2 4 6 8
AADC [10-3 mm?/s] AFF [%] AT2 [ms)

Fig. 3. Violin plots showing the distribution of the AqQMRI values for all techniques and ROIs between test-retest session. Starting with the smallest ROI at the
bottom, tubarial salivary glands, ascending to the largest volume at the top, oral cavity, OC. The black bar in the center of violin is the interquartile range (q1-q3),

and the white vertical line represents the median.

Table 3
Fixed effects estimates per technique and ROL Significant effects (p < 0.05) are denoted in bold with a *.
ADC FF Ty
Int. Age BMI Sex Session Int. Age BMI Sex Session Int. Age BMI Sex Session
Parotid 0.961 -0.001 -0.003 0.077* -0.010 -5.79 0.49* 0.82 -4.12 0.24 56.15 0.39* 0.36 -2.40 -0.40
Submandibular 1.121 -0.000 -0.002 0.081* -0.013 -13.60 0.35* 0.62 -3.06 -0.00 47.10 0.31* 0.50 -1.37 -0.44
Sublingual 0.785 -0.002 0.012* 0.003 0.007 -13.10 0.48* 0.41 -0.30 -0.22 52.63 0.48* 0.00 -0.90 -0.56
Tubarial 1.039 -0.003 0.002 -0.018 -0.002 3.90 0.13* -0.07 1.50 -0.11 58.52 -0.06 0.37 -1.40 0.81
oC 1.061 -0.003 0.008 0.025 0.028 3.98 0.20% 0.03 -0.53 -0.02 46.50 0.25% 0.12 -1.73 0.15
PCM 1.090 0.003 -0.008 0.068 0.006 1.92 0.14* 0.03 -0.55 -0.25 47.97 0.03 0.16 0.59 0.37
PCMg 0.964 0.005* -0.003 -0.007 -0.007 0.83 0.15* 0.04 -0.18 -0.19 51.07 -0.42 0.32 0.45 0.01
PCMp 1.168 0.001 -0.009 0.071 -0.004 2.98 0.09 0.06 0.39 0.03 41.23 0.03 0.27 1.30 0.33
PCM; 1.133 0.001 -0.012 0.192* 0.032 3.40 0.17* -0.01 -2.00 -0.44 38.81 0.20* 0.07 0.53 0.07
Brainstem 0.810 -0.001 0.001 0.033* -0.021 1.28 0.00 0.04 -0.02 -0.02 91.05 -0.02 0.12 0.89 -0.33

Int. stands for intercept. For the continuous variables, age is incremented per year and BMI per unit. For the categorical variables, sex was set to male and session to test,

as default.

during the course of radiotherapy are currently appearing in the liter-
ature. Paudyal et al. [19] reported a short-term wCV of 2.4 % for ADC in
nine HN squamous cell carcinoma patients imaged pre-treatment with
an EPI acquisition at a 3 T diagnostic scanner. At a 1.5 T MR-linac in
eleven HNC patients using an EPI acquisition, Habrich et al. [20]
denoted a RC range of 0.14-0.16 and 0.27-0.28 x 10°mm/s? for the
parotid and submandibular glands, respectively. Moreover, Mcdonald
et al. [21] estimated a long-term wCV of 8.8 % for the parotid glands
with multiple SPLICE acquisitions on consecutive days. The ADC
repeatability estimated in this study was better than Habrich and

Mcdonald et al. and was slightly worse compared to Paudyal et al. In the
latter, DWI acquisitions were performed twice on the same day
compared to long-term measurements in this study (on average 17 days
apart) which could potentially explain the larger ADC variations.
Furthermore, no significant effect between test-retest measurements
was estimated from the mixed-effect model analysis, confirming a good
repeatability for all gMRI techniques in this work.

A limitation of this study is the absence of an immobilization mask
for positioning, which enlarges the risk of motion and neck flexion
during and in-between consecutive sessions. To minimize movement, a
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head support was used during scanning [34]. Additionally, rigid regis-
tration between the image sets was performed before ROIs propagation.
Afterwards, ROIs position was checked slice-by-slice on each qMRI map.
In some cases, minor manual contour adjustments on the qMRI maps
were necessary, especially for ROIs adjacent to air cavities, such as the
PCM and the tubarial glands. The RC is an absolute value, however wCV
% is a relative measure which depends on how large the ROI volume is.
Therefore for small ROIs such as the PCM, low in fat content, the relative
difference of the FF between test-retest session is considerably high
(Table2). Currently, strict cut-off values for repeatability do not exist
resulting in uncertainties in the RCs assessment in terms of quality. As
such, certain RCs can only be considered acceptable depending on the
expected biological or physical change that is being quantified. In HNC,
changes of ADC, FF and T, values in OARs during and after irradiation
(<1 year) up to 40 % for ADC [14-16] and 10 % for FF and Ty [17] were
reported in the literature. Considering the RC values determined in this
study, all qMRI techniques demonstrated good repeatability in all
evaluated structures.

To our knowledge, no studies regarding FF and T, mapping in-vivo
repeatability for the HN region are currently available in the litera-
ture. Furthermore, for ADC the range of RC values for the structures
examined in this study, excluding the parotid and submandibular
glands, is currently lacking in the literature as well. This is the first work
proving a range of RC and healthy gMRI values for a wide selection of
OARs shown to be potentially associated with HNC late toxicity [26-30]
in three different qMRI techniques. With the calculated RCs, the
assessment of treatment response during the course of radiotherapy and
the evaluation of late-toxicity with either ADC, FF and Ty could be
performed. Additionally, the observations obtained by gqMRI in HNC
patients, when correlated with the 3D dose distribution, could provide
insights to the radiation-induced damage of all healthy structures sur-
rounding the tumor simultaneously. This study brings a first-step to-
wards this outcome. Nonetheless, validation studies across a larger
patient cohort investigating sequential early and late gqMRI changes
versus reported RCs remain essential before clinical use of these qMRI
techniques.
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