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Purpose: This study aims to evaluate the predictive value of the pretreatment, metabolic,
and diffusion parameters of a primary tumor assessed with PET/MR on patient
clinical outcomes.

Methods: Retrospective evaluation was performed using PET/MR image data sets
acquired using the single tracer injection dual imaging of 68 histologically proven head
and neck cancer patients 4 weeks before receiving definitive chemoradiotherapy (CRT).
PET/MR was performed before the CRT and 12 weeks after the CRT for response
evaluation. Image data (PET and MRI diffusion-weighted imaging [DWI]) was used to
specify the maximum standard uptake value, the peak lean body mass corrected,
SUVmax, the metabolic tumor volume, the total lesion glycolysis (SUVmax, SULpeak, MTV,
and TLG), and the mean apparent diffusion coefficient (ADCrean) Of the primary tumor.
Based on the results of the therapeutic response evaluation, two patient subgroups were
created: one with a viable tumor and another without. Metabolic and diffusion data,
from the pretreatment PET/MR and the therapeutic response, were correlated using
Spearman’s correlation coefficient and Wilcoxon’s test.

Results:  After completing the CRT, a viable residual tumor was detected
in 36/68 (53%) cases, and 32/68 (47%) patients showed complete remission.
However, no significant correlation was found between the pretreatment parameter,
ADCpean (0 = 0.88), and the therapeutic success. The PET parameters, SUVmax
and SULpeak, MTV, and TLG (p = 0.082, p = 0.01, p < 0.0001, p =
0.0004) were statistically significantly different between the two patient subgroups.
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Kedves et al.

Predictive Value of '8F-FDG PET/MR

Conclusion:

This study found that MRI-based (ADCmean) data from FDG PET/MR

pretreatment could not be used to predict therapeutic response although the PET
parameters SUVmax, SULpeak, MTV, and TLG proved to be more useful; thus, their
inclusion in risk stratification may also be of additional value.

Keywords: PET/MR, predictive value, SUV, MTV, TLG, ADC, clinical outcome, squamous cell carcinoma

KEY POINTS

Question: How can 'F-FDG PET/MR values predict the
prognosis of head and neck cancer before treatment?

Pertinent findings: The retrospective study reveals correlations
between baseline single '8F-FDG tracer injection dual imaging
acquisition PET-based parameters (SUVmayx, SULpeqr, MTV, and
TLG) and MR DWI (ADCean)-based parameter and therapy
response after treatment (CR, NCR).

Implications for patient care: Clinicians should measure and
integrate the suggested parameters (SUVmax, SULpgak MTV, and
TLG) with PET/MR to provide the most accurate therapy for
the patient.

INTRODUCTION

Head and neck carcinomas are the sixth most common cancers
nowadays. These carcinomas make up 6% of all new cancer
cases recorded yearly (I, 2). The majority of head and neck
carcinomas belong to the histopathological group of squamous
cell carcinoma of the head and neck (HNSCC) (3).

The main clinical staging component for diagnosing HNSCC
is the endoscopy, but conventional radiological staging methods,
such as computed tomography (CT) and magnetic resonance
imaging (MRI) have proven more accurate and informative in
setting up a diagnosis (4).

Beyond these conventional imaging methods, hybrid imaging
has also shown an outstanding staging ability, particularly in
detecting or characterizing head and neck cancers (5). Hybrid
imaging, such as positron emission tomography/computed
tomography (PET/CT) or PET/MR, is an imaging solution that
could be used simultaneously with anatomical information to
provide metabolic data (with a 18R EDG: 2-Deoxy-2-[18F]fluoro-
D-glucose ['8F-FDG] tracer). With the information obtained
using hybrid imaging, oncological practice could conduct many

Abbreviations: PET/MR, Positron Emission Tomography/Magnetic Resonance
Imaging; PET/CT, Positron Emission Tomography/Computed Tomography;
SUVmax, Maximum Standardized Uptake Value; SULpeaks Peak Lean Body Mass
Corrected SUV Uptake Value; MTV, Metabolic Tumor Volume; TLG, Total Lesion
Glycolysis; CRT, Chemoradiotherapy; HNSCC, Head and Neck Squamous Cell
Carcinoma; FDG, Fluorodeoxyglucose; PERCIST, Positron Emission Response
Criteria in Solid Tumors; CR, Complete Remission; NCR, Non-complete
Remission; KWT, Kruskal-Wallis tests; AJCC, American Joint Committee on
Cancer; US, Ultrasound; FOV, Field of View; DW, Diffusion-weighted; EP, Echo
Planar; TR, Time of Repetition; TE, Time of Echo; TI, Time of Inversion
Recovery; TSE, Turbo Spin Echo; FS, Fat Suppression; ROI, Region of Interest;
VOI, Volume of Interest; '8 F-FDG, 2-Deoxy-2-[18F]fluoro-D-glucose; ADCpyean»
Average Mean Apparent Diffusion Coefficient; ADCpin, Minimum Apparent
Diffusion Coefficient; MRAC, magnetic resonance-based attenuation correction.

diagnostic or therapeutic procedures, for example, whole-body
staging/restaging, irradiation planning, or even the evaluation of
the disease prognosis (6, 7).

To characterize HNSCC, it is essential to use PET imaging
with an !8F-FDG tracer. Multiparametric data obtained
from the '8F-FDG PET evaluation was not only linked with
histopathologically confirmed tumor properties, but also
connected with PET/MR parameters (such as the apparent
diffusion coefficient, ADC, derived from diffusion-weighted
imaging [DWI] examinations, the maximum standardized
uptake value [SUVyuy], and the peak lean body mass
corrected, SUVmax [SULpeqr]), and treatment-associated failure,
locoregional recurrence, and death (8). In many malignancies,
I8E_FDG accumulation (in the most common form, known as
SUV) appears to be a good indicator of disease aggressiveness
(9). There are numerous studies aimed at the utility of FDG
PET parameters in predicting response to CRT in head and neck
cancer specifically (10, 11).

The PET/MR method, combined with conventional contrast-
enhanced (CE) MR sequences, is excellent for getting data
on anatomical and metabolic conditions although data on the
cellular diffusion of the scanned area could also be derived
via DWI methods during the MR acquisition (12). Besides
the clinical and histopathological factors, imaging parameters
may provide important prognostic biomarkers in different
malignancies (8). DWI can measure water molecules’ movement
and the tumor cell density in tissue in vivo (13). DWI methods
could be used for staging HNSCC. In some cases, DWI allows for
a more accurate staging method than PET/CT (e.g., evaluating
cNO) (14). DWI-derived variables, such as ADC, may have a
prognostic and predictive value that relate to the post-therapeutic
status of the disease and the outcome of chemoradiotherapy
(15). To investigate the predictive value of ADC, scans must be
performed before and after treatment. According to the results
using this method, ADC could be an indicator of locoregional
failure, which is a component of the treatment response. The
ADC mean values (ADCpean) are, therefore, possible parameters
for prediction, per the suggestion of Martens et al. (16). Leifels
et al. found that tumor metabolism, cellularity, and perfusion
show complex relationships in HNSCC. Furthermore, these
associations depend on tumor grading (17).

Moreover, metabolic tumor volume (MTV) and total lesion
glycolysis (TLG) seem to be predictors of the postoperative
survival of patients that have been diagnosed via PET/CT with
MTYV seeming to be a better predictor than TLG (18). Overall,
there are numerous studies aimed at the utility of FDG PET
parameters in predicting response to CRT in head and neck
cancer specifically (10, 11).
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This study aimed to determine the best predictors for the
treatment outcome of patients diagnosed using a single tracer
injection dual imaging acquisition protocol in PET/MR from a set
of previously described parameters (SUVmayx, SULpeaks ADCeans
MTYV, and TLG). This study also aimed to evaluate the connection
between the possible above parameters that prove to be the most
predictive of the HNSCC outcome.

Patients with PET/MR
based treatment
n=171

Second primary
malignancy, surgery
underwent, recurrent

tumors found
n=101

Patients with available
PET/MR based data
n=70

Patients with defective,
incomplete imaging
n=2

Patients included in
predictive analysis
n=68

FIGURE 1 | Flowchart of excluded patients.

MATERIALS AND METHODS

Patients and Treatment

Informed consent was waived by the local ethics committee
and the institutional review board (IRB). Between October 2015
and May 2019, 68 pathologically confirmed, HNSCC patients
(male:female ratio of 3:1) with a median age of 61 + 8 years
(range, 46-87) were enrolled in the current retrospective study.
All patients underwent 3-D-fused *F-FDG PET/CT volumetric
modulated arc therapy (VMAT)-based, definitive image-guided

TABLE 1 | Values are presented as the number of patients (%) unless otherwise
indicated.

Characteristics Value (%)
Number of patients 68 (100)
Mean age (year) 61 + 8 (46-87)
Sex

Men 44 (65)

Women 24 (35)
Localization

Pharynx

Epipharynx 7(10)

Mesopharynx 13 (19)

Hypopharynx 12 (18)
Larynx

Supraglottic 26 (38)

Glottic 4 ()

Subglottic 6(9
Treatment Response Groups

Complete remission 36 (53)

Partial remission 16 (24)

Stable disease 9(13)

Progressive disease 7 (10)
Treatment Response Related Groups

CR 36 (63)

non-CR 32 (47)
Initial T Stage

) 58

II. 21 (31)

I1l. 23 (33)

IV, 19 (28)
Grade

I 15 (23)

II. 35 (51)

IIl. 18 (26)
Presence of Lymph Node

Yes 33 (49)

No 35 (51)
Lymph Node Stage

0 35 (52)

1 19 (28)

2 9(13)

3 5(7)
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irradiation (IGRT, with a daily cone-beam CT) and concomitant
chemotherapy (with 40 mg/ml cisplatin protocol weekly) up to
70 Gy in the Dr. Jozsef Baka Diagnostic, Radiation Oncology,
Research, and Teaching Center, “Moritz Kaposi” Teaching
Hospital, Kaposvar, Hungary. Exclusion criteria were (1) patients
with second primary malignancy, (2) patients with previous
history of surgery, and (3) patients with recurrent primary
tumors (Figure 1).

All patients underwent pretreatment staging (during the
planning process 4 weeks before treatment) and post-treatment
(12 weeks after treatment) PET/CT and PET/MR for a short-term
follow-up. Per the eighth edition of the Union for International
Cancer Control (UICC) TNM Project 8th TNM staging system,
5/68 (8%) patients had T1 disease, 21 (31%) patients had
T2 disease, 23 (33%) patients had T3 disease, and 19 (28%)
patients had T4 disease. Meanwhile, 33 of the patients had a
histopathologically confirmed (supported by ultrasound [US]
guided biopsy) locoregional lymph node while 35 showed an
absence of metastatic lymphoid glands. Grade distribution were
as follow: G1 (n = 15), G2 (n = 35), and G3 (n = 18). N category
was as follows: NO (n = 35), N1 (n = 19), N2 (n = 9), and
N3 (n=5).

Primary tumor localizations were: pharyngeal (n = 32),
sublocalized into seven patients nasopharyngeal, 13 patients
oropharyngeal, and 12 patients with hypopharyngeal. Laryngeal
(n = 36), sublocalized into 26 with supraglottic, four glottic,
and six subglottic. The epidemiology data specific to the tumor
and lymph node and the response to therapy are summarized
in Table 1.

PET/MR Acquisition

Examinations were performed using a hybrid PET/MR scanner
(Biograph mMR, Siemens Healthcare GmbH, Erlangen,
Germany). Blood glucose level was checked before tracer
injection to ensure the patients were euglycemic. The patients
received intravenous administration of 4 MBq/kg activity of
BE.FDG. Then, PET/CT (Truepoint 64, Siemens Healthcare
GmbH, Erlangen, Germany) was performed, using FDG initially
injected for PET/CT (60 £ 10 min of the uptake period) before

PET/MR (15 + 5min after PET/CT). Further tracer injection
was not applied for PET/MR (single tracer injection dual imaging
acquisition protocol). After proper patient preparation (removal
of metal implants, hearing aids, metal objects in the region),
images were obtained of the head and neck position using
dedicated coils. Thus, only PET/MR parameters were included
in the research.

Native 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 and 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 6500/85 ms, FOV: 200 mm,
slice thickness: 4mm, 256 x 320) transversal and acquired
without an intravenous contrast agent.

Diftusion-weighted (DW) measurement was done as part
of a routine examination. In this case, a 2-D spin-echo DWI
echo-planar (EP) sequence (FOV: 315mm, TR: 9,900 ms, TE
minimum: 70 ms, TI 200 ms, slice thickness: 5 mm) was used. An
ADC map was automatically generated from the DWI pictures
via the implemented software. The restricted diffusion rate was
quantified by calculating the apparent diffusion coefficient. To
reduce the perfusion effect (on the ADC calculation, a 50
s/mm? “b” value was used as the first measurement (the other b
values were 800 and 1,000 s/mm?). Furthermore, an axial Dixon
FS T1-weighted TSE sequence and a coronal TSE Dixon FS
sequence were conducted after 0.1 mmol per kg of bodyweight
contrast material (Gadovist® Bayer Healthcare, Leverkusen,
Germany) was injected into the patient (Figure 2). The imaging
was repeated after the completion of the CRT for therapeutic
response assessment.

For PET data collection, a magnetic resonance-based
attenuation correction ([MRAC], using a CAIPIRINHA-
accelerated T1-weighted Dixon 3D-VIBE sequence) was used
for PET attenuation correction, and the wide range bed position
PET Emission scan was acquired for 900s with a fixed FOV
range (20 cm) and a (172 x 172) matrix without bed movement.
An iterative ordered subset expectation maximization (3-D
OP-OSEM) PET image reconstruction algorithm was used with

FIGURE 2 | Axial Dixon fat suppressing (FS) T1-weighted turbo spin echo (TSE) sequence (A) used as an anatomical map. On the corresponding apparent diffusion
coefficient (ADC)-map (B) the area of low signal intensity, epiglottic primary tumor’s (left white arrow) mean ADC (ADCean: 777.5 4 -42.2 1076 s/mm?) delineated
(with left green ellipse), and the metastasis of largest lymph node (right white arrow) on the left side of the neck.
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three iterations and eight subsets as well as 4-mm Gaussian
filtering settings. PET data was corrected for scatter, random
coincidences, and attenuation using the MR data.

Image Analysis
Metabolic parameters were calculated using a dedicated
Syngo.via (Siemens Medical Solutions, VB20, Siemens
Healthcare GmbH, Erlangen, Germany) multimodality image
evaluation and postprocessing application based on fusioned
PET/MR imaging. The SUViax, SULpeaks MTV, and TLG data
of the primary head and neck cancers were collected using the
volume of interest (VOI) technique. This study was built only
on one observer assessment. VOIs were assessed by a nuclear
medicine physician with 15 years of experience. The SUVyax
represents single voxel activity concentration in a particular
lesion with the highest uptake. The SUL¢, is defined as a lean
body mass normalized-average SUV value measured in a 1 cm?
volume spheric region of interest (ROI) centered around the
hottest point in the tumor foci. For the MTV and TLG definition,
the relative threshold at 50% of tumor SUV ., was used as
proposed by Deron et al. (19) where MTV represents the volume
of the above given VOI while TLG is the product of the VOI
average SUL (SULeqn) multiplied by the corresponding MTV.
The localization of lesions was assessed on the ADC map using
eRAD PACS Desktop Viewer 8.0 software. This study applied the
single slice measurement method; we have chosen the largest and
the most homogeneous part of the tumor as a standard for all
objects (20). ROI was placed manually on the most solid part
of the tumor, which shows the highest signal intensity on DWI
images (hyperintense) and hypointense on ADC map (21, 22).
ROIs were measured by a radiologist with 10 years of experience
in DWI measurement. Thus, during the ADC measurement, the
researchers took precautions, such as excluding areas of gross
necrosis from the sample (ROI) while plotting an elliptic ROI
(15). In all lesions, ADCyean Was used as a standard measurement
unit to minimize the effect of tumor heterogeneity, it also was the
standard unit to be used as a reliable parameter because it reflects
the heterogeneity of the tumor in the specified slice to enable the
researcher to distinguish the different entities in the same image
(5, 6, 22) (Figure 2).

Clinical Evaluation

To evaluate the therapeutic tumor responses based on pre- and
post-treatment PET/MR and PET/CT information, the European
Organization for Research and Treatment of Cancer (EORTC)
(23) system was used. Two patient groups were established
according to the results of the PET/MR therapeutic response
evaluation and the clinical follow-up. Furthermore, patient
subgroups were also set up, namely a complete remission (CR)
group defined as patients with an absence of a viable primary
tumor tissue and a non-complete remission (NCR) group defined
as patients with any pernicious proliferations including partial
response, stable disease, and progressive disease groups (24, 25).

Statistical Analysis
For all the statistical analyses conducted, R-scripts developed in-
house based on the R-software environment for statistical

TABLE 2 | Estimated average parameters in the sublocalizations of head and neck.

Mean

Max.

Min.

ADcmean

TLG  MTV (cmd)

(SUV-Ibm

SUVimax  SULpeak (SUV-

ADCrean
10~ mm/s?

TLG  MTV (cmd)

(SUV-Ibm

SUVpmax  SULpeak(SUV-

ADCnean
10~®mm/s?

MTV (cm?®)

TLG
(SUV-Ibom / (SUV-Ibm

SULpeak

SUVmax

10~®mm/s?

Ibm /
Size)

(Ibm)

lbm /
Size)

(Ibm)

(Ibm)

x cmd)

x cm3)

x cmd)

Size)

967.6 + 68
940.4 £ 79
955.5 + 67
910.1 £ 75
908.4 + 71
920.2 £ 70

16.3
15.3

42.4
5.7

29.4

472

217.6
9.4
152.6
80.4
65.7
203.9

6.8
7.7

7.1

6
5.1
8

8.8
8.3
9.9
8.9

8.15
1

1212.3+ 73
1107.6+ 84
1200.4+ 65
1337.9+ 80
1095.5+ 79
1144.6+ 79

176.7
3.6
89.1
37.0
31
304.6

502.3
59.1
475.5
163.4
169.6
344.3

12.0
9.3
18.3
9
13.8
2.3

1

8

3
20.9
10.8
16.5
16.1

13.

640.1+ 63
6221+ 75
613.1+ 69
730.1+ 70
690.1+ 63
610.3+ 61

2.3

25
8.6

4.5
7.0

4.0

3.7
25.0
12.7
156.5
22.5

2.2
25
2.9
4.4
43
41

2.7
3.1
3.1
5.7
5.7

Epipharynx
Mesopharynx
Hypopharynx
Supraglottic
Glottic
Subglottic
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FIGURE 3 | Complete Remission (CR): sagittal PET (A1), coronal (B1), and axial (C1) PET/MR images and axial MR-diffusion weighted imaging (DWI) apparent
diffusion coefficient (ADC) map of the tumor (D4) show the glottic tumor spread over the supra-, and infraglottic regions, pretreatment maximum of standardized
uptake value (SUVnay): 14.12, peak lean body mass corrected SUVmax (SULpeax): 8.93, total lesion glycolysis (TLG): 25.46, metabolic tumor volume: 2.97 cm?, mean
ADC (ADCpnean): 867.22 4 -53.52 x 10~ s/mm?. Post-treatment sagittal PET (Az), coronal (Bz), and PET/MR and DWI ADC axial (D2) images show complete
remission (CRY); without any pathologic FDG accumulation, and diffusion restriction on the observed volume.

computing (version 3.3.1; R Foundation for Statistical
Computing, Vienna, Austria)! were used together with ggpubr?
and summarytools® software packages.

The Shapiro-Wilks test (26) was used to check the normality of
the measured SUV .y, SULpear> TLG, MTV, and ADCyean data.
Because these tests showed non-normality distributions of the
SUVinax (p < 0.0001), SULpeqic (p = 0.0001), TLG (p < 0.0001),
and MTV (p < 0.0001) in the population, Spearman’s correlation
coefficient was used to describe the strength of the correlation
between the data pairs, and Wilcoxon’s rank-sum test was used
for group comparison. The estimated parameters were correlated
in different tumor subgroups (grade 1-2 and 3) per suggestion of
Leifels et al. (17).

RESULTS

A total of 68 patients were enrolled in this study. The patients’
characteristics are summarized in Table 1. Well-visualized

! Available online at: https://www.r-project.org/

2 Available online at: https://rpkgs.datanovia.com/ggpubr/

3Available online at:  https://www.r-bloggers.com/easily- explore-your-data-
using- the-summarytools- package/

primary lesions were defined in all patients with the initial '3F-
FDG PET/MR.

The mean SUV max, SULpear, TLG, MTV, and ADCiyean (+SD)
values measured from the patients’ primary tumors were 9.05
+ 6.55 (range, 3.43-41.22), 6.95 £+ 5.50 (range, 2.91-32.34),
121.48 =+ 163.09 (range, 4.72-570.60), 25.88 + 21.49 cm? (range,
1.38-110.52), and 933.34 + 136.15 107% mm?/s (range, 610.29~
1337.85), respectively (Table 2).

Correlation Analysis

Based on the restaging, the PET/MR scans for CR (Figure 3)
were achieved for 36/68 (53%) patients while viable tumor was
observed in 32/68 (47%) patients.

The results of the correlation analysis are summarized in
Figure 4. No significant correlation between SUVinay, SULpeqr,
TLG, MTYV, and the ADCpean for the patients diagnosed using
the single tracer injection dual imaging acquisition protocol
was noted.

On the next step, in two separated tumor subgroups, the
estimated parameters were correlated. In G1/2 tumors, all
PET parameters correlated well (Table 3). In G3 tumors, PET
parameters also have shown significant correlations (Table 4).
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FIGURE 4 | Correlation plots (lower triangle), histograms (diagonal), and Spearman correlation coefficients in the upper triangle are shown in the plot-matrix of
pretreatment maximum of standardized uptake value (SUVmax), peak lean body mass corrected SUVpmax (SULpeax), total lesion glycolysis (TLG), metabolic tumor
volume (MTV), mean apparent diffusion coefficient (ADCean). The significance levels are denoted by stars (o < 0.01, **p < 0.001, no star: no significant).

Finally, PET imaging-based parameter values did not correlate
with ADCyeqpn in both groups.

Measured Parameters and Response

According to Wilcoxon’s rank-sum test, no statistically significant
difference was found for the ADCpean (p = 0.88) of patients that
achieved a complete response and subjects with a viable tumor
tissue after CRT. Nevertheless, SUV iy, SULpear, TLG, and MTV
(p = 0.032, p = 0.01, p < 0.0001, p = 0.0004) proved to be

significantly different between the two different outcome groups
(Figure 5).

DISCUSSION

The radiotherapy of HNSCC patients based on modern complex
oncological treatment is usually combined with chemotherapy
and/or surgical resection (27). HNCs still have a bad overlook
in the overall prognosis of the combined treatment modalities.
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TABLE 3 | Correlations between DWI and PET parameters in G1 and 2 tumors.

Parameters SUVpmax (Ibm) SULpeak(SUV-Ibm / Size) TLG (SUV-Ibm x cmd) MTV (cm?®) ADCean
SUVimax (Ibm) - r=0.97 r=0.63 r=0.31 r=-0.24
p < 0.0001 p < 0.0001 p = 0.03 p =0.09
SULpeak(SUV-Ibm / Size) - r=0.73 r=0.42 r=-0.27
p < 0.0001 p =0.01 p =0.06
TLG (SUV-Ibm x cm?) - r=0.89 r=-0.21
p < 0.0001 p=0.16
MTV (cm®) - r=-0.07
p=0.59
ADcmean -
Significant correlations are highlighted in bold.
TABLE 4 | Correlations between DWI and PET parameters in G3 tumors.
Parameters SUVpax (Ibm) SULpeak(SUV-Ibm / Size) TLG (SUV-Ibm x cm?®) MTV (cm?) ADCean
SUVmax (Ibm) - r=0.97 r=0.83 r=0.47 r=0.79
p < 0.0001 p < 0.0001 p = 0.049 p=0.75
SULpeak(SUV-Iom / Size) - r =0.86 r=0.53 r=0.21
p < 0.0001 p = 0.02 p=0.93
TLG (SUV-Iom x cm?3) - r=0.83 r=-0.46
p < 0.0001 p =0.86
MTV (cm®) - r=-0.36
p =0.88
ADCmean -

Significant correlations are highlighted in bold.

An overall loco-regional recurrence may occur in up to 40% of
locally advanced head and neck patients after the first 2 years (28).
Due to the anatomical features of the head and neck region, organ
preservation is important to maintain functions and to minimize
aesthetic changes (29). Hoffman et al. raised some attention
regarding neoadjuvant treatment strategies for tumor reduction
before surgery. They also pointed out the efficacy of CRT and
neoadjuvant chemotherapy followed with definitive radiotherapy
for advanced HNSCC patients (30).

The study also highlighted the need to accurately predict
the outcome of possible treatment options in daily clinical
practice. The high mortality rate of advanced HNSCC patients
and the precise cancer staging of radical resections are, therefore,
essential, as both allow clinicians to select the relevant treatment
strategies that could predict the prognosis of the patients (31).
Hence, it is essential to identify the potential predictive indicators
for these treatments.

Pretreatment '8F-FDG-PET/MR were evaluated for
their predictive value for clinical outcomes. It is crucial
to prognosticate the disease response of treatments in the
pretreatment period to establish a more aggressive treatment for
selected HNSCC patients (7, 32).

Opverall, in this research, we focused on the combined role of
DWI and PET imaging parameters for predicting tumor response
to therapy in the head and neck region.

In this examination, SUV iy, SULpeac MTV, and TLG values
of HNSCC patients were the predictive factors for determining

response to therapy. After CRT, the risk of NCR was significantly
higher in patients with high SUV 4y, SULpear, MTV, and TLG
values than in patients with low SUVyy,x, SULpeak> MTV, and
TLG values. Thus, the current results confirm that both TLG
and MTV can add valuable information for prediction, further
supporting Pak et al’s finding, which argues that patients who
have a higher risk of death and adverse events have high
MTYV or TLG (33). Additionally, in the current study, the non-
complex (SUVmax, SULpeqr) parameters supported this finding
as well.

The present study investigated numerous patients treated
with CRT and diagnosed with histopathologically proven
HNSCC. Furthermore, the study also investigated the
correlations between PET and MRI-DWI parameters that
were acquired simultaneously.

Via this approach, these parameters could be used to select
a treatment strategy to address the higher SUViay, SULpear,
TLG, and MTYV values that indicate a poorer treatment outcome.
Therefore, it is worth taking the parameters suggested above
into daily routine, especially the ones that significantly predict
the patient outcome in daily routines to achieve more patient-
tailored therapy.

Several studies found negative associations between SUV
and ADC values (34, 35). However, in our study, no significant
linear correlations were found between the investigated
parameters. Our results are similar to the results found by
Rasmussen et al. Furthermore, when we classified the patients
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FIGURE 5 | Boxplots show the distributions of maximum of standardized uptake value (SUVay) (A), peak lean body mass corrected SUVmax (SULpeax) (B), total
lesion glycolysis (TLG) (C), metabolic tumor volume (MTV) (D), mean apparent diffusion coefficient (ADCean) (E) parameters in the therapy response based
subgroups, patients who achieve complete remission and non-complete remission. The p-value of the Wilcoxon rank-sum test is shown in the upper part of the plot.
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into two different groups based on the primary tumor degree of
differentiation, no significant correlations were found.

Contrary to a study by Wong et al., who reported that the ADC
was a predictive factor to assess response to chemo-radiotherapy,
we couldn’t find a significant difference in the post-treatment
ADCpyean between the two groups, there was no noticeable
difference in the ADC values (36).

The simultaneous imaging in PET/MR provides the same
bed positions and acquisition at the same time, which leads to
more accurate results compared to studies that have examined
them separately on individual modalities. Compared to previous
studies, this study finds that both parameters (SUVmax, SULpeaks
MTYV, and TLG) had predictive values while using the single
tracer injection double imaging acquisition protocol. In this
research, the SUViax, SULpeak, MTV, and TLG values were
measured; thus, their predictive value was discovered very first
in homogeneously treated head and neck cancer patients.

In contrast, a few limitations must be acknowledged. The
Ist weak point of this study was the retrospective analysis and
the single-institute implementation. Moreover, a long-term
follow-up might be more accurate to determine the therapeutic
response. A multicenter and prospective study with more
patients could be more representative of the population. Surov
et al. found that more complex PET- and DWI-based parameters
proved useful to reflect several histopathological parameters
(37). However, our study included only the conventional
parameters, which might be one of the limitations of
this research.

Despite these limitations, this report provides important
contributions to the field because it is the first study to show the
predictive value of SUVpay, SULpeac MTV, and TLG in patients
with diagnostically confirmed HNSCC that were diagnosed with
single tracer injection dual imaging acquisition. The usefulness
of the "F-FDG PET/MR is important; nevertheless, it has
questionable added value, because ADCpean has not shown
significant differences between two patient groups (CR: n = 36
and non-CR: n = 32), probably due to the small number of
patients (n = 68). In addition, this study also reported no
correlations between PET and MRI-DWTI based parameters. The
findings suggest a need for further studies that involve more
patients and more PET parameters as well as wider patient
treatment modalities.

REFERENCES

1. Argiris A, Karamouzis MV, Raben D, Ferris RL. Head and neck cancer. Lancet.
(2008) 371:1695-709. doi: 10.1016/S0140-6736(08)60728-X

2. Avallone A, Aloj L, Pecori B, Caraco C, De Stefano A, Tatangelo F, et al.
18F-FDG PET/CT is an early predictor of pathologic tumor response
and survival after preoperative radiochemotherapy with bevacizumab in
high-risk locally advanced rectal cancer. J Nucl Med. (2019) 60:1560-
8. doi: 10.2967/jnumed.118.222604

3. Wu J, Gensheimer M, Zhang N, Guo M, Liang R, Zhang C, et al
Tumor subregion evolution-based imaging features to assess early response
and predict prognosis in oropharyngeal cancer. ] Nucl Med. (2019)
61:jnumed.119.230037. doi: 10.2967/jnumed.119.230037

CONCLUSION

Pretreatment MRI-DWI values were unable to predict
therapeutic response. However, 'F-FDG PET parameters found
to be more useful for this purpose in patients with HNSCC.

The strength of this study is the use of an MRI-DWI
parameter, which includes diffusion evaluations that were
collected simultaneously during PET/MR. SUVinay, SULpeak
MTYV, and TLG values, significantly predicted the clinical
outcome; thus their inclusion in risk stratification may be of
additional value for predicting patient treatment outcomes.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Kaposi Mor Teaching Hospital ethics
committee. The participants provided written informed consent
to participate in this study.

AUTHOR CONTRIBUTIONS

AKe and TZ designed the study. OF collected and processed
DWI data. AKe conducted data collection and processing. ME
and AKe did statistical analysis. AKo, TZ, AKe, FL, KF, and
ME wrote the paper. TZ and ME review the draft and approved
FDG readings. AKe segmented FDG measurements. DS, JT, and
GB generated the figures. AKe, AKo, ZC, FK, GB, ZT, and IR
discussed the results and contributed to the final form of the
article. All authors have approved the final copy.

FUNDING

AKe and AKo were supported by the New National Excellence
Program of the Ministry for Innovation and Technology. AKe
was also supported by the College of Health Sciences, Faculty of
Health Sciences, University of Pécs.

Raica VP, Bratu AM, Zaharia C, Salcianu IA. CT evaluation of squamous
cell carcinoma of the nasopharynx. Curr Health Sci ]. (2019) 45:79-
86. doi: 10.12865/CHS]J.45.01.11

5. Queiroz MA, Huellner MW. PET/MR in cancers of the head and neck Semin
Nucl Med. (2015) 45:248-65. doi: 10.1053/j.semnuclmed.2014.12.005

Paulus DH, Oehmigen M, Griineisen J, Umutlu L, Quick HH. Whole-
body hybrid imaging concept for the integration of PET/MR into
radiation therapy treatment planning. Phys Med Biol. (2016) 61:3504-
20. doi: 10.1088/0031-9155/61/9/3504

7. Soydal C, Yiiksel C, Kiigiitk NO, Okten I, Ozkan E, Doganay Erdogan B.
Prognostic value of metabolic tumor volume measured by 18F-FDG PET/CT
in esophageal cancer patients. Mol Imaging Radionuclide Ther. (2014) 23:12-
5. doi: 10.4274/Mirt.07379

Frontiers in Oncology | www.frontiersin.org

10

September 2020 | Volume 10 | Article 1484


https://doi.org/10.1016/S0140-6736(08)60728-X
https://doi.org/10.2967/jnumed.118.222604
https://doi.org/10.2967/jnumed.119.230037
https://doi.org/10.12865/CHSJ.45.01.11
https://doi.org/10.1053/j.semnuclmed.2014.12.005
https://doi.org/10.1088/0031-9155/61/9/3504
https://doi.org/10.4274/Mirt.07379
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Kedves et al. Predictive Value of '®F-FDG PET/MR
8. Surov A, Stumpp P, Meyer HJ, Héhn AK, Boehm A, Sabri O, et al. 24. Nishimura G, Komatsu M, Hata M, Yabuki K, Taguchi T, Takahashi
Simultaneous ~ 18F-FDG-PET/MRI:  associations  between diffusion, M, et al. Predictive markers, including total lesion glycolysis, for the
glucose metabolism and histopathological ~parameters in patients response of lymph node(s) metastasis from head and neck squamous cell
with head and neck squamous cell carcinoma. Oral Oncol. (2016) carcinoma treated by chemoradiotherapy. Int J Clin Oncol. (2016) 21:224-
58:14-20. doi: 10.1016/j.oraloncology.2016.04.009 30. doi: 10.1007/s10147-015-0890-8
9. Saleh Farghaly HR, Mohamed Sayed MH, Nasr HA, Abdelaziz 25. Han EJ, O Joo Hyuan, Yoon H, Jung SE, Park G, Choi BO, et al
Maklad AM. Dual time point fluorodeoxyglucose positron emission FDG PET/CT response in diffuse large B-cell lymphoma Reader
tomography/computed tomography in differentiation between malignant variability and association with clinical outcome. Medicine. (2016)
and benign lesions in cancer patients. Does it always work? Indian ] Nucl 95:4983. doi: 10.1097/MD.0000000000004983
Med. (2015) 30:314-9. doi: 10.4103/0972-3919.159693 26. Shapiro SS, Wilk MB. An analysis of variance test for normality (complete
10. Helsen N, Van den Wyngaert T, Carp L, Stroobants S. FDG-PET/CT for samples). Biometrika. (1965) 52:591. doi: 10.2307/2333709
treatment response assessment in head and neck squamous cell carcinoma: 27. Gugi¢ ], Strojan P. Squamous cell carcinoma of the head
a systematic review and meta-analysis of diagnostic performance. Eur J Nucl and neck in the elderly. Rep Pract Oncol Radiother. (2012)
Med Mol Imag. (2018) 45:1063-71. doi: 10.1007/s00259-018-3978-3 18:16-25. doi: 10.1016/j.rpor.2012.07.014
11. Wong ET, Dmytriw AA, Yu E, Waldron J, Lu L, Fazelzad R, et al. 18 F- 28. Chajon E, Lafond C, Louvel G, Castelli J, Williaume D, Henry O, et al.
FDG PET/CT for locoregional surveillance following definitive treatment of Salivary gland-sparing other than parotid-sparing in definitive head-and-neck
head and neck cancer: a meta-analysis of reported studies. Head Neck. (2019) intensity-modulated radiotherapy does not seem to jeopardize local control.
41:551-61. doi: 10.1002/hed.25513 Radiat Oncol. (2013) 8:132. doi: 10.1186/1748-717X-8-132
12. Qayyum A. Diffusion-weighted imaging in the abdomen and 29. Yeh SA. Radiotherapy for head and neck cancer. Semin Plastic Surg. (2010)
pelvis: concepts and applications. Radiographics. (2009) 29:1797- 24:127-36. doi: 10.1055/5-0030-1255330
810. doi: 10.1148/rg.296095521 30. Hoffmann TK. Systemic therapy strategies for head-neck carcinomas:
13. Surov A, Meyer HJ, Wienke A. Correlation between apparent diffusion current status. GMS Curr Topics Otorhinolaryngol Head Neck Surg. (2012)
coefficient (ADC) and cellularity is different in several tumors: a meta- 11:Doc03. doi: 10.3205/cto000085
analysis. Oncotarget. (2017) 8:59492-9. doi: 10.18632/oncotarget.17752 31. Chen YJ, Rath T, Mohan S. PET-computed tomography in head and neck
14. Hassan O, Taha Ms, Farag W. Diffusion-weighted MRI versus PET/CT in cancer: current evidence and future directions. Magn Reson Imaging Clin N
evaluation of clinically NO neck in patients with HNSCC. Systematic review Am. (2018) 26:37-49. doi: 10.1016/j.mric.2017.08.003
and meta-analysis study. Egypt ] Ear Nose Throat Allied Sci. (2014) 15:109- 32. Kuwano H, Sumiyoshi K, Sonoda K, Kitamura K, Tsutsui S, Toh Y,
16. doi: 10.1016/j.ejenta.2014.04.003 et al. Relationship between preoperative assessment of organ function and
15. Jajodia A, Aggarwal D, Chaturvedi AK, Rao A, Mahawar V, Gairola M, postoperative morbidity in patients with oesophageal cancer. Eur ] Surg.
et al. Value of diffusion MR imaging in differentiation of recurrent head (1998) 164:581-6. doi: 10.1080/110241598750005679
and neck malignancies from post treatment changes. Oral Oncol. (2019) 33. Pak K, Cheon GJ, Nam HY, Kim SJ, Kang KW, Chung JK, et al. Prognostic
96:89-96. doi: 10.1016/j.oraloncology.2019.06.037 value of metabolic tumor volume and total lesion glycolysis in head and
16. Martens RM, Noij DP, Koopman T, Zwezerijnen B, Heymans M, neck cancer: a systematic review and meta-analysis. ] Nucl Med. (2014)
C de Jong M, et al. Predictive value of quantitative diffusion- 55:884-90. doi: 10.2967/jnumed.113.133801
weighted imaging and 18-F-FDG-PET in head and neck squamous 34. Shen G, Ma H, Liu B, Ren P, Kuang A. Correlation of the
cell carcinoma treated by (chemo)radiotherapy. Eur ] Radiol. (2019) apparent diffusion coefficient and the standardized uptake value
113:39-50. doi: 10.1016/j.ejrad.2019.01.031 in neoplastic lesions: a meta-analysis. Nucl Med Commun. (2017)
17. Leifels L, Purz S, Stumpp P, Schob S, Meyer HJ, Kahn T, et al. Associations 38:1076-84. doi: 10.1097/MNM.0000000000000746
between (18)F-FDG-PET, DWI, and DCE parameters in patients with head 35. Colakoglu Er H, Erden A, Ozlem Kiicik N, Gegim E. Correlation
and neck squamous cell carcinoma depend on tumor grading. Contrast Media of minimum apparent diffusion  coefficient ~with  maximum
Mol Imaging. (2017) 2017:5369625. doi: 10.1155/2017/5369625 standardized uptake on fluorodeoxyglucose PET-CT in patients
18. Castelli J, De Bari B, Depeursinge A, Simon A, Devillers A, Jimenez GR, et al. with rectal adenocarcinoma. Diagnostic Interventional Radiol. (2014)
Overview of the predictive value of quantitative 18 FDG PET in head and 20:105-9. doi: 10.5152/dir.2013.13275
neck cancer treated with chemoradiotherapy. Crit Rev Oncol Hematol. (2016) 36. Wong KH, Panek R, Dunlop A, Mcquaid D, Riddell A, Welsh LC,
108:40-51. doi: 10.1016/j.critrevonc.2016.10.009 et al. Changes in multimodality functional imaging parameters early
19. Deron P, Mertens K, Goethals I, Rottey S, Duprez E De Neve W, et al. during chemoradiation predict treatment response in patients with locally
Metabolic tumour volume: prognostic value in locally advanced squamous advanced head and neck cancer. Eur ] Nucl Med Mol Imag. (2018) 45:759-
cell carcinoma of the head and neck. NuklearMedizin. (2011) 50:141- 7. doi: 10.1007/s00259-017-3890-2
6. doi: 10.3413/Nukmed-0367-10-11 37. Surov A, Meyer HJ, Hohn AK, Sabri O, Purz S. Combined metabolo-
20. JeongJH, Cho IH, Chun KA, Kong EJ, Kwon SD, Kim JH. Correlation between volumetric parameters of 18F-FDG-PET and MRI can predict tumor
apparent diffusion coefficients and standardized uptake values in hybrid 18F- cellularity, Ki67 level and expression of HIF lalpha in head and neck
FDG PET/MR: preliminary results in rectal cancer. Nucl Med Mol Imag. squamous cell carcinoma: a pilot study. Transl Oncol. (2019) 12:8-
(2016) 50:150-6. doi: 10.1007/s13139-015-0390-9 14. doi: 10.1016/j.tranon.2018.08.018
21. Sakane M, Tatsumi M, Kim T, Hori M, Onishi H, Nakamoto
A, et al. Correlation between apparent diffusion coeflicients Conflict of Interest: The authors declare that the research was conducted in the
on diffusion-weighted MRI and standardized uptake value on absence of any commercial or financial relationships that could be construed as a
FDGPET/ CT in pancreatic adenocarcinoma. Acta Radiol. (2015) potential conflict of interest.
56:1034-41. doi: 10.1177/0284185114549825
22. Yamasaki F, Kurisu K, Satoh K, Arita K, Sugiyama K, Ohtaki M, et al. Apparent Copyright © 2020 Kedves, Toth, Emri, Fabidn, Sipos, Freihat, Tolldr, Cselik, Lakosi,
diffusion coefficient of human brain tumors at MR imaging Radiology. (2005) Bajzik, Repa and Kovdcs. This is an open-access article distributed under the terms
235:985-91. doi: 10.1148/radiol.2353031338 of the Creative Commons Attribution License (CC BY). The use, distribution or
23. Young H. Position paper measurement of clinical and subclinical tumour  reproduction in other forums is permitted, provided the original author(s) and the

response using 18F - fluorodeoxyglucose and positron emission tomography:
review and 1999 EORTC recommendations. Eur J Cancer. (1990) 35:1773—
82. doi: 10.1016/50959-8049(99)00229-4

copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

11

September 2020 | Volume 10 | Article 1484


https://doi.org/10.1016/j.oraloncology.2016.04.009
https://doi.org/10.4103/0972-3919.159693
https://doi.org/10.1007/s00259-018-3978-3
https://doi.org/10.1002/hed.25513
https://doi.org/10.1148/rg.296095521
https://doi.org/10.18632/oncotarget.17752
https://doi.org/10.1016/j.ejenta.2014.04.003
https://doi.org/10.1016/j.oraloncology.2019.06.037
https://doi.org/10.1016/j.ejrad.2019.01.031
https://doi.org/10.1155/2017/5369625
https://doi.org/10.1016/j.critrevonc.2016.10.009
https://doi.org/10.3413/Nukmed-0367-10-11
https://doi.org/10.1007/s13139-015-0390-9
https://doi.org/10.1177/0284185114549825
https://doi.org/10.1148/radiol.2353031338
https://doi.org/10.1016/S0959-8049(99)00229-4
https://doi.org/10.1007/s10147-015-0890-8
https://doi.org/10.1097/MD.0000000000004983
https://doi.org/10.2307/2333709
https://doi.org/10.1016/j.rpor.2012.07.014
https://doi.org/10.1186/1748-717X-8-132
https://doi.org/10.1055/s-0030-1255330
https://doi.org/10.3205/cto000085
https://doi.org/10.1016/j.mric.2017.08.003
https://doi.org/10.1080/110241598750005679
https://doi.org/10.2967/jnumed.113.133801
https://doi.org/10.1097/MNM.0000000000000746
https://doi.org/10.5152/dir.2013.13275
https://doi.org/10.1007/s00259-017-3890-2
https://doi.org/10.1016/j.tranon.2018.08.018~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Predictive Value of Diffusion, Glucose Metabolism Parameters of PET/MR in Patients With Head and Neck Squamous Cell Carcinoma Treated With Chemoradiotherapy
	Key Points
	Introduction
	Materials and Methods
	Patients and Treatment
	PET/MR Acquisition
	Image Analysis
	Clinical Evaluation
	Statistical Analysis

	Results
	Correlation Analysis
	Measured Parameters and Response

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


