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1. THESIS OUTLINES:

In this thesis we studied the use of combined PET/MRI imaging markers in head and neck cancer.
The first goal of this thesis was to assess the ability of the DWI for discriminating between benign
and malignant lymph node in HNSCC, especially sub-centimeters lymph nodes, since there is an
argument weather DWI can differentiate between small lymph nodes <IOmm shortest axial
diameter. In our work we found that DWI is a useful imaging technique to differentiate between

benign and malignant lymph nodes. Appendix 1.

The second goal was to compare the diagnostical role of PET/MRI imaging parameters (ADC,
SUV, TLG, and MTV) to evaluate patients with OPSCC in reference to their ability to predict
HPV as a non-invasive technique and their ability to predict treatment response to
chemo/radiotherapy. Based on our results, we have demonstrated through the clinical
investigations that DWI is able to play an important role as a non-invasive technique to
differentiate between HPV-positive and HPV-negative oropharyngeal cancer as well as the ability
of DWI and PET parameters to predict tumors treatment response to therapy. Appendix 2.

The third goal was assessing the correlation between the imaging biomarkers from PET and MRI
and their ability to prospectively predicting tumor aggressiveness and wither these modalities
provide similar information or it can provide complementary information about tumor
environment. We found that there is significant correlation between ADC and any of PET imaging
parameters, as a result, both imaging parameters are complementary to each other in HNC

assessment. Appendix 3.
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4. INTRODUCTION

4.1. HEAD AND NECK CANCER EPIDIMIOLOGY

Head and neck cancer originates in the upper aerodigestive tract, from the level From the skull
base to the thoracic outlet. Head and Neck cancers are a heterogeneous group of cancers that
existed anatomically close to each other, but different in terms of etiology, histology, diagnostic,
and treatment approaches. (Society for Medical Oncology, 2017) About 91% of all H&N cancer
are squamous cell carcinomas, 2% are sarcomas and the other 7% are adenocarcinomas,
melanomas, and not well-specified tumors. (European crude and age-adjusted incidence by cancer,
years of diagnosis 2000 and 2007 analysis based on 83 population-based cancer registries * 2014).
Head and neck squamous cell carcinoma (HNSCC) evolves an assortment of cancers arising in the
lip, oral cavity, hypopharynx, oropharynx, nasopharynx, or larynx. (Society for Medical Oncology,
2017). Alcohol and tobacco are known risk factors for most head and neck cancers, and incidence
rates are found to be higher in regions with high rates of alcohol and tobacco consumption.
(Hashibe et al., 2011)

In 2017, the Global Burden of Disease has been estimated a number of 890,000 new head and neck
cancers (HNCs) worldwide, illustrating 5.3% of all cancers. (Fitzmaurice et al., 2019) Based on
the most recent epidemiological studies, it has been found that HNC’s was attributed to annual
507,000 death’s representing 5.3% of all cancer deaths. (Aupérin, 2020). In Hungary, according
to the International Agency for Research on Cancer (IARC), there was a total of 70,454 new caners
cases in 2018, 6,772 (9.6%) of the total new cancer cases were from HNC as the third most type
of cancers incidence. (Globocan, 2019) There were a total of 33,010 deaths due to all types of
cancers as the second leading cause of deaths after cardiovascular diseases in Hungary (OECD et
al., 2017). HNC cancer deaths were 2,610 deaths representing (7.9%) of all cancer deaths. Table
1).

According to data from the Hungarian Central Statistical Office, mortality rate of head and neck
cancers has been increased significantly since the 1970s. The number of these cancers has trebled

and their mortality has become nearly five-fold. (Tamaés, 2018)



Incidence, Mortality and Prevalence by cancer site

New cases Deaths 5-year prevalence (all ages)
Cancer Number Rank (%) Cum.risk Number Rank (%) Cum.risk Number Prop.
Lung 11004 1 156 7.00 8893 1 269 5.58 11723 120.99
Breast 8215 2 11.7 9.20 2212 3 6.7 2.00 31217 614.75
Colon 7065 3 10.0 3.89 3290 2 10.0 1.52 18513 191.08
Prostate 5508 4 7.8 7.75 1225 7 37 1.07 18 340 397.75
Rectum 3715 5 53 227 1768 5 54 0.93 10611 109.52
Bladder 3391 6 48 2.01 950 8 29 0.43 10 355 106.88
Pancreas 2326 7 33 1.29 2078 4 6.3 1.12 1403 14.48
Kidney 229 8 33 1.44 831 1 25 0.43 5907 60.97
Stomach 2089 9 3.0 1.09 1523 6 46 0.74 3014 311
Corpus uteri 1919 10 27 221 413 20 13 035 6874 135.37
Melanoma of skin 1724 1 24 1.08 351 22 11 0.19 5561 57.40
Non-Hodgkin lymphoma 1583 12 22 0.97 585 17 1.8 0.30 4538 46.84
Leukaemia 1451 13 21 0.87 872 10 26 0.45 3891 40.16
Cervix uteri 1312 14 19 1.1 499 19 15 0.57 4096 80.66
Lip, oral cavity 1310 15 19 0.89 606 15 1.8 0.42 3891 40.16
Ovary 1305 16 1.9 1.48 777 12 24 0.79 3547 69.85
Thyroid 1191 17 1.7 0.85 95 26 0.29 0.04 4477 46.21
Larynx 1099 18 16 0.81 526 18 16 0.37 3378 34.86
Liver 1087 19 15 0.66 920 9 28 0.54 748 7.72
Brain, nervous system 840 20 1.2 0.55 696 13 21 0.44 231 2385
Gallbladder 756 21 1.1 0.34 608 14 1.8 0.26 729 7.52
Oesophagus 746 22 1.1 0.52 592 16 1.8 0.41 799 8.25
Oropharynx 734 23 1.0 0.55 340 23 1.0 0.25 2468 25.47
Testis 554 24 0.79 0.83 42 29 0.13 0.06 2392 51.88
Hypopharynx 526 25 0.75 0.40 359 21 1.1 0.27 906 9.35
Multiple myeloma 449 26 0.64 0.28 280 24 0.85 0.15 1110 11.46
Vulva 251 27 0.36 0.23 106 25 0.32 0.07 779 15.34
Hodgkin lymphoma 221 28 0.31 0.17 38 N 0.12 0.02 900 9.29
Salivary glands 165 29 0.23 0.1 60 28 0.18 0.03 435 4.49
Penis 113 30 0.16 0.17 N 33 0.09 0.04 358 7.76
Nasopharynx 108 3 0.15 0.08 61 27 0.18 0.04 346 3.57
Vagina 68 32 0.10 0.06 32 32 0.10 0.02 189 3.72
Mesothelioma 47 33 0.07 0.03 a1 30 0.12 0.03 55 0.57
Anus 29 34 0.04 0.02 18 34 0.05 0.01 83 0.86
Kaposi sarcoma 10 35 0.01 0.00 3 35 0.01 0.00 26 0.27
All cancer sites 70454 - - 35.10 33010 - - 16.85 185277 1912.27

Table 1: Incidence, Mortality and Prevalence by cancer site in Hungary 2018.
(Source: https://gco.iarc.fr/today/data/factsheets/populations/348-hungary-fact-sheets.pdf)




4.2. RISK FACTORS:

Smoking, alcohol consumption are the most important risk factors for developing cancer (Blot et
al., 1988), human papillomavirus (HPV) infection, and Epstein-Barr virus (EBV) infection
(nasopharyngeal cancers in Asia) are also associated risk factors with head and neck cancer. (Cruz
et al., 1997; Sankaranarayanan et al., 1998). Herpes simplex virus (HSV) is another risk factor but
is less strongly correlated with the development of oral carcinomas than EBV or HPV. (Larsson et
al., 1991) Immunodeficiency is also found to be an important risk factor for developing head and
neck cancer, which may increase the incidence by threefold. (Deeken et al., 2012; Grulich et al.,
2007) As well as other but less relevant risk factors that may play a role in HNC development such
as occupational exposure, radiation, genetic factors, betel nut chewing, poor oral hygiene and
periodontal disease, which has been linked with carcinoma of the oral cavity. (Guha et al., 2014;

Hashim et al., 2016; Lacko et al., 2014; Sale et al., 2004; Vaughan et al., 1997).

4.3. CLINICAL EVALUATION

According to the American Joint Committee on Cancer (AJCC) (Edge & Compton, 2010), head
and neck cancer arises in the upper aerodigestive tract lining membranes. The TNM classifications
described as; T which represents the extent of the primary tumor for each site in the neck area,
size, or both, generally the T classifications are similar from different sites with minimal
differences in some specific details for each localization, the major sites include (1) the oral cavity,
(2) the oropharynx, (3) the hypopharynx, (4) the larynx, (5) the nasopharynx, and (6) nasal and
paranasal sinuses, Figure 1. N classification, which describes the lymph nodes metastatic in the
adjacent lymphatic system. Regional cervical lymph node status is a very important prognostic
factor in head and neck cancer and must be evaluated and assessed in each tumor. M classification
describes the absence or presence of distant metastases in other organs in the body, most commonly
lungs, liver, and bone. After gathering this clinical information, the specific TNM status of each

patient is then tabulated to give a numerical status of Stage I, II, III, or I'V.
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Figure 1: head and neck cancer primary tumor localizations.

(source: https://www.nfcr.org/blog/head-and-neck-cancer-awareness-month/)
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4.4. REGIONAL LYMPH NODES:

Head and neck cancer status of the regional lymph nodes is of such prognostic importance that the
cervical nodes must be assessed for each patient and tumor. The lymph nodes may be subdivided

into specific anatomic subsites and grouped into seven levels for ease of description. Figure (2).

Figure 2: levels of the lymph nodes in the neck area. (Edge & Compton, 2010)

Head and neck cancer lymph node metastases' location plays a significant prognosis role. This has
been proved by estimating the survival, which is significantly worse when metastases involve
lymph nodes beyond the first echelon of lymphatic drainage and, particularly, lymph nodes in the

lower regions of the neck, level IV, and level VB (supraclavicular region).
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4.5. DIAGNOSTICAL IMAGING:

For a better estimation and assessment of the disease extent before the treatment, imaging
modalities and techniques such as computed tomography (CT), magnetic resonance imaging
(MRI), positron emission tomography (PET) alone or combined (PET/CT or PET/MRI), as well
as Ultrasonography (US), may be applied and, in advanced tumor stages, have added to the
accuracy of the primary tumor and lymph node staging, primary localization and regional lymph
node involvement. As another useful technique for primary tumor evaluation, Endoscopy, is
preferable for a more detailed assessment for T staging. Biopsy, by fine-needle aspiration (FNA)
may confirm the presence of the tumor and it’s helpful to understand the histopathologic nature of

the disease, but, in another context, it can’t alone rule out the presence of the disease.

As a new imaging modality, PET/MRI has been had emerged as an effective and accurate imaging
modality in oncology. (Partovi et al., 2014) The PET/MRI is expected to be more valuable than
PET or CT alone or combined because PET/MRI involves better contrast in soft tissues from the
MRI and a lower radiation dose than CT. (Pace L, Nicolai E, Aiello M, Catalano OA, 2013) The
superior role of the PET/MRI over other imaging modalities is its ability to perform many
functional imaging techniques. (Queiroz et al., 2014) These include DWI which is a widely used

technology as a noninvasive diagnosis technology of tissue biology. (Yamauchi H, 2014)

In the clinical field, to discriminate different types of cervical lymph nodes and monitor treatment
response imaging technologies have been used, for example, to determine primary tumor and
lymph nodes characteristics; such as morphology (shape and size), presences of necrosis, internal
cellularity, stage and grade of the primary tumor. (De Bondt et al., 2009; King et al., 2004) These
criteria have been succeeded in providing information about the cellularity and the functional
aspect of the tumor with the anatomical information, not only for providing information about
location and the size of the tumor but also for the tumor functional and biological aspects by
monitoring the hypermetabolic areas inside the tumor (Sauter et al., 2013; Veit-Haibach et al.,
2013).

Diffusion weighted MRI (DW-MRI) provides information and data on the microscopic motion of

water molecules in the tissue, this technique doesn’t require contrast media injection to visualize
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the structure of the tissue. (Tim Schakel et al., 2013) Water molecules are continuously moving
due to thermal equilibrium, which is known as Brownian motion. (Luypaert et al., 2001; Sumi et
al., 2006) The diffusion coefficient (expressed in mm2/s) defines the distance water molecules
travel, or rather diffuse, over a given time span. (T. Schakel, 2018) The diffusion coefficient in
free water at body temperature is 3.0 mm2/s, with a Gaussian distribution. (Tim Schakel et al.,
2017) This means that after 50 milliseconds, approximately 32% of the water molecules have
traveled 17 meters, while only 5% have traveled 34 meters or more. (Denis Le Bihan & Iima, 2015;
Tim Schakel et al., 2017) The free diffusion of water molecules in biological tissues, on the other
hand, is hampered by barriers such as cell membranes, macromolecules, and extracellular
tortuosity. (Covello et al., 2015) As a consequence, the diffusion coefficient derived from DW-
MRI images will no longer represent the water's free diffusion coefficient and will deviate from
the Gaussian distribution. (de Figueiredo et al., 2011) To illustrate this effect, the apparent
diffusion coefficient (ADC) was developed. (D Le Bihan et al., 1986) Tissues with more barriers
limit water movement, resulting in a comparison with the surrounding, less restrictive tissues. (T.
Schakel, 2018) Tumors would have more restricted water diffusion due to their increased
cellularity and higher degree of tissue disorganization. Tissues that limit diffusion appear bright

on diffusion weighted images and have a low ADC value as a result.

Particularly, DWI/MRI, has been suggested as a sensitive sign for differentiating benign from the
malignant lesions and monitoring treatment response in head and neck cancer (Kwee et al., 2009;
Lietal., 2008; Lin et al., 2010; Maeda et al., 2005; Maeda & Maier, 2008). DW is a non-invasive
examination imaging technique that allows characterizing tissues based on the water displacement
molecule motion (Herneth et al., 2003; King et al., 2004; Sumi et al., 2006; Taha Ali, 2012), the
range of motion is distinguished by its Apparent Diffusion Coefficient (ADC) values (Chawla et
al., 2009). The basic concept of DW imaging is exploiting the biologic tissues water indiscriminate
motion (Eis et al., 1995; Herneth et al., 2003), the signal loss in the diffusion sequences caused by
the water molecule motion which cause phase dispersion of the spin, ADC map can measure the
amount of signal loss within the biologic tissue (Herneth et al., 2003; Wu et al., 2011). As a result,
the DWI technology shows an ability to differentiate neoplastic tissue from normal tissue, necrotic

and inflammatory tissue (Vandecaveye et al., 2010).
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Metastatic lymph node in head and neck tumors is a prognostic factor that tends to worsen the
prognostics of patients with head and neck neoplasms, the accurate detection and diagnosis will
help to optimize the treatment outcomes. (Johnson, 1990) Due to the limitations of the invasive
medical interventions (biopsy) which can’t always detect heterogeneity of intra-tumor structures
from a single attempt, as well as non-rational to perform multiple biopsies for the patient or
performing biopsies for all suspected lesions in the individual, (Rasmussen et al., 2017) more
realistic diagnostic methods were needed to provide a more inclusive view of tumor texture and
biology including internal tumor characteristics. Previous studies have shown that multiparametric
imaging can provide precise data for tumor biology and heterogeneity. (Even et al., 2016; Leibfarth
etal., 2016) CT and MRI are very useful imaging modalities in the initial assessment and diagnosis
of head and neck cancers and it has been widely used for therapy delineation as well as surveillance
and post-therapy follow up. (Lee et al.,, 2013; Razek et al., 2014; Yousem et al., 1992)
Morphological characteristics include size, shape, internal biological components and vascularity
are important factors associated with the metastatic lymph nodes; although, the accuracy has some

limitations.

Moreover, FDG uptake values measured from PET imaging has an important role in head and neck
imaging due to its ability to measure the glucose metabolism in the tumors, (Micco et al., 2014;
Toth et al., 2018; Yildirim et al., 2017) which may also reflect the tumor’s aggressiveness and the
risk of the metastasis to spread to the adjacent structures. (Haerle et al., 2010; Nakajo et al., 2012)
Although the SUV is the most common parameter used to estimate glucose metabolism, and it has
shown promising results in predicting the presence of lymph nodes metastatic during the primary
assessment as well as a predictor of survival and recurrence. (Onal et al., 2013) Recently; new
metabolic parameters, TLG and MTV have emerged as new parameters that can measure the
glucose metabolism activity of tumors and have been founded to be more effective than SUV

because tumor contour is considered when using MTV and TLG. (Kim et al., 2016)

Clinically, there is a periodic and crucial question of whether malignant and normal lesions can be
distinguished by DWI/ADC. (Kanmaz & Karavas, 2018) In general, it has been shown that benign
lymph nodes have higher ADC values than malignant ones. Nevertheless, for daily use, there is a

need for sensible threshold values to help physicians to determine whether the node is malignant
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or benign regardless of the invasive procedures followed to determine the nature of these nodes.

DWI/ADC offers this non-invasive medical intervention.
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5. METHODOLOGY:

5.1. DIFFUSION-WEIGHTED IMAGING (DWI) DERIVED FROM PET/MRI FOR LYMPH NODE
ASSESSMENT IN PATIENTS WITH HEAD AND NECK SQUAMOUS CELL CARCINOMA
(HNSCC)

A retrospective study was conducted for patients who underwent '*F-FDG PET/MRI (3T) for
staging and clinical assessment. From April 2016 to July 2019, 65 patients were recruited with
confirmed primary HNSCCs. All 65 patients were confirmed with metastatic lymph nodes due to
HNSCC (time between imaging scan and biopsy ranged between 1-3 days), and 25 healthy subjects
were randomly chosen from the radiology department available database, one node was selected

from the neck region for evaluation. Appendix 1.

5.2. PRE-TREATMENT PET/MRI BASED FDG AND DWI IMAGING PARAMETERS FOR
PREDICTING HPV STATUS AND TUMOR RESPONSE TO CHEMORADIOTHERAPY
INPRIMARY OROPHARYNGEAL SQUAMOUS CELL CARCINOMA (OPSCC).

A retrospective study was conducted for patients underwent imaging from May 2016 to June 2019,
46 patients with proven OPSCC underwent |F-FDG PET/MRI for staging and restaging,
assessment of the disease, and post-therapy follow-up (5-6 months on average). After the inclusion
and exclusion criteria, a total of 33 patients were included in our study. Final confirmation of

malignancy was done after biopsy of the primary tumor and metastatic lymph nodes. Appendix 2.

5.3. CORRELATION BETWEEN TISSUE CELLULARITY AND METABOLISM REPRESENTED BY
DIFFUSION WEIGHTED IMAGING (DWI) AND 18F-FDG PET/MRI IN HEAD AND NECK
CANCER (HNC).

From May 2016 to June 2019, 109 patients with proven HNC underwent '8F-FDG PET/MRI for
staging and restaging, assessment of the disease. After the inclusion and exclusion criteria, a total

of 71 patients were included in our study. Final confirmation of malignancy was done after
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PET/MRI examination of the primary tumor and metastatic lymph nodes combined with biopsy.

Appendix 3.

6. IMAGING PROTOCOL:

6.1. APPENDIX 1:

An integrated PET/MRI (3T magnetic field strength) was performed for the head and neck region
by OEM neck coil with 16 channels of the head/neck for both conventional and diffusion-weighted
MR to cover lymph nodes extending from the skull base to the thoracic outlet. The sequence
included a 3D volumetric interpolated breath-hold T1 weighted sequence on the transverse plane
and T2 turbo spin-echo imaging (T2WI TSE) on the transverse plane, axial Dixon FS T1-weighted
TSE sequence and a coronal TSE Dixon FS sequence on the coronal plane and T1 weighted FS on

the axial and coronal plane.

DWI sequence was performed on the axial plane with b values of 0 and 800mm?/s. DWI pulse
sequences were defined as follows: FoV 315 mm, repetition time (TR) 9900 ms, 5 mm slice
thickness, voxel size 2.3 x 2.3 x 5 mm and slice gap 10mm. The attenuation correction technique
was used based on the Dixon sequence. Images were corrected and reconstructed with an iterative
algorithm (21 subsets, 3 iterations, and a Guassian filter (3D iterative (OP-OSEM)) with a full

width at half maximum (4 mm) for scatter correction, 172x172 matrix).

6.2. APPENDIX 2 & 3

The examinations were carried out in a dedicated PET/MRI (3 T) unit (Biograph mMR, Siemens
AG, Erlangen, Germany) following PET/CT whole-body examinations. Patients were asked to fast
for at least 6 h before receiving the 18F-FDG injection and their blood glucose levels were tested
to ensure euglycemia before receiving the tracer injection. 18F-FDG with an adapted bodyweight
dosage (4 MBqg/kg, range 163—403 MBq) Intravenously injected; acquisition began within 75 min
(60 = 10 min after the uptake period) after the FDG tracer injection. On average (15 £ 5 min),
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PET/MRI was performed after PET/CT. Images were collected using Head and Neck coils in
the supine position. Included were PET/MRI parameters (ADC, SUV, TLG, and MTV).

MRI sequences were T2-weighted TSE turbo inversion recovery magnitude (TIRM) (TR/TE/TI
3300/37/220 ms, FOV: 240 mm, slice thickness: 3 mm, 224 x 320) coronal plan, T1-weighted
turbo spin-echo (TSE) (TR/TE 800/12 ms, FOV: 200 mm, slice thickness: 4 mm, 224 x 320) and
T1-weighted TSE Dixon fat suppression (FS) (TR/TE 6500/85 ms, FOV: 200 mm, slice thickness:
4 mm, 256 x 320) transversal and were acquired without an intravenous contrast agent. Magnetic
resonance-based attenuation correction (MRAC) series was used for PET attenuation correction
for the PET data set, and the wide range bed position PET emission scan with a fixed FOV range
(20 cm) and matrix (172x172) without bed movement was acquired for 900 s as well. An iterative
ordered subset expectation maximization (3D OP-OSEM) PET image reconstruction algorithm
was used with 3 iterations and 21 subsets, and 4 mm Gaussian filtering settings. The PET data
were corrected for scattering, random coincidences, and attenuation using the MR data.

Diffusion-weighted Imaging (DWI) was obtained by using an axial echo-planar imaging (EPI)
sequence with b-values of 0 and 800 and 1,000 s/mm? (FoV 315 mm, repetition time TR/TE:
9900/75 ms, 5 mm slice thickness and voxel size 2.3 x2.3 X 5mm and slice gap 10 mm).
Furthermore, an axial Dixon FS T1-weighted TSE sequence and a coronal TSE Dixon FS sequence
were conducted after injection of contrast material (Gadovist© Bayer Healthcare, Leverkusen,

Germany) at 0.1 mmol per kg of bodyweight.

7. CLINICAL EVALUATION:

7.1.  APPENDIX 1:

The ADC map generated from the DWI was used for the measurement of the ADC values. In each
patient with multiple metastatic lymph nodes, the largest lymph node was selected for evaluation.
The nodal ADC values were obtained by drawing a region of interest (ROI) covering as much as
possible of the most solid and/or homogenous part (most restriction in DWI image), avoiding
necrotic parts if the node was partially necrotic while full necrotic nodes were excluded from the

study, and avoiding the outer contour of the node. The measurements were made on a single slice
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only. “Avg” was the ADC mean average and “Dev” was the standard deviation which represented

the homogeneity of the node tissue.

7.2. APPENDIX 2 & 3:

PET SUVmax, TLG, MTV parameters were measured in each patient using Siemens Syngo Via
(20VB) application, which provided an automated delineated volumetric analysis based on the
SUV. Using the VOI Sphere tool, the metabolic volumetric contours were segmented. VOIs have
been assessed blindly to the histopathological characteristics. SUVmax represented the single
voxel activity concentration of a specific tumor with the highest SUV. A fixed 2.5 threshold of
SUV was used for MTV and TLG calculations. The volume above the given VOI represents MTV
while TLG represents the VOI of the average SUVmean multiplied by the MTV.

The ADC map was automatically generated and analyzed on the implemented eRAD picture
archive and communicating system (PACS) software. On the ADC map, DWI images were
analyzed by drawing a round or oval region of interest (ROI) manually, covering the largest tumor
diameter in the most homogenous part within the center of the tumor, the area which represents
the lowest ADC or the highest SUV blindly to the histopathological characteristics after excluding
or/and avoiding the necrotic and cystic areas. By summing all voxels ADC values on the drawn
ROI for the selected slice, the average ADC values determined by the software automatically were
referred to as ADCmean. We used the average ADC of the overall area included in the ROI which
is calculated automatically by the software, where “Avg” represents the average ADC values for

all voxels within the ROI and “Dev” Represents the standard deviation.

8. STATISTICAL ANALYSIS:

8.1. APPENDIX 1

SPSS version 25.0 (IBM Corporation, USA) was used for the statistical analysis. Continuous
variables were compared using the Student’s t-test or analysis of variance and were expressed as
the mean =+ standard deviation for the variables with a normal distribution. The Independent sample
t-test was used to compare the ADC mean values of the metastatic and the normal lymph nodes as

well as between sub-groups analysis. ROC curve was applied to determine the sensitivity and
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specificity, AUC, and the optimal threshold to differentiate between normal and malignant nodes.
The selection of the optimal threshold was chosen at the point with the highest Youden index
(maximizing both sensitivity and specificity). The one-way analysis of variance (ANOVA) was
applied to evaluate the coincidence between primary cancer’s grade with the metastatic lymph
nodes’ ADC values and with the primary tumor localization. Post Hoc analysis (Scheffe) was used

to compare the parameters in terms of histopathology in case of significant results.

8.2. APPENDIX 2

Statistical analysis was performed by using SPSS 25 (IBM SPSS Statistics, Armonk, New York,
USA). The data collected were evaluated using descriptive statistics (mean + standard deviation),
for variables with normal distribution, median, and interquartile range for variables with non-
normal distribution. The normality of the measured FDG and DWI was assessed by Shapiro-Wilks
test. We used the Spearman correlation coefficient to assess the correlation between FDG and DWI
parameters with T stages, N stages, and graders. Mann Whitney test, Wilcoxon’s rank-sum test for
group comparison with variables not normally distributed; TLG, and MTV (P<0.001). ADCmean
and SUVmax due to normally distributed were analyzed with independent sample t test for group
comparison (HPV status and post-therapy results) and ANOVA test between ADC values and
grades of the primary tumor. A Chi-square test was used to assess the association between
categorical variables, (HPV, T stages, N stages, grades and post-therapy results). Variables for
which P<0.1 in univariate analysis were subjected to multiple linear regression analysis to
determine those that were independently associated with the imaging parameters by integrating
statistical differences in the univariate analysis into the multivariate linear regression model. ROC
curve was used to determine the best cut off value to differentiate between HPV+ and HPV-. A p-

value <0.05 was indicated as a statistically significant result.

8.3. APPENDIX 3

Statistical analysis was performed by using SPSS 25 (IBM SPSS Statistics, Armonk, New York,

USA). The data collected were evaluated using descriptive statistics (mean + standard deviation),
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for variables with normal distribution and median and interquartile range for variables with non-
normal distribution. The Spearman rank correlation (r) was used to estimate the association
between 18F-FDG parameters and ADC values and tumor size (continues variable). ANOVA or
Kruskal-Wallis test were performed on the clinicopathological features that may affect the 18F-
FDG and ADC of the tumor. Variables for which P<0.1 in univariate analysis were subjected to
multiple linear regression analysis to determine those that were independently associated with the
imaging parameters by integrating statistically significant differences in the univariate analysis
into the multivariate linear regression model, we used transforming function to convert variables
with non-normal distribution into a normal distribution, then the factors were added one by one
(Stepwise). Mann-Whitney test and independent-sample T-test were applied to the imaging
parameters after the patients were grouped based on lymph nodes involvement into positive (N+)

and negative lymph nodes (N-). A p-value <0.05 was indicated as a statistically significant result.

9. RESULTS:

9.1. APPENDIX 1

We assessed the role of DWI in differentiating benign from malignant tumors in HNSCC’S, we
found that ADCmean value of the metastatic lymph nodes in the overall sample (0.899+0.98*10"
3mm?/sec) was significantly lower than the normal lymph nodes” ADCmean value (1.267+0.88*10-
*mm?/sec); (P=0.001). The area under the curve (AUC) was 98.3%, sensitivity and specificity were
92.3% and 98.6%, respectively, when using a threshold value of (1.138+0.75*10mm?/sec) to
differentiate between both groups. Significant difference was found between metastatic lymph
nodes (short-axis diameter <10mm), ADCmean (0.898+0.72* 10 mm?/sec), and the benign lymph
nodes ADCmean, (P=0.001). No significant difference was found between ADCmean of the
metastatic lymph nodes <l0mm and the metastatic lymph nodes >10mm, ADCmean
(0.899+0.89*10*mm?/sec), (P=0.967). No significant differences were found between metastatic
lymph nodes ADCmean values and different primary tumor grades or different primary tumor

localization, (P>0.05).
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9.2. APPENDIX 2

We compare the diagnostic efficacy of DWI/MRI and FDG metabolic parameters in OPSCC, we
found that ADCmean was significantly lower in patients with HPV+ve than HPV-ev, (P = 0.001),
cut off value of (800 + 0.44*10-3mm2 /s) with 76.9% sensitivity, and 72.2% specificity is able to
differentiate between the two groups. No significant differences were found between FDG
parameters (SUVmax, TLG, and MTV), and HPV status, (P = 0.873, P = 0.958, and P = 0.817),
respectively. Comparison between CR and NCR groups; ADCmean, TLG, and MTV were
predictive parameters of treatment response, (P = 0.017, P = 0.013, and P = 0.014), respectively.
HPV+ve group shows a higher probability of lymph nodes involvement, (P = 0.006).

9.3. APPENDIX 3

We studied the correlation between the PET/MRI imaging parameters (DWI and FDG) HNSCC
and their diagnostical role in different histopathological characteristics, our results show that there
waere no significant correlations were observed between DWI and any '*F-FDG parameters
(P>0.05). SUVmax and TLG correlated with N-stages (P=0.023, P=0.033), TLG and MTV
correlated with T-stages (P=0.006 and P=0.001), ADC correlated with tumor grades (P=0.05).
SUVmax and ADC can differentiate between N+ and N- groups (P=0.004, P=0.012)

10. FUTURE PERSPECTIVES:

This thesis demonstrates the use of combined PET/MRI based treatment imaging modality in
HNC. First, diffusion weighted imaging has been demonstrated a high accuracy in differentiating
between normal and malignant, however, a challenging task was to assess the ability of DWI to
differentiate sub-centimeters lymph nodes wither its helpful for early assessment of the small
lymph nodes <10 mm in axial diameter (Appendix 1). Another issue was to assess of pre-treatment
DWTI and FDG imaging parameters to assess their diagnostical role in patients with oropharyngeal
squamous cell carcinoma, several studies have demonstrated the clinical ability to predict HPV
status, however, no studies have compared between these parameters in the same patient’s group

(Appendix 2). As well as their ability from pre-treatment measurements to predict tumor response
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to therapy (Appendix 2). Although of the controversial results previously in this topic, we found
that DWI might be helpful as a non-invasive technique to predict HPV status. On the other side,
we didn’t a significant role of FDG parameters to differentiate HPV-related from those with HPV-
non-related tumors. Furthermore, we found that DWI, TLG and MTV were able to predict tumor
response to therapy, which will give more focus on the treatment plans for patients with OPSCC.
We also studied the association between tissue cellularity and tissue metabolism offered by DWI
and FDG imaging parameters to investigate their importance during treatment and assessment
plan, our results show that both imaging parameters might be complementary to each other, so its
highly important to perform both examinations for better understanding tumor behavior

(Appendix 3).

In the future, more focus should be directed to demonstrate the DWI-ADC to assess small lymph
nodes which are difficult to demonstrate by the regular methods, since in our research we found
that DWI-ADC is able to differentiate those sub-centimeters lymph nodes earlier to prevent
invading surrounding tissue. It’s also needed to further studies on DWI-ADC for the purpose of
classifying OPSCC into HPV-positive and HPV-negative due to the highly importance for
treatment planning since several studies have been demonstrated better survival rates in those
patients with HPV-positive as well as to accurately staging the OPSCC since HPV-positive might
show overrated aggressive tumors while it has shown better results than HPV-negative tumors,

thus, HPV-positive might be estimated as more aggressive tumors while the fact is controversial.
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11. APPENDICES:

APPENDIX 1:

DIFFUSION-WEIGHTED IMAGING (DWI) DERIVED FROM PET/MRI FOR LYMPH NODE
ASSESSMENT IN PATIENTS WITH HEAD AND NECK SQUAMOUS CELL CARCINOMA
(HNSCC). doi: 10.1186/540644-020-00334-x

Abstract:

Objectives: To determine the usefulness of Diffusion Weighted Imaging (DWI) derived from
PET/MRI in discriminating normal from metastatic lymph nodes and the correlation between the
metastatic lymph nodes with the grade and the localization of the primary tumor.

Material and Methods: Retrospective study of 90 lymph nodes from 90 subjects; 65 patients who
had proven histopathological metastatic lymph nodes from (HNSCC) who had undergone '®F-
PET/MRI for clinical staging and assessment and twenty-five lymph nodes were chosen from 25
healthy subjects. Apparent Diffusion Coefficient (ADC) map was generated from DWI with b
values (0 and 800s/mm?). ADC values of the metastatic lymph nodes were calculated and
compared to the normal lymph nodes ADC values, ROC was used to determine the best cut-off
values to differentiate between the two group. Metastatic lymph nodes ADC mean values were
compared to primary tumor grade and localization.

Results: ADCmean value of the metastatic lymph nodes in the overall sample (0.899+0.98*10"
3mm?/sec) was significantly lower than the normal lymph nodes” ADCmean value (1.267+0.88*10-
*mm?/sec); (P=0.001). The area under the curve (AUC) was 98.3%, sensitivity and specificity were
92.3% and 98.6%, respectively, when using a threshold value of (1.138+0.75*10mm?/sec) to
differentiate between both groups. Significant difference was found between metastatic lymph
nodes (short-axis diameter <10mm), ADCmean (0.898+0.72*10* mm?/sec), and the benign lymph
nodes ADCmean, (P=0.001). No significant difference was found between ADCmean of the
metastatic lymph nodes <l0mm and the metastatic lymph nodes >10mm, ADCmean
(0.899+0.89*10*mm?/sec), (P=0.967). No significant differences were found between metastatic
lymph nodes ADCmean values and different primary tumor grades or different primary tumor

localization, (P>0.05).

32



Conclusion: DWI-ADC is an effective and efficient imaging technique in differentiating between
normal and malignant lymph nodes and might be helpful to discriminate sub-centimeters lymph
nodes.

Trial registration: the trial is registered in clinical trials under ID: NCT04360993, registration
date: 17/04/2020.

Keywords: MRI, DWI, ADC, HNSCC, metastasis, benign, lymph nodes.

Introduction:

Worldwide, head and neck cancer is the sixth most common malignancy, accounting for
approximately 6% of all cancer cases and an estimated 1%—-2% of all cancer deaths. (Siegel et al.,
2017) H&N cancers are a heterogeneous group of cancers existing anatomically close to each
other, but are different in terms of etiology, histology and diagnostic and treatment approaches.
(Grégoire et al., 2010) About 91% of all H&N cancers are squamous cell carcinomas, 2% are
sarcomas and the other 7% are adenocarcinomas, melanomas and not well-specified tumors.
(European Crude and Age Adjusted Incidence by Cancer, Years of Diagnosis 2000 and 2007
Analisys Based on 83 Population-Based Cancer Registries *,2014)

Metastatic lymph nodes in head and neck tumors are malicious prediction factors tending to
worsen the prognostics of patients with head and neck neoplasms, the accurate detection and
diagnosis will help to optimize the treatment outcomes. (Johnson, 1990) Due to the limitations of
the invasive medical interventions (biopsy) which can’t always detect heterogeneity of intra-tumor
structures from a single attempt, as well as non-rational to perform multiple biopsies for the patient
or performing biopsies for all suspected lesions in the individual, (Rasmussen et al., 2017) more
realistic diagnostic methods were needed to provide a more inclusive view of tumor texture and
biology including internal tumor characteristics. Previous studies have shown that multiparametric
imaging can provide precise data for tumor biology and heterogeneity. (Even et al., 2016; Leibfarth
etal., 2016) CT and MRI are very useful imaging modalities in the initial assessment and diagnosis
of head and neck cancers and it has been widely used for therapy delineation as well as surveillance
and post-therapy follow up. (Lee et al.,, 2013; Razek et al., 2014; Yousem et al., 1992)
Morphological characteristics include size, shape, internal biological components and vascularity

are important factors associated with the metastatic lymph nodes; although, the accuracy has some
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limitations. (Lee et al., 2013; van den Brekel et al., 1994). Hybrid Imaging (PET/CT & PET/MRI),
on the other hand, was proposed to provide a more accurate and promising non-invasive
alternative. (Balyasnikova et al., 2012; Buchbender et al., 2012; Platzek et al., 2013; Rasmussen
etal., 2017).

MRI as single scan or combined with PET scan offers a verity of techniques for tissue assessment
and intracellular characteristics in Oncology, this includes PET imaging parameters, MR
Spectroscopy (MRS), Intravoxel Incoherent Motion (IVIM), Diffusion Tensor Imaging
(DTI), Diffusion Kurtosis Imaging (DKI) as well as DWI represented by Apparent Diffusion
Coefficient (ADC). (Abdel Razek, 2018; Abdel Razek & Poptani, 2013) DWI as one of these
offered techniques by PET/MRI is a non-invasive examination imaging technique allowing for the
characterization of tissues based on the water molecule’s displacement motion (Brownian motion),
(King et al., 2004; Sumi et al., 2006; Taha Ali, 2012) the range of motion is distinguished by its
Apparent Diffusion Coefficient (ADC) values. (Chawla et al., 2009) The signal loss in the
diffusion sequences is caused by the water molecule’s water motion which causes phase dispersion
of the spin, and the ADC map can measure the amount of signal loss within the biologic tissue.
(Wu et al., 2011, 2013) Clinically, there is a periodic and crucial question of whether malignant
and normal lesions can be distinguished by DWI/ADC. (Kanmaz & Karavas, 2018) In general, it
has been shown that benign lymph nodes have higher ADC values than malignant ones.
Nevertheless, for daily use, there is a need for sensible threshold values to help physicians to
determine whether the node is malignant or benign regardless of the invasive procedures followed
to determine the nature of these nodes. DWI/ADC offers this non-invasive medical intervention.
For example, a study by Das et al. was reported that 1.791x10—mm?/s ADC cut off value in
Sinonasal lesions was able to differentiate between benign and malignant lesions with 80%
sensitivity and 83.3% specificity. (Das et al., 2017) Barchetti et al. in a study of cervical lymph
nodes in patients with HNSCC reported a cut off value of 0.965x10 > mm?/sec to differentiate
between benign and malignant nodes with a sensitivity of 97%, a specificity of 93%, 92%
accuracy, 95% PPV, and 96% NPV of. (Barchetti et al., 2014) Wendl et al. in their study of Oral
Squamous Cell Carcinoma (OSCC) reported an ADC value of 0.994x10°mm?/sec as the best
threshold with a sensitivity of 80%, a specificity of 65%, 31% PPV, 93% NPV to discriminate
between benign and malignant lymph nodes. (Wendl et al., 2016) Suh et. al. their meta-analysis
suggested that the median ADC cutoff value 0of 0.965x 1073 mm?/s can differentiate between benign
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and malignant nodes. (C.H. Suh, Y.J. Choi, J.H. Baek, 2018) Most recent meta-analysis indicates
that the studies which previously used DWI/ADC for differentiating benign from malignant nodes
reported limited role due to small sample studies, a wide range of ADC threshold values. (Surov
et al.,, 2020) The study suggested that it may be only lesions with mean ADC values above
1.75x1073 mm?/s are probably benign. (Surov et al., 2020)

Our work has been built to distinguish between normal and malignant lymph nodes based on the
ADC values and validate the standard ADC threshold value for clinical use. As well as to correlate

the lymph nodes’ ADC values with the grade and the primary tumor localization.

Material and methods:
Patients:

A retrospective study was approved by the Clinical Center, Regional and Local Research Ethics
Committee (CCRLREC), Doctoral School of Health Sciences, University of Pecs, and Somogy
Megyei Kaposi Mor Educational Hospital, Pecs, Hungary. Approval number (IG/00686-
000/2020). Requirement of the informed consent was waived and confirmed by the (CCRLREC)
due to the retrospective nature, and all methods were carried out in accordance with the relevant
guidelines and regulations (Declaration of Helsinki). From April 2016 to July 2019, 65 patients
were recruited with confirmed primary HNSCCs underwent '*F-FDG PET/MRI (3T) for staging
and clinical assessment. All 65 patients were confirmed with metastatic lymph nodes due to
HNSCC (time between imaging scan and biopsy ranged between 1-3 days), and 25 healthy subjects
were randomly chosen from the radiology department available database, one node was selected
from the neck region for evaluation. The inclusion criteria used for the patients in the study were:
(1) Confirmed primary HNSCC malignancy by biopsy; (2) Multiparametric MR imaging (DWI);
(3) PET/MRI for initial staging prior to primary treatment (Surgery or/and radio-chemotherapy);
(4) Histopathological results were available for comparison; (5) No previous neck surgery,
chemotherapy or (chemo)-radiotherpay. The criteria used for choosing healthy subjects were: (1)
Free history of malignancy; (2) No previous neck surgery; (3) No previous treatment by chemo-
radiotherapy; and (4) No head and neck lesions, inflammation or abscess or any abnormalities
The criteria used for considering lymph nodes as metastatic was confirmed after (1) Biopsy (gold
standard); (2) High FDG accumulation was considered as indication for malignancy in the <10mm

group (biopsy/FNA were taken). Metastatic lymph nodes with short-axis diameter <I0mm (n =
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17) and short-axis diameter >10mm (n = 48). The criteria used for considering lymph nodes as
normal were: (1) Free history of malignancy; (2) Ovoid or smooth in shape; and (3) Short-axis

diameter <10mm. Figure (1)
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Metastatic = 65

48 lymph 17 lymph
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FDG uptake was
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so biopsy was performed

inflammation, no
infection, no previous
radio-chemotherapy
treatment, lymph node

size <10mm.
regardless the

pathological size limit.

Patients included in the analysis
N =290

Figure (1). flowchart of the included subjects and the criteria used (Freihat et al., 2020).
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Sample demographics were as follow: 65 patients with proven primary HNSCC and 25 healthy
subjects. The histological grade of the primary tumor distribution over the primary tumor
localization was as follow; well differentiated (G1) (n=10) was in Oropharyngeal (n=1),
Hypopharyngeal (n=1), Oral (n=6), Sinus (n=2); moderately differentiated (G2) (n=35) was in
Oropharyngeal (n=7), Hypopharyngeal (n=4), Oral (n=11), and Laryngeal (n=11); poorly
differentiated (G3) (n= 25) was in Oropharyngeal (n=4), Hypopharyngeal (n=5), Oral (n=7), and
Laryngeal (n=7). Patients demographics description in (7able 1).

Table 1. subjects’ demographics

Characteristics Value
Number of lymph nodes 920
Metastatic lymph nodes 65 (72.2%)
Benign lymph nodes 25 (27.7%)
Mean age (year)

Baseline (healthy subjects) 53.4+4.1 (37-64)
Metastatic disease patients 62.3+£8.3 (41-82)

Sex (overall)
Male 59 (65.6 %)
Female 31 (34.4 %)

Primary HNSCC characteristics

Baseline 25 (27.7%)
Pharyngeal SCC 22 (24.4%)
Oropharyngeal SCC 12 (13.3%)
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Hypopharyngeal SCC

Laryngeal SCC
Oral carcinoma
Sinus carcinoma
Pharyngeal SCC
Tumor grade
Baseline

Well differentiated
Moderately differentiated
Poorly differentiated
T category
Baseline

T1

T2

T3

T4

N category
Baseline

N1

N2

N3

10 (11.1%)

18 (20.0 %)

23 (25.6%)
2 (2.2%)

27 (29.3%)

25 (27.7%)
9 (10.0%)
34 (37.8%)

22 (24.4%)

25 (27.7%)
8 (8.7%)
27 (30.0%)
30 (33.3%)

25 (27.8%)

25 (27.7%)
14 (15.6%)
43 (46.7%)

8 (8.9%)
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M category

Baseline 25 (27.7%)
MO 56 (62.3%)
Ml 9 (10.0%)

Imaging protocols:

An integrated PET/MRI (3T magnetic field strength) was performed for the head and neck region
by OEM neck coil with 16 channels of the head/neck for both conventional and diffusion-weighted
MR to cover lymph nodes extending from the skull base to the thoracic outlet. The sequence
included a 3D volumetric interpolated breath-hold T1 weighted sequence on the transverse plane
and T2 turbo spin-echo imaging (T2WI TSE) on the transverse plane, axial Dixon FS T1-weighted
TSE sequence and a coronal TSE Dixon FS sequence on the coronal plane and T1 weighted FS on

the axial and coronal plane.

DWI sequence was performed on the axial plane with 5 values of 0 and 800mm?/s. (Barchetti et
al., 2014; Lee et al., 2013; Lombardi et al., 2017) We have chosen two b values because different
multiple b values didn’t affect the diagnostic performance. (Pereira et al., 2009; Peters et al., 2010)
and 800mm?/s was the best choice to prevent loss of signal and avoiding image distortion which
is usually observed at higher b values (Bhatia et al., 2010; Si et al., 2014), most of the previous
studies used a range between 0-1000mm?/s. (Driessen et al., 2014) DWI pulse sequences were
defined as follows: FoV 315 mm, repetition time (TR) 9900 ms, 5 mm slice thickness, voxel size
2.3 x 2.3 x 5 mm and slice gap 10mm. The attenuation correction technique was used based on the
Dixon sequence. Images were corrected and reconstructed with an iterative algorithm (21 subsets,
3 iterations, and a Guassian filter (3D iterative (OP-OSEM)) with a full width at half maximum (4

mm) for scatter correction, 172x172 matrix).
Image analysis and data interpretation

The PET/MRI examinations were transferred to the main workstation and the patients were
assessed by the physicians of the Oncoradiology team at the Baka Jozsef Oncoradiology center.

The ADC map generated from the DWI was used for the measurement of the ADC values. In each
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patient with multiple metastatic lymph nodes, the largest lymph node was selected for evaluation.
The nodal ADC values were obtained by drawing a region of interest (ROI) covering as much as
possible of the most solid and/or homogenous part (most restriction in DWI image), (Abdel Razek
& Kamal, 2013) avoiding necrotic parts if the node was partially necrotic while full necrotic nodes
were excluded from the study, and avoiding the outer contour of the node. The measurements were
made on a single slice only. (Lombardi et al., 2017; Wendl et al., 2016) This method was used due
its feasibility in the daily use, less time consuming and the results did not differ significantly when
compared to other approaches (whole tumor approach for example). (Ahlawat et al., 2016; Han et
al., 2017). “Avg” was the ADC mean average and “Dev” was the standard deviation which
represented the homogeneity of the node tissue.

Statistical analysis:

SPSS version 25.0 (IBM Corporation, USA) was used for the statistical analysis. Continuous
variables were compared using the Student’s t-test or analysis of variance and were expressed as
the mean =+ standard deviation for the variables with a normal distribution. The Independent sample
t-test was used to compare the ADC mean values of the metastatic and the normal lymph nodes as
well as between sub-groups analysis. ROC curve was applied to determine the sensitivity and
specificity, AUC, and the optimal threshold to differentiate between normal and malignant nodes.
The selection of the optimal threshold was chosen at the point with the highest Youden index
(maximizing both sensitivity and specificity). The one-way analysis of variance (ANOVA) was
applied to evaluate the coincidence between primary cancer’s grade with the metastatic lymph
nodes’ ADC values and with the primary tumor localization. Post Hoc analysis (Scheffe) was used

to compare the parameters in terms of histopathology in case of significant results.
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Results:

Overall, 90 lymph nodes were studied, 65 metastatic lymph nodes: minimum short-axis diameter
size (6-44mm) and maximum short-axis diameter size (7-85mm), Figure (2) & Figure (3), were
assessed and compared to 25 normal lymph nodes, minimum short-axis diameter size range (4-

9mm), and maximum short-axis diameter size range (6-13 mm), Figure (4).

Figure (2). 65 years old male with para-pharyngeal sub-centimeters lymph node positive
malignancy from laryngeal SCC on the left side of the neck. (A) T2 coronal show the lymph node,
(arrow). (B) T2 axial show the axial extension of the lymph node (6x8mm), (arrow) (C) DWI show
hyperintense area at b value 800mm?/s (arrow) and (D) ADC map on the targeted lymph node
show hypointense signal, an ADC value of (0.841+0.19*10-mm?/s). (Freihat et al., 2020)
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Figure (3). 71 years old male with left positive para-pharyngeal enlarged lymph node from
oropharyngeal SCC on the left side of the neck. (A) T2 coronal show enlarged lymph node axial
dimensions, (34x35mm) (arrow). (B) T2 axial show the axial extension of the lymph node. (C)
DWI show high signal at b value 800mm?/s and (D) the ADC map on the targeted lymph node
show an ADC value of (0.851£0.16*103*mm?/s). (Freihat et al., 2020)
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Figure (4). 61 years old healthy male with normal lymph node in the left side of the neck. (A) T2
coronal show normal lymph nodes (arrow). (B) T2 axial view shows the axial extension of the left
lymph node, (5x7mm), (arrow). (C) DWI show high signal at b value 800mm?/s (arrow) and (D)
the ADC map on the targeted lymph node show an ADC value of (1.467+0.15*10*mm?/s) (arrow).

The ADC values of normal and metastatic lymph nodes:

Biopsy was the gold standard for all metastatic lymph nodes confirmation, sub-centimeters lymph
nodes <10mm were first assessed by PET/MRI, lymph nodes that show high FDG uptake were
considered for biopsy regardless the pathological size limit, malignancy confirmed lymph nodes
by biopsy then considered in the study. According to the statistical analysis after comparing ADC
values of the metastatic lymph nodes with ADC values of the normal lymph nodes, the ADCmean
value of metastatic lymph nodes (0.899+0.98) was significantly lower than the ADCmean value
of normal lymph nodes (1.267+ 0.88), (P=0.001), Figure (5A).

To obtain the optimal ADC value to differentiate between metastatic and normal nodes, we applied
the ROC curve. The result shows that when using (1.138+0.75) as an optimal threshold value to
differentiate between metastatic and normal nodes, the AUC was 98.3%, sensitivity and specificity

were 92.3% and 98.6%, respectively. Figure (5B).

A B ROC Curve

1600.000

1400000
08

1200000
06

04

02

Sensitivity

Nodal ADC(*10-3mm2/s)
g
g

g
g

NORMAL MALIGNANT %0 02 04 06 08 10
Lymph nodes 1 - Specificity

44



Figure (5). (A) Box-and-whisker plots of the normal and metastatic lymph nodes ADC values;
significant difference was reported. P<0.05. (B) ROC curve for the ADC value for differentiating

between metastatic and normal.

Furthermore, to assess the ability of DWI to discriminate small metastatic lymph, we divided the
patients with metastatic lymph nodes into short-axis diameter <10mm (n = 17), and lymph nodes
with short-axis diameter >10mm (n = 48) and compared to the ADCmean values with those for
the control group (n = 25). The results show that ADCmean values of the metastatic lymph nodes
short-axis diameter <10mm (0.898+0.72) was significantly lower than ADCmean values of the
normal lymph nodes, (P=0.001). No significant difference found between ADCmean of the
metastatic lymph nodes with size <10mm and the metastatic lymph nodes with size >10mm

(0.899+0.89), (P=0.967). Figure (6).
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Figure (6). Box-and-whisker plots of the mean ADC values of the metastatic lymph nodes sub-
grouped into (short-axis diameter <I10mm and short-axis diameter >10mm) were significantly
lower than normal lymph nodes ADC values (P=0.001), no significant difference between
metastatic lymph nodes with short-axis diameter <I0mm and metastatic lymph nodes with short-

axis diameter >10mm, (P=0.967)
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Correlation between the primary HNSCC grade and metastatic lymph nodes’ ADC values:

Our results show that metastatic lymph nodes’ ADCmean values from poorly differentiated
primary HNSCC was (0.863+0.59) and the ADCmean values were (0.916+0.84, 0.936+0.11) for
the metastatic lymph nodes from well and moderately differentiated, respectively. Although there
was a trend toward decreasing ADC with increasing degree of differentiation, but significant result

was not found, (P=0.076). Table (2). Figure (7).
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Figure (7). (A) Box-and-whisker plots of the lymph nodes ADC according to the primary tumor
grades (G1-G3). No significant difference was found between the three grades, P>0.05.

The ADC values of lymph nodes and the correlation with the primary HNSCC tumor
localization:

ADCmean values of the metastatic lymph nodes from OPSCC, HPSCC, LSCC, Sinus carcinoma
and Oral cavity carcinoma were calculated and assessed, Table (2). ANOVA test was used to
compare the groups’ mean value differences; ADCmean values were (0.866+0.93, 0.936+0.18,
0.898+0.15, 0.879+0.54, and 0.903+0.95), respectively. No significant difference was found
(P=0.431). Table (2). Figure (8).
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Figure (8). Box-and-whisker plots of the lymph nodes ADC according to the primary tumor
localization. No significant differences were reported, P>0.05.

Discussion

In our study, we found a statistically significant difference between metastatic and normal lymph
nodes’ ADC values (P=0.001); the result was in agreement with previous authors. (Goldsmid &
Willis, 2016; Kwee et al., 2011; Perrone et al., 2011; Srinivasan et al., 2012; Taha Ali, 2012)
Moreover, our study proposes that the best threshold to differentiate between normal and
malignant nodes was (1.138+0.75*10-*mm?/sec), with (92.3%) sensitivity and (98.6%) specificity.
Our study shows that DWI might be helpful to discriminate sub-centimeters metastatic lymph
nodes.

The characteristics of the malignant tumors in comparison to the benign lesions were the tendency
of the malignant tumors to have high cellularity, large nucleus to cytoplasmic ratio, less
intercellular space, and a larger number of intercellular organelles than the benign lesions.
(Driessen, n.d.) In general, malignant cancers are hyperchromatic, associated with nuclei, and
show hypercellularity. (Anderson JR. Tumours, 1985) These features explain why the water
molecules are more likely to be restricted in malignant tumors in comparison to benign lesions.

(Driessen, n.d.) Moreover, accurate differentiation can prevent patients with non-cancerous lymph
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nodes from unnecessary procedures. (Chawla et al., 2013) In addition, the differentiation between
the metastatic and benign lymph nodes remain challenging when taking into account that none of
the morphological characteristics, such as lymph node size, shape or availability of necrosis is
definitely reliable. (Sumi et al., 2003).
Our result was similar to other authors, for example; Vandecaveye et al reported that the best
threshold to differentiate between benign and malignant lymph nodes was 0.94*10-3mm?/sec.
(Vandecaveye et al., 2009) de Bondt et al. found that the best threshold to differentiate between
benign and malignant lymph nodes was 1.0*10-3mm?/sec. (De Bondt et al., 2009) Perrone et al.
were found that a cut-off value of 1.03*10°mm?/s was the best to differentiate between benign
and malignant tumors in their study of the cervical lymph nodes in HNSCC. (Perrone et al., 2011)
It’s also questionable whether DWI can provide valuable information when measuring sub-
centimeters lymph nodes (<10mm), in our study we found that DWI might be useful for
discriminating small lymph. According to Barchetti et al. DWI was efficient to differentiate small
metastatic lymph nodes in HNSCC, (94.6%) of the measured lymph nodes were <10mm in size,
a threshold of 0.96510 > mm?/sec was used as best cut-off value.(Barchetti et al., 2014) De Bondt
et al. found a similar result, DWI was able to differentiate metastatic from benign lesion in
HNSCC (95.4% of the measured lymph nodes were <10mm) using an optimal ADC threshold of
1.0x107° mm?/s. (De Bondt et al., 2009) Although, other authors found that DWI does not allow
to differentiate small metastatic lymph nodes in HNSCC. (Lim et al., 2014)
It has been suggested that the cellularity of the metastatic lymph nodes might be similar to those
of the primary tumor, therefore, it was proposed that the ADC values from metastatic lymph nodes
from highly and moderately differentiated carcinomas may exhibit higher ADC values than those
from poorly differentiated carcinomas. (Sumi et al., 2003) Thus, poorly differentiated (G3)
malignancies which are characterized by high mitotic activity will result in a high nucleus
cytoplasmic ratio, be comparatively smaller in size, and have higher cellularity of the cells
compared to well-moderately differentiated ones (G1, G2). (Bhatt et al., 2017) Therefore, high-
grade malignancies tend to have more restricted diffusion than low-grade malignancies. (Bhatt et
al., 2017) These clinical suggestions have been studied and proven after having been tested and
documented as reliable findings. (Srinivasan et al., 2008)
The results from our study of comparing the metastatic lymph nodes’ ADC values with the primary

tumor grade showed that the ADC values of the lymph nodes from different primary HNSCC
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tumor grades were not significantly different when compared to the lymph nodes from the G1 and
G2 primary HNSCCs. This was in agreement with King et al. when reported that there was no
significant correlation between the ADC values of the metastatic lymph nodes with the grade of
the primary tumor. (King et al., 2007) Nakamatsu et al. also found no statistical differences in the
ADC values of enlarged lymph nodes from the three histological grades of the primary tumors.
(Nakamatsu et al., 2012) On the other hand, some studies reported that metastatic lymph nodes
ADC values were significantly different when compared to the primary tumor grades. (Abdel
Razek et al., 2006; Sumi et al., 2003) Which means that metastatic lymph nodes from higher tumor
grade (G3) shows lower ADC values. (Abdel Razek et al., 2006; Sumi et al., 2003) However, our
result was controversial to these reports.

We have assessed the metastatic lymph nodes to determine the accuracy of DWI in discriminating
lymph nodes from different primary tumor localization. Although the ADC values showed
variations, no significant differences were found.

The study’s limitations include First, the heterogeneity of the sample, which means multiple
primary tumor localization. Second, the result may not be valid for all health centers due to the
variation of MRI technologies and b-value strengths (the accuracy and quality of the magnetic
field depend on the vendor). Third, only one slice measurements were applied, which may
represent weakness in the study, although, we applied this method because it easier to perform,
less time consuming and does not differ significantly from other approaches. (Ahlawat et al., 2016;

Han et al., 2017) Fourth, retrospective design of the study.
Conclusion:

Our study confirms the feasibility of DWI in differentiating between normal and metastatic lymph

nodes. It’s also might be useful to differentiate sub-centimeters lymph node.
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APPENDIX 2:

PRE-TREATMENT PET/MRI BASED FDG AND DWI IMAGING PARAMETERS FOR
PREDICTING HPV STATUS AND TUMOR RESPONSE TO CHEMORADIOTHERAPY IN
PRIMARY OROPHARYNGEAL SQUAMOUS CELL CARCINOMA (OPSCC).

doi: 10.1016/j.oraloncology.2021.105239

Abstract:
Objectives: To determine the feasibility of pre-treatment primary tumor FDG-PET and DWI-MR
imaging parameters in predicting HPV status and the second aim was to assess the feasibility of

those imaging parameters to predict response to therapy.

Material and Methods: We retrospectively analyzed primary tumors in 33 patients with proven
OPSCC. PET/MRI was performed before and 6 months after chemo-radiotherapy for assessing
treatment response. PET Standardized uptake value (SUVmax), total lesion glycolysis (TLG),
metabolic tumor volume (MTV), and apparent diffusion coefficient (ADC) from pre-treatment
measurements were assessed and compared to the clinicopathological characteristics (T stages, N
stages, tumor grades, HPV and post-treatment follow up). HPV was correlated to the

clinicopathological characteristics.

Results: ADCmean was significantly lower in patients with HPV+ve than HPV-ev, (P = 0.001),
cut off value of (800 + 0.44*10-3mm?2 /s) with 76.9% sensitivity, and 72.2% specificity is able to
differentiate between the two groups. No significant differences were found between FDG
parameters (SUVmax, TLG, and MTV), and HPV status, (P = 0.873, P = 0.958, and P = 0.817),
respectively. Comparison between CR and NCR groups; ADCmean, TLG, and MTV were
predictive parameters of treatment response, (P = 0.017, P = 0.013, and P = 0.014), respectively.
HPV+ve group shows a higher probability of lymph nodes involvement, (P = 0.006).

Conclusion: Our study found that pretreatment ADC of the primary tumor can predict HPV status
and treatment response. On the other hand, metabolic PET parameters (TLG, and MTV) were able

to predict primary tumor response to therapy.
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Keywords: Diffusion-Weighted Imaging; Head and Neck Squamous Cell Carcinoma, PET/MRI,
HPV, Therapy response, primary tumor.

Abbreviations: *PET/MRI: Positron Emission Tomography/Magnetic Resonance Imaging
*SUV: Standardized Uptake Value *MTV: Metabolic Tumor Volume *TLG: Total Lesion
Glycolysis *CRT: Chemo-Radiotherapy *HCC: Head and Neck Cancer *FDG:
Fluorodeoxyglucose *AJCC: American Joint Committee on Cancer. *OPSCC: oropharyngeal
squamous cell carcinoma. *EORTC: European Organization for Research and Treatment of
Cancer

Introduction:

There is an increasing incidence worldwide for reporting aggressive OPSCC. (Marur et al., 2010)
Alcohol and tobacco are the most etiological factors of developing OPCCS. (Ang et al., 2010;
Gillison et al., 2012) It has been also found that high-risk sexual behavior is a growing factor for
increasing HPV-positive especially among young people. (Benson E, Li R, 2014) There are several
biological, clinical, and epidemiological to distinguish HPV-positive from HPV-negative entities.
(Glastonbury et al., 2017) Previous studies have demonstrated that patients with positive HPV
have been shown better response to therapy and better survival compared to negative HPV. (Huang
etal., 2013; Leemans et al., 2011; O’Sullivan et al., 2013)

DWI-MRI as a non-invasive technique is a widely used technology to assess the motion of water
molecules (Brownian motion) as a noninvasive diagnosis technology of tissue biology, (Yamauchi
H, 2014) by taking apart the texture of a biologic tissue based on the water molecules motion at a
microscopic level.(Queiroz et al., 2014) Several studies have reported the feasibility of DWI
represented as apparent diffusion coefficient (ADC) in clinical uses ranging from interpretation
microstructures of the tumors to the assessment of treatment response to therapy. (Jansen et al.,
2010; Vandecaveye et al., 2012) Moreover, DWI weighted imaging has been shown promising
results for the assessment of HPV in patients with OPSCC. (Nakahira et al., 2014; Payabvash et
al., 2019; Ravanelli et al., 2018).

The combined PET/MRI imaging modality used nowadays, offers wider imaging parameters to
assess tissue microstructure. In addition to DWI, it provides information from the metabolic
parameters which assess the tumor metabolism, as such, maximum standardized uptake value
(SUVmax) which represents maximum FDG uptake in the tumor has been found to provide

prognostic information in HNSCC, although, the information gathered was controversial. (Kim et
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al., 2015; Mena et al., 2017; Romesser et al., 2012) Volumetric FDG parameters such as total
lesion glycolysis (TLG) and metabolic tumor volume (MTV) have been also widely studied.
(Kyoungjune Pak et al., 2014) TLG and MTV derived from F-18FDG-PET have been shown to
have prognostic significance in HNSCC, including HPV-associated OPSCCs. (Alluri et al., 2014;
Lim et al., 2012; Schwartz et al., 2016; Tahari et al., 2014a) As well as several studies have
demonstrated the ability of MTV and TLG to predict treatment outcomes in OPSCC. (Kikuchi et
al., 2015; Kim et al., 2015; Martens, Noij, Ali, et al., 2019; Mena et al., 2017; Pollom et al., 2016)
The purpose of our study was to assess and compare the prognostic value of the FDG PET
(SUVmax, TLG, and MTV) and DWI imaging parameters in predicting HPV status and prognostic
value after 6 months of treatment.

Materials and methods:

A retrospective study was approved by the Clinical Center, Regional and Local Research Ethics
Committee (CCRLREC), Doctoral School of Health Sciences, University of Pecs, and Somogy
County Moér Kaposi Teaching Hospital, Kaposvar, Hungary. The requirement of the informed
consent was waived and confirmed by the (CCRLREC) due to the retrospective nature, and all
methods were carried out following the relevant guidelines and regulations (Declaration of
Helsinki). From May 2016 to June 2019, 46 patients with proven OPSCC underwent '*F-FDG
PET/MRI for staging and restaging, assessment of the disease, and post-therapy follow-up (5-6
months on average). The inclusion criteria were (1) proved non-treated primary OPSCC, (2)
patients underwent PET/MRI including DWI sequence (3) HPV test was performed. Exclusion
criteria were: (1) patients who had non-measurable ADC (2) patients with motion artifact or
suboptimal image quality including motion artifacts, and patients who did not underwent post-
therapy follow up. Finally, a total of 33 patients were included in our study. Table (I). Final
confirmation of malignancy was done after biopsy of the primary tumor and metastatic lymph

nodes.

Tablel: patients demographics

Number of patients 33

Mean Age () (61.4+0.7)
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Men
Women

Histologic Grade

Well-differentiated

Moderately
differentiated

Poorly- differentiated

Primary tumor
Palatine tonsil
Tongue root
Soft palate
Pharyngeal wall
T category

Ti

12

13

14

N category

NO

N1

N2

23 (69.7%)

10 (30.3%)

4(12.1%)

14 (42.4%)

15 (45.5%)

7(21.2%)
15 (45.5%)
2(64.1%)

9 (27.3%)

2(6.1%)
13 (39.3%)
12 (36.4%)

6 (18.2%)

3(9.1%)
6 (18.2%)

16 (48.5%)
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N3

M Category

MO

Ml

HPV STATUS
HPV+

HPV -

Treatment response
CR

NCR

8 (24.2%)

32 (97.0%)

1 (3.0%)

17 (51.5%)

16 (48.5%)

21 (63.6%)

12(36.4%)
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PET/MRI imaging:

The examinations were carried out in a dedicated PET/MRI (3 T) unit (Biograph mMR, Siemens
AG, Erlangen, Germany) following PET/CT whole-body examinations. Patients were asked to fast
for at least 6 h before receiving the 18F-FDG injection and their blood glucose levels were tested
to ensure euglycemia before receiving the tracer injection. 18F-FDG with an adapted bodyweight
dosage (4 MBqg/kg, range 163—403 MBq) Intravenously injected; acquisition began within 75 min
(60 = 10 min after the uptake period) after the FDG tracer injection (Kedves et al., 2020). On
average (15 £ 5 min), PET/MRI was performed after PET/CT. Images were collected using Head
and Neck coils in the supine position. Included were PET/MRI parameters (ADC, SUV, TLG, and
MTYV) (Kedves et al., 2020).

MRI sequences were T2-weighted TSE turbo inversion recovery magnitude (TIRM) (TR/TE/TI
3300/37/220 ms, FOV: 240 mm, slice thickness: 3 mm, 224 % 320) coronal plan, T1-weighted
turbo spin-echo (TSE) (TR/TE 800/12 ms, FOV: 200 mm, slice thickness: 4 mm, 224 x 320) and
T1-weighted TSE Dixon fat suppression (FS) (TR/TE 6500/85 ms, FOV: 200 mm, slice thickness:

4 mm, 256 x 320) transversal and were acquired without an intravenous contrast agent. Magnetic
resonance-based attenuation correction (MRAC) series was used for PET attenuation correction
for the PET data set, and the wide range bed position PET emission scan with a fixed FOV range
(20 cm) and matrix (172x172) without bed movement was acquired for 900 s as well. An iterative
ordered subset expectation maximization (3D OP-OSEM) PET image reconstruction algorithm
was used with 3 iterations and 21 subsets, and 4 mm Gaussian filtering settings. The PET data
were corrected for scattering, random coincidences, and attenuation using the MR data (Kedves et
al., 2020).

Diffusion-weighted Imaging (DWI) was obtained by using an axial echo-planar imaging (EPI)
sequence with b-values of 0 and 800 and 1,000 s/mm? (FoV 315 mm, repetition time TR/TE:
9900/75 ms, 5 mm slice thickness and voxel size 2.3 x2.3 x 5mm and slice gap 10 mm).
Furthermore, an axial Dixon FS T1-weighted TSE sequence and a coronal TSE Dixon FS sequence
were conducted after injection of contrast material (Gadovist© Bayer Healthcare, Leverkusen,

Germany) at 0.1 mmol per kg of bodyweight (Freihat et al., 2020; Kedves et al., 2020).
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Image analysis:

PET SUVmax, TLG, MTV parameters were measured in each patient using Siemens Syngo Via
(20VB) application, which provided an automated delineated volumetric analysis based on the
SUV. Using the VOI Sphere tool, the metabolic volumetric contours were segmented. VOIs have
been assessed blindly to the histopathological characteristics. SUVmax represented the single
voxel activity concentration of a specific tumor with the highest SUV (Kedves et al., 2020). A
fixed 2.5 threshold of SUV was used for MTV and TLG calculations proposed by Pak et al
(Kyoungjune Pak et al., 2014) The volume above the given VOI represents MTV while TLG
represents the VOI of the average SUVmean multiplied by the MTV (Kedves et al., 2020)

The ADC map was automatically generated and analyzed on the implemented eRAD picture
archive and communicating system (PACS) software. On the ADC map, DWI images were
analyzed by drawing a round or oval region of interest (ROI) manually, covering the largest tumor
diameter (Micco et al., 2014), on a single DWI slice (Fruehwald-Pallamar et al., 2011) in the most
homogenous part within the center of the tumor, the area which represents the lowest ADC or the
highest SUV blindly to the histopathological characteristics after excluding or/and avoiding the
necrotic and cystic areas. We didn’t use the whole tumor volume technique for calculating ADC
value while this method is more reproducible than those obtained from the measurements of a
single slice or small ROI, the explanation is that there was no significant difference between the
tumor ADCs obtained using whole-volume measurements and the single-slice approach
(Lambregts et al., 2011). Thus, we chose the single-slice approach because it’s simpler, quicker,
and as a result, more favored in clinical practice than the whole volume ROIs protocol which is
time-consuming and more complicated. By summing all voxels ADC values on the drawn ROI for
the selected slice, the average ADC values determined by the software automatically were referred
to as ADCmean. We evaluated ADCmean values only, which was previously proposed as a more
reliable indicator of tumor cellularity since the entire lesion is taken into account (Jeong et al.,

2016) Besides, ADCmean minimizes the effect of tumor heterogeneity and its higher reliability to

distinguish different entities in the same image (Sakane et al., 2015). We used the average ADC
of the overall area included in the ROI which is calculated automatically by the software, where
“Avg” represents the average ADC values for all voxels within the ROI and “Dev” Represents the

standard deviation.
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Clinical evaluation:

To evaluate the treatment results of the primary tumor based on pre and post-therapy PET/CT and
PET/MRI data, we used the European Organization for Research and Treatment of Cancer
(EORTC) system. (Young et al., 1999) To evaluate the predictive value of the pre-treatment
imaging parameters we created two patient’s groups based on the PET/MRI therapeutic response
and clinical follow-up. The two groups were representing complete remission (CR) which includes
only patients with complete remission and non-complete remission (NCR) which includes patients
with partial response, stable disease, and progressive disease patients.

Analysis of the HPV status:

Immunohistochemistry of pl6 protein overexpression from tumor blocks (Ventana Medical
System — p16 protocol, Roche p16 cintec histology assay antibody 1: 5 dilution) was performed
by the pathology department of Csolnoky Ferenc hospital from the primary tumor to detect the
presence of high-risk HPV infection. We identified cases as positive, in which we observed so-
called “block positivity”, meani g both the nucleus and the plasma show strong staining in the
tumor cells. Additional staining patterns (e.g., cytoplasmic only) were assessed as negative.
Statistical analysis:

Statistical analysis was performed by using SPSS 25 (IBM SPSS Statistics, Armonk, New York,
USA). The data collected were evaluated using descriptive statistics (mean + standard deviation),
for variables with normal distribution, median, and interquartile range for variables with non-
normal distribution. The normality of the measured FDG and DWI was assessed by Shapiro-Wilks
test. We used the Spearman correlation coefficient to assess the correlation between FDG and DWI
parameters with T stages, N stages, and graders. Mann Whitney test, Wilcoxon’s rank-sum test for
group comparison with variables not normally distributed; TLG, and MTV (P<0.001). ADCmean
and SUVmax due to normally distributed were analyzed with independent sample t test for group
comparison (HPV status and post-therapy results) and ANOVA test between ADC values and
grades of the primary tumor. A Chi-square test was used to assess the association between
categorical variables, (HPV, T stages, N stages, grades and post-therapy results). Variables for
which P<0.1 in univariate analysis were subjected to multiple linear regression analysis to
determine those that were independently associated with the imaging parameters by integrating

statistical differences in the univariate analysis into the multivariate linear regression model. ROC
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curve was used to determine the best cut off value to differentiate between HPV+ and HPV-. A p-

value <0.05 was indicated as a statistically significant result.

Results:

A total of 33 patients were enrolled in the study. The SUVmax, TLG, MTV and ADCmean
measured from the primary tumors were 12.61+0.5 (range, 3.4-23.5); 139+0.87 (range, 5.79-
883.46), 15+0.14 (range, 1.91-88.83) and 0.820+1.12*10mm?/s (range, 0.610-1.050+1.12*10
Smm?/s), respectively.

Correlation between HPV with FDG and DWI parameters:

Based on the baseline measurements, 16 patients were positive and 17 were negative for HPV.
Independent sample t-test indicates that the ADCmean values of HPV* (0.758+0.70*10-mm?/s)
were significantly lower than HPV- (0.905+0.74*10mm?/s), (P=0.001), (Table 2), (Figure 1).
Additionally, Spearman correlation coefficient indicates a significant inverse correlation between
ADC and primary tumor grades (well, moderately and poorly differentiated tumors), (r = - 0.378,
P =0.030), (Table 2). On the other hand, no significant differences were found between SUVmax,
TLG, and MTV with HPV status, (P=0.873, P=0.958, and P=0.817), respectively, (Table 2),
(Figure 1). Moreover, SUVmax was significantly higher in patients with higher N stage (r =
0.0366, P=0.036). Higher TLG and MTV were observed with a higher T stage, (r = 0.0361,
P=0.039 and r = 0.368, P=0.035), respectively. (Table 2).
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Figure (1): Boxplots displaying the distribution of ADC, TLG, MTV, and SUVmax (A, B, C, and

D) according to HPV status. (A) ADCmean values of HPV+ev tumors were significantly lower
than those of HPV-ev tumors (P=0.001). (B) SUVmax shows no significant difference, (P=0.873).
(C) TLG shows no significant difference, (P=0.958), and finally, (D) MTV shows no significant
difference, (P=0.817).

Table 2: Clinicopathological comparison with FDG and DWI imaging parameters

Grouping SUVmax TLG MTV ADC

T stages * r=0.51 r=20.361 r=20.368 r=0.171
P=0.780 P=0.039 P=0.035 P=0.341

N stages * r=20.366 r=0.132 r=0.127 r=-0.276
P=0.036 P=0.466 P=0.485 P=0.101
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Grades * r=0.081 r=0.000 r=-0.007 r=-0378

P=0.656 P=1.000 P=1.000 P=0.030

HPV status P=0.873 P=0.958 P=0.817 P=0.001

* spearman rho test was used to assess the correlation between ADC, SUVmax, TLG and MTV
imaging parameters with T stages, N stages and Grades of the primary tumor. Mann-Whitney
test for two categorical variables (M stages, HPV) with TLG and MTV parameters,
Independent sample t test with ADC, and SUVmax values. A significant result at a level of
p<0.05 was highlighted in Bold

To investigate which factors were independently influencing change in the ADC of the primary
tumor (due to the significant results with HPV and primary tumor degree of differentiation), a
multiple regression model was applied on HPV status and grade of the primary tumor, the results
show that only HPV was an independent factor influencing change in ADC, (P=0.001), while the
effect of the degree of differentiation was not significant, (P=0.138).

ROC curve was used to calculate the best cut-off value of ADC to differentiate between HPV+
and HPV- groups. The result shows that at a value of (800+0.44*103mm?/s), the area under the
curve (AUC) was 69.7% with 76.9% sensitivity and 73.3% specificity. Figure (2).
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Figure (2): Receiver operating characteristic (ROC) curve analysis of HPV according to primary
tumor ADC, (ROC) curve with AUC (69.7%), 95% confidence interval was ranged between 0.478
and 0.917, best cut off value was (800+0.00*10-*mm?/s) to distinguish between HPV+ from HPV-
with a sensitivity of 76.9% and specificity of 73.3%.

Correlation between HPV and histopathological characteristics:

Chi-square test used to assess the association between the categorical variables. Details of the
TNM staging summarized in (supplementary 1). No significant correlations were found between
HPV groups and T stages; HPV+ (T1 =2, T2=7, T3 =4, and T4 =3), HPV- (T1 =0, T2 =6,
T3 =8, and T4 =3), (P =0.336), no significant association between HPV status and N stages,
HPV+ (NO=1, N1=1, N2=8 and N3=6), HPV- (N0O=2, N1 =5, N2=8 and N3 =3),
(P=0.174)., or with primary tumor degree of differentiation, HPV+ (well differentiated = 0,
moderately differentiated =7, and poorly differentiated =9), HPV- (well differentiated = 4,
moderately differentiated = 7, and poorly differentiated = 6), (P = 0.102).

Predicting treatment response:
According to the independent sample t test, a statistically significant difference was found between
CR (n = 21) vs NCR (n = 12) with pre-treatment ADC values (0.801 vs 0.893*10~mm?/s,

P=0.017), respectively. Wilcoxon rank test demonstrates a significant difference between CR and

68



NCR with pre-treatment TLG (76.77 vs 224.80, P=0.013) and MTV (9.088 vs 23.27, P=0.014),
(Figure 3). CR and NCR were illustrated in (Figure 4) and (Figure 5), respectively. No statistically
significant difference was found between the two groups and SUVmax, (P=0.664). (Figure 3).
Moreover, according to Chi-square test, HPV+ (CR = 14, NCR = 2) and HPV- (CR =7, NCR =
10) were significantly associated, (P=0.006) between CR and NCR patients.
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Figure (3): Boxplots displaying the distribution of ADC, TLG, MTV, and SUVmax (A, B, C, and
D) according to treatment results. (A) pretreatment ADC values of CR tumors were statistically
significant lower than those of NCR tumors (P=0.017). (B) pre-treatment TLG shows a statistically
significant higher in NCR than CR tumors, (P=0.013). (C) pre-treatment MTV shows a statistically
significant higher in NCR than CR tumors, (P=0.014), and (D) pre-treatment SUVmax didn’t differ
significantly between both groups, (P=0.664).

69



Figure (4): complete remission (CR) for HPV+ patient: pre-treatment coronal (A1), axial (B1)
PET/MRI images, axial (C;) MR-diffusion weighted imaging (DWI) apparent diffusion
coefficient (ADC) map of the tumor, and (D1) PET imaging show oropharyngeal tumor spread
over the soft palate, palatine tonsil and posterior wall of the pharynx, pretreatment maximum
standardized uptake value (SUVmax): 19.61, total lesion glycolysis (TLG): 147.81, metabolic tumor
volume (MTV): 11.28 c¢cm?®, mean ADC (ADCmean): 0.610+0.52x10%s/mm?. Post-treatment
coronal PET (Aj), axial (B2) PET/MR, axial DWI ADC (C:), (D2) images show complete

remission (CR); without any pathologic FDG accumulation, and diffusion restriction on the
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observed volume, and I Representative immunohistochemical staining showing examples of P16

expression levels in HPV+

Figure (5): non-complete remission (NCR) for HPV- patient: coronal (A1), axial (B1) PET/MRI
images, axial (C1) MR-diffusion weighted imaging (DWI) apparent diffusion coefficient (ADC)
map of the tumor, and (D1) PET imaging show right palatine tonsil tumor spreading into tongue
root, pretreatment maximum standardized uptake value (SUVmax): 15.24, total lesion glycolysis

(TLG): 99.72, metabolic tumor volume (MTV): 9.16 cm’, mean ADC (ADCmean):
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1.050+0.680% 10 %s/mm?. Post-treatment coronal PET (A»), axial (Bz2) PET/MR, axial DWI ADC
(C2), (D2) PET image show non-complete remission (CR); with pathologic FDG accumulation,
and diffusion restriction on the observed volume, and I Representative immunohistochemical

staining showing examples of P16 expression levels in HPV-. (Freihat et al., 2021)

Discussion:

We analyzed the efficacy of combined PET/MRI imaging parameters to predict HPV status and
local response of OPSCC treated by CRT with curative intent. We found that HPV+ lesions are
associated with lower ADC values than HPV- lesions, which might be useful as a non-invasive
technique to evaluate HPV status. With a value of (809+0.37*10* mm?/s), the area under the curve
(AUC) was 80.0% with 73.7% sensitivity, and 73.3% specificity was able to differentiate between
HPV groups. In contrast, FDG parameters did not show any statistical significance between HPV
groups, which means that FDG might be not useful for predicting HPV status. Our study has also
shown that DWI, FDG volumetric metabolism parameters (TLG and MTV) are useful predictor
biomarkers to assess the response before treatment in OPSCC, while SUVmax may not. Besides,
the HPV+ patient’s group have shown better response to therapy than HPV- patients.

In head and neck squamous cell carcinoma (HNSCC), OPSCCs are the most associated HPV-
related tumors; they tend to respond well to therapy and carry a favorable prognosis. (Lawrence et
al., 2015) HPV status has been previously studied and investigated in OPSCC based on
morphology (El-Mofty & Patil, 2006; Mendelsohn et al., 2010) or molecular biology (Jordan et
al., 2012; Rainsbury et al., 2013; Smeets et al., 2007). Imaging parameters have been also used to
predict HPV infection as a non-invasive technique, DWI was proposed to have the ability to
differentiate between HPV-positive and HPV-negative. Several studies found that HPV+ has lower
ADC than HPV- OPSCC'’s. (Driessen et al., 2016; Martens, Noij, Koopman, et al., 2019a;
Nakahira et al., 2014; Payabvash et al., 2019; Ravanelli et al., 2018) This might be attributed to
the positive correlation between ADC and total percentage area of stroma, and an inverse
correlation with the cell density in tumors. (Driessen et al., 2014) Our result was similar to previous
reports, which suppose the hypothesis of the association between ADC and HPV infection. A value
of (809+0.37*10*mm?/s) was able to differentiate between the two groups, which was parallel

with previous studies.(Nakahira et al., 2014; Ravanelli et al., 2018) The significance of this result
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is due to the fact that tumors with low pretreatment ADC values respond better to
chemo/radiotherapy than tumors with low ADC values. (Nakahira et al., 2014)

The diagnosis of primary and metastatic (HNSCC) has been increasingly studied by FDG-PET,
which due to its accuracy and sensitivity has been recognized as a standard of reference nowadays,
as well as being used for post-treatment surveillance. Some studies have investigated the role of
FDG PET imaging parameters in predicting HPV infection. However, previous studies show a
controversial result, some reports found that the FDG parameter (SUVmax) is helpful to
differentiate between HPV+and HPV-, (Kendi et al., 2015; Martens, Noij, Koopman, et al., 2019b;
Sharma et al., 2017; Tahari et al., 2014b) while others didn’t. (Cheng et al., 2012; Fleming et al.,
2019; Sharma et al., 2017; Vidiri et al.,, 2020). It has also been proposed that volumetric
metabolism parameters (TLG, MTV) could provide more details for tumor metabolism. Previous
studies have demonstrated that TLG and MTV have superior prognostic values than SUVmax
since they reported that larger tumor volume correlates with the overall survival and inferior local
control (Romesser et al., 2012; Schwartz et al., 2016; Tahari et al., 2014a), this, in turn, might be
reflected on patients with HPV+ since it shows a higher percentage of loco-regional response and
longer free survival. However, our study found no significant difference between FDG imaging
parameters and HPV infection, which in turn, might limit the prospective use of these imaging
parameters in clinical use. Similar results were reported by other authors. (Cheng et al., 2012;
Sharma et al., 2017; Vidiri et al., 2020) The reason of our results might be attributed to the lack of
a significant correlation between T stages and HPV status, since previous reports were found that
HPV- tumors have higher T stages than HPV+, which as a results affect the tumor metabolism,
since higher FDG uptake was observed in higher T stages, this might explain why HPV- tumors
have higher FDG values (SUVmax, TLG, and MTV), in our study there was no significant
difference between HPV+ and HPV- because there was no difference in T stages between the two
groups. (Baschnagel et al., 2015; Tahari et al., 2014a) Thus, we suppose that the significant
correlation between HPV status and FDG parameters, if reported, is attributed to the size difference
between HPV+ and HPV-. (Baschnagel et al., 2015) However, most of the previous studies have
heterogeneous primary tumor localization (oral, laryngeal, nasopharyngeal, pharyngeal), as a
result, the concluded results might have limited accuracy. Thus, to investigate more efficient

results of PET parameters role in OPSCC, this should be investigated separately
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New hybrid imaging modalities such as PET/CT or PET/MRI have emerged as useful technologies
to assess HNSCC tumors in terms of prognosis and follow up. Overall, HNC’s as proposed
previously, have a possibility of locoregional recurrence in the first two years after therapy up to
50-60% of the patients. (Denaro et al., 2016) Several imaging parameters have been used for the
Propose of predicting response to therapy, DWI represented by ADC, and metabolic parameters
(SUVmax, TLG, and MTV), different results have been reported, while some studies found some
of them are feasible while other didn’t. There is a need in clinical practice to assess accurately the
tumor response to therapy, this is due to the high mortality in patients with HNSCC’S, therefor,
all available tools to assess cancer should be combined to allow the physicians to select the most
appropriate treatment protocols, especially to assess the prognosis of the patient, so it’s highly
important to identify potential predictive biomarkers to have better treatment strategies.

In this study, we found that DWI and metabolic imaging parameters TLG and MTV can provide
more accurate information for treatment prediction since we found that higher TLG and MTV
before therapy lead to a higher probability of recurrence and lower rates of response, (Paidpally et
al., 2014; K Pak et al., 2014) these findings do not eliminate the role of the basic FDG parameter
(SUVmax) for prediction, although, in our study, we found no significant correlation between
SUVmax and response. Overall, in OPSCC, it has been reported that TLG and MTV have better
results in the prediction of overall survival and disease-free survival. (Moan et al., 2019) In regards
to ADC, our results revealed that ADC might be useful for predicting response after therapy,
although we have lost data for 5 patients in post-treatment examinations. According to Sae et al.
there is a trend that DWI can predict tumor response to therapy in HNSCC, several studies have
reported higher ADC after therapy, but still of the major limitations of the previous studies is the
heterogeneity of the tumors, as well as the number of studies, are small. (Chung et al., 2019) PET
imaging parameters also provide very important information regarding tumor microstructures. Our
study compared to the previous published in HNS has more homogenous primary tumor
localization (OPSCC), it also one of the fewest papers which compare the role of the combined
biomarkers derived from PET/MRI combined technique. However, since we didn’t find a
significant correlation between PET parameters and HPV status, PET parameters seem to be less
important to add a significant diagnostic role during OPSCC related HPV lesions assessment.
(Moan et al., 2019) Finally, our study emphasize that HPV+ tumors tend to have better response
to therapy than HPV- tumors. (Koshkareva et al., 2014)
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As a limitation of the current study; small sample size, retrospective design, single institute
approach, and using the conventional FDG and DWI parameters which do not include texture
analysis should be noted. Although moderate sample size, we only included OPSCC patients from

the HNC group to ensure a homogeneous population that may increase the reliability of our results.

In conclusion, this study found that pre-treatment ADC was a predictor of HPV status and post-
therapy results. On the other side, FDG parameters were able to predict tumor response to therapy,
but they don’t show a feasible role in predicting HPV status. Based on the reported results, both
DWI and FDG parameters are important to assess patients with OPSCC and their role might be

complementary to each other.
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APPENDIX 3:
CORRELATION BETWEEN TISSUE CELLULARITY AND METABOLISM REPRESENTED BY

DIFFUSION WEIGHTED IMAGING (DWI) AND 18F-FDG PET/MRI IN HEAD AND NECK
CANCER (HNC).

Abstract

Background: Hybrid PET/MRI is an emerging imaging technology proved to be useful for better
understanding of the tumor metabolism and cellularity, it also plays a very important in staging,
assessment and post-therapy follow up. PET/MRI can be used to better understand how tumors
act, especially prior to therapy. This study aimed to assess the association of '3F-
Fluorodeoxyglucose positron-emission-tomography (18F-FDG/PET) and DWI imaging
parameters from the primary tumor and their correlations with clinicopathological factors.
Methods:

We retrospectively analyzed primary tumor in 71 patients with proven HNC. Primary tumor
radiological parameters DWI and FDG as well as pathological characteristics were analyzed.
Spearman correlation coefficient was used to assess the correlation between DWI and FDG
parameters, ANOVA or Kruskal-Wallis, independent sample t test, Mann-Whitney test and
multiple regression were performed on the clinicopathological features that may affect the 18F-
FDG and ADC of the tumor.

Results: No significant correlations were observed between DWI and any '"*F-FDG parameters
(P>0.05). SUVmax and TLG correlated with N-stages (P=0.023, P=0.033), TLG and MTV
correlated with T-stages (P=0.006 and P=0.001), ADC correlated with tumor grades (P=0.05).
SUVmax and ADC can differentiate between N+ and N- groups (P=0.004, P=0.012).
Conclusions: Our results revealed a non-significant correlation between the FDG-PET and ADC-
MR parameters. The FDGPET-based glucose metabolic and DWI-MR-derived cellularity data
may represent different biological aspects of HNC.

Trial registration: The trial is registered in clinical trials registry under ID:NCT04360993,

registration date: 24/04/2020. Retrospectively registered. URL:
https://clinicaltrials.gov/ct2/show/NCT04360993
Keywords: Diffusion-Weighted Imaging; Apparent Diffusion Coefficient; Head and Neck

Squamous Cell Carcinoma, PET/MRI, glucose metabolism, primary tumor.
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Abbreviations: *PET/MRI: Positron Emission Tomography/Magnetic Resonance Imaging *SUV:
Standardized Uptake Value *MTV: Metabolic Tumor Volume *TLG: Total Lesion Glycolysis
*CRT: Chemo-Radiotherapy *HCC: Head and Neck Cancer *FDG: Fluorodeoxyglucose *AJCC:

American Joint Committee on Cancer. *(G): Grade.

Introduction:

Worldwide; Head and neck cancer is the sixth most common malignancy; approximately 6% of
all cancer cases, accountable for an estimated 1%—2% of all cancer deaths.(Siegel et al., 2017)
H&N cancers are a heterogeneous group of cancers that existed anatomically close to each other,
but different in terms of etiology, histology, diagnostic, and treatment approaches.(Grégoire et al.,
2010) About 91% of all H&N cancer are squamous cell carcinomas, 2% are sarcomas and the other
7% are adenocarcinomas, melanomas, and not well-specified tumors.(European Crude and Age
Adjusted Incidence by Cancer, Years of Diagnosis 2000 and 2007 Analisys Based on 83
Population-Based Cancer Registries *,2014)

Recently, '8F-fluorodeoxyglucose (FDG) positron emission tomography (PET)/magnetic
resonance imaging (MRI) has emerged as an effective and accurate imaging modality in
oncology.(Pace L, Nicolai E, Aiello M, Catalano OA, 2013) The PET/MRI is expected to be more
valuable than PET or CT alone or combined because the PET/MRI involves better contrast in soft
tissues and a lower radiation dose from the MRI system. (Pace L, Nicolai E, Aiello M, Catalano
OA, 2013) The advantage of clinical PET/MR is rather to replace PET/CT + MR, and reduce the
radiation dose in comparison with PET/CT. PET/MRI also offers DWI which is a widely used
technology to assess the motion of water molecules (Brownian motion) as a noninvasive diagnosis
technology of tissue biology, (Yamauchi H, 2014) by taking apart the texture of a biologic tissue
based on the water molecules motion at a microscopic level. (Queiroz et al., 2014) ADC represents
DWI in determining the tumor’s cellularity. (Becker & Zaidi, 2014; Surov et al., 2017) The higher
cellular tumor resulted in more restriction to water molecule motion which, as a result, gives lower
ADC values and vice versa. (Abdel Razek AA, 2013) This means that the water molecule’s motion
is reflecting the signal loss on DWI due to different water permeability through the structures.
(Herneth et al., 2003; Queiroz et al., 2014) Previous studies have proved the inversely proportional
correlation between ADC and tumor cellularity. (Hayashida et al., 2006; Jeh et al., 2011) ADC

also was found to be effective in primary tumor assessment, differentiating between benign and
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malignant neoplasms, staging, and monitoring post-treatment follow-up. (Srinivasan et al., 2008;
Zhang et al., 2016) Moreover, ADC was found to be useful for predicting treatment response in
HNSCC. (King & Thoeny, 2016)

The FDG uptake values measured from PET imaging has an important role in head and neck
imaging due to its ability to measure the glucose metabolism in the tumors, (Micco et al., 2014;
Toth et al., 2018; Yildirim et al., 2017) which may also reflect the tumor’s aggressiveness and the
risk of the metastasis to spread to the adjacent structures. (Haerle et al., 2010; Nakajo et al., 2012)
SUV is the most common parameter used to estimate glucose metabolism, and it has shown
promising results in predicting the presence of lymph nodes metastatic during the primary
assessment as well as a predictor of survival and recurrence. (Onal et al., 2013) Metabolic
parameters, TLG and MTV have emerged as new parameters that can measure the glucose
metabolism activity of tumors and have been founded to be more effective than SUV because
tumor contour is considered when using MTV and TLG. (Kim et al., 2016) Since SUVmax doesn’t
reflect the metabolic activity of the entire lesion but it measures the highest glucose metabolism in
the target ROL. (Sridhar P, Mercier G, Tan J, 2014) While MTV represents the volume of the '3F-
FDG activity in the lesion and TLG represents the sum of the SUV within the lesion. Furthermore,
glucose metabolic activity is positively correlated to the tumor cellularity. (Bos et al., 2002; Ito et
al., 1996)

Therefore, our study was aimed to investigate the correlation between FDG parameters and ADC
values, which has focused, in-depth, on finding out if there is a correlation between tumor
metabolic activity and cellularity represented by ADC and SUVmax, TLG and MTV, as well as
assessing the ability of these imaging parameters to determine tumor aggressiveness by predicting

lymph nodes involvement.

Materials and methods:

Patients and demographics:

A retrospective study was approved by the Clinical Center, Regional and Local Research Ethics
Committee (CCRLREC), Doctoral School of Health Sciences, University of Pecs, and Somogy
Megyei Kaposi Mor Educational Hospital, Pecs, Hungary (Approval Number:
1G/04866.000/2020). The requirement of the informed consent was waived and confirmed by the
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(CCRLREC) due to the retrospective nature, and all methods were carried out following the
relevant guidelines and regulations (Declaration of Helsinki). From May 2016 to June 2019, 109
patients with proven HNC underwent '8F-FDG PET/MRI for staging and restaging, assessment of
the disease. The inclusion criteria were (1) proved non-treated primary HNC, (2) patients
underwent PET/CT and PET/MRI including DWI sequence (3) single tracer injection session.
Exclusion criteria (1) patients who had non-measurable ADC, or FDG parameters (2) patients with
motion artifact or bad image quality. Finally, a total of 71 patients were included in our study.
Table (1). Final confirmation of malignancy was done after PET/MRI examination of the primary

tumor and metastatic lymph nodes combined with biopsy.

Tablel: patients demographics

Number of patients 71
Mean Age (y) (61.6+0.8)
Men 49 (69.0%)
Women 22 (31.0%)
Histologic Grade

Grade 1 12 (16.9%)
Grade 2 41 (57.7%)
Grade 3 18 (20.4%)
Localization

Pharyngeal 32 (45.1%)
Laryngeal 15(21.1%)
Oral 22 (33.8%)
T category
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TI

12

13

T4

N category
NO

N1

N2

N3

M Category
MO

M1l

N groups

PET/MRI imaging: N7t
Examinations ~ were 5 _

dedicated PET/MRI

4(5.6%)
19 (26.8%)
26 (36.6%)

22 (31.0%)

10 (14.1%)
9(12.7%)
45(63.4%)

7 (9.9%)

63 (88.7%)

8 (11.3%)

61(85.9%)

10 (14.1%)

performed in a

(3T) unit (Biograph

mMR, Siemens AG, Erlangen, Germany) after PET/CT examinations (single tracer injection).

Patients were requested to fast for at least 6 hours before '®F-FDG injection and their Blood glucose

levels were checked before they received the tracer injection to ensure euglycemia. Intravenous

BF-FDG with a bodyweight adapted dose (4 MBg/kg, range 163-403 MBq) was intravenously

injected; after the FDG tracer injection, the acquisition was started within (60+£30) minutes for

PET/CT and (15+5) minutes after PET/CT, the PET/MRI was done. Images were obtained in the

supine position using Head and Neck coils. MRI sequences were T2-weighted TSE turbo inversion

recovery magnitude (TIRM) (TR/TE/TI 3300/37/220ms, FOV: 240 mm, slice thickness: 3 mm,
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224 x 320) coronal plan, T1-weighted turbo spin-echo (TSE) (TR/TE 800/12ms, FOV: 200 mm,
slice thickness: 4 mm, 224 x 320) and T1-weighted TSE Dixon fat suppression (FS) (TR/TE
6500/85ms, FOV: 200 mm, slice thickness: 4 mm, 256 x 320) transversal and were acquired
without an intravenous contrast agent. For the PET data collection, a magnetic resonance-based
attenuation correction (MRAC) sequence was used for PET attenuation correction, and the wide
range bed position PET Emission scan was acquired for 900 seconds with a fixed FOV range (20
cm) and matrix (172x172) without bed movement as well. An iterative ordered subset expectation
maximization (3D OP-OSEM) PET image reconstruction algorithm was used with 3 iterations and
21 subsets, and 4mm Gaussian filtering settings. The PET data were corrected for scattering,
random coincidences, and attenuation using the MR data. The DWI was obtained by using an axial
echo-planar imaging (EPI) sequence with b-values of 0 and 800 s/mm? (FoV 315 mm, repetition
time TR/TE: 9900/75 ms, 5 mm slice thickness and voxel size 2.3 x 2.3 x 5 mm and slice gap
10mm). Furthermore, an axial Dixon FS T1-weighted TSE sequence and a coronal TSE Dixon FS
sequence were conducted after injection of contrast material (Gadovist® Bayer Healthcare,

Leverkusen, Germany) at 0.1 mmol per kg of bodyweight.

Image analysis:

In each patient, the SUVmax, TLG, MTV were measured from the PET imaging; Siemens (Syngo
Via 10VB) was used, which provided an automatized delineated SUV-based volumetric analysis.
The metabolic volumetric contours were segmented by using the Syngo Via (VOI) Sphere tool.
The single voxel activity concentration of a particular tumor with the highest SUV was represented
by SUVmax. A fixed 2.5 threshold of SUV was used for tumor SUVmax for both MTV and TLG
proposed by Pak et al.(Pak et al., 2014) The volume above the given VOI was represented the
MTV while the TLG represented the VOI of the average SUVmean or SULmean multiplied by
the MTV. The ADC map was automatically generated and analyzed on the implemented eRAD
software. DWI images were analyzed by drawing round or oval region of interest (ROI) manually
on the ADC map covering the largest tumor diameter, (Micco et al., 2014) on a single DWI slice
(Fruehwald-Pallamar et al., 2011) within the center of the lesion in the most homogenous part
which aswas the lowest ADC or the highest SUV reported after excluding or/and avoiding the
necrotic and cystic areas. We did not use the whole tumor volumes ADC measurements approach

although it is more reproducible than those obtained from a single slice or small ROI’s
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measurements. However, there was no significant difference between the tumor ADCs obtained
using whole-volume measurements and the single-slice approach.(Lambregts et al., 2011) Thus,
we have chosen the single-slice method because it’s easier, faster and as a result more preferred in
clinical practice than the whole volume ROIs protocol which is time-consuming and more
complicated. Average ADC values calculated by the software automatically was referred to as
ADCmean by summing all voxels ADC values on the drawn ROI for the chosen slice. We assessed
only ADCmean values, which as previously proposed as a more reliable indicator of tumor
cellularity since the entire lesion is taken into account.(Jeong et al., 2016) ADCmin, on the other
hand, was suggested to reflect the most proliferative portion of a tumor or highest tumor cell
density, due to the effects of lesion heterogeneity or artifacts the use of ADCmin is likely to result
in more errors.(Er et al., 2014) Besides, ADCmean minimizes the effect of tumor heterogeneity
and its higher reliability to distinguish different entities in the same image. (Sakane et al., 2015)
We used the average ADC of the overall area included in the ROI which is calculated automatically
by the software (Hounsfield unit). Figure 1 (D), where “Avg” represents the average ADC values
for all voxels within the ROI and “Dev” Represents the standard deviation. Figure (1).
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Figure (1): ADC and *F-FDG measurements of 67 male patient with Oropharyngeal
carcinoma. (A) T2-PET tirm coronal MRI show the intensive FDG accumulation (arrow). (B)
T'l-tse-sagittal show the extent of the tumor, lateral pharyngeal wall into tongue root to the left
tongue body (arrows). (C) T1-PET fused image show the ROI within the tumor (arrows), and (D)
DWI/ADC map showing the average and standard deviation of ADC value.

Statistical analysis:

Statistical analysis was performed by using SPSS 25 (IBM SPSS Statistics, Armonk, New York,

USA). The data collected were evaluated using descriptive statistics (mean + standard deviation),
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for variables with normal distribution and median and interquartile range for variables with non-
normal distribution. The Spearman rank correlation (r) was used to estimate the association
between 18F-FDG parameters and ADC values and tumor size (continues variable). ANOVA or
Kruskal-Wallis test were performed on the clinicopathological features that may affect the 18F-
FDG and ADC of the tumor. Variables for which P<0.1 in univariate analysis were subjected to
multiple linear regression analysis to determine those that were independently associated with the
imaging parameters by integrating statistically significant differences in the univariate analysis
into the multivariate linear regression model, we used transforming function to convert variables
with non-normal distribution into a normal distribution, then the factors were added one by one
(Stepwise). Mann-Whitney test and independent-sample T-test were applied to the imaging
parameters after the patients were grouped based on lymph nodes involvement into positive (N+)
and negative lymph nodes (N-). A p-value <0.05 was indicated as a statistically significant result.

Results:

A summary of the measurements in supplementary 1. Spearman’s correlation coefficient was
applied on '8F-FDG parameters and ADC values; the results show that '3F-FDG parameters
(SUVmax, TLG and, MTV) were not correlated with ADC values (r =-0.184, P=0.125, r=-0.182,
P=0.248, and r =-0.037, P=0.756), respectively. A summary of correlations is shown in Table (2).
Figure 2 (4, B, and C).
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Figure (2): Scatter diagram showing the correlation between the ADCmean and (A) SUVmax, (B)
TLG and (C) MTV. No significant linear correlation observed between ADCmean and any of 18F-
FDG parameters, P>0.05.

Moreover, the Spearman correlation coefficient was used to assess the correlation between 18F-
FDG and tumor size (Tumor size was measured as the maximum diameter of the tumor in
pathologic results, mean size was 49.842.5 mm). The results show that 18F-FDG parameters
(SUVmax, TLG and MTV) were significantly and positively correlated with tumor size (r =0.456,
P=0.001; r =0.794, P=0.001 and r =0.739, P=0.001), respectively. ADC, on the other side, show
no significant correlation with tumor size (r = -0.088, P=0.464). Table (2). Figure 3 (A, B, C, and
D).
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Table 2: summary of correlations between FDG and DWI imaging parameters

Parameter ADC SUVmax TLG  MTV  Tumor size
ADC Spearman (vho) - 184 - 182 -.037 -.088
Sig. (2-tailed) 25 A29 756 464
SUVmax  Spearman (rho) A456**
Sig. (2-tailed) .000
TLG Spearman (rho) 794 %%
Sig. (2-tailed) .000
MTV Spearman (rho) .739%*
Sig. (2-tailed) .000

*significant at level of 0.05

** significant at level of 0.01
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Figure (3): Scatter diagram showing the correlation between the tumor size and each of 18F-FDG
and DWI/ADC imaging parameters. The relationship between tumor size and (A) SUVmax is
linear (r=0.456, P=0.000). (B) TLG is linear (r =0.794, P=0.000) and (C) MTV is linear (r =0.739,
P=0.000). Finally, (D) there was no linear correlation between tumor size and ADC (r = -0.088,
P=0.464).

For clinicopathological comparison, we compared primary tumor FDG (SUVmax, MTV, and
TLG) and ADC parameters with sex, T stages, N stages, M stages (7" Edition American Joint
Committee on Cancer pathological staging criteria), (Edge & Compton, 2010) localization, and
the degree of differentiation (grades). The results show that N stages were correlated with higher
SUVmax, (P=0.023). T stages and N stages were correlated with higher TLG values (P=0.006 and
P=0.033), respectively. T stages were correlated with higher MTV values (P=0.001). Lower ADC,
on the other side, was found to be correlated with the degree of differentiation (P=0.05), a tendency

for ADC to correlate with N stages increase, decreasing in the ADC as the number of lymph nodes
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increase, (P=0.092). No other significant correlations were observed, (P>0.05) for all parameters.

Table (3).

Table 3: Clinicopathological comparison with FDG and DWI imaging parameters

Grouping SUVmax TLG MTV ADC

SEX P=0.314 P=0.522 P=0.784 P=0.897
T stages P=0.267 P=0.006 P=0.001 P=0.880
N stages P=0.023 P=0.033 P=0.605 P=0.092
M stages P=0.283 P=0.785 P=0.913 P=0.347
Grades P=0.233 P=0.310 P=0.713 P=0.050
Localization P=0.389 P=0.128 P=0.367 P=0.270

. Kruskal-Wallis for multi-categorical variables (T stages, N stages, Localization and tumor
grades) and Mann-Whitney test for two category variables (sex, M stages) were used with
(SUVmax, TLG and MTV). ANOVA and Independent Sample T test was used with ADC values.

. Significant result was highlighted in Bold

Multiple regression was recruited for factors that shown a statistically significant correlation in
univariate analysis to investigate the factor that influences the change in (SUVmax, TLG, MTV,
and ADC). The results showed that tumor size and N stage were independent factors influencing
SUVmax, (P=0.001 and P=0.008), respectively. Tumor size was an independent factor influencing
TLG and MTV (P=0.001 and P=0.001), respectively. Tumor grade was found to be independent
influencing factor of ADC (P=0.05). Table (4).

96



Table 4: Multiple Regression Analysis Showing the Effects of Prognostic Factors on 18f-

FDG parameters

Prognostic factors B T P value
SUVmax

Tumor size 409 3.333 .001*
T stages N/A N/A N/A
N stages 227 1.995 022%*
TLG

Tumor size 167 8.988 .000*
T stages -.050 -.598 552
N stages 119 1.500 138
MTV

Tumor size .662 6.857 .000*
T stages .140 1.473 146
N stages N/A N/A N/A
ADC

N stages .043 2.042 .069
Tumor grades -.021 -1.846 .045*

*Significant result

N/A: Not assessed

When removing the effect of the tumor size, SUVmax was correlated with N stages (P=0.011), but
not with T stages (P=0.838), TLG was significantly correlated with both T stage and N stages
(P=0.018 and P=0.034), and MTV was correlated to T stages (P=0.001).

To investigate the ability of FDG and ADC parameters to predict lymph nodes involvement, we
classified the patients based on lymph nodes involvement into negative and positive groups (N-

and N+) and compared them with these parameters. Our results show that SUVmax, TLG and
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ADC revealed statistically significant differences (P=0.004, P=0.048, and P=0.012), respectively.
TLG and MTV did not (P>0.05).

Discussion:

The present study demonstrated that PET/MR provides valuable imaging data for HNC patients.
Various pathological factors were associated with PET/MR results and may serve a role in the
evaluation of the prognosis of patients with HNC. As for promising technology, PET/MRI offers
different imaging data to study tumor microstructure environment, we started our study by
correlating these imaging parameters to each other. Previous data demonstrated an inverse
correlation between ADC value, derived from DWI, with cellularity.(Abdel Razek AA, 2013;
Becker & Zaidi, 2014; Hayashida et al., 2006; Surov et al., 2017) FDG imaging parameters, on
the other hand, were found to be positively correlated with cellularity.(Bos et al., 2002; Ito et al.,
1996; Vandecaveye et al., 2009) Although glucose metabolism and cellularity of tissue are two
different biological biomarkers of a tumor, an inverse correlation between 18F-FDG and DWI
parameters has been suggested.(S. et al., 2017) this hypothesis was proposed because both 18F-
FDG and ADC were correlated with tumor cellularity.(Jeong et al., 2016) Our results showed that
FDG uptake parameters (SUVmax, TLG, and MTV) were not significantly correlated with the
ADCmean value. Similar results were observed; Min et al., in their study of HNSCC, reported
that there was no significant correlation between ADCmean with SUVmax and SUVmean, also
no significant correlation was found between ADCmean and both MTV and TLG.(Min et al.,
2016) Surov et al., in a recent study, reported no significant correlation between ADCmean and
SUVmax or SUVmean (r = -0.255, P=0.450 and r = -0.318, P=0.340), respectively.(Surov et al.,
2016) Other authors reported similar findings.(Fraum et al., 2016; Fruehwald-Pallamar et al.,
2011; Rasmussen et al., 2017; Varoquaux et al., 2013)

Controversially to our results, Nunez et al. observed, in their study of HNSCC, an inverse
significant correlation between the mean SUV and the mean ADC (r = -0.67, P=0.01).(Nufiez et
al., 2017) Nakajo et al. also observed that the SUVmax was correlated inversely with the
ADCmean (r = -0.566, P=0.005).(Nakajo et al., 2012) Nakamatsu et al., in their study of
metastasis in lymph nodes from HNSCC, found strong negative correlations between SUVmax

and ADCmean values (P>0.001), their results showed that the metabolic activity was influenced
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strongly by the tumor cellularity.(Nakamatsu et al., 2012) Han et al. reported, in their study of
HNSCC, that there was a slightly significant inverse correlation between SUV and ADC (r = -
0.333, P=0.054). They also found a negative significant correlation between ADC and TLG (r =
-0.347, P=0.044).(Han et al., 2015)

Our explanation for the lack of correlation is the fact that both imaging parameters explain
different tissue microstructures characteristics, DWI assess the water molecule motion in the
tissue and affected by the cellularity, proliferation rate and cell counts which in clinical use
affected by ROI size placement and interobserver variability.(Lambregts et al., 2011) While
metabolic activity was independent of tumor size and shape because tumor is segmented by

adaptive thresholding.(Jeong et al., 2016)

The present study correlated FDG and DWI imaging parameters with T stages, N stages, and
tumor size to explore their effect on the imaging parameters values. Our results reveal that FDG
metabolic parameters have reported different correlations; it has shown that primary tumor
SUVmax and TLG were significantly correlated with the N stages; the higher N stage resulted in
a higher value of SUVmax and TLG, while MTV did not show correlation with N stages.
According to Zheng et al., there was a positive significant correlation between lymph nodes status
and SUVmax, higher SUVmax, resulted in more lymph nodes metastasis, which means that
SUVmax has a promising predictive role in lymph node diagnosis.(Zheng et al., 2019) Micco et
al reported a significant correlation between lymph node occurrence with SUVmax and
TLG.(Micco et al., 2014) Morand et al. have observed similar results, higher lymph node
involvement was found in patients with higher primary tumor SUVmax.(Morand et al., 2018) In
the same study, the authors reported that TLG did not correlate with lymph node status (Morand
et al., 2018). Furthermore, in our study, no significant correlation was observed between MTV
and the lymph node status. A similar result reported by Morand et al. (Morand et al., 2018) and
Chan et al. (Chan et al., 2010) In contrast to Micco et al. who reported a significant association
between MTV and lymph node occurrence.(Micco et al., 2014) After excluding the confounding
factor to investigate which clinical factor influencing the increase in FDG uptake values, we found

that N stages and tumor size were independent factors influencing SUVmax. Tumor size and
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tumor T stages but not N stages were independent factors influencing TLG and MTV. Thus,

SUVmax might be a promising imaging biomarker to predict tumor aggressiveness.

ADC, on the other hand, shows a significant correlation with tumor grades, which reflect the
degree of water motion within the tumor cells, this is from the fact that higher-grade tumors (G3)
show more restriction to water molecules motion (lower cellularity) which as result affect ADC.
On the other side, ADC did not show significant correlations with T stages, N stages, or Tumor
size although there was a slightly negative correlation with N stages (P=0.092). In other words,
as the ADC tend to be lower (poorly differentiated tumors), the lymph nodes involvement
increase, but this result was not statistically significant, thus, the ADC was not a reliable
prognostic imaging biomarker to predict tumor aggressiveness. Nakajo et al. have reported in their
study of primary HNSCC similar results, there was no significant difference in the ADC between
N-positive and N-negative groups (p=0.74).(Nakajo et al., 2012) Previous studies have explored
this correlation; similar results were reported.(Choi et al., 2012; Karan et al., 2016) On the other
hand, Abdel Razek et al. in their study of Nasopharyngeal carcinoma have reported a statistically
significant difference between primary tumor ADC and nodal involvement, (P=0.003), (Abdel
Razek & Kamal, 2013) this mean that patients without lymph nodes involvement showed higher
ADC value than those patients who have confirmed lymph nodes enlargement. The explanation
of their result was attributed that those patients with poorly or undifferentiated malignancy are
usually reporting metastatic lymph nodes.(Abdel Razek & Kamal, 2013) In our study, a
controversial result was reported, our explanation is due to the heterogeneity of the patient’s
sample which contains multiple primary tumor localization, thus different anatomical and

histological components were involved.

Although there are several studies that have investigated the 18F-FDG and ADC diagnostical role
to determine tumor aggressiveness in different cancers.(Gong et al., 2019; Kato et al., 2019; Nerad
et al., 2019; Xu et al., 2020; Yang et al., 2019; Yu et al., 2019; Zheng et al., 2019) None of the
studies have compared the efficacy of PET/MRI system different imaging biomarkers in HNC
tumor aggressiveness prediction. Thus, to our knowledge, this is the first study to compare
PET/MRI system derived imaging parameters in lymph nodes involvement in HNC. Our results

show that SUVmax, TLG, and ADC were found to have the ability to differentiate between the
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two lymph node groups (N+ and N-) based on the primary tumor measurements, which as a result
might help to predict tumor development and prognosis. Our study shows that SUVmax had
higher diagnostic performance, higher sensitivity, and better specificity than ADC, as well as the
presence of significant correlation with N stages which has not been found in ADC. Nevertheless,
ADC can predict tumor aggressiveness and lymph node involvement prediction but with limited
efficacy. The importance of successful prediction of tumor aggressiveness and lymph node
involvement might help in practice to increase the aggressiveness of the therapy.

Based on our study results and findings, there were several correlations between PET/MRI
imaging parameters and clinical tumor characteristics, we suggest that glucose metabolism
assessed by 18F-FDG and cellularity assessed by ADC have different roles in cancer evaluation,

so we recommend PET/MRI as a combined examination rather than PET or MRI alone.

As for this study’s limitations, First, the heterogeneity of the tumor localization. Second, our study
focused on the search of a correlation between 18F-FDG, ADC, and histopathological features
only in HNC. Third, associations with other functional tumor parameters, such as apoptosis factors

and were not analyzed. Fourth, the design of the study was retrospective.

Conclusion:

Our results revealed no linear correlation between the FDG PET and ADC MR parameters. The
FDG PET-based glucose metabolic and DWI MR derived cellularity data may represent different
biological aspects of HNC tumors and simultanecous PET/MR imaging could provide
complementary diagnostic information. SUVmax, have shown higher accuracy in predicting tumor

aggressiveness than DWI.
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APPENDIX 4:

ETHICAL APPROVAL AND CONSENT TO PARTICIPATE.

Regional and Local Research Ethics Committee (CCRLREC), Doctoral School of Health Sciences,
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(Approval Number: 1G/04866.000/2020). The requirement of the informed consent was waived
and confirmed by the (CCRLREC) due to the retrospective nature, and all methods were carried

out following the relevant guidelines and regulations (Declaration of Helsinki).
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