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ARTICLE INFO ABSTRACT

Keywords: Background and Purpose: Physiological changes in tumour occur much earlier than morphological changes. They
DCE-MRI can potentially be used as biomarkers for therapeutic response prediction. This study aimed to investigate the
DW-MRI optimal time for early therapeutic response prediction with multi-parametric magnetic resonance imaging (MRI)
MRS . . . . . .

ADG in patients with nasopharyngeal carcinoma (NPC) receiving concurrent chemo-radiotherapy (CCRT).

Material and Methods: Twenty-seven NPC patients were divided into the responder (N = 23) and the poor-
responder (N = 4) groups by their primary tumour post-treatment shrinkages. Single-voxel proton MR spec-
troscopy ({H-MRS), diffusion-weighted (DW) and dynamic contrast-enhanced (DCE) MRI were scanned at
baseline, weekly during CCRT and post-CCRT. The median choline peak in 'H-MRS, the median apparent
diffusion coefficient (ADC) in DW-MRI, the median influx rate constant (K""), reflux rate constant (Kep), volume
of extravascular-extracellular space per unit volume (V,), and initial area under the time-intensity curve for the
first 60 s (iIAUC60) in DCE-MRI were compared between the two groups with the Mann-Whitney tests for any
significant difference at different time points.

Results: In DW-MRI, the percentage increase in ADC from baseline to week-1 for the responders (median =
11.39%, IQR = 18.13%) was higher than the poor-responders (median = 4.91%, IQR = 7.86%) (p = 0.027). In
DCE-MRI, the iAUC60 on week-2 was found significantly higher in the poor-responders (median = 0.398, IQR =
0.051) than the responders (median = 0.192, IQR = 0.111) (p = 0.012). No significant difference was found in
median choline peaks in 'H-MRS at all time points.

Conclusion: Early perfusion and diffusion changes occurred in primary tumours of NPC patients treated with
CCRT. The DW-MRI on week-1 and the DCE-MRI on week-2 were the optimal time points for early therapeutic
response prediction.

Nasopharyngeal Carcinoma

1. Introduction

Nasopharyngeal carcinoma (NPC) is an endemic malignancy in
Southern China and Southeast Asia. It is not easy to be detected during
the early stage of malignant development. Over 70% of NPC patients are
diagnosed with advanced stage III or IV diseases [1]. Concurrent chemo-
radiotherapy (CCRT) is the standard treatment for stage II or above [2],
which makes up over 85% of NPC patients [1]. The CCRT lasts for about
seven weeks. Therapeutic response to CCRT is usually assessed by sur-
veillance examinations at around 12 weeks post-CCRT when the

treatment side effects subsided and enough time allowed for tumour
regression [3,4]. Additional radiation boosts have been recommended
for patients with persistent local disease [5].

Tumour physiological changes happen much earlier than morpho-
logical [6]. Recent studies showed that functional magnetic resonance
imaging (fMRI) could be used to examine early therapeutic response
predictions in nasopharyngeal tumours [7,8]. Physiological changes in
tumours, including alternations in metabolite concentrations, diffusivity
and vascular permeability, can be potential biological indicators for
early therapeutic response prediction in NPC. Techniques such as proton
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Table 1
Patient and tumour characteristics.
Patient Characteristics No. of Patient %
Age (years)
Range 26-66
Median 49
Sex
Male 22 81.5
Female 5 18.5
T-category
T1 9 33.4
T2 4 14.8
T3 10 37.0
T4 4 14.8
Stage
II 6 22.2
111 14 51.9
v 7 25.9

magnetic resonance spectroscopy (‘H-MRS), diffusion-weighted (DW-)
and dynamic contrast-enhanced (DCE-) MRI have been recommended
for monitoring physiological changes in head and neck cancers [9-11].

This study aimed to investigate the early tumour physiological
changes in NPC patients receiving CCRT with regular 'H-MRS, DW-MRI
and DCE-MRI, so that the optimal time to predict the therapeutic re-
sponses with these fMRI techniques can be identified.

2. Material and Methods

This prospective study was approved by the hospital research ethics
committee (REC-2017-06) in compliance with the ethical standards for
human research in the Declaration of Helsinki and the Good Clinical
Practice (GCP). Informed consents were obtained from the patients.

Twenty-seven patients pathologically diagnosed with NPC were
included. Patient characteristics are summarised in Table 1. They were
classified by the 8th edition of the American Joint Committee on Cancer
(AJCC) TNM classification system [12] with stage II or above NPC who
were eligible for CCRT. Cisplatin-based chemotherapy at a dosage of 40
mg/m? was given in 7 weekly cycles. RT was delivered with helical
tomotherapy by Radixact (Accuray Inc., Sunnyvale, CA, USA) with
70-75 Gy in 33-35 fractions over 6.6-7 weeks to the gross nasopha-
ryngeal tumours. Patients were scanned with fMRI before the CCRT,
weekly during the CCRT and median 10 days after completion of CCRT.
The 'H-MRS and DW-MRI were acquired at all these time points,
whereas the DCE-MRI was obtained at pre-treatment, week 1 to week 3,
and post-treatment time points only in view of the potential gadolinium
contrast agent toxicity.

2.1. Imaging

All patients were immobilised in thermoplastic casts and were
scanned in a 1.5 T MAGNETOM Aera MR-Simulator (Siemens Health-
care, Erlangen, Germany) dedicated to RT planning. The scans were
done on a flat couch embedded with a posterior 32-channel spine coil
array and a pair of 4-channel large flex receiver coils with interfaces
which were wrapped around the head region with a pair of bilateral coil
holders (Orfit Industry, Wijnegem, Belgium). The primary nasopharyn-
geal tumour was localised by the morphological images acquired with a
sagittal 3D T2-weighted turbo spin echo (TSE) SPACE sequence.

The 'H-MRS scans were performed using a single voxel approach. It
was centred at the spot where the highest standardised uptake value
(SUV) was identified in the pre-treatment diagnostic positron emission
tomography (PET) scan. The 'H-MRS were acquired by water-
suppressed point-resolved spectroscopy (PRESS) sequence with TR/TE
of 1470/30 ms, NEX 256, volume of interest (VOI) in size of 15 x 15 x
15 mm? and acquisition time of 6 min 24 sec.

The DW-MRI scans were acquired in an interleaved fashion using an
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axial 2D diffusion-weighted multi-shot readout-segment echo-planar
imaging (RS-EPI) RESOLVE sequence with GRAPPA acceleration tech-
nique. The DW-MRI protocol was as follows: FOV = 220 x 220 mm?,
matrix size = 112 x 112, slice thickness = 3.5 mm with 10% gap, voxel
size=2x2x3.5 mmg, slice number = 20, TR/TE1/TE2 = 3890/51/78
ms, b-values = 50(2), 800(4) sec/mm>. The scan volume was set as
contiguous axial sections through the primary nasopharyngeal lesion
with an acquisition time of 6 min 27 sec.

The DCE-MRI scans were performed in an axial 3D T1-weighted
TWIST VIBE sequence with protocol as follows: FOV = 260 x 260
mm?, matrix size = 192 x 154, slice thickness = 3.5 mm, voxel size =
1.4 x 1.4 x 3.5 mm?, slice number = 30, TR/TE = 6.28/2.38 ms, flip
angle = 9°. The scan was repeated for 60 dynamic phases with a tem-
poral resolution of 4.7 sec. The images were acquired with two initial
dynamic phases without contrast. A dosage of 0.1 mmol/kg of gado-
butrol (Gadovist, Bayer Vital GmbH, Leverkusen, Germany) contrast
agent was injected at the third dynamic phase using a power injector at a
constant flow rate of 2.5 mL/sec, followed by a 20 mL normal saline
flushed at the same flow rate. The concentration of the contrast agent
was calculated from the MR signal using preceding baseline mapping
scans with two flip angles (2° and 15°, TR/TE = 3.8/1.34 ms). These flip
angles were chosen as this combination achieved the smallest over-
estimation for K" in primary tumours of head and neck cancers [13].
The DCE-MRI acquisition time was 4 min 42 sec.

2.2. Post-processing

The 'H-MRS, DW-MRI and DCE-MRI images were all post-processed
by the image reading application syngo.via (Siemens Healthcare,
Erlangen, Germany) provided by the MR-Simulator vendor. The choline
intensity peaks in 'H-MRS and the apparent diffusion coefficient (ADC)
in DW-MRI were measured. Tofts compartment model was employed in
the DCE-MRI measurements [14]. Each voxel of tissue was differentiated
into parenchymal cells, blood vessels and extracellular extravascular
space (EES). Perfusion parameters, including the influx rate from blood
vessels into EES (K™"), the reflux rate from EES back into plasma (Kep),
the volume of EES per unit volume of tissue (V) and the initial area-
under-curve for the first 60 sec (IAUC60) of contrast arrival from the
time-intensity curve (TIC), were measured. The arterial input function
(AIF) was modelled by population-based technique [15], with the sub-
ject AIF curve best fitted to either fast [16], intermediate [17] or slow
[18] documented population average suggested by the vendor applica-
tion. The VOI for ADC and perfusion parameter measurements were
initially localised to the nasopharyngeal tumour by reviewing the pa-
tient’s most updated diagnostic MR and/or PET scans. Both ADC and
perfusion shared the same VOI for volumetric three-dimensional mea-
surements. The VOIs for subsequent measurements were traced with
anatomical reviews in the multiple morphological images acquired
weekly. They were delineated by the same dosimetrist and checked by
the same oncologist with 23 and 33 years of experiences in radiation
oncology respectively.

Patients were divided into the responder and poor-responder groups
according to their primary tumour post-treatment shrinkages in
morphological MR images with more or less than 50% volume respec-
tively [19]. The differences in median choline peak, ADC, K™, Kep, Ve
and iAUC60 at all time points, as well as their percentage changes from
baseline at all time points were analysed between the two groups by
Mann-Whitney tests for any statistical significance.

3. Results

Patients were classified as the responders (N = 23) and the poor-
responders (N = 4) with their mean post-treatment tumour volumes
shrank to 31.6% (standard deviation, SD = 7.8%) and 86.3% (SD =
11.3%) of their pre-treatment volumes respectively.

In 'H-MRS, there were 65.8% of the MR spectra with fitting error less
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Fig. 1. Examples of interpretable MR spectrum (A) and non-interpretable MR spectrum (B) for nasopharyngeal tumours.
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Fig. 2. The median percentage increases in ADC values at different time points. The bottom and top edges of boxes represent the 1° and the 3™ quartiles of values
respectively. The circle symbols indicate the outliers. The asterisk (*) flags the statistical significance level with p-value <0.05.

than 3% which were regarded as interpretable spectra. Choline peak was
the only identifiable peak in the MR spectra. No significant difference
could be found between the two groups. Examples of interpretable and
non-interpretable spectra are shown in Fig. 1.

In DW-MRI, overall gradual increases in ADC values were observed
in both groups of patients. The percentage increases of ADC from
baseline at all time points were compared. The median percentage in-
crease in ADC value after the first week of CCRT (AADCweek1) for the
responder group was 11.39% (interquartile range, IQR = 18.13%),
which was higher than that of the poor-responder group 4.90% (IQR =
7.86%) (p = 0.027). The median percentage increases in ADC values at
different time points are shown in Fig. 2.

In DCE-MRI, the median iAUC60 on week 2 for the poor-responder
group was 0.398 (range = 0.051), which was higher than that of the
responder group at 0.192 (IQR = 0.111) (p = 0.012). The median
iAUC60s at different time points are shown in Fig. 3. Examples of

iAUC60 parametric maps for a responder and a poor-responder are
shown in Fig. 4. Significant differences were not found in K™, K¢, and
Ve.

4. Discussion

This study showed that early perfusion and diffusion changes
occurred in the nasopharyngeal tumours treated with CCRT. The median
percentage increase in ADC value after the first week and the median
iAUC60 at week 2 were significantly different in responders and poor-
responders. They might be used as biological indicators to predict
therapeutic responses of NPC patients receiving CCRT.

To the best of our knowledge, no other studies have monitored the
nasopharyngeal tumour with weekly multi-parametric MRI and re-
ported its early physiological changes receiving CCRT. We identified the
changes in nasopharyngeal tumour diffusability were most significantly
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Fig. 3. The median iAUC60 at different time points. The bottom and top edges of boxes represent the 1% and the 3™ quartiles of values respectively. The circle
symbols indicate the outliers. The asterisk (*) flags the statistical significance level with p-value <0.05.
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Fig. 4. Examples of the iAUC60 changes for a responder (upper row) and a poor-responder (lower row). The gross tumours were delineated in magenta contour.
Conspicuous increase in iAUC60 was observed in the poor-responder on week 2 DCE-MRI scan. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

different between the responders and poor-responders after receiving
the first week of CCRT. Also, the tumour vascular permeability signifi-
cantly differed between the two groups after two weeks of CCRT.
DW-MRI is one of the most widely used MR techniques to assess
tumour cellularity in clinical practice [20,21]. Water molecules move
around randomly in tissue with Brownian motions. The movement of
water molecules causes loss of MR signal through magnetic spin
dephasing [22]. The presence of chaotic cancerous structures and
increased tissue cellularity cause different degrees of impedance to
water molecule motions, resulting in different degrees of MR signal loss.
This signal loss over time is quantitatively derived as the ADC value.
Therefore, the ADC value indirectly reflects the cellularity of tissue [23].
We showed that in NPC patients with good responses to CCRT, their ADC
value percentage increases from pre-treatment to week 1 were signifi-
cantly higher than the poor-responders. This indicated that the rapid
reduction in tumour cellularity was an early physiological event in a

responsive nasopharyngeal tumour, even at a low dosage of just one
week of CCRT. And this relatively low dosage was sufficient to differ-
entiate the ultimate responses to CCRT.

DCE-MRI assesses tumour vascularity by quantitative measurement
of contrast agent influx and reflux between the intravascular and
extravascular-extracellular compartments by time trace of contrast
concentration [24]. The proliferation of tumour cells requires angio-
genesis and increased vascular leakiness to support, particular in those
hypoxic tumours [25]. Lu, et al. [26] reported that NPC patients with
poor prognoses were associated with hypoxia-inducible factor 1-alpha
(HIF-1a) and vascular endothelial growth factor (VEGF) expression.
Their findings were supported by another study by Hui, et al. [25] which
showed similar HIF-1a and VEGF co-expression with other proangio-
genic factors in NPC patients with poor prognosis. Our study showed
that NPC patients with poor responses to CCRT had significant higher
iAUC60 on the second week of DCE-MRI than those with good responses.
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The iAUCG60 reflects the influx and early reflux of contrast agent between
the compartments. Tumours with leakier vasculatures are characterized
by higher iAUC60. Our results were in line with the phenomenon that
nasopharyngeal tumours with poor responses to CCRT are highly vas-
cularized. Their vasculatures were leakier than others as endothelial tip
cell migration and degradation were elevated in the process of angio-
genesis [27]. It might be explained by the fact that the cumulative
dosage of two weeks of CCRT has promoted the degradation and further
breakdown of the originally less articulated endothelial cell lining.

Our results identified that tumour physiological changes in cellu-
larity and vascular permeability that occurred within two weeks of
CCRT commencement were significantly different in responders and
poor-responders. These changes happened at a relatively early phase of
the seven-week treatment course. This early prediction of therapeutic
responses is desirable. Patients with poor responses to CCRT will not be
left unaware until the surveillance is done months after treatment
completion. Clinicians might have an early alert to the poor-responders
and thus better cancer treatment management for their patients. They
might consider if adaptive RT plans with integrated boost can be
adopted in the later phase of the CCRT course. It might even be possible
to utilize the DW-MRI or DCE-MRI parametric maps for personalized
biological target volume delineation to improve tumour control. How-
ever, when applying these functional parameters quantitatively for
therapeutic response monitoring and treatment personalization, cau-
tions must be taken to ensure the scanner repeatability so that any
changes in functional parameters are truly reflecting therapeutic re-
sponses on patients but not drifts in scanner performance [28].

Our fMRI study has several limitations. First, the sample size was
relatively small, and the group sizes were imbalanced. They could be
improved with more recruitment of subjects. Second, limited by the
patient logistics of the hospital, patients seldom came back for their
long-term clinical follow-up. The post-treatment assessment was con-
strained to a relatively early endpoint. The availability of long-term
follow-up data, for instance, loco-regional relapse and distant metas-
tasis data, would give better robustness and significance to this study.
Third, the VOI averages were used in measuring the fMRI parameters
without considering the heterogeneity within the VOL It could be
addressed by having a histogram approach in parameter analysis
[23,29]. Lastly, the interpretable rate of 'H-MRS was rather unsatis-
factory. It was probably caused by the hardware limitations of the MR-
Simulator, which was not comparable to the diagnostic-graded MR
scanner. A stronger magnetic field or better coil design might improve
the 'H-MRS sensitivity and the interpretable spectrum rate.

In conclusion, early perfusion and diffusion changes occurred in the
primary tumours of NPC patients treated with CCRT. The DW-MRI on
week 1 and the DCE-MRI on week 2 were the optimal time points for
early therapeutic response prediction in NPC patients receiving CCRT.
Further studies with larger cohort would be needed to validate the
robustness of the proposed time points.
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