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A B S T R A C T   

Background: Tumor hypoxia worsens the prognosis of head-and-neck squamous cell carcinoma (HNSCC) patients, 
and plasma hypoxia markers may be used as biomarkers for radiotherapy personalization. We therefore inves
tigated the role of the hypoxia-associated plasma proteins osteopontin, galectin-3, vascular endothelial growth 
factor (VEGF) and connective tissue growth factor (CTGF) as surrogate markers for imaging-based tumor 
hypoxia. 
Methods: Serial blood samples of HNSCC patients receiving chemoradiation within a prospective trial were 
analyzed for osteopontin, galectin-3, VEGF and CTGF concentrations. Tumor hypoxia was quantified in treat
ment weeks 0, 2 and 5 using [18F]FMISO PET/CT. The association between PET-defined hypoxia and the plasma 
markers was determined using Pearson’s correlation analyses. Receiver-operating characteristic analyses were 
conducted to reveal the diagnostic value of the hypoxia markers. 
Results: Baseline osteopontin (r = 0.579, p < 0.01) and galectin-3 (r = 0.429, p < 0.05) correlated with the 
hypoxic subvolume (HSV) prior to radiotherapy, whereas VEGF (r = 0.196, p = 0.36) and CTGF (r = 0.314, p =
0.12) showed no association. Patients with an HSV > 1 mL in week 2 exhibited increased VEGF (p < 0.05) and 
CTGF (p < 0.05) levels in week 5. Pretherapeutic osteopontin levels were higher in patients exhibiting residual 
hypoxia at the end of treatment (104.7 vs. 60.8 ng/mL, p < 0.05) and could therefore predict residual hypoxia 
(AUC = 0.821, 95% CI 0.604–1.000, p < 0.05). 
Conclusion: In this exploratory analysis, osteopontin correlated with the initial HSV and with residual tumor 
hypoxia; therefore, there may be a rationale to study hypoxic modification based on osteopontin levels. However, 
as plasma hypoxia markers do not correspond to any spatial information of tumor hypoxia, they have limitations 
regarding the replacement of [18F]FMISO PET-based focal treatments. The results need to be validated in larger 
patient cohorts to draw definitive conclusions.   

Introduction 

Despite improvements in diagnostics and treatment, head-and-neck 
squamous cell carcinoma (HNSCC) still is a major cause for cancer- 
related morbidity and mortality [1,2]. Radiotherapy, either alone or 
with concomitant chemotherapy, constitutes a main treatment modality 
for HNSCC [3-7]. The negative prognostic role of tumor hypoxia for the 

outcome of HNSCC patients undergoing chemoradiation is well estab
lished [8-12], and several strategies have been chosen to specifically 
target tumor hypoxia, e.g., carbogen plus nicotinamide, hyperbaric ox
ygen, nitroimidazole and hyperthermia [13-18]. Radiotherapy dose 
escalation or usage of high linear energy transfer (LET) irradiation are 
other potential strategies used to overcome hypoxia-induced radio
resistance [16,17,19]. On the other hand, human papillomavirus (HPV)- 
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positive HNSCC patients with absent or early resolving tumor-associated 
hypoxia may be candidates for treatment de-escalation due to their 
excellent prognosis [20,21]. 

Fluorine-18 misonidazole positron emission tomography ([18F] 
FMISO PET) is a non-invasive imaging method, allowing for detection 
and quantification of spatial hypoxia distribution [22,23]. [18F]FMISO 
PET (and hypoxia PET imaging with other tracers such as fluorine-18 
azomycin arabinoside ([18F]FAZA)) can be considered as gold stan
dard for hypoxia imaging [24,25]; however, [18F]FMISO PET is avail
able only in few high-volume tertiary treatment centers so far. 
Surrogates for tumor hypoxia such as blood markers, gene signatures or 
magnetic resonance imaging (MRI) features could therefore facilitate 
hypoxia-based radiotherapy personalization approaches in the future 
[13,26-29]. 

In this post-hoc analysis of a prospective trial including HNSCC pa
tients undergoing definitive chemoradiation, we aimed to examine the 
role of the plasma hypoxia markers osteopontin, galectin-3, VEGF and 
CTGF role as potential surrogate measures for [18F]FMISO PET-based 
tumor hypoxia. Although all parameters have been described to be up- 
regulated by hypoxia, the exact correlations of these markers with the 
[18F]FMISO PET-based hypoxia volume are largely unknown [30-34]. 

Methods 

Patient treatment 

The [18F]FMISO trial was registered in the German Clinical Trial 
Register (DRKS00003830) and was approved by the institutional ethical 
review committee of the University of Freiburg (reference no. 479/12) 
in advance. It was conducted compliant with the Declaration of Helsinki 
(revised version of 2008), and all patients provided written informed 
consent prior to enrolment. 

Longitudinal blood samples were available for a total of 27 patients. 
Patient characteristics of this population are shown in supplementary 
table 1 (Table S1). Patients underwent definitive cisplatin-based che
moradiation with doses of 50–54 Gy (EQD2) to the low-risk planning 
target volume (PTV) and 70 Gy (EQD2), delivered either as sequential or 
simultaneous boost, to the high-risk PTV. Three cycles of high-dose 
cisplatin (100 mg/m2 body surface area in weeks 1, 4 and 7) were 
administered simultaneously during radiotherapy. 

Imaging 

At baseline, patients received computed tomography (CT), fluorine- 
18-deoxyglucose ([18F]FDG) and [18F]FMISO PET/CT imaging. [18F] 
FMISO PET/CT imaging was repeated in weeks 2 and 5 of treatment. 
[18F]FMISO PET/CT imaging was carried out in radiation treatment 
position utilizing a thermoplastic head immobilization mask at 150 min 
post intravenous injection of 3.7 MBq/kg [18F]FMISO (maximum ac
tivity of 370 MBq). 

Both [18F]FMISO and [18F]FDG PET/CT images (and MRI, if avail
able) were co-registered with the corresponding planning using 
Eclipse™ software (Varian Medical Systems, Palo Alto, CA, USA). The 
gross tumor volumes (GTVs) for the primary tumor and metastatic 
lymph nodes were delineated on the planning CT by incorporating the 
information of the complementary imaging techniques. All voxels 
within the primary and nodal GTVs were considered as hypoxic if the 
ratio of [18F]FMISO SUV to mean SUV in the contralateral sternoclei
domastoid muscle ([18F]FMISO SUV tumor-to-muscle ratio) was 1.4 or 
above. The volumes of the hypoxic subvolumes (HSVs) within the pri
mary and nodal GTVs were calculated prior to radiotherapy and in week 
2 and 5 during chemoradiation. Delineation of primary tumors and 
metastatic lymph nodes as well as quantification of the HSV was con
ducted with Eclipse™ software. The imaging parameters of the [18F] 
FMISO PET/CT were described previously [35]. Following a previous 
study, we performed two separate analyses with different cut-off values 

(either 0 mL or 1 mL) for the HSV regarding hypoxia resolution in week 
2 [36]. As only two patients had an HSV >1 mL in week 5, not enabling 
reasonable statistical analyses, we used 0 mL as solitary cut-off value for 
week 5. 

Blood sampling and analyses 

Blood sampling was conducted at the same times of the corre
sponding [18F]FMISO PET/CT scans. Blood was taken in week 0, 2 and 5 
of chemoradiation and collected in EDTA monovettes® (Sarstedt, 
Nümbrecht, Germany). Blood samples were cooled on ice and centri
fuged at 500g for 10 min at 4 ◦C. Subsequently, the supernatant was 
aliquoted into Nalgene™ Cryogenic storage tubes (Nalgene® Labware, 
Rochester, NY, USA) and stored at − 80 ◦C. Enzyme-linked immuno
sorbent assays (ELISAs) for osteopontin (Human Osteopontin Quanti
kine ELISA Kit, DOST00, R&D Systems, Minneapolis, MN, USA), 
galectin-3 (Human Galectin-3 Quantikine ELISA Kit, DGAL30, R&D 
Systems), VEGF (Human VEGF Quantikine ELISA Kit, DVE00, R&D 
Systems) and CTGF (Human CTGF ELISA Kit, ab261851, Abcam, Cam
bridge, UK) were carried out based on the manufacturers’ instructions. 

Statistical analyses 

Osteopontin, galectin-3, VEGF and CTGF plasma concentration as 
well as the HSVs were presented as mean values with standard de
viations. The dynamics of plasma hypoxia markers during chemo
radiation were examined with mixed model analyses and post-hoc 
Tukey tests. Correlations between plasma hypoxia markers and HSV 
were investigated using Pearson’s correlations. A chi-square test was 
carried out to reveal whether the HPV status influenced early hypoxia 
resolution in our cohort. A multiple linear regression analysis with 
osteopontin plasma concentration in week 0 as a dependent variable was 
performed. Receiver-operating characteristic (ROC) analyses were con
ducted to determine the diagnostic power of osteopontin levels for re
sidual hypoxia prediction. Both sensitivity and specificity of different 
osteopontin cutoffs regarding the prediction of residual hypoxia in week 
5 were assessed. Cox regression analyses for locoregional control (LRC), 
progression-free survival (PFS) and overall survival (OS) were per
formed for the different plasma hypoxia markers, and hazard ratios (HR) 
with the corresponding 95% confidence intervals (95% CI) were indi
cated. P ≤ 0.05 was considered statistically significant throughout the 
study. Both SPSS Statistics software version 25 (IBM, Armonk, NY, USA) 
and GraphPad version 8.2.1 (GraphPad Software, San Diego, CA, USA) 
were used for statistical analyses. 

Results 

Tumor hypoxia and hypoxia biomarkers show dynamic patterns during 
treatment 

Total tumoral HSV (HSV within the primary GTV and the nodal 
GTVs) ranged at 13.6 ± 18.9 mL (mean ± standard deviation), 6.0 ±
8.6 mL and 0.3 ± 0.6 mL in weeks 0, 2 and 5 of chemoradiation, 
respectively, displaying a significant decrease of tumor hypoxia between 
week 0 and 5 (p < 0.01, mixed model analysis with post-hoc Tukey test) 
as well as between week 2 and 5 (p < 0.05). There was no significant 
difference between the mean HSV of the primary tumor compared to the 
metastatic lymph nodes at baseline (9.5 vs. 4.1 mL, p = 0.16, paired t- 
test). The reduction of the tumoral HSV between week 0 and 5 was 
observed both in the primary GTV (p < 0.05) and in the nodal GTVs (p <
0.05) (Fig. 1A). A total of 5 patients had a maximum [18F]FMISO SUV 
tumor-to-muscle ratio of ≤ 1.4 in week 2 of chemoradiation. At this time 
point, 11 patients exhibited an HSV of <1 mL, while 16 still had an HSV 
of ≥ 1 mL. Of the 11 patients with HSV <1 mL, 6 had an HSV = 0 mL. 
Patients with HPV-positive HNSCCs exhibited significantly more often 
an HSV <1 mL after 2 weeks of chemoradiation than patients with HPV- 
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negative tumors (p < 0.05, chi-square test). In week 5 of treatment, nine 
patients still had residual hypoxia (HSV >0 mL), either in the primary 
GTV (n = 5) or in the nodal GTVs (n = 4). 

Mean plasma levels for osteopontin, galectin-3, VEGF and CTGF 
amounted to 78.6 ± 32.8 ng/mL, 12.4 ± 3.1 ng/mL, 306.7 ± 214.0 pg/ 
mL and 27.7 ± 9.6 ng/mL at baseline, respectively (Fig. 1B). There was a 
trend towards increasing osteopontin plasma levels over the course of 
treatment (p = 0.07), whereas CTGF plasma levels exhibited a trend 
towards decreased plasma concentrations (p = 0.08). Neither galectin-3 
(p = 0.14) nor VEGF (p = 0.84) concentrations were found to signifi
cantly alter during chemoradiation. 

Osteopontin and galectin-3 plasma levels correlate with PET-derived 
baseline hypoxia 

Pearson’s correlation analyses revealed a moderate relationship be
tween baseline osteopontin and the HSV prior to chemoradiation (r =
0.579, p < 0.01) (Fig. 2A). The HSV also significantly correlated with the 
total tumor volume at baseline (r = 0.661, p < 0.001). A multiple linear 
regression analysis incorporating several clinical and tumor-related 
parameters (HSV, smoking, tumor and nodal stage, HPV status and 
gender) demonstrated that HSV was the only significant parameter for 
osteopontin at baseline (ß=0.643, p < 0.01) (Table 1). Patients with no 

relevant hypoxia (HSV <1 mL) at baseline (n = 6) showed a trend to
wards decreased osteopontin levels compared to patients with hypoxic 
tumors (55.3 vs. 84.5 ng/mL, p = 0.07). Similar to osteopontin, galectin- 
3 moderately correlated with the HSV at baseline (r = 0.429, p < 0.05). 
However, none of the tested markers was significantly associated with 
the HSV in week 2 of chemoradiation; only VEGF in week 2 showed a 
non-significant moderate relationship with the HSV at this time point (r 
= 0.391, p = 0.07) (Fig. 2B). We also analyzed potential associations 
between the total tumor volume and the different hypoxia plasma 
markers: Both baseline osteopontin (r = 0.593, p < 0.01) and CTGF 
plasma concentrations (r = 0.436, p < 0.05) correlated with the initial 
tumor volume, while there was no such association for VEGF (r = 0.249, 
p = 0.24) and galectin-3 (r = 0.286, p = 0.17) (Table 2S). When tumor 
and nodal stages were replaced by tumor volume in the multiple linear 
regression analysis, no variable remained a significant parameter 
regarding baseline osteopontin plasma concentration (Table 3S). 

Residual hypoxia in week 2 of chemoradiation is associated with increased 
plasma levels of VEGF and CTGF at the end of treatment 

As early peritherapeutic hypoxia dynamics and especially residual 
hypoxia in week 2 of treatment have been shown to be the most 
important prognosticators for HNSCC patients undergoing definitive 

Fig. 1. Chemoradiation reduces the HSV in the primary tumor and in the metastatic lymph nodes. (A) HSV within the primary tumor (GTVp) and within the 
metastatic lymph nodes (GTVn) over the course of treatment. (B) Plasma concentration of osteopontin, galectin-3, VEGF and CTGF in week 0, 2 and 5 of chemo
radiation. Values were compared using a mixed model analysis with post-hoc Tukey tests. *p < 0.05. CTGF = connective tissue growth factor, GTV = gross tumor 
volume, HSV = hypoxic subvolume, VEGF = vascular endothelial growth factor. 
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chemoradiation [21,37-39], we compared the hypoxia plasma markers 
in dependence of the HSV in week 2 (Fig. 3A). While there were no 
differences for osteopontin and galectin-3 depending on the HSV in 
week 2, both VEGF (451.1 vs. 221.7 ng/mL, p < 0.05) and CTGF (17.3 
vs. 27.8 ng/mL, p < 0.05) in week 5 were about twice as high in patients 
with an HSV >1 mL at this time point. However, for a cut-off value of 0 
mL, there were no significant differences in the plasma concentration of 
the analyzed markers. 

Baseline osteopontin is increased in patients with residual PET-based 
hypoxia at the end of chemoradiation 

As the tumor hypoxia status in week 5 has also been shown to be 
prognostic and may influence the overall tumor response to chemo
radiation [38], we examined whether plasma hypoxia marker could 
predict residual hypoxia in week 5. Interestingly, baseline osteopontin 
was considerably higher in patients with residual hypoxia at week 5 of 
treatment (104.7 vs. 60.8 ng/mL, p < 0.05) (Fig. 3B). The AUC value of 
the ROC analysis regarding osteopontin-based residual hypoxia predic
tion was 0.821 (95% CI 0.604–1.000, p < 0.05), and the sensitivity and 
specificity for residual hypoxia prediction were 66.7% and 92.3%, 
respectively, for a cut-off value of 84.7 ng/mL (Youden index = 0.59) 
When using a cut-off value of 67.0 ng/mL for osteopontin plasma con
centration, sensitivity for residual hypoxia prediction increased to 

88.9%, while specificity decreased to 69.2% (Youden index = 0.58). 

Plasma hypoxia markers do not correlate with LRC and PFS 

LRC, PFS and OS amounted to 54.3%, 41.5% and 82.5% after 2 years. 
The prognostic values of osteopontin, galectin-3, VEGF and CTGF for 
LRC, PFS and OS were tested using Cox regression analyses (Table 2). 
While osteopontin, galectin-3 and VEGF did not exhibit prognostic value 
in our cohort, there was a trend towards impaired OS with increasing 
CTGF plasma concentrations both in week 0 (HR = 1.062, 95% CI 
0.992–1.136, p = 0.08) and in week 2 (HR = 1.097, 95% CI 
1.011–1.191, p < 0.05). However, CTGF concentrations in weeks 0 and 2 
were no risk factor for LRC (week 0: HR = 1.061, 95% CI 0.983–1.146, p 
= 0.13, week 2: HR = 0.997, 95% CI 0.919–1.081, p = 0.94) and PFS 
(week 0: HR = 1.047, 95% CI 0.984–1.114, p = 0.14, week 2: HR =
1.050, 95% CI 0.983–1.122, p = 0.15). 

Discussion 

In this analysis of a prospective trial, we could demonstrate that both 
osteopontin and galectin-3 correlated with the baseline HSV and could 
therefore indicate more hypoxic tumors before radiotherapy initiation. 
Residual tumor hypoxia in week 2 of chemoradiation, known to be an 
important prognostic factor, resulted in increased VEGF and CTGF 
plasma levels at the end of treatment. Furthermore, baseline osteopontin 
was associated with residual tumor hypoxia at the end of treatment, 
another detrimental prognostic parameter for HNSCC patients under
going chemoradiation. 

Osteopontin is a bone sialoprotein that is involved in osteoclast 
attachment to mineralized bone matrix. Besides its role as non- 
collagenous bone matrix protein, osteopontin takes part in several 
pathways contributing to cancer progression such as proliferation, 
angiogenesis, epithelial-mesenchymal transition, metastasis and 
immunosuppression [40]. Osteopontin has been shown to correlate with 
tumor hypoxia in HNSCC both in vitro and in vivo [13,41-43]. Nordsmark 
et al. could show in 67 HNSCC patients that plasma osteopontin 

Fig. 2. Osteopontin and galectin-3 correlate with the tumoral HSV. Correlative analyses between HSV and different blood hypoxia markers in week 0 (A) and 
week 2 (B) of treatment. Pearson’s r values with the according p-values are presented. In addition, regression lines with the corresponding 95% CI are shown in 
the diagrams. 

Table 1 
Multiple linear regression analysis with the dependent variable = osteopontin 
week 0. HPV = human papillomavirus, HSV = hypoxic subvolume, wk = week.  

Variable Standardized β p 

Gender  − 0.187  0.346 
Smoking during radiotherapy  − 0.094  0.713 
T stage  − 0.258  0.266 
N stage  0.167  0.405 
HPV status  − 0.199  0.410 
HSV wk0 (continuous)  0.643  0.006  

A. Rühle et al.                                                                                                                                                                                                                                   



Clinical and Translational Radiation Oncology 33 (2022) 120–127

124

inversely correlated with median tumor oxygen partial pressure (pO2) 
[43]. In a post-hoc analysis of the DAHANCA 5 trial, Overgaard et al. 
demonstrated that higher plasma osteopontin levels were associated 
with a poor prognosis in HNSCC patients undergoing radiotherapy. 
However, it was also shown that this poor prognosis can be significantly 
improved when adding the hypoxic sensitizer nimorazole simulta
neously to radiotherapy [13]. Osteopontin may therefore serve as pre
dictor for patients that could benefit from hypoxic modification. In our 
study, baseline osteopontin was almost twice as high in patients with 
residual hypoxia in week 5 and may predict residual hypoxia at the end 

of chemoradiation. In this context, Löck et al. have shown that tumor 
hypoxia in week 5 is an unfavorable prognosticator, although absent 
hypoxia response in week 2 was found to be a more important parameter 
in most studies [37,39]. The strong association between baseline hyp
oxia and residual tumor hypoxia at the end of chemoradiation may 
explain why pretreatment osteopontin was a predictor for poor response 
to radiotherapy in a previous study [30]. A potential clinical implication 
derived from these observations could be that patients with higher 
osteopontin concentrations prior to chemoradiation may benefit from 
hypoxia-based radiotherapy escalation approaches, e.g., hypoxic 

Fig. 3. Baseline osteopontin is associated with residual hypoxia in week 5 of chemoradiation. (A-B) Concentration of blood hypoxia markers in dependence of 
an HSV ≥ 1 mL in week 2 of chemoradiation. Data are given as mean ± standard deviation, and groups were compared using unpaired t-tests. *p < 0.05. (B) ROC 
analyses of baseline osteopontin plasma values in terms of residual hypoxia (>0 mL) prediction in week 5. The AUC with the corresponding 95% CI and p-value 
is presented. 

Table 2 
Cox proportional hazards regression analyses for different blood hypoxia markers in terms of LRC, PFS and OS. CI = confidence interval, CTGF = connective tissue 
growth factor, HR = Hazard ratio, LRC = locoregional control, OS = overall survival, PFS = progression-free survival, VEGF = vascular endothelial growth factor, wk 
= week.   

LRC PFS OS 

HR 95% CI p HR 95% CI p HR 95% CI p 

Osteopontin wk0  0.994 0.972–1.017  0.605  0.992 0.973–1.011  0.390  1.009 0.992–1.027  0.302 
Osteopontin wk2  1.001 0.993–1.010  0.785  1.002 0.996–1.008  0.441  1.004 0.998–1.010  0.203 
Osteopontin wk5  0.996 0.982–1.009  0.527  0.998 0.988–1.008  0.671  1.005 0.996–1.014  0.268 
Galectin-3 wk0  0.793 0.615–1.023  0.074  0.856 0.701–1.046  0.128  0.922 0.726–1.170  0.503 
Galectin-3 wk2  0.932 0.809–1.074  0.330  1.003 0.923–1.089  0.952  1.024 0.933–1.124  0.619 
Galectin-3 wk5  0.913 0.749–1.112  0.365  0.977 0.854–1.118  0.734  1.003 0.856–1.174  0.973 
VEGF wk0  1.001 0.997–1.004  0.786  1.002 0.999–1.006  0.186  1.001 0.996–1.005  0.739 
VEGF wk2  0.998 0.994–1.002  0.370  0.999 0.996–1.002  0.497  0.999 0.995–1.003  0.506 
VEGF wk5  1.000 0.997–1.002  0.869  1.000 0.998–1.002  0.992  1.000 0.997–1.003  0.964 
CTGF wk0  1.061 0.983–1.146  0.130  1.047 0.984–1.114  0.143  1.062 0.992–1.136  0.082 
CTGF wk2  0.997 0.919–1.081  0.937  1.050 0.983–1.122  0.146  1.097 1.011–1.191  0.027 
CTGF wk5  1.012 0.938–1.092  0.757  1.005 0.944–1.069  0.887  1.048 0.977–1.125  0.191  
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modification or radiation dose escalation to the residual HSVs during 
treatment [44]. The observation regarding the correlation between 
osteopontin and the total tumor volume is in line with previous studies: 
Two previous publications demonstrated an association in oropharyn
geal and nasopharyngeal cancers [45,46]. In the study of Snitcovsky and 
coworkers, higher osteopontin plasma levels were associated with 
advanced T and N stages in HNSCC patients undergoing chemoradiation 
[47]. In a mouse mammary carcinoma model, osteopontin plasma levels 
were found to rise with increasing tumor volumes [48]. These studies of 
course raise the question whether our observations concerning the as
sociation between osteopontin plasma levels and the HSV as well as 
hypoxia resolution are rather related to the tumor volume itself with the 
HSV only serving as confounder variable. However, there are several 
preclinical studies showing elevated osteopontin expression and secre
tion in hypoxic conditions, making our observations plausible 
[41,49,50]. Even though, due to the also significant correlation between 
the total tumor volume and the HSV in our cohort, it cannot completely 
resolved to what extent both parameters contribute to osteopontin 
plasma levels. 

Furthermore. the increase of osteopontin plasma levels during che
moradiation could be related to confounding variables such as inflam
mation [51], weight loss [52], mucositis [53], or irradiation itself [42]. 
As many of the above-mentioned parameters become more relevant 
during the course of chemoradiation, it is plausible that the hypoxic 
tumor volume significantly correlates with osteopontin levels at baseline 
but not during treatment. Many of the confounding variables are espe
cially relevant in HNSCC, potentially explaining the discrepancy 
regarding osteopontin kinetics between HNSCC and other tumor types 
[54,55]. In this respect, previous publications demonstrated incon
gruent findings about the dynamics of plasma osteopontin levels during 
the course of treatment [32,47]. 

Members of the galectin family, a group of proteins that bind to 
β-galactose residues and regulate several biological functions such as 
proliferation, adhesion, migration and invasion, have also been linked 
with tumor hypoxia, providing a rationale to analyze the relationship 
between [18F]FMISO PET-based hypoxia and galectin-3 levels [31,33]. 
Plasma galectin-3 in pathologic concentrations has been reported to 
induce secretion of metastasis-promoting cytokines such as interleukin- 
6, that also is up-regulated by hypoxia [56,57], from blood vascular 
endothelial cells both in vitro and in vivo [58]. As galectin-3 in induced 
by hypoxia and can capture interferon-γ in the tumor, resulting in 
impaired T-cell tumor infiltration, galectin-3 is a protein that links 
tumor hypoxia with tumor immune suppression [59,60]. To the best of 
our knowledge, we could show for the first time a moderate but signif
icant correlation between galectin-3 plasma levels and the HSV at 
baseline in patients with locally advanced HNSCCs. The association 
between galectin-3 and tumor hypoxia could at least partly explain the 
prognostic role of both circulating and cytoplasmatic galectin-3 in 
HNSCC patients [61,62]. 

CTGF is a multifunctional signaling modulator that takes part in 
cancer progression and metastasis [63]. CTGF levels are increased by 
hypoxia both in normal and in tumor cells [64], and CTGF has been 
found to be prognostic in HNSCC patients [65]. In contrast to osteo
pontin and galectin-3, CTGF plasma levels did not correlate with tumor 
hypoxia at any of the tested time points in our study. This is in diver
gence to a previous study in which CTGF tissue expression (determined 
using immunohistochemistry stainings) correlated with the tissue hyp
oxia marker carbonic anhydrase IX, although correlative analyses be
tween CTGF and pO2 were not performed [33]. As CTGF plasma levels 
have been shown to be influenced by several diseases such as diabetes, 
chronic heart failure and chronic liver diseases [66-68], a potentially 
weak association between tumor hypoxia and CTGF plasma levels may 
be remained unnoticed and can only be revealed using prospective trials 
with larger patient numbers, such as the currently ongoing [18F]FMISO- 
based de-escalation trials for patients with HPV-positive oropharyngeal 
carcinoma (NCT00606294, NCT03323463) [69]. 

VEGF is a proangiogenic cytokine that promotes proliferation and 
migration of endothelial cells and increases vessel permeability. As 
VEGF expression is induced by the hypoxia inducible factor 1 (HIF-1), 
VEGF could serve as indirect hypoxia marker [70]. In line with a pre
vious study analyzing the interaction between [18F]-flortanidazole 
([18F]HX4)-PET imaging-based hypoxia and VEGF plasma levels, we 
could not detect a significant correlation between the HSVs and VEGF, 
although there was a trend for a moderate-to-weak correlation in week 2 
[32]. In glioblastoma and soft tissue sarcoma, VEGF tissue expression 
was weakly associated with the [18F]FMISO tumor SUV or HSV, 
respectively [71,72]. Although VEGF levels have been demonstrated to 
be higher in HNSCC patients compared to healthy controls and corre
lated with the pO2 in one study, our analysis could not show a signifi
cant correlation between [18F]FMISO-measured tumor hypoxia and 
VEGF plasma levels [73,74]. 

Despite the fact that our data are generated from a prospective trial, 
there are some limitations of our study. Although samples were stored at 
− 80 ◦C, plasma concentrations may have decreased over the time. Even 
though plasma hypoxia marker concentrations are dependent on the 
choice of the commercial ELISA system, the plasma concentrations 
measured in our study were in the range reported in previous studies 
[13,32,61,75,76]. Furthermore, our study has a limited sample size, and 
we did not correct for multiple testing, as this was an exploratory 
hypothesis-generating analysis. As discussed above, treatment-related 
parameters such as systemic inflammation, weight loss, mucositis and 
radiotherapy itself may have influenced some of the parameters, 
complicating correlative analyses between tumor hypoxia and the 
analyzed hypoxia plasma markers. Due to these limitations, our results 
should be interpreted cautiously. Validation is therefore mandatory to 
confirm our observations and to draw definitive conclusions. 

Conclusion 

Baseline osteopontin and galectin-3 plasma levels moderately 
correlate with the initial HSV, and increased osteopontin is associated 
with a higher likelihood of residual tumor hypoxia at the end of treat
ment. Our data show a promising role of osteopontin as a plasma hyp
oxia marker that may facilitate hypoxia-based personalized 
radiotherapy concepts, e.g., by concomitant treatment with the hypoxia 
modifier nimorazole. However, as plasma hypoxia markers do not pro
vide information regarding the spatial distribution of tumor hypoxia 
they cannot replace [18F]FMISO PET/CT-imaging for localized person
alization approaches, e.g., for hypoxia-directed focal radiotherapy dose 
escalation. Further studies are needed to validate our findings and to 
fully explore the potential of plasma hypoxia markers for radiotherapy 
personalization approaches. 
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