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ARTICLE INFO ABSTRACT

Keywords: Objective: The aim of this pilot study was to explore the integrated positron emission tomography and magnetic
Nasopharyngeal carcinoma resonance imaging scanner (PET/MR) for biological characterization of nasopharyngeal carcinoma (NPC) and
PET/MR potential therapeutic applications of dose painting (DP).

FDG-PET

Patients and methods: Twenty-one NPC patients with PET/MR were included in this study. Overlap of tumor
volumes was analyzed on T2-weighted images (volume of interest, VOIr»), diffusion-weighted magnetic re-
sonance imaging (VOIpw;) and '®F-fluorodeoxyglucose positron emission tomography (VOIpgr). The overlap
percentages of low-metabolic sub-region (cluster 1) and high-metabolic sub-region (cluster 2) in VOIpgr and
VOIpw; were analyzed by cluster analysis.

Results: Both the VOIpy; and VOIpgr were encompassed in the VOIr,, respectively 99.6% and 97.5%. The
median tumor overlap was 94.4% (VOIpw; within VOIpgt). The median overlap of cluster 2 in VOIpgr and VOIpywy;
was 43.61% (27.67-52.66%) and 21.86%(10.47-40.89%), respectively. The median overlap of cluster 1 in
VOIpgr and VOIpy; was 48.03% (23.91-63.15%) and 24.40% (7.44-51.44%), respectively. Separation between
clusters appeared to be defined by a SUV value.

Conclusion: For NPC, the VOIs of DWI and FDG PET were not overlapped completely and the volume defined by
cluster-analysis might be meaningful for DP.

Diffusion-weighted imaging

Introduction considerable survival benefit, without increasing toxicity in NPC [4,5].

However, the reports of DP based on functional MRI are limited [6].

Nasopharyngeal carcinoma (NPC) has a unique pattern of geo-
graphical distribution. Worldwide, 86,700 new patients with NPC were
reported in 2012 with the highest incidences reported in southeast Asia
[1]. Radiotherapy is the primary and only curative treatment for NPC
and intensity-modulated radiotherapy (IMRT) is the preferred method
to date [2]. Optimum imaging is crucial for radiotherapy planning of
NPC. Magnetic resonance imaging (MRI) provides improved soft-tissue
contrast and target volume delineation over computed tomography
(CT) [3]. Functional MRI and 18F-ﬂuorodeoxyglucose positron emission
tomography (FDG-PET) could provide additional biological information
for NPC [2].

Dose painting (DP) aims at delivering a heterogeneous dose to tu-
mors based on molecular imaging. '°F-fluorodeoxyglucose positron
emission tomography (FDG-PET)-guided DP-IMRT is associated with a

Integrated positron emission tomography and magnetic resonance
imaging scanner (PET/MR) can provide diffusion weighted imaging
(DWI) and '®F-FDG uptake simultaneously, which could reduce mis-
alignment and allow to evaluate the volume of interest (VOI) for DP.
For NPC, '®F—FDG PET/MR was more accurate than the combination of
head and neck MRI with PET/CT in terms of tumor staging [7]. How-
ever, the feasibility of routine PET/MRI use in NPC has not yet been
fully elucidated. The aim of this pilot study was to explore the in-
tegrated PET/MR for biological characterization of NPC and potential
therapeutic applications of DP.
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Material and methods
Patients

Between May 2017 and January 2018, 22 histologically confirmed
NPC patients underwent PET/MR for tumour staging. Of the 22 pa-
tients, 1 was excluded from this study for signal drop out on DWI
(Supplemental Fig. 1). All patients were asked to fast for at least 6h
before undergoing PET/MR examination. Each subject was scanned
under the imaging protocol which consisted of injecting 18F-FDG
(3.7 MBq/kg) and starting the scan after approximately 2 h of uptake.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.oraloncology.2019.04.
021.

Whole-body '®F-FDG PET/MR

PET/MRI was performed on a SIGNA PET/MR (GE Healthcare). The
PET/MRI system was equipped with a 3-T magnetic field strength, total
imaging matrix coil technology covering the entire body with multiple
integrated radiofrequency surface coils, and a fully functional PET
system with silicon photomultiplier (SiMP) embedded in the magnetic
resonance gantry.The PET scanner had a reported spatial resolution of
4.66 mm full width at half maximum (FWHM) at 1 cm, and 5.23 mm
FWHM at 10 cm from the transverse field-of-view (FOV), and a sensi-
tivity of 22.9 keps/MBq at the center of the FOV. The examination
protocol combined a whole-body scan with a dedicated examination of
the head and neck area.

After performing the sequence for attenuation correction, a whole-
body PET scan was conducted from the head to the hip (craniocaudal)
in five bed positions, with an acquisition time of 6 min per bed position.
During PET data acquisition, whole-body MRI was performed.
Subsequently, regional PET and MRI were simultaneously performed.
Regional PET was performed with an acquisition time of 10 min, while
dedicated MRI coil of the head and neck region was acquired to get the
axial, coronal and sagittal images (Table 1). The PET data were re-
constructed using ordered subset expectation maximum (OSEM) with
time-of-flight (TOF) information reconstruction and point spread
function (PSF) correction, with three iterations, 28 subsets, and a 4-mm
Gaussian post processing filter, into 192 x 192 matrices.

Volume of interest

The VOI for the primary tumor was defined on T2-weighted images
(VOIty), DWI (VOIpwy) and PET (VOIpgt), respectively. Without access
to or evaluation of the PET and DWI images, the VOI, was delineated.

Table 1
MRI sequence parameters used for integrated PET/MRI.
Region Sequence TR TE ST FOV T
Whole body Ax LAVA-Flex T1 4.4 2.4 4.8 440 1:15
Whole body Ax FRFSE T2 4000 86.3 8.0 440 11:00
Whole body Sag T2SSFSE 1302 67.7 5.0 480 1:09
Whole body Ax DWI (b-values: 0.800s/ 11,250 59.9 8.0 440 9:50
mm?)
Head Neck  Sag T2 FSE 2674 885 4 280 3:24
Head Neck Cor T1 FSE 629 121 4 280 3:17
Head Neck  Cor T2 IDeal 4612 66.9 4 280 5:18
Head Neck  Ax T1 FSE 693 11.4 4 220 2:38
Head Neck  Ax T2 IDeal 4404 66 4 220 4:38
Head Neck Ax DWI (b-values: 0.1000 s/ 4621 63.6 4 220 3:14
mm?)

Abbreviations: TR repetition time in ms, TE echo time in ms, ST Slice thickness
in mm, FOV field of view in mm, T scanning time in min, FRFSE fast recovery
fast spin echo, DWI diffusion weighted imaging, SSFSE single-shot fast spin
echo, FSE fast spin echo.
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The VOIPET was defined as SUV iso-contour starting at 40% of the
SUVmax [8].

Analysis of DWI and PET data

The volume metrics of overlap between VOIs defined on T2-MRI,
DWI-MRI and PET were calculated using in-house developed software
implanted in MATLAB 2017b (MathWorks, Natick, MA). Tumor volume
overlap between the respective imaging modalities was assessed as a
percent-wise overlap.

To investigate a potential association between SUV and ADC values
of NPC, an ADC map was generated by the scanner software AW4.6 (GE
Healthcare, USA) using two b-values (b-0, b-1000 s/mm?). After auto-
matic transfer on the corresponding parameter map and visual con-
firmation of a correct placement, ADC values were determined. The
correlation between SUV and ADC was assessed at patient level. The
maximum value of SUV, minimum value of ADC and mean value of SUV
and ADC were used in the correlation analysis.

A voxel-wise analysis of correlation between SUV and ADC was also
executed in this study using MATLAB 2017b. All voxels present in the
overlapped VOIs (PET and DWI) were used in the voxel-wise analysis.
The K-means method was used to perform tumor clustering based on
the ADC map and SUV map. The K-means method partition the tumor
region into 2 clusters [9], where each voxel in the tumor region belongs
to the cluster with the nearest mean. The K-means method has been
used in liver cancer [10], lung cancer [11] for partitioning tumor sub-
regions and showed promising results. In this study, the cluster region
with lower SUV was defined as Cluster 1 and the region with higher
SUV was defined as Cluster 2. The volume of tumor sub-region with
higher SUV which were more metabolically active was reported to be
predictive of overall survival and out-of-field progression in lung cancer
[9]. So the overlap percentages of low-metabolic sub-region (cluster 1)
and high-metabolic sub-region (cluster 2) in VOIpgr and VOIpy; were
also calculated in this study.

Statistical analysis

Statistical analysis was performed in SPSS version 19. Mann-
Whitney U tests were used for the comparison of VOIpw; and VOIpgy.
Pearson correlation analysis and Spearmans rank correlation was used
for the correlations of ADC and SUV.

Results
Baseline characteristics

There were 15 male patients and 6 female patients, with a male to
female ratio of 2.5:1.0. The median age was 51 years (range,
28-77 years). Histologically, all patients had non-keratinizing carci-
noma. According to the 8th AJCC (American joint committee on
Cancer) staging system, the stage distribution for all patients was 4.8%
Stage II (n = 1), 33.3% Stage III (n = 7), 52.4% Stage IVA (n = 11),
and 9.5% Stage IVB (n = 2).

Overlap of tumor volumes

The volumes from the three imaging modalities are illustrated in
Fig. 1. The VOIpgy yielded values smaller than the VOIpw; (p = 0.007).
The median VOI of DWI, FDG PET and T2-weighted images and the
tumor overlap between each modality are shown in Table 2. Both the
VOIpwr (99.6%) and VOIpgr (97.5%) were encompassed in the VOIr,,
respectively. In all but 1 patient, more than 66% of the VOIpw; was
encompassed in VOIpgr. In the remaining patient, only 58.4% of VOIpw;
was encompassed in VOIpgr. The median tumor overlap was 94.4%
(VOIpw; within VOIpgr) (Table 2). Two examples of mismatch of VOIpgr
and VOlIpyy; are shown in Fig. 2.
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Fig. 1. Tumor volumes measured with diffusion weighted imaging (VOIpwy),
PET imaging (VOIpgr) and with anatomical T2 imaging (VOIr,) on PET/MR.

Table 2

The VOI of DWI, FDG PET and T2-weighted images and the tumor

overlap between each modality.

Median (range)

VOIpgr (cc)

VOIpw; (cc)

VOIr, (cc)

VOIpgr in VOIpy; (%)
VOIpw; in VOIpgr (%)
VOIpw; in VOIr, (%)

VOIpgr in VOIry (%)

5.4(2.2-59.9)
9.9(4.1-88.8)
12.3(4.1-88.8)
46.1(18.2-90.4)
94.4(58.4-100.0)
99.6(59.3-100.0)
97.5(74.0-100.0)

Abbreviations: VOI Volume of interest, DWI diffusion-weighted
magnetic resonance imaging, FDG PET '®F-fluorodeoxyglucose
positron emission tomography.
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Fig. 3. Scatterplot of SUVmax and ADCmin. The data is fitted to a linear model,
and layed over with a 95% confidence-interval (blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

between SUV and ADC was observed in 42 of 60 axial images with
mean correlation coefficient of —0.261 (range —0.732; 0.327).

Cluster analysis

The median overlap of cluster 2 in VOIpgr and VOIpy; was 43.61%
(27.67-52.66%) and 21.86% (10.47-40.89%), respectively. The

Fig. 2. Examples of tumor overlap between tumor defined from diffusion weighted imaging (green contour), tumor defined from FDG PET/MR (blue contour) and T2
weighted MR (red contour). A worst case (A) and a representative case (B). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

ADC and SUV

A scatter plot of ADC,,;, and SUV,., is shown in Fig. 3. No sig-
nificant difference between ADC.;, and SUV,., was observed with
correlation coefficients of —0.316 (p = 0.164). Similarly, no significant
difference between ADCpean and SUV,..n Was observed with correla-
tion coefficients of —0.326 (p = 0.149). On a voxel-wise level, a total
of 60 axial images were evaluated. Significantly negative correlation
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median overlap of cluster 1 in VOIpgr and VOIpy; was 48.03%
(23.91-63.15%) and 24.40% (7.44-51.44%), respectively. Separation
between clusters appeared to be defined by a SUV value (Supplemental
Fig. 2). The cluster analysis of the ‘representative overlap’ patient and
the ‘poor overlap’ patient using axial images from the DWI and PET
scans are shown in Fig. 4.
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Fig. 4. The voxel-by-voxel analysis showing the respective clustering assignment from the cluster analysis for the patient in Fig. 2A, B.

Discussion

The tumor overlap between VOIpgr and VOIpy; was not complete.
More than 90% of VOIpw; was encompassed in VOIpgr and nearly half
(46.1%) of VOIpgr was encompassed in VOIpwr. No significant corre-
lation between SUV and ADC was observed in terms of the quantifiable
measures (SUV,ax and ADCrin, SUVinean and ADCpean). However, the
correlation was significant on a voxel-wise level. The cluster analysis
was feasible and identified a volume encompassing nearly half of
VOIPET.

With the benefit of treatment individualization and sparing of or-
gans at risk, FDG-PET is increasingly used in NPC for DP [6,12,13].
Various threshold methods such as SUV2.5, SUV50%max, and signal/
background ratio have been adopt for DP [5,6,14-16]. In the study of
investigating the correlation of PET/MR in head and neck cancer,
SUV40%max was adopt to define the VOIpgr for including the SUV-avid
tissue and excluding physiological uptake [9]. In the study of tumor
delineation using 18F-FDG PET/CT for NPC, SUV40%max indicated
higher similarity with VOI based on MRI than SUV50%max [17]. Since
no consensus has been acheived in DP to define target for NPC,
SUV40%max is adopt in this study.

FDG-PET-guided DP-IMRT is associated with a considerable survival
benefit for NPC [5]. In the study of exploring the feasibility of ®F-
Fluorothymidine (*®fF-FLT) PET in predicting treatment response of
NPC, 20 patients with NPC of Stage II-IVB were enrolled and pre-
liminary results showed both ' F-FLT PET had the potential to monitor
and predict tumor regression [18]. The substitution of other PET tracers
such as '®F-FLT, urokinase-type plasminogen activator receptor for FDG
could provide valuable additional information for precision medicine
[18-20], which might be useful for improving therapy planning and
treatment monitoring.

The overlap of VOIpw; and VOIpgr for NPC is not complete in the
present study. The partial overlap demonstrated in this study is in
concordance with the previous studies of head-and-neck cancer [6,9].
Since ADC and SUV were proven to be prognostic factors of NPC
[21,22], the volume defined by cluster-analysis such as the volume of
SUVmax and ADCmin might be meaningful for DP, which needs to be
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confirmed in histological correlation or failure pattern analysis [23].
The present results indicat that DWI-MRI and FDG-PET provide com-
plementary information. It is possible to deduce the information of
FDG-PET from DWI-MRI with machine learning approaches in the fu-
ture [24], which is meaningful for patients receiving non-FDG for PET/
MR imaging. Moreover, multiparametric MRI-based radiomics from
primary tumor provided improved prognostic ability in NPC [25]. The
PET/MR radiomics based clinical trial of NPC (NCT03657017) is on-
going in our center. Artificial intelligence in PET/MRI of NPC should be
elucidated in the future [26].

In the present study, no significant correlation between SUV and
ADC was observed in terms of the quantifiable measures and significant
correlation was observed on a voxel-wise level, which was similar to the
studies of head and neck cancer with PET/MR [6,9]. It indicates that
information on ADC and SUV from only one voxel is not enough to
access the potential correlation. With the development of radiomics in
NPC [25], it is reasonable to evaluate the correlation between SUV and
ADC on a voxel-wise level. Of note, the determination of ADC and SUV
correlations may be affected by other factors, such as geometrical dis-
tortions [27]. Geometrical distortions are particularly present in the
ADC maps (Supplemental Fig. 1). Ideally MRI sequences and new
methods for geometrical distortion correction are needed [28,29].

Conclusion
For NPC, the VOIs of DWI and FDG PET were not overlapped

completely and the volume defined by cluster-analysis might be
meaningful for DP.
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