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Purpose:  To  evaluate  the  role  of simultaneous  hybrid  PET/MR  imaging  and  to  correlate  metabolic  PET  data
with  morpho-functional  parameters  derived  by  MRI  in  patients  with  head–neck  cancer.
Methods:  Forty-four  patients,  with  histologically  confirmed  head  and  neck  malignancy  (22  primary
tumors  and  22  follow-up)  were  studied.  Patients  initially  received  a clinical  exam  and  endoscopy  with
direct  biopsy.  Next  patients  underwent  whole  body  PET/CT  followed  by  PET/MR  of  the  head/neck  region.
PET  and  MRI  studies  were  separately  evaluated  by two blinded  groups  (both  included  one  radiologist
and  one  nuclear  physician)  in order  to  define  the  presence  or absence  of  lesions/recurrences.  Regions  of
interest (ROIs)  analysis  was conducted  on  the  primary  lesion  at the level  of  maximum  size  on  metabolic
(SUV  and  MTV),  diffusion  (ADC)  and  perfusion  (Ktrans, Ve, kep and  iAUC)  parameters.
Results:  PET/MR  examinations  were  successfully  performed  on  all 44  patients.  Agreement  between  the
two  blinded  groups  was  found  in  anatomic  allocation  of  lesions  by PET/MR  (Primary  tumors:  Cohen’s
kappa  0.93;  Follow-up:  Cohen’s  kappa  0.89).  There  was  a significant  correlation  between  CT-SUV  meas-
ures  and  MR  (e.g.,  CT-SUV  VOI  vs. MR-SUV  VOI:  �  =  0.97,  p  <  0.001  for the  entire  sample).  There  was
also  significant  positive  correlations  between  the  ROI area,  SUV  measures,  and  the  metabolic  parameters
(SUV  and  MTV)  obtained  during  both  PET/CT  and  PET/MR.  A  significant  negative  correlation  was  observed
between  ADC  and  Ktrans values  in  the primary  tumors.  In addition,  a significant  negative  correlation  existed

between  MR  SUV  and  ADC  in recurrent  tumors.
Conclusion:  Our  study  demonstrates  the  feasibility  of PET/MR  imaging  for primary  tumors  and  recurrent
tumors  evaluations  of head/neck  malignant  lesions.  When  assessing  HNC,  PET/MR  allows  simultaneous
collection  of  multiparametric  metabolic  and  functional  data.  This  technique  therefore  allows  for  a  more
complete  characterization  of  malignant  lesions.

© 2015  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Head and neck cancers (HNC) account for approximately 4–5%
f all malignant disease. Of these, head and neck squamous cell car-
inoma (HNSCC) comprises the vast majority (90%) [1]. Diagnosis
f head and neck cancer is typically achieved by a combination of
hysical examination and either nasopharyngoscopy and/or laryn-
oscopy with direct biopsies. However, the first manifestation of

he disease commonly involves the cervical lymph nodes, also
he presence of distant metastases and different primaries must
e considered. Following diagnosis, accurate staging is critical for

∗ Corresponding author. fax: +39 081668841.
E-mail address: echoplanare@gmail.com (M.  Covello).

ttp://dx.doi.org/10.1016/j.ejrad.2015.04.010
720-048X/© 2015 Elsevier Ireland Ltd. All rights reserved.
selection of the appropriate treatment strategy. For early-stage dis-
ease, surgery or radiotherapy are the most common treatments,
with a success rate of about 80% [2]. Postoperative radiotherapy is
typically recommended when the risk for locoregional recurrence
exceeds 20% [3]. For patients whose disease is not controlled with
definitive radiotherapy, salvage surgery is recommended [3]. For
regionally advanced HNSCC, concurrent chemo-radiotherapy has
been widely used [4]. Currently, positron emission tomography
(PET) and magnetic resonance (MR) are well-established imaging
techniques for the staging [5] and follow-up of HNC. MR  techniques,
such as diffusion weighted imaging (DWI) and dynamic contrast

enhancement (DCE), along with fluorodeoxyglucose (FDG)-PET
are the basilar imaging techniques used to assess angiogenesis
and metabolism in HNSCC. Development of noninvasive imaging
biomarkers might assist in planning optimal treatment strategies,

dx.doi.org/10.1016/j.ejrad.2015.04.010
http://www.sciencedirect.com/science/journal/0720048X
http://www.elsevier.com/locate/ejrad
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejrad.2015.04.010&domain=pdf
mailto:echoplanare@gmail.com
dx.doi.org/10.1016/j.ejrad.2015.04.010
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hich may  lead to a more favorable therapeutic outcome [6,7].
he recent commercial introduction of hybrid PET/MR scanners
ffer new possibilities for oncologic imaging, combining the wide
ange of physiological information (glucose metabolism, cell prolif-
ration, hypoxia, cell receptor expression) achievable by different
ET tracers with the high spatial and contrast resolution of MRI.
oreover, advanced MRI  techniques (DWI, DCE and MR  spec-

roscopy) yield functional information that may  complement the
ndings of PET imaging. To date, several PET/MRI studies have
hown promising results for clinical oncologic applications [8,9].
he best applications for PET/MRI imaging exist for HNC. Due to the
omplex anatomy of this region the superb soft-tissue contrast res-
lution of MRI  is extremely useful. For this reason, PET/MRI seems
o be highly accurate in the evaluation of primary extension (T-
taging). However, it has no significant benefit with lymph nodes
nvolvement (N-staging) and limited improvement for metastasis
etection (M-staging) when compared to PET/CT examination [10].

Therefore, the aims of the study were to evaluate feasibility
f simultaneous hybrid PET/MR imaging in patients with HNC. In
ddition, metabolic data obtained from PET and morphologic and
unctional data (DWI, DCE) obtained by MRI  on primary tumors
nd recurrent lesions were correlated. In this context, the new
echnology of simultaneous PET/MR scanning can be suitable for

 comprehensive multiparametric assessment. We  present our ini-
ial clinical experience with simultaneous PET/MR imaging in the
valuation of patients affected by HNC.

. Materials and methods

.1. Patient population and Imaging protocol

In accordance with the institutional review board and Ethical
ommittee, 44 consecutive patients (mean age 57 ± 12; 23 males
nd 9 females) with histologically confirmed head and neck malig-
ancy (22 primary tumors and 22 recurrent tumors) were studied
etween March, 2012 to June, 2013. Exclusion criteria consisted
f >150 mg/dL blood glucose, pregnancy, and standard contraindi-
ation for MRI. For primary tumors, no therapy has been started
t the time of MR  imaging. For recurrent lesions, imaging session
as been performed 6–8 weeks after the end of treatment (includ-

ng 12 patients treated with surgery, 4 with radiotherapy, and the
emaining with a combination of surgery and radiotherapy). All
atients underwent a one day single-injection imaging protocol

ncluding PET/CT and subsequent PET/MR.
Briefly, patients were fasted for at least 6 h before scanning, fol-

owed by blood glucose assessment prior to FDG injection. A dose of
06 ± 40 MBq  of [18F]-FDG was injected based on the patient’s body
eight. Following an uptake period (81 ± 15 min), patients under-
ent a PET/CT scan. After completion of the PET/CT scan, patients

hen received a head and neck PET/MR examination.

.2. PET/CT acquisition

PET/CT acquisition was performed on a Gemini TF (Philips Med-
cal Systems, Best, The Netherlands) tomograph designed with a

ulti-ring LYSO block detectors system and a nominal axial reso-
ution near the center of field of view of 4.8 mm (FWHM) with an
bsolute sensitivity of 6.6 kcps/MBq, as previously reported [11].

According to our routine protocol for oncological studies, PET
ata was acquired in sinogram mode for 15 min  with ama-
rix size of 144 × 144. PET data were reconstructed using the

OR-TF-RAMLA algorithm, therefore data was post filtered with

 three-dimensional isotropic gaussian of 4 mm at FWHM.  CT-
ased attenuation maps were created with a low dose CT scan
120 kV, 80 mA)  using commonly employed bi-linear scaling. The
adiology 84 (2015) 1269–1276

acquisition time was 3 min  per bed position (BP), with 5\6 BPs (each
21 cm)  covering the trunk of the patients starting from the pelvis
and moved up toward the head. Following whole body acquisition
an additional BP was acquired focusing on the head/neck region.
The result was  a total acquisition time of approximately 18mins
per patient for PET/CT.

The patients were positioned supine with their arms brought
together above the head for total body acquisition and with their
arms resting at the sides for head/neck acquisition.

2.3. PET/MR Acquisition

PET/MR was  performed on the Biograph mMR  (Siemens Health-
care, Erlangen, Germany). This system consists of a 3 T MRI  scanner
featuring high-performance gradient systems (45 mT/m)  and a
slew rate of 200 T/m/s. The PET/MR system is equipped with Total
Imaging Matrix coil technology (Siemens Healthcare), covering the
entire body with multiple integrated radiofrequency surface coils.
The coils, patient table, and cables have been redesigned for PET/MR
in order to minimize their attenuation and to allow unimpaired PET
acquisition with the coils in place. A fully functional PET system
equipped with the avalanche photodiode technology is embedded
into the magnetic resonance gantry.

The PET scanner has a spatial resolution of 4.1 mm (FWHM) at
1 cm and of 5.0 mm (FWHM) at 10 cm from the transverse FOV and
a sensitivity of 11.72 kcps/MBq at the center of the FOV.

On average, the PET/MR scan started about 20 min  after the start
of the PET/CT acquisition. Bed position was established in order to
get full coverage of the head/neck region. After correct positioning
was established, the combined PET/MR acquisition was performed.

First, a coronal 2-point Dixon 3-dimensional volumetric inter-
polated breath-hold T1-weighted MRI  sequence was acquired and
used for the generation of attenuation maps and for anatomic
allocation of the PET results. The software of the MRI  scanner
automatically generates 4 different images: T1-weighted in-phase,
T1-weighted out-of-phase, water-only, and fat-only. Simulta-
neously with the start of the Dixon MRI  sequence, PET acquisition
began to ensure correct temporal and regional correspondence
between MRI  and PET data. The PET acquisition time was 4 min  and
considering simultaneous MR  acquisition the total PET/MR exami-
nation lasted about 30 min.

2.4. PET data reconstruction

PET data obtained on the PET/CT and PET/MR scanners were
processed with comparable reconstruction and correction algo-
rithms. For both modalities, emission data were corrected for
randoms, dead time, scatter, and attenuation. A 3-dimensional
attenuation-weighted ordered-subsets expectation maximization
iterative reconstruction algorithm (AW OSEM 3D) was applied with
3 iterations and 21 subsets, gaussian smoothing of 4 mm in full
width at half maximum, and a zoom of 1. Attenuation maps were
obtained from the CT data by bilinear transformation, as imple-
mented in the post-processing software of the PET/CT scanner and
were used for attenuation correction of the PET/CT data.

2.5. MRI-based attenuation correction

PET attenuation correction (AC) is a critical issue for integrated
PET/MRI scanners. Contrarily to X-ray CT, which inherently pro-
vides a patient-specific measurement of the electron density, MRI
signal is only related to proton density. Therefore, MRI  is intrinsi-

cally unable to measure attenuation factors due to electron density.
Proposed solutions are substantially based on the combination of
custom-tailored MRI  acquisitions with image processing, pattern
recognition, and template-matching techniques.
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In this work, clinically approved AC is performed by means of the
ttenuation maps generated on the basis of the 2-point Dixon MRI
equences obtained for every BP. This approach has recently been
emonstrated to provide results comparable to those of conven-
ional attenuation correction by low dose CT [12]. The procedure
as been implemented in the post-processing software of the scan-
er and operates automatically. The Dixon fat- and water-weighted

mages were used to create an attenuation map  with 4 distinct
issue-classes: background, lungs, fat, and soft tissue. Attenuation
f the PET signal caused by instrumentation, such as the patient
ed and the fixed MRI  coils, is automatically integrated into the
ttenuation maps [13].

It is worth noting that such AC approach ignores the pres-
nce of bony structures, therefore limiting quantitative accuracy in
natomical districts containing (or close to) bones [14]. To address
his issue, more refined AC techniques are currently under investi-
ation and clinical validation [15].

.6. MR  acquisition

The MRI  protocol was performed with a dedicated 16 channel
ead and neck coil including: coronal STIR, axial FSE T2-weighted,
xial FSE T1-weighted, axial diffusion-weighted imaging (DWI),
nd a single-shot echo planar 2D SPAIR. In this sequence three b
alues were applied: 0, 500 and 800 s/mm2.

Perfusion studies were dynamically acquired immediately after
ntravenous administration of paramagnetic contrast (Magnevist®,
ayer-Schering, Berlin, Germany) with 50 measurements of volume

nterpolated GRE preceded by two pre-contrast measurements of
he same sequence at a variable flip angle (2◦ and 15◦). The con-
rast agent administration (0.2 ml/kg body weight) was  done with

 flow-rate of 3.5 ml/s, followed by saline flush, using a power injec-
or.

In addition, after dynamic acquisitions, a volume Interpolated
RE isotropic at high resolution and a T1-weighted turbo spin echo
ith fat suppression were acquired.

Table 1 shows technical details of the above-mentioned MR
equences.

In order to obtain good MRI  image quality, all patients were care-
ully instructed to refrain from vigorous swallowing or breathing
uring image acquisition especially during the acquisition of DWI
equences. Small breaks were made between individual sequences
o allow patients to clear the throat of mucous secretions, cough,
r swallow.

.7. Data processing and multiparametric analysis

PET data obtained simultaneously with CT and MR  examination
ere processed with comparable reconstruction and correction

lgorithms. For both modalities, emission data were corrected for
andoms, dead time, scatter, and attenuation.

Tumor tissue was identified as any voxel in the 3D dataset with

ounts greater than a fixed threshold fraction of the peak activ-
ty in the tumor. The threshold level for tumor characterization

as selected as a Standardized Uptake Value (SUV) equal to or
igher than 3.5 [16]. The SUVs were calculated automatically

able 1
ummary of MR acquisition protocol and sequences.

Sequence name Orientation Repetition time (ms) Echo tim

STIR Coronal 5000 84 

FSE  T2-w Axial 5000 117 

FSE  T1-w Axial 590 9.9 

DWI  Axial 13,800 70 

Volume Interpolated GRE Axial 5.37 1.78 

Volume Interpolated GRE ISO Axial 4.93 2.29 

TSE  FAT SAT T1-w Axial 5.79 8.5 
adiology 84 (2015) 1269–1276 1271

by the software (Syngo.via, Siemens Medical Systems) using
the body weight method: SUV = [decay corrected tissue activ-
ity (kBq/ml)]/[injected 18F-FDG dose per body weight (kBq/g)].
The maximum SUV (SUVmax) and mean SUV  (SUVmean) of the
tumor tissue were derived automatically by the software using a
voxel-of-interest (VOI) method of tissue delineation for both the
acquisitions. Moreover, based on SUV values, a volumetric charac-
terization of lesion burden was  made as suggested in a previous
study [17] considering a metabolic tumor volume (MTV) with a
threshold of 40% of the maximum signal intensity (MTV40).

Two  groups of one senior radiologist experienced in head and
neck imaging (8 and 10 years experience) and one nuclear medicine
specialist (9 and 7 years experience) were blinded to the PET/CT
findings and consensually reviewed tumor findings on PET/MR
images in consensus. Primary tumor size and infiltration of neigh-
boring structures were assessed (Fig. 1A). A comparison between
PET/CT and PET/MR findings has not been performed considering
that CT examination was  without contrast agent injection and this
could bias the analysis by underestimating CT diagnostic accuracy
(Fig. 1B).

Subsequently, the DCE-MR images were transferred for post-
processing to a workstation running commercially available
software for tissue perfusion estimation (Tissue 4D, Siemens Med-
ical Systems). After motion correction and registration of the pre-
and post-contrast acquisitions, T1 mapping was automatically
performed and a freehand region-of-interest (ROI) was  plotted
around the tumor including the neighboring vessels (carotid arter-
ies, jugular vein). The pharmacokinetic modeling was  based on
a two-compartment model that allows for the calculation of the
following: transfer constant between vascular, extravascular, and
extracellular space (EES) (Ktrans); the volume of EES (ve); the con-
stant between EES and blood plasma (kep); the initial area under
the concentration curve (iAUC) [18]. Ktrans is a parameter related
to vessel permeability and tissue blood flow. The leakage space Ve

is a marker of cell density, the kep is a transfer constant from the
extracellular/extravascular space to plasma, and iAUC is related
to the blood volume in the tissue of interest [18]. Arterial input
function (AIF) was related to gadolinium dose injected and was
modeled by a bi-exponential function using an intermediate mode
provided by the software. For the subsequent tumor ROI analy-
sis, PET/MR datasets (PET acquisition, axial T1 post-contrast and
axial T2 sequences, axial ADC map, and single perfusion maps for
Ktrans, ve, kep and iAUC) were evaluated into a unified measure-
ments framework customized into the Syngo.via software platform
(Siemens Medical Solutions) allowing a visual comparison of the
multiparametric data. Post-contrast T1-weighted as well as T2-
weighted images were utilized to drive the tumor outline in major
diameter lesion slice, which avoids necrotic areas and large feed-
ing vessels. Therefore, ROI area value, referred as the tumor size
in the major diameter lesion slice was extracted for each patient.
For multiparametric comparisons, the ROI outline was drawn with
the same position and extent on each map  to automatically extract

maximum and mean values for each parameter (SUVmax and
SUVmean for the PET; ADCmax and ADCmean for the diffusion;
Ktrans, kep, ve, and iAUC, respectively max and mean for perfusion
maps) (Fig. 1A).

e (ms) Flip angle (◦) Voxel size (mm3) Acquisition time (min:s)

125 1.1 × 0.8 × 3.5 2:02
90 0.7 × 0.7 × 3.0 3:10

150 0.9 × 0.6 × 3.0 4:32
2.8 × 2.8 × 4.0 2:11

15 1.7 × 1.2 × 3.6 0:10
9 1 × 1 × 1 4:41

138 0.8 × 0.6 × 3 3:58
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Fig. 1. In A, ROI placement for multiparametric analysis in a 70 y.o. male with HNSCC lesion in primary staging. ROI (in red) was manually outlined on post-contrast T1-
weighted (T1 + C) and T2-weighted (T2) images in major diameter lesion slice, and following drawn with same position and extent on each map. In B, a coronal view of the
s

p
a
d

ame  patient from both PET/MR and PET/CT acquisitions.
Moreover, standardized ROIs (1 cm2) were placed in the
araspinal muscle of each patient in order to obtain SUV, ADC,
nd DCE-MRI estimates in the normal tissue and provide significant
ifferences compared with the tumor tissue.
2.8. Statistical analysis

Multiparametric data were exported and analyzed using the
Sigmaplot v10.0 program with Sigma-Stat integration v3.2 (SPSS,
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rkrath, Germany). A p-value of less than 0.05 was  considered sta-
istically significant. The values are presented as mean ± standard
eviation (SD).

The Kolmogorov–Smirnov test was first used to examine if the
ata was normally distributed. Cohen’s kappa was  used to eval-
ate agreement for primary tumor detection in PET/MR between
he two groups of observers, without accounting for lymph nodes
nvolvement and putative distant metastases. Any differences in
he parameters estimations between the normal and tumor tissue
nd between the primary tumors and recurrent lesions were deter-
ined with a t-student test. Spearman’s correlation coefficients
ere calculated to compare MRI  and CT based SUV values and to

ompare metabolic diffusion and perfusion parameters. A correla-
ion coefficient � of ≤0.35 was considered low, 0.36–0.67 moderate,
.68–0.90 high, and ≥0.90 to be excellent correlations [19].

. Results

.1. Feasibility and interobserver agreement

All PET/CT and PET/MR studies were acquired successfully and
ere suitable for further evaluation.

Satisfactory agreement between the two observer groups was
ound in anatomic allocation of lesions by PET/MR (T-staging) with
o significant differences between the two clinically defined groups
Primary tumors: 97%, Cohen’s kappa 0.93; Recurrent tumors: 93%,
ohen’s kappa 0.89).

.2. Multiparametric comparison in the overall sample and
ubgroups definition

The summary statistics for the FDG-metabolism, diffusion, and
erfusion measurements in the healthy muscle tissue and the
umors are demonstrated in Table 2.

Representative cases of multiparametric head–neck imaging are

hown in Figs. 2 and 3.

When grouping all patients together (n = 44) there was  a signifi-
ant positive correlations between the ROI area, the SUV measures,
nd the SUV estimations. Conversely, there was a significant

able 2
ummary of metabolic, diffusion and perfusion parameters in both the groups.

Parameter Overall sample Primary tumors 

Mean SD Mean SD

AGE 60.94 2.23 62.52 1
AREA – Tumor size
(cm2)

2.73 0.37 2.99 

CT  SUV Mean 5.77 1.76 4.53 

CT  MTV
(cm3)

14.42 1.62 15.56 1

MR  SUV Mean 7.78 2.39 6.09 

MR  MTV
(cm3)

11.92 1.58 13.03 1

SUV  Mean 2D 20.36 1.35 19.40 2
ADC  Mean
(�m2/s)

1193.26 0.14 1193.14 48

Ktrans Mean (min−1)
(×1000)

268.09 13.60 277.71 16

kep MEAN
(min−1) (×100)

83.99 5.98 88.22 6

iAUC  Mean
(mM  min) (×50)

901.54 17.73 914.08 47

ve Mean
(×1000)

326.35 25.84 308.08 12

bbreviations: CT: computed tomography; SUV: standardized uptake value; MR:  magnet
trans: transfer constant between vascular and EES; kep: constant between EES and blood 

ES  per unit of volume of tissue.
* p ≤ 0.05;

** p ≤ 0.01.
adiology 84 (2015) 1269–1276 1273

negative correlation between MR  SUV ROI, and ADC Mean. There
was also a significant negative correlation between ADC Mean and
Ktrans Mean (Table 3).

In particular, there were two subgroups identified for patients
in primary or recurrent tumors. Primary tumors (n = 22) included
11 laryngeal, 3 oral, 1 sinonasal, 2 oropharingeal, 3 parotid, and 2
rhinopharingeal cancers.

Recurrent tumors (n = 22) included 14 cases of laryngeal, 3 oral,
2 sinonasal, 1 parotid, and 2 rhinopharingeal cancers. In particular,
11 patients received only surgical treatment, 4 radiotherapy, and 7
both chemo- and radiotherapy.

3.3. Multiparametric comparison in primary tumors

As for as primary tumors the correlation analysis demonstrated
a significant correlation between the ROI area, the SUV  measures,
and the SUV estimations.

Conversely, there was a significant negative correlation between
ADC Mean and Ktrans Mean (Fig. 2; Table 3).

3.4. Multiparametric comparison in recurrent tumors

As for as recurrent tumors, the Spearman’s � coefficient analysis
among the different parameters in the tumor sites demonstrated a
significant correlation between the ROI area and the MR  SUV ROI.
However, the correlation was  not significant with CT SUV VOI  or MR
SUV VOI (p = 0.35 and .23, respectively), which was demonstrated in
primary tumors. A significant correlation was  also found between
the SUV measures, MR  SUV VOI, and MR  SUV ROI. Finally, a signifi-
cant negative correlation was found between MR  SUV ROI and ADC
mean (Fig. 3; Table 3).

No significant differences were detected between the two
groups for metabolic, diffusion and perfusion parameters. SUV esti-
mation and all perfusion parameters (Ktrans, kep, ve, and iAUC) in

tumors were significantly higher compared to normal muscle tissue
in both the groups (Primary tumors: p < 0.001; Recurrent tumors
p < 0.001) (Figs. 1 and 2, Table 2). Conversely, the ADC mean value
in tumors was  significantly lower compared to normal paraspinal

Recurrent tumors Muscle

 Mean SD Mean SD

2.35 59.36 12.93
4.90 2.47 1.73 1 0

4.53 7.01 5.75 0.715** 0.065
9.48 13.27 14.24

5.05 9.47 8.91 0.721** 0.077
6.59 10.81 11.78

4.10 21.32 17.66 0.724** 0.079
1.68 1193.4 187.09 1483.58* 108.2

7.29 258.48 150.82 51.18* 10.36

2.30 79.76 31.73 51.59* 14.36

2.24 889.01 539.96 166.21* 30.27

4.99 344.62 133.11 103.52* 22.03

ic resonance; MTV: metabolic tumor volume; ADC: apparent diffusion coefficient;
plasma; iAUC: initial area under the concentration curve in 60 s; ve: the volume of
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Fig. 2. Multiparametric evaluation of morphological (T1, and T1 + C), metabolic (PET) and functional (DWI, ADC, iAUC, ve, kep, and Ktrans) in a 57 y.o male with right vocal cord
HNSCC  and anterior commissure infiltration in primary staging. The increase of thickness and enhancement of the tumor site in the morphological acquisitions, the increase
of  FDG-uptake, and the reduced diffusivity in ADC with an increase of perfusion parameters were detected.

Fig. 3. Multiparametric evaluation of morphological (T1, and T1 + C), metabolic (PET) and functional (DWI, ADC, iAUC, ve, kep, and Ktrans) in a 69 y.o. male recurrency after
surgery for a HNSCC of the larynx. The increase of thickness and enhancement of the tumor site in the morphological acquisitions, the increase of FDG-uptake, and the
reduced  diffusivity in ADC with an increase of perfusion parameters were detected.
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Table  3
Significant correlations in multiparametric analysis.

Parameters Spearman’s �
coefficient

Significance (p
value)

Overall sample
ROI area vs. CT SUV VOI 0.66 <0.001
ROI  area vs. MR SUV VOI 0.61 <0.001
ROI  area vs.MR SUV ROI 0.61 <0.001
CT  SUV VOI vs. MR  SUV VOI 0.97 <0.001
CT  SUV VOI vs. MR  SUV ROI 0.88 <0.001
MR  SUV VOI vs. MR SUV ROI 0.91 <0.001
CT MTV  vs. MR MTV  0.94 <0.001
MR  SUV ROI vs. ADC Mean −0.36 0.04
ADC Mean vs. Ktrans Mean −0.5 <0.001

Primary tumors
ROI area vs. CT SUV VOI 0.51 0.04
ROI area vs. MR SUV VOI 0.45 0.04
ROI area vs. MR SUV ROI 0.53 0.01
CT SUV VOI vs. MR  SUV VOI 0.95 <0.001
CT  SUV VOI vs. MR  SUV ROI 0.81 <0.001
MR SUV VOI vs. MR SUV ROI 0.83 <0.001
CT  MTV  vs. MR MTV  0.93 <0.001
ADC Mean vs. Ktrans Mean −0.42 0.04

Recurrent tumors
ROI area vs. MR SUV ROI 0.61 0.04
MR  SUV VOI vs. MR SUV ROI 0.99 0.01
MR  SUV ROI vs. ADC mean −0.72 0.01

Abbreviations: ROI area: tumor size in 2D major lesion size; Abbreviations: CT:
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omputed tomography; SUV: standardized uptake value; MTV: metabolic tumor
olume; ADC: apparent diffusion coefficient; Ktrans: transfer constant between vas-
ular and EES.

uscle (Primary tumors: p < 0.001; Recurrent tumors: p < 0.001)
Table 2).

. Discussion

This study demonstrated the feasibility of PET/MR examination
or the evaluation of the T-stadium in patients with head and neck
ancer during staging or follow-up. This study also found PET/MR
xamination to have a high inter-observer agreement for lesion
etection and significant relationships among several metabolic,
iffusion, and perfusion parameters in the primary tumor.

In the past three decades PET has demonstrated its value in pro-
iding non-invasive information of tissue at the molecular level.
he value of PET lies in its high sensitivity tracking of in vivo
iomarkers, however it lacks precise anatomical information,
hich has been overcome with the introduction of the PET/CT scan-
ers. 18F-labeled fluorodeoxyglucose positron emission tomogra-
hy ([18F]FDG PET) is commonly used in HNSCC for tumor staging,
onitoring of treatment responses, detection of recurrences, and

adiotherapy planning [5]. Although PET/CT is currently the gold
tandard for oncological imaging, several limitations exist, which
nclude: substantial amounts of ionizing radiation from repeated
ET/CT scans during diagnostic and follow-up examinations; the
natomical contribution of CT is limited in soft tissues and areas
ith complex anatomy (i.e. the head and neck & pelvis region).

These issues can be overcome with recently launched fully inte-
rated hybrid PET/MR scanners, which can perform simultaneous
cquisition of PET and MRI. By combining anatomical MRI, DW-MRI,
CE-MRI and PET imaging to obtain concerted information about
ellularity, perfusion and biological activity of the tumor (i.e. by use
f FDG, FLT or Choline), we hypothesize that the sensitivity and the
pecificity in oncology staging can be improved. However, currently
o specific clinical indication for PET/MR has been established.
PET/CT and PET/MR studies were acquired in all 44 patients
ithout side effects and were suitable for further evaluation.
lthough several studies have demonstrated the feasibility of this
ew powerful tool in oncological imaging, the head and neck
adiology 84 (2015) 1269–1276 1275

region includes complex anatomy with many different tissues in
a small region and is often affected by involuntary motion artifacts
during imaging acquisition. The ability to perform simultaneous
acquisition decreases the acquisition time bypassing putative
co-registration problems, especially for high-temporal resolution
phenomena like perfusion.

Indeed, software fusion of PET and MRI  data is challenging in the
neck and the simultaneous acquisition of the MRI  and PET data pro-
vides improved coregistration. The feasibility of PET/MR in the head
and neck region has also been reported by other groups, demon-
strating a good MR image quality without impairment of the PET
signal [20,21].

The high contrast resolution of MRI  compared to CT created a
more fine differentiation of head and neck tissues, which provided a
correct staging and follow-up of HNSCC, mainly for T stadium char-
acterization [10]. A recent article that examined thirty patients with
HNC cancer at primary tumors found a higher diagnostic accuracy
for T evaluations from retrospectively fused PET/MR compared to
PET/CT and a comparable accuracy for N-staging [22]. Our current
study also supports this previous report by demonstrating excellent
agreement between the two  observer groups for the anatomic allo-
cation of lesions by PET/MR (T-staging). This has also been found
in other studies, examining different types of cancer (lymph nodes
and distant metastases) revealing inter-reader agreement between
observers of about 0.5 [23] and 0.7 [24].

As for the correlation analysis, there was a significant posi-
tive relationship between the ROI area (tumor size in the major
axial lesion diameter) and the SUV. This correlation shows that
bigger lesions have higher metabolic activity, although the pres-
ence of necrotic intralesional regions can bias SUV estimation. In
this study, we limit this bias performing a manual tumor out-
line in major diameter lesion slice, avoiding necrotic areas and
large feeding vessels. Although there are controversial results with
respect to the correlation between the lesion size and SUV  measure-
ment [25,26] the differences found between primary and recurrent
tumors could be alsodue to the effect of different therapies on
lesion homogeneity. Fruehwald-Pallamar et al. [26] reported no
significant differences in ADC values and SUVmax between the
various T stages in 31 patients. The possible inclusion of inflamma-
tion, fibrosis and/or necrosis within the ROI lesion area measured
along the major axis is a likely consequence of surgery, radiothe-
rapy, chemotherapy or different combined therapeutic approaches
during the follow-up. For these reasons, in order to reduce effects
related to treatments, 6–8 weeks from the end of treatment
passed before the imaging study of recurrent lesions. Also previous
reports and the current study have found comparable estimates of
metabolic parameters (SUV and MTV) between PET/CT and PET/MR
mainly in primary tumors and the overall sample. In a recent
report [23], a very high correlation between the SUV value in 18F-
FDG-PET/MR and 18F-FDG-PET/CT imaging has been detected for
primary tumors, lymph node, and distant metastases in 14 patients.
Other authors [12,24] found no statistically significant difference in
diagnostic capability between PET/CT and PET/MR in 17 patients.
Although MRI-based AC is still under debate [14], 2-point Dixon
approach for MRI  attenuation has recently provided results com-
parable to those of conventional attenuation correction by low
dose CT [12]. High correlation between SUV estimated by PET/CT
and PET/MR resulting from this study supports these conclusions,
according to a previous work [14]. In the current study when exam-
ining metabolic (SUV), diffusion (ADC) and perfusion parameters
(Ktrans, kep, iAUC, ve), we demonstrated a significant negative corre-
lation between MR  SUV ROI and ADC Mean in recurrent tumors and

the overall sample. Although the cell density (estimated by ADC)
and glucose metabolism (estimated by SUV) of a tumor are different
physiological parameters, one recent report has shown a positive
correlation between SUV max  and ADC values [27]. Other studies
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26,28] have observed no significant correlation between these two
arameters with MRI  and PET/CT. The negative correlation resulting
rom this study shows that higher cellularity of the lesions, reflect-
ng on a low ADC, parallels with an increased glucose uptake and
ellular metabolism. Controversial results [26–28], instead, can be
ue to tumor inhomogeneity and contextual necrotic areas, where
he free diffusion of water protons results in no ADC restriction [26].

In addition, there was a significant negative correlation between
DC Mean and Ktrans Mean in primary tumors and the overall
ample. Although few studies have investigated the relation-
hip among these parameters, the results appear controversial
26–28]. An inverse correlation between ADC and Ktrans has also
een detected for other tumors (i.e. brain) [27], which suggests
n intricate relationship between vascular permeability and the
umor microenvironment. In this context, two tumoral features

ay  explain the negative correlation between these parameters.
rom one side, tumor proliferation increases cell density and ADC
estriction while, from the other hand, neoangiogenesis increases
mmature tumoral vessels and, thereby, vascular permeability
xpressed by Ktrans.

Finally, perfusion parameters such as Ktrans have been demon-
trated to be potentially predictive of patient response to therapy,
owever controversial results can be debated [29]. Any differences
ay  be attributed to the applied pharmacokinetic modelling (e.g.

extended) Tofts model or more elaborated models like the shutter-
peed one) [18]. In any case, Ktrans seems to be suitable to monitor
herapy (relative) changes in tumors though the correctness of the
bsolute values may  be not always claimed [30].

. Conclusions

Our study demonstrates the feasibility of PET/MR imaging in
he T-stadium evaluation of HNC lesions during staging or follow-
p. This introduces a more complete characterization of metabolic,
iffusion, and perfusion characteristics of primary lesions.

The strength and the originality of this study exists in the
nvolvement of multiparametric MRI, which include both diffusion
nd perfusion evaluations that are collected simultaneously during
ET/MR acquisition.

Although further improvements should be performed to
ncrease the value of hybrid acquisition of PET/MR (improved atten-
ation correction algorithm for bone segmentation, and surface
edicated coils for head and neck region), we believe this analy-
is may  play a crucial role in prognosis and treatment of patients
hen considering the predictive value of these parameters [29].
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