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Abstract
Purpose Tumor hypoxia impairs the response of head-and-neck cancer (HNSCC) patients to radiotherapy and can be detected
both by tissue biomarkers and PET imaging. However, the value of hypoxia biomarkers and imaging for predicting HNSCC
patient outcomes are incompletely understood, and potential correlations between tissue and PET data remain to be elucidated.
Here, we performed exploratory analyses of potential correlations between tissue-based hypoxia biomarkers and longitudinal
hypoxia imaging in a prospective trial of HNSCC patients.
Methods Forty-nine patients undergoing chemoradiation for locally advanced HNSCCs were enrolled in this prospective trial.
They underwent baseline biopsies and [18F]FDG PET imaging and [18F]FMISO PET at weeks 0, 2, and 5 during treatment.
Immunohistochemical analyses for p16, Ki67, CD34, HIF1α, CAIX, Ku80, and CD44 were performed, and HPV status was
assessed. Biomarker expression was correlated with biological imaging information and patient outcome data.
Results HighHIF1α tumor levels significantly correlated with increased tumor hypoxia at week 2 as assessed by the difference in
the [18F]FMISO tumor-to-background ratios, and high HIF1α and CAIX expressions were both associated with a deferred
decrease in hypoxia between weeks 2 and 5. Loco-regional recurrence rates after radiotherapy were significantly higher in
patients with high CAIX expression and also increased for high levels of the DNA repair factor Ku80. HPV status did not
correlate with any of the tested hypoxia biomarkers, and HPV-positive patients showed higher loco-regional control rates and
progression-free survival independent of their hypoxia dynamics.
Conclusion In this exploratory trial, high expression of the tissue-based hypoxia biomarkers HIF1α and CAIX correlated with
adverse hypoxia dynamics in HNSCCs during chemoradiation as assessed by PET imaging, and high CAIX levels were
associated with increased loco-regional recurrence rates. Hence, hypoxia biomarkers warrant further investigations as potential
predictors of hypoxia dynamics and hypoxia-associated radiation resistance.
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Introduction

Squamous cell head-and-neck cancers (HNSCC) are com-
mon malignancies, and almost one million patients are newly
diagnosed with HNSCCs every year [1]. Radiation therapy,
often combined with systemic treatment for advanced stages,
is a primary treatment option for HNSCC patients, and sev-
eral trials have demonstrated 5-year survival rates of about
50% [2, 3]. The response to radiotherapy seems to depend on
biological tumor characteristics, and tumor-associated hyp-
oxia is believed to be a major factor resulting in increased
resistance of tumor cells to ionizing radiation [4]. Several
means have been investigated to detect and monitor tumor-
associated hypoxia in the context of radiation therapy, in-
cluding tumor histology, tissue- and blood-based biomarkers
and different imaging modalities [5–7]. The relevance of
hypoxia dynamics in HNSCC patients for the prediction of
radiotherapy response has been unclear, and potential roles
of individual hypoxia surrogate markers have remained
somewhat controversial [8, 9].

Fluorine-18 misonidazole ([18F]FMISO) tracer uptake has
been widely demonstrated to correlate well with tissue oxygen
measurements, and positron emission tomography (PET) using
[18F]FMISOhas been established as a reliablemeans for the non-
invasive detection of hypoxic areas within tissues [10, 11]. The
role of [18F]FMISO imaging for the prediction of radiation re-
sponse has been subject to several clinical trials [12–14].
However, the value of hypoxia PET imaging for predicting the
radiation response of HNSCC remains incompletely understood,
and the correlation of PET-derived hypoxia information with
molecular tumor characteristics relevant for hypoxia signaling
and the response to ionizing radiation is still the focus of research.

The aim of this exploratory analysis was to investigate if the
expression of certain tissue markers prior to treatment could be
used as a predictor for the development or resolution of hypoxia
during the course of chemoradiation and may therefore be used
to stratify or adjust radiation treatment. While tumor biopsies are
commonly available for HNSCC patients undergoing definitive
chemoradiation and can be easily analyzed for hypoxia markers,
longitudinal [18F]FMISO PET/CT during treatment is time-
consuming and requires strong additional efforts and resources.

We set up a prospective clinical trial investigating the fea-
sibility and potential predictive value of hypoxia surveillance
in HNSCC patients. All enrolled patients received in-depth
histopathological investigations including tissue-based hyp-
oxia analyses at baseline and underwent [18F]FMISO PET/
CT scans before the initiation of treatment and in weeks 2
and 5 during chemoradiation. Molecular markers associated
with tumor hypoxia and radiation response were correlated

with clinical outcome and hypoxia dynamics derived from
[18F]FMISO imaging.

Patients and methods

Patients and treatment

Forty-nine patients with locally advanced HNSCC were en-
rolled in this prospective monocentric trial (16 patients in the
pilot trial, 33 additional patients in the main trial). While all
patients in the pilot and main trial received pre-treatment bi-
opsies and PET imaging to the same specifications, patients in
the main trial also received repeat multiparametric MRI ex-
aminations during treatment that will be reported elsewhere.
Patients were predominantly male (n = 44; 89.8%) with a me-
dian age of 60 years (34 to 78 years). Tumors were mostly

Table 1 Patient characteristics

Patient characteristics n %

Age (years)

Median 60

Minimum 34

Maximum 78

Gender

Male 44 89.8

Female 5 10.2

Tumor location

Oral cavity 2 4.1

Oropharynx 19 38.8

Hypopharynx 12 24.5

Larynx 7 14.3

Multi-level 9 18.4

Tumor extent

T1 1 2.0

T2 4 8.2

T3 14 28.6

T4 30 61.2

Nodal status

N0 4 8.2

N1 1 2.0

N2a 0 0.0

N2b 9 18.4

N2c 35 71.4

HPV status

HPV positive 9 18.4

HPV negative 40 81.6
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staged as T3 (n = 14; 28.6%) or T4 (n = 30; 61.2%), and nodal
disease was present in 45 patients (91.8%), of whom 35 had
contralateral or bilateral lymphatic spread (71.4%). Patient
characteristics are listed in Table 1. All patients were treated
with definitive chemoradiation; image-guided intensity-mod-
ulated radiotherapy was applied to a cumulative dose of 70 Gy
in fractions of 2 Gy over 7 weeks; additionally, patients re-
ceived systemic treatment with up to 3 cycles of cisplatin
(100 mg/m2 body surface area in weeks 1, 4, and 7). Loco-
regional control (LRC), progression-free survival (PFS), dis-
tant metastasis-free survival (DFS), and overall survival (OS)
were measured from the initiation of treatment. Written in-
formed consent was provided by all patients prior to enrol-
ment. The trial and the imaging and biomarker analyses were
approved by the Independent Ethics Committee of the
University of Freiburg (reference no. 479/12) and were carried
out in accordance with the Declaration of Helsinki (revised
version of 2008). The trial was registered with the German
Clinical Trial Register (DRKS00003830).Imaging

All patients received a planning computed tomography (CT)
and magnetic resonance imaging (MRI) scan as part of the ra-
diotherapy planning procedures as well as PET imaging with
18F-fluorodeoxyglucose ([18F]FDG) and [18F]FMISO tracers
prior to treatment. Additional [18F]FMISO PET/CT scans were
performed in weeks 2 and 5 during chemoradiation. PET imag-
ing for the first 15 patients was performed on an ECAT EXACT
921 PET scanner (Siemens, Erlangen, Germany) and for the
consecutive 34 patients on a Gemini TrueFlight PET/CTscanner
(Philips, Hamburg, Germany). The administered [18F]FMISO
activity was 3.7 MBq/kg to a maximum activity of 370 MBq;
hypoxia imaging was carried out at 150 min after [18F]FMISO
administration (3 frames at 10 min each, followed by a transmis-
sion scan for 5 min). PET imaging was carried out in radiation
treatment position using a thermoplastic head immobilization
mask, and all PET images were co-registered to the correspond-
ing planning CTs using a mutual information algorithm.
Quantitative analyses were performed using a sum of three
attenuation-corrected frames [15]. The primary endpoint of this
trial was a quantitative assessment of the [18F]FMISO dynamics
during HNSCC chemoradiation.

The gross tumor volumes (GTVs) were manually delineat-
ed on [18F]FDG-PET-MRI co-registered images with the tu-
mor volumes being determined by a 40% threshold of the
maximum SUV obtained within the tumor [15]. GTVs were
individually cross-validated with the co-registered planning
CT scans by 2 experienced physicians. Hypoxic subvolumes
were defined as all voxels within the GTV that demonstrated a
ratio of [18F]FMISO SUV to mean SUV in the contralateral
sternocleidomastoideus muscles exceeding 1.4. This ratio was
based on published thresholds and has previously been suc-
cessfully validated in this patient cohort [15, 16].

The imaging parameters used for this correlative analysis
were the baseline tumor volumes according to the GTV

delineation (in milliliters), the hypoxic subvolumes based on
the [18F]FMISO uptake ratio (in milliliters), and the ratio of
maximum SUV in the tumor to the mean SUV in the muscles
at baseline and during weeks 2 and 5 (normalized
[18F]FMISO SUVmax). The dynamics of tumor-associated
hypoxia during treatment were assessed by subtracting the
normalized [18F]FMISO SUVmax at baseline from the
SUVmax values at week 2 or week 5 and quantifying the
percentage of change.

Immunohistochemistry

All patients received tumor biopsies prior to treatment initiation
to confirm diagnosis. Tumor samples were formalin-fixed and
paraffin-embedded according to routine histopathology proto-
cols. After sectioning at 2 μm, tumor slices were mounted on
coated glass slides (Langenbrinck, Emmendingen, Germany),
deparaffinized and rehydrated through descending graded con-
centrations of ethanol. Heat-induced antigen retrieval was car-
ried out and endogenous peroxidase activity was inhibited by
incubation with H2O2 for 5 min. Mouse linker (DAKO) and
Envison Flex Kit using horseradish peroxidase-
diaminobenzidine (HRP-DAB) reaction (DAKO) as chromo-
gen were applied for antigen-complex visualization. Primary
antibody specification and antigen retrieval are listed in supple-
mentary table 1. All slides were counterstained by hematoxylin.

Tissue specimens were assessed for hypoxia markers
hypoxia-inducible factor 1α (HIF1α), carbonic anhydrase 9
(CAIX), and the endothelial marker CD34. HIF1α acts as a
transcription factor and is considered the master transcriptional
regulator influencing cellular responses to tissue hypoxia [17].
The transmembrane metalloenzyme CAIX is commonly
overexpressed in hypoxic solid tumors and participates in tumor
acidification and extracellular hypoxia-driven acidosis [18].
CD34 is a phosphoglycoprotein expressed in endothelial cells
and has been suggested as a marker for tumor microvascular
density and hence as an indirect hypoxia marker in HNSCC
[19]. Antigen Ki67 was assessed as a marker of cellular prolifer-
ation, and CD44 as a marker for HNSCC-associated cancer stem
cells, as both the HNSCCs’ proliferative activity and cancer stem
cell development have been linked to tumor hypoxia [20, 21].
Additionally, the non-homologous end joiningDNA repair factor
Ku80was quantified as increasing evidence suggests an interplay
between tumor hypoxia, treatment resistance, and enhanced
DNA double-strand break repair [22].

For HIF1α, CAIX, CD44, and Ku80, slides were assessed in
a semi-quantitative manner using the H-score. Staining intensity
(0 = no staining, 1 = weak, 2 = moderate, 3 = strong) was
assessed in all viable tumor cells. The sum of the tumor cell
percentages of the different staining intensitiesmultiplied by their
specific intensity score resulted in the H-score (range 0–300).
Microvessel density assessed by CD34 staining was divided into
three categories: 1, only larger vessels in the stroma, no contact to
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tumor cells; 2, smaller vessels in the stromawith contact to tumor
cells, no vessels intermingled in the tumor-stroma border; 3,
small vessels intermingling with tumor cells at the tumor-
stroma border. For Ki67 stainings, all tumor cells were evaluated
for positivity, and percentage with regard to all viable tumor cells
was calculated.

P16 overexpression was considered if more than 70% of
viable tumor cells showed strong nuclear and/or cytoplasmic
staining.

HPV analyses

Tumor microdissections were carried out from tumor tissue in the
biopsies, and DNA was extracted according to routine clinical
protocols. HPV-specific DNA was detected using a HPV 3.5
LCD array (Chipron, Berlin, Germany) according to themanufac-
turer’s instructions, and results were provided as a binary score.

Statistical analyses

Statistical analyses were performed to investigate potential
correlations between individual tumor tissue variables and
between tumor tissue variables and imaging variables as
outlined above. Statistical significance of pairs of variables
was tested using Pearson’s product-moment correlation.
Clinical outcome parameters were analyzed using the
Kaplan-Meier method, and correlations between individual
tumor tissue variables and clinical outcome parameters were
tested for statistical significance using the logrank test and the
Cox proportional hazards model. For all statistical analyses,
p < 0.05 was considered statistically significant. As this was
an exploratory analysis to generate hypotheses regarding po-
tential correlations that need verification in a confirmatory
analysis, no adjustment for multiple testing was performed.

Results

Correlative analyses between tissue biomarkers
and clinical outcome parameters

Forty-nine patients were included in this trial, and sufficient
biological material for analysis of all tissue markers was avail-
able from tumor biopsies of 44 patients, while due to the small
biopsy sizes, only some biomarker analyses could be carried
out for the remaining 5 patients. HPV status was assessed by
HPV DNA and p16 expression analyses, and tumor grade,
Ki67 and CD44 were quantified as markers for tumor prolifer-
ation and cancer stem cell content, respectively. Additionally,
the density of the CD34-positive microvasculature and the H-
scores for hypoxia-inducible factor 1α (HIF1α) and carbonic
anhydrase 9 (CAIX) were measured as potential surrogate tis-
sue markers for tumor hypoxia, and Ku80 expression was

investigated as a repair marker for radiation-induced DNA
damage. LRC, OS, PFS, and DFS were determined for each
patient and correlated with the individual tissue biomarkers. In
our analysis, only HPV status andCAIX expression were found
to correlate with LRC: In accordance with previous reports,
patients with HPV-positive tumors demonstrated significantly
improved LRC (hazard ratio 0.133 [0.018–0.988]; p = 0.049)
and PFS (hazard ratio 0.232 [0.055–0.983]; p = 0.047) and a
trend towards improved OS (hazard ratio 0.03 [0.001–1.731];
p = 0.090) and DFS (hazard ratio 0.198 [0.024–1.609]; p =
0.130), serving as an internal validation for the biomarker anal-
ysis (supplementary figure 1A and 2) [23]. p16 expression cor-
related non-significantly with improved LRC (hazard ratio
0.230 [0.030–1.739]; p = 0.155) (supplementary figure 1B).
Patients with highH-scores for CAIX expression demonstrated
significantly reduced LRC rates (hazard ratio 2.803 [1.075–
7.309]; p = 0.035), while the other hypoxia markers HIF1α
and CD34-positive microvascular density did not correlate with
clinical outcome (Fig. 1a–c). No other tissue markers were
found to relate to clinical endpoints, although high Ku80 H-
scores demonstrated a trend towards reduced LRC (hazard ratio
2.112 [0.490–9.110]; p = 0.316) with the Kaplan-Meier curves
separating after the first year of follow-up (Fig. 1d and
supplementary figure 3). High levels of both CAIX and Ku80
in tumor specimens demonstrated a strong correlation with de-
creased LRC (hazard ratio 3.831 [1.469–9.990]; p = 0.006) and
PFS (hazard ratio 2.397 [1.036–5.547]; p = 0.041) (Fig. 2a, b).

Correlative analyses between tissue biomarkers
and hypoxia PET imaging

Expression levels of tissue biomarkers were correlated with
the obtained PET/CT information using Pearson’s correlation
coefficient. Initial tumor volumes as assessed by pre-treatment
MRI/[18F]FDG-PET/CT imaging varied between 1.10 and
212.25 ml (median 38.16 ml), and hypoxic subvolumes in
the primary tumor measured by [18F]FMISO PET/CT ranged
between 0 and 73.90 ml (median 14.54 ml) (Fig. 3,
supplementary figure 4). HighH-scores of the hypoxia marker
HIF1α in the tumor were found to significantly correlate with
an increase in tumor hypoxia during the first 2 weeks of treat-
ment as assessed by the difference in the tumor-to-background
ratios between baseline and week 2 (r = 0.346; p = 0.034)
(Fig. 4a). Additionally, high expression of hypoxia bio-
markers HIF1α and CAIX were both related to a deferred
decrease in [18F]FMISO uptake between weeks 2 and 5 (r =
− 0.330, p = 0.049 for HIF1α; r = − 0.416, p = 0.011 for
CAIX) (Fig. 4b, supplementary figure 5). No correlations
were found between baseline [18F]FMISO hypoxia signals
and HIF1α or CAIX expression, and no other tissue markers
correlated with [18F]FMISO-based hypoxic tumor volumes or
hypoxia dynamics in our patient cohort. High H-scores of the
cancer stem cell marker CD44 inversely correlated with larger
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tumor volumes at baseline (r = − 0.376; p = 0.013). Details are
listed in supplementary table 2.

Correlative analyses between individual tissue
biomarkers

Pairwise correlations between expression levels of individual
tissue biomarkers were performed using Pearson’s correlation
coefficient. As expected, HPV DNA in tumor tissue strongly
correlated with p16 expression (r = 0.801; p = 0.001).
Detection of p16 was found inversely correlated with high

levels of for the cancer stem cell marker CD44 (r = − 0.328;
p = 0.047). No significant correlations were found within the
analyzed tissue-based hypoxia markers, and no correlations
could be detected for any of the other biomarkers. Statistical
details are outlined in Table 2.

Discussion

The potential of tumor-specific biological or functional infor-
mation to predict the response to radiation therapy could form

Fig. 1 High CAIX expression
correlates with worse loco-
regional control in HNSCC pa-
tients. a LRC rates for HIF1α-
positive and HIF1α-negative
HNSCCs. b LRC rates for low
and high CD34-positive micro-
vascular density. c LRC rates for
low and high expression of
CAIX. d LRC rates for low and
high expression of the DNA re-
pair marker Ku80. p values are
derived from logrank test

Fig. 2 High expression of both
CAIX and Ku80 in HNSCCs
predicts decreased loco-regional
control and progression-free sur-
vival. a LRC rates for tumors with
a high expression of both CAIX
and Ku80. b PFS rates for tumors
with a high expression of both
CAIX and Ku80. p values are
derived from logrank test
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the basis for the development of personalized radiation treat-
ment planning and monitoring. While functional imaging mo-
dalities can be used to non-invasively and longitudinally mon-
itor tumor characteristics and response patterns over the
course of a treatment, evidence for clear correlations with
the underlying tumor biology remains scarce. In HNSCCs,
tumor hypoxia has been shown to increase resistance to ion-
izing radiation, and [18F]FMISO PET imaging has been pro-
posed as a valuable means of tracing and monitoring hypoxia
during radiation therapy [10]. Previous publications have
demonstrated better loco-regional control rates for tumors
with low initial hypoxia as assessed by [18F]FMISO uptake
or a disappearance of residual PET-detected hypoxia during
the first weeks of radiotherapy [12, 15, 24].

Here, we analyzed potential connections between
[18F]FMISO PET imaging and tissue-based biological

markers for tumor hypoxia in a prospective trial of HNSCC
patients undergoing chemoradiation. Intratumoral density of
CD34-positive microvessels and the expression levels of the
hypoxia-inducible transcription factor HIF1α and the
membrane-bound enzyme CAIX were chosen as tissue-
based surrogate markers for hypoxia. HIF1α has been pro-
posed as the transcriptional master regulator for the cellular
responses to hypoxic conditions, and previous analyses have
demonstrated an influence of HIF1α on various processes
influencing cellular radiation resistance, including DNA re-
pair and maintenance of cancer stem cells [21, 22, 25].
CAIX is strongly induced by HIF1α and participates in tissue
acidification during hypoxic conditions, while the endothelial
marker CD34 reflects the density of microvessels and indirect-
ly mirrors tumor hypoxia [18, 19]. While all three factors have
been clearly linked to tumor hypoxia in animal models, to our

Fig. 3 Representative images
demonstrating the differential
dynamics of tumor and hypoxic
subvolumes during the course of
chemoradiation. a Time course of
tumor volumes (red contours) and
hypoxic tumor subvolumes
(purple contours) from week 0 to
5 for a representative patient with
early (week 0 to 2) resolution of
tumor hypoxia. b Time course of
tumor and hypoxic subvolumes
for a representative patient with
delayed (week 2 to 5) resolution
of tumor hypoxia
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knowledge, no analyses are available that investigated corre-
lations between these tissue-based hypoxia biomarkers and

dynamic hypoxia imaging in HNSCC patients [26]. In our
analysis, HIF1α expression correlated with an increase in

Fig. 4 High expression of hypoxia markers correlates with delayed
resolution of the [18F]FMISO hypoxia signal. a Correlations between
H-scores of HIF1α and CAIX and increases in [18F]FMISOΔSUVindex

between weeks 0 and 2. b Correlations between H-scores of HIF1α and
CAIX and delayed decreases in [18F]FMISO ΔSUV index between
weeks 2 and 5

Table 2 Pairwise correlations between individual biomarkers. R and p values are derived from Pearson correlation coefficient. *p < 0.05

Ki67 CD44 HPV p16 HIF1α CAIX CD34 Ku80

Grade r − 0.049 0.013 0.015 0.060 − 0.093 − 0.001 − 0.051 0.132

p 0.767 0.934 0.917 0.724 0.573 0.995 0.760 0.392

Ki67 r − 0.286 0.281 0.276 0.156 − 0.143 0.184 − 0.198
p 0.077 0.083 0.098 0.343 0.386 0.263 0.226

CD44 r − 0.191 − 0.328* − 0.019 0.065 0.126 0.103

p 0.213 0.047 0.910 0.675 0.445 0.506

HPV r 0.801* − 0.108 − 0.159 − 0.138 − 0.189
p 0.001 0.512 0.302 0.403 0.219

p16 r − 0.118 − 0.237 − 0.047 − 0.179
p 0.488 0.159 0.784 0.289

HIF1α r 0.065 − 0.146 0.052

p 0.696 0.374 0.752

CAIX r − 0.091 0.252

p 0.580 0.099

CD34 r − 0.096
p 0.562

Italicized entries are statistically significant values
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intratumoral [18F]FMISO uptake during the first 2 weeks of
chemoradiation, and high levels of both HIF1α and CAIX
were linked to a delayed resolution of the [18F]FMISO signal
between weeks 2 and 5. These [18F]FMISO dynamics have
previously been linked to decreased patient outcomes [12, 24].
In line with these findings, high CAIX signals translated into
worse LRC rates after treatment in our patient cohort.

Several publications have analyzed the role of HIF1α and
CAIX as prognostic and predictive biomarkers for HNSCC
patients. The role of HIF1α in promoting radiation resistance
has been widely studied in preclinical models and clinically,
and it has been suggested that the hypoxia-mediated expres-
sion of HIF1α results in an efficient response to radiation-
induced DNA damage and the evasion of apoptosis [27, 28].
HIF1α expression has been widely linked to reduced LRC
and PFS in HNSCC patients undergoing radiotherapy, al-
though absent or inverse correlations have also been reported
[29–31]. Two previous studies have demonstrated a weak cor-
relation between baseline [18F]FMISO uptake and HIF1α ex-
pression in oral cavity cancers [32, 33]. HIF1α expressionwas
found to correlate to pre-treatment [18F]FMISO SUVmax and
tumor-to-background ratio [33]. However, both patient co-
horts underwent surgical tumor excision, making the whole
tumor tissue available for analyses, and HIF1α quantification
was carried out in tissue regions pre-selected for their staining
patterns. In our cohort, only tumor biopsies were available for
hypoxia analyses as all patients underwent definitive chemo-
radiation, so no account could be made for the known
intratumoral heterogeneity regarding hypoxic subvolumes
[34].

Similarly, it has been suggested that CAIX expression re-
lates to a reduced disease-specific survival [35–37].
Additionally, loco-regional response rates to radiation and
chemoradiation therapies were found to correspond to high
levels of CAIX within the tumor [6, 19, 38], and this effect
has been attributed to an increased resistance to radiotherapy
and chemotherapy [6, 39, 40]. So far, no clear link has been
reported between CAIX expression and imaging-based or
functional hypoxia analyses. In a previous report, CAIX failed
to correspond withMRI-based tumor perfusion levels or base-
line tumor pO2 as surrogate markers for hypoxia [41, 42].
Nevertheless, HIF1α and CAIX expression corresponded to
a distinct [18F]FMISO dynamic and a delayed resolution of
tumor hypoxia in our dataset, potentially predicting a de-
creased response to radiotherapy. This delayed hypoxia reso-
lution and residual [18F]FMISO uptake at week 2 has been
suggested as the best prognosticator of LRC following che-
moradiation [5, 12]. Initial increases in the [18F]FMISO signal
between weeks 0 and 2 during chemoradiation have been
observed in previous studies, and it has been proposed that
profound perfusion-limited hypoxia in the affected tumor
areas may have hampered the initial [18F]FMISO uptake and
wash-out. Therefore, the [18F]FMISO bound in these regions

may not correctly show the underlying hypoxia level [5].
HIF1α has been shown to induce vascular endothelial growth
factor-mediated vascular normalization and reperfusion dur-
ing radiotherapy and may thereby allow increased
[18F]FMISO uptake of severely hypoxic tumors at week 2 of
chemoradiation [43, 44]. Therefore, on a mechanistic level,
the observed correlation between high HIF1α and HIF1α-
dependent CAIX expression with these distinct [18F]FMISO
dynamics may reflect the vascular effects of high HIF1α
levels.

Efficient repair of radiation-induced DNA double-strand
breaks has been suggested as a mechanism by which cells
and tissues increase their resistance to ionizing radiation, and
the non-homologous end joining repair proteins Ku70 and
Ku80 have been linked to treatment failure after radiotherapy
[45–47]. There is increasing evidence that the radiation resis-
tance observed in hypoxic tumors is at least in part due to
alterations in cellular DNA double-strand break repair, and
there is an increasing understanding about the interplay be-
tween hypoxia and DNA damage recognition and repair sig-
naling [22]. Hypoxia results in a shift from the high-fidelity
homology-directed to the more error-prone repair through end
joining, and HIF1α has been shown to influence the expres-
sion of key proteins involved in non-homologous end joining,
including the DNA-dependent protein kinase as well as Ku70
and Ku80 [48, 49]. In our dataset, high Ku80 expression dem-
onstrated a trend towards decreased LRC, and patients
exhibiting high intratumoral levels of both CAIX and Ku80
exhibited a significant deterioration of LRC and PFS rates,
suggesting that a combination of surrogate tissue markers for
both tumor hypoxia and hypoxia-mediated DNA repair capac-
ity may serve as a strong predictor of radiation response in
HNSCC patients.

Despite bringing together a comprehensive imaging and
biomarker dataset from a prospective trial, this exploratory
analysis is limited by the rather small patient cohort, and this
relatively small sample size somewhat limits the statistical
possibilities of our analysis. Therefore, larger confirmatory
analyses employing hypoxia imaging may be needed to cor-
roborate our findings and to add statistical power, e.g., for
detecting more complex tissue signatures that may be better
suited to predict [18F]FMISO dynamics and response to radio-
therapy in HNSCC patients. Additionally, HNSCC tissue is
well known for its heterogeneity regarding areas of varying
hypoxia, and histology based on small biopsy samples cannot
represent the whole tumor. The limited availability of cancer
tissue may somewhat hamper further and more complex cor-
relative analyses in this cohort of non-surgically treated
patients.

In summary, we demonstrated that HIF1α and CAIX ex-
pression correlated with a delayed resolution of the
[18F]FMISO-based hypoxia signal in HNSCC patients, and
high CAIX levels were able to predict loco-regional failure
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after chemoradiation treatment, especially in patients also ex-
pressing the DNA repair marker Ku80. Validation in an inde-
pendent confirmatory cohort will help to further clarify if
baseline tissue-based hypoxia markers that are derived from
routinely available biopsies can be used as potential surrogates
for hypoxia dynamics in HNSCC patients.
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