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Correlation between imaging and tissue biomarkers of
hypoxia in squamous cell cancer of the head and neck

ABSTRACT

The aim of this study was to correlate endogenous tissue biomarkers of hypoxia with quantitative imaging parameters derived from
'8F-fluoro-misonidazole (F-MISO) and ®F-fluoro-deoxy-glucose (FDG) positron emission tomography/computed tomography (PET/CT) and
clinical outcomes in locoregionally advanced head and neck squamous cell carcinoma (HNSCC). Tumor-tissue blocks of HNSCC patients with
pretreatment F-MISO-PET/CT and FDG-PET/CT were de-archived for expression of hypoxia-inducible factor-1 alpha (HIF-1a) subunit, carbonic
anhydrase-IX (CA-IX), and glucose transporter subunit-1 (GLUT-1) using immunohistochemistry (IHC). The intensity of staining was graded
and correlated with quantitative imaging parameters and with disease-related outcomes. Tissue blocks were analyzed for 14 of 20 patients.
On IHC, median H-scores for HIF-1a,, CA-IX, and GLUT-1 were 130, 0, and 95, respectively. No significant correlation of tissue biomarkers
of hypoxia with quantitative imaging parameters was found. However, borderline significant correlation was seen for H-scores of CA-IX with
hypoxic tumor volume (HTV) (r= 0.873, P = 0.054) and fractional hypoxic volume (r= 0.824, P = 0.086) derived from F-MISO-PET/CT. At a
median follow-up of 43 months, 5-year Kaplan-Meier estimates of locoregional control, disease-free survival, and overall survival were 53%,
43%, and 40%, respectively. Increased expression of HIF-1a. or GLUT-1 (dichotomized by median H-scores) was not individually associated
with disease-related outcomes. However, a combination of high HTV (>4.89cc) with above median H-scores of either HIF-10. (>130) and/or
GLUT-1 (>95) was associated with worse clinical outcomes. None of the three patients with such “adverse hypoxic profile” were long-term
survivors. There is no significant correlation of endogenous tissue biomarkers of hypoxia (HIF-1ca, CA-IX, and GLUT-1) with quantitative imaging
parameters (on F-MISO-PET/CT and FDG-PET/CT) or long-term outcomes in HNSCC. However, a combination of both can identify a subgroup

of patients with adverse outcomes.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) presents
as advanced-stage disease (Stages IlI-IV) in large majority of
patients worldwide, with resultant unsatisfactory outcomes
despite aggressive multimodality treatment. Definitive
radiotherapy combined with concurrent chemotherapy is the
contemporary standard of care in the nonsurgical management
of advanced stage HNSCC!'? and is associated with variable
5-year disease-related outcomes ranging from 40% to
65%.° Although distant metastases are being increasingly
recognized, the predominant pattern of relapse in HNSCC
still remains central in-field failure in the high-dose region
within the index tumor bed." One of the well-known adverse
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biological features associated with significantly increased risk
of failure and compromised outcomes in various solid tumors
including HNSCC is tumor hypoxia.”® Indirect methods of
visualization of tumor hypoxia using biological and functional
imaging such as positron emission tomography/computed
tomography (PET/CT) offer valuable insights into tumor
biology.® Hypoxia PET imaging, usually done with substituted
nitroimidazoles such as '®F-fluoro-misonidazole (F-MISO)
allows noninvasive visualization and quantification of tumor
hypoxia at the macroscopic level, with segmented hypoxic
volumes carrying independent prognostic significance.®l
Alternatively, assessment of endogenous tissue biomarkers of
hypoxia using immunohistochemistry (IHC) on formalin-fixed
paraffin-embedded (FFPE) tumor-tissue blocks represents
an attractive method to visualize and quantify hypoxia at
the cellular and microscopic level with high expression of
endogenous hypoxic biomarkers correlating with worse
outcomes.”'” There is very sparse data investigating the
correlation of hypoxia imaging biomarkers (derived from
F-MISO-PET/CT) with endogenous tissue biomarkers of
hypoxia (assessed on FFPE tumor-tissue blocks) and their
association with clinical outcomes in HNSCC. The most
optimal timing of F-MISO-PET/CT acquisition for assessment
of tumor hypoxia has been reported!"' and correlated
with various quantitative functional imaging parameters
with each other as well as long-term outcomes in a
prospective cohort of HNSCC patients treated with definitive
radio(chemo) therapy.'” Herein, we assess and report on the
correlation of endogenous tissue biomarkers of hypoxia with
quantitative imaging parameters derived from F-MISO-PET/
CT and "®F-fluoro-deoxy-glucose (FDG)-PET/CT and test the
association of these tissue biomarkers with long-term clinical
outcomes in the same study cohort.

MATERIALS AND METHODS

Patient selection criteria have been described in detail
previously.""'? Briefly, adults (18—65 years of age) with
locoregionally confined (stage cT1-T3, NO-N2c), biopsy-proven
squamous cancer of the oropharynx, hypopharynx, or larynx
and planned for definitive radio(chemo) therapy were
included after written informed consent. The index study
registered with the Clinical Trials Registry of India (CTRI
2013/09/003988) was duly reviewed (Project No. 1088),
with a separate review for this study (Project 3032) and
approved by the Institutional Ethics Committee of our
institute that functions in accordance with the Declaration
of Helsinki. All patients provided written informed consent
before participation in the index study, however for the
current project, we received a waiver of consent (as there
was no additional contact needed with participants by the

researchers for this study). All biological imagings as well as
testing of endogenous tissue biomarkers on the study were
funded through competitive institutional research grants
with the sponsors having no role in the design, conduct,
interpretation, or reporting.

Pretreatment imaging

Metabolic and hypoxia imaging on the study were scheduled
typically within 10 days of biopsy from the primary site. The
median time interval between biopsy and first PET imaging
was 9 days (range 1-23 days). All pretreatment imaging was
done within 1 week (typically 3-5 days) of each other. All
patients underwent CT-based simulation and target volume
delineation. Gross tumor volume (GTV) of the primary
tumor delineated on planning CT was recorded as GTV_..
Details of pretreatment FDG-PET/CT and F-MISO-PET/CT
image acquisition and segmentation have been described in
detail.""'?I Briefly, a whole-body (vertex till the upper thigh)
scan was acquired in the fasting state nearly 45-60 min after
intravenous injection of FDG at 5 mBq/kg body weight. All
FDG-PET imagings were done on a 16-slice time-of-flight (TOF)
PET/CT scanner system (Philips Gemini with Astonish
reconstruction) with 60 s per bed position and 50% overlap
for the emission study with CT-based attenuation correction
using postacquisition correction algorithms and processed on
a Philips Extended Brilliance Workspace (EBW) workstation
using tumor tracking software. Quantitative FDG-PET/CT
parameters included calculation of maximum, mean, and
minimum standardized uptake values (SUV__ - SUV_
and SUV . ) using standardized, validated methodology.
Briefly, volumetric regions of interest (ROls) encompassing
the primary tumor were placed on FDG-PET/CT images and
an automatic edge-detection algorithm was used to generate
the metabolic tumor volume (MTV) using 42% of SUV__ as
per our standard institutional practice. Any part of MTV
initially defined by such relative thresholding that extended
beyond the soft tissues into air or bone was edited away
to yield the actual MTV. F-MISO used for hypoxia imaging
in our study was synthesized by an accredited, certified
laboratory as per previously published protocol™! with a
radiochemical purity >95% and duly approved for human
use by the national regulatory agency. F-MISO was injected
at 3.5 mBq/kg body weight without a specific need for fasting
and images were acquired on the same 16-slice TOF PET/CT
scanner system (Philips Gemini with Astonish reconstruction)
at 1-, 3-, and 5-h postinjection of the radionuclide. The scan
area encompassed the entire head and neck region including
lung apices inferiorly. The scans were acquired at 45 s per
bed position for the 1-h study, 75 s per bed position for
the 3-h study, and 2 min per bed position for the 5-h study.
CT-based attenuation correction was done of the TOF acquired
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data with postacquisition correction algorithms. F-MISO
imaging data were also processed on Philips EBW workstation
using tumor tracking software. Spherical ROIs were placed
on the F-MISO-PET/CT images on contralateral posterior neck
musculature opposite the axial CT slice containing the largest
transverse dimensions of the primary tumor. The mean SUV
of the volume encompassed within the ROI was deemed the
background and 1.5 times the background was considered as
threshold for defining significant hypoxia in accordance with
previously published data.' Using this threshold, volumetric
ROIs encompassing the tumor were placed and hypoxic
tumor volume (HTV) was segmented for the primary tumor.
F-MISO images acquired early (at 1-h) after injection of the
radiotracer were disregarded due to poor focalization limiting
the correlative analysis to F-MISO scans acquired at later time
points (at 3- and 5-h). Relevant quantitative parameters of
interest included HTV generated on F-MISO-PET/CT scans at
3-h (HTV,, o) @nd 5-h (HTV, | ) postinjection of the
radio-tracer as well as the maximum, mean, and minimum SUV
at 3-h (SUVmax-3 hrs-F-MISO’ SUVmean-3 hrs-F-MISO’ and SUVminG hrs-F-MISO)
and 5-h (SUVmaX-S hrs-FMISO’ SUVmean-S hrs-F-MISO’ and SUVmin-S hrs-F-MISO)’
respectively, after injection of the radio-tracer. In addition,
fractional hypoxic volumes (FHVs) were generated from ratios
of HTV to GTV, (on planning CT) and MTV (on FDG-PET/CT
for the 3-h and 5-h images (FHV ., , FHV .. FHV .
and FHV_ ). Representative FDG-PET/CT and F-MISO-PET/
CT images of a typical patient from our study cohort are
provided in Figure 1.

Immunohistochemical staining

Biopsy samples from patients included in the study cohort
preserved as FFPE tumor-tissue blocks were de-archived
for analysis. IHC was done using standardized protocols
to assess for tissue expression of endogenous biomarkers
of hypoxia. IHC markers that were tested included
hypoxia-inducible factor-1 alpha (HIF-1a) subunit, a major
regulator of cellular responses to hypoxia;'> carbonic
anhydrase-IX (CA-IX), a transmembrane metalloenzyme which
participates in extracellular hypoxia driven acidosis;'"® and
glucose transporter subunit-1 (GLUT-1), an HIF-1 regulated
molecule sustaining enhanced glycolysis in hypoxic cells.'”!
A single tissue section from all cases was first stained with
hematoxylin and eosin (H and E) for review by an experienced
head and neck pathologist blinded to the results of PET/CT
analysis to confirm the viability of the tumor and adequacy
of tissue for immunohistochemical staining. The technical
performance of IHC testing is described in detail in an
online supplementary file (S1). Inmunohistochemical scoring
was carried out semiquantitatively according to Colorado
Hybrid (H)-scoring criteria. The intensity of staining was
scored as 0 (absent), 1 (weak), 2 (moderate), or 3 (strong) and

FDG-PET/CT

9

E-MISO-PET/CT

Figure 1: Coronal, sagittal, and axial sections of
8F-fluoro-deoxy-glucose-positron emission tomography/computed
tomography (upper panel) and **F-fluoro-misonidazole-positron emission
tomography/computed tomography (lower panel) of a representative
patient from the study cohort. Note the large **F-fluoro-deoxy-glucose-avid
primary tumor in the left base of the tongue with maximum standardized
uptake value of 13.27. Corresponding ®F-fluoro-misonidazole-positron
emission tomography/computed tomography of the same patient
acquired 3-h after injection of the radiotracer showing focalization of
18F-fluoro-misonidazole (circled in the axial section) with tumor background
ratio >1.5 in the center of the *F-fluoro-deoxy-glucose-avid primary tumor
indicating the presence of hypoxia

the percentage of positive tumor cells was scored from 0% to
100%. The H-score was calculated by multiplying the intensity
of staining and the percentage of positive tumor cells. The
range of possible scores was from 0 to 300. In addition to
the above-mentioned endogenous tissue biomarkers of
hypoxia, p16 IHC'"® was also done as a surrogate for human
papillomavirus (HPV)-associated head-neck cancer.

Therapy, response assessment, and follow-up

All patients had been treated with definitive curative-intent
radio(chemo) therapy using 6 MV photons on Helical
Tomotherapy Hi-ART-Il (Accuray, Sunnyvale, CA, USA) using
simultaneous integrated boost intensity-modulated radiation
therapy technique to tumoricidal doses (66-70 Gy/30-33
fractions over 6.5-7 weeks) with or without concurrent weekly
cisplatin chemotherapy (30 mg/m?) as appropriate. The first
follow-up was scheduled at 10-12 weeks after completion
of definitive radio(chemo) therapy and consisted of detailed
clinical examination and response assessment FDG-PET/CT.
Subsequently, patients underwent periodic clinical follow-up
as per study protocol. Any clinical suspicion of recurrence was
confirmed through appropriate imaging, directed examination
under anesthesia, and biopsy/cytology from the accessible
lesion(s) if necessary. Salvage therapy at recurrence was at the
discretion of the treating oncologist and was individualized
based on the site and pattern of relapse, disease-free interval,
performance status, and anticipated morbidity.
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Statistical considerations

Functional biological imaging and tumor tissues of all
20 patients included in the index study formed the
dataset for this correlative study. Descriptive statistics
such as median H-scores and interquartile range (IQR)
were used to report and analyze the endogenous tissue
biomarkers of hypoxia. Quantitative functional and
biological imaging parameters were correlated with
endogenous tissue biomarkers (H-scores) using Pearson’s
rank correlation (2-tailed) after logarithmic or square-root
transformation to ensure the normality of data. For
parameters, where normality could not be achieved (even after
transformation), Spearman’s rho correlation (2-tailed) was
used assuming nonnormal distribution. Tissue biomarkers
of hypoxia were also correlated with disease-related clinical
outcomes. The H-scores of each tissue biomarker (derived
from IHC) were dichotomized at their median values for
correlating with clinical outcomes using the product-limit
method of Kaplan-Meier and compared using the log-rank
test. All time-to-event outcomes were calculated from the
date of registration till the defined event of interest or date
of the last follow-up. Time-to-event outcomes included local
and/or regional failure for locoregional control (LRC); any
site of failure (locoregional failure, distant metastases, or
second new primary tumor) for disease-free survival (DFS);
and death (due to any cause) for overall survival (OS). The
cutoff date for time-to-event analysis was October 31,
2019. Any P < 0.05 was considered statistically significant.
Multivariate analysis was not attempted given the limited
number of patients and evident collinearity between various
quantitative biological imaging parameters and IHC scores.
Statistical analysis was done on the Statistical Package for
the Social Sciences (SPSS) version 21.0 (IBM Corp, Armonk,
NY, USA).

RESULTS

A total of 20 patients had been included in the index
study after written informed consent. Patient, disease, and
treatment characteristics of the study have been described in
detail previously.I""! Relevant details of functional, biological
imaging, and its correlation with clinical outcomes have
also been reported recently."” Pretreatment functional,
biological imaging included FDG-PET/CT in all 20 patients
and F-MISO-PET/CT in 18 of 20 patients. FFPE tumor-tissue
blocks were available for analysis in 14 of 20 patients. All
the quantitative imaging parameters of interest used in
this correlative study are summarized in Table 1. H-scores
of all three tissue biomarkers (HIF-10, CA-IX, and GLUT-1)
from all patients with available tumor tissue blocks (n = 14)
are described individually in Table 2. Moderate to strong

Table 1: Descriptive imaging parameters used in the study

Imaging Mean value (range) Median value (95% CI)
parameters
GTV 25.37 (2.18-56.91) cc 22.07 (17.97-32.76)

cr
MTV, 9.64 (3.07-27.26) cc

FDG

7.93 (6.57-12.71)

SUV,y, o6 22.00 (9.12-45.21) 21.61(17.07-26.12)
SUV, o 13.69 (5.6-30.4) 13.44 (10.97-16.41)
HTV, 1051 6.52 (0.0-19.33) cc 4.89 (3.26-9.78)
SUVyemisoan 2.20(0.0-3.62) 2.50 (1.62-2.77)
SUVyean e amsos 1.52(0.0-2.8) 1.52 (1.19-1.86)
FHV 0.24 (0.0-0.80) 0.16 (0.10-0.38)

CT-3hour.
Cl: Confidence interval; GTV: Gross tumor volume; CT: Computed tomography; MTV:
Metabolic tumor volume; FDG: Fluoro-deoxy-glucose; SUV: Standardized uptake value;
max: Maximum; HTV: Hypoxic tumor volume; F-MISO: Fluoro-misonidazole; FHV:
Fractional hypoxic volume

Table 2: Details of the primary site, stage, and H- scores on
immunohistochemistry in patients with formalin-fixed paraffin-
embedded blocks

Site AJCC stage (7™ edition) H-scores on IHC
HIF-la  CA-IX GLUT-1

Oropharynx T3N1 0 4 0
Oropharynx T3N2c 180 2 90
Oropharynx T2N2c 120 120 100
Hypopharynx ~ T2N2c 0 5 80
Larynx T2N1 140 0 180
Larynx T3N2c 40 2 0
Hypopharynx ~ T2N1 140 4 0
Hypopharynx ~ T3N1 160 0 160
Hypopharynx  T4N2c 140 0 80
Oropharynx T3N2c 80 0 10
Hypopharynx ~ T3N1 180 0 0
Oropharynx T3N2c 10 0 180
Oropharynx T3N2a 270 0 100
Larynx T2NO 100 0 160

IHC: Immunohistochemistry; AJCC: American Joint Committee on Cancer; HIF-1a:
Hypoxia-inducible factor-1 alpha subunit; CA-IX: Carbonic anhydrase-IX; GLUT-1:
Glucose transporter subunit-1

intensity of IHC staining for HIF-1a, CA-IX, and GLUT-1 is
depicted in Figure 2 in three illustrative cases from the
study cohort. The median (IQR) H-scores of HIF-1a; CA-IX;
and GLUT-1 were 130 (IQR: 32.5-165); 0 (IQR: 0-4); and
95 (IQR = 0-160), respectively. IHC for p16 showed strong
nuclear positivity in just 2 of the 14 FFPE samples, one of
which was an advanced oropharyngeal cancer while the
other site of the primary tumor was in the hypopharynx.
Given that just two patients were found to be HPV-associated
HNSCC based on p16-IHC, this was not used for any
correlative analyses. There was no statistically significant
correlation of endogenous tissue biomarkers of hypoxia on
IHC with quantitative biological imaging parameters on PET/
CT [Table 3]. However, correlation of borderline significance
was seen for H-scores of CA-IX with HTV (r =0.873,

3 hrs-F-MISO
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P =0.054)and FHV ., (r = 0.824, P = 0.086), respectively.
At a median follow-up of 43 months, the 5-year Kaplan—-Meier
estimates of LRC, DFS, and OS were 53%, 43%, and 40%,
respectively, for the entire study cohort. Since the median
H-score of CA-IX was zero, it was not used for further
correlation with survival outcomes. Increased expression of
HIF-1a [Figure 3] or GLUT-1 [Figure 4] dichotomized by the
median H-score on IHC was not associated with worse LRC
or survival. However, when we grouped patients having both
increased HTV (on F-MISO-PET/CT) and high expression of
hypoxia markers (above median on IHC) to create “adverse
hypoxic profile,” reflecting increased hypoxia both at
microscopic and macroscopic levels, we found statistically

significant results. Three of the 14 patients had such adverse
hypoxic profiles, none of which were long-term survivors.
A combination of high HTV, .~ (>4.89cc) with above
median H-scores of HIF-1a (>130) resulted in significantly
worse outcomes (5-year LRC: 33.3 vs. 66.7%, P = 0.005;
5-year DFS: 0 vs. 45%, P < 0.0001; and 5-year OS: 0 vs. 45%,
P < 0.0001) compared to lower than median H-scores.
Similarly, the combination of high HTV,, = (>4.89cc) with
above median H-scores of GLUT-1 (>95) was also associated
with significantly inferior results (5-year LRC: 0 vs. 66.7%,
P < 0.0001; 5-year DFS: 0 vs. 41.7%, P = 0.005, and 5-year
0S: 0vs. 41.7%, P = 0.044) compared to patients with lower

than median H-scores.

Table 3: Correlation of imaging parameters with tissue hiomarkers of hypoxia

Imaging parameters HIF-1a. H-score CA-IX H-score GLUT-1 H-score
Pearson’s coefficient (r) P Pearson’s coefficient (r) P Spearman’s coefficient (p) P

GTV,, 0.030 0.920 0.174 0.780 —0.386 0.173
MTV,, 0.060 0.838 0.488 0.404 —0.453 0.104
SUV,,..ro —0.316 0.27 —0.149 0.811 —0.198 0.496
SUV,,.. 506 —0.216 0.459 —0.291 0.634 —0.290 0.314
HTV, 051 0.256 0.399 0.873 0.054 —0.466 0.109
SUV,,. risosn —-0.018 0.958 0.707 0.182 -0.111 0.746
SUV, oo ramsosh ~0.252 0.384 0.034 0.956 —0.087 0.778
FHV .. —0.044 0.898 0.824 0.086 —0.129 0.705

HIF-10:: Hypoxia-inducible factor-1 alpha subunit; CA-IX: Carbonic anhydrase-IX; GLUT-1: Glucose transporter subunit-1; GTV: Gross tumor volume; CT: Computed tomography; MTV:
Metabolic tumor volume; FDG: Fluoro-deoxy-glucose; SUV: Standardized uptake value; max: Maximum; HTV: Hypoxic tumor volume; F-MISO: Fluoro-misonidazole; FHV: Fractional

hypoxic volume

st

b 4
N A B ) =

Figure 2: Representative images of immunohistochemistry (IHC) staining in HNSCC patients. (a) Strong intensity nuclear staining of hypoxia-inducible
factor-1 alpha (HIF1a), (b) Strong intensity membranous staining of glucose transporter subunit 1 (GLUT1) and (c) Moderate intensity membranous staining

of carbonic anhydrase IX (CAIX)
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Figure 3: Kaplan—Meier curves dichotomized on median H-scores for hypoxia-inducible factor-1 alpha for locoregional control (a), disease-free survival (b),

and overall survival (c)
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Figure 4: Kaplan—Meier curves dichotomized on median H-scores for glucose transporter subunit-1 for locoregional control (a), disease-free survival (b),

and overall survival (c)

DISCUSSION

Survival outcomes in locoregionally advanced HNSCC have
plateaued in the last one decade, necessitating deeper
insights into disease biology to identify intrinsic tumor
characteristics which may be useful for treatment selection
and optimization. Hypoxia is a well-characterized entity in
this regard that interacts and negatively impacts on tumor
microenvironment to regulate complex biological processes
such as metabolism," angiogenesis and invasion,?%
metastasis,?"! and suppression of antitumor immunity!??
with resultant detrimental impact on outcomes. The largest
systematic review!”! of 40 studies investigating tissue-based
hypoxia biomarkers in HNSCC reported the correlation of
higher biomarker expression with adverse features (advanced
stage disease and poorly differentiated tumors) suggesting
more aggressive disease biology. Increased expression
of all tested endogenous biomarkers of hypoxia (HIF-1a,
osteopontin, CA-IX, and GLUT-1) excepting HIF-2a was
associated with worse clinical outcomes in multiple studies
across different settings, especially in studies wherein
patients received single-modality treatment, recommending
the need for combined-modality treatment including hypoxia
modification. There is now unequivocal clinical evidence that
hypoxic modification improves outcomes in several solid
tumors including HNSCC,?* particularly to radiotherapy.®”!
However, it is increasingly being recognized that hypoxia is
a complex phenomenon with plasticity between the static
component (represented by tissue sampling) and dynamic
component (represented by hypoxia imaging) which can
differentially affect downstream signaling pathways.

The current report is our initial correlative analysis between
endogenous tissue biomarkers of hypoxia (HIF-1a, CA-IX,
and GLUT-1) with quantitative metabolic (FDG-PET/CT) and
hypoxia imaging parameters (F-MISO-PET/CT) and their
association with long-term clinical outcomes in a prospective

World Journal of Nuclear Medicine / Volume 20 / Issue 3 / July-September 2021

cohort of patients of HNSCC treated with definitive
radio(chemo) therapy. Unfortunately, we did not observe
any statistically significant correlation between tissue and
imaging biomarkers of hypoxia. A similar lack of association
between H-scores of tissue biomarkers of hypoxia (Ku80,
CA-IX, and CD44) and quantitative imaging parameters (tumor
volume on FDG-PET/CT, hypoxic subvolume, and SUVmax on
F-MISO-PET/CT) has been reported in a cohort of 16 patients
with HNSCC.?®! Lack of such association could be partly
ascribed to relatively small number of patients analyzed,
but also to the intrinsic limitations of small biopsy samples
and issues inherent to the preservation of tumor tissues in
FFPE blocks. Conversely, another study?” reported weak
positive correlation between hypoxic volumes (derived from
F-MISO-PET/CT) and HIF-1a (r = 0.40, P = 0.037) and p53
expression (r = 0.47, P = 0.012) on IHC in 28 head and neck
tumor samples. We also failed to demonstrate the negative
impact of increased expression of any of the tissue biomarkers
of hypoxia (dichotomizing on their H-scores) individually
on disease-related outcomes. However, an exploratory
subgroup analysis demonstrated that patients with “adverse
hypoxic profile” defined as a combination of high HTV,
wermiso (>4-89¢c) with above median H-scores (HIF-1a >130
or GLUT-1 >95) did significantly worse with no long-term
survivors. This finding does suggest that hypoxia at both the
macroscopic and cellular/microscopic level can be quantified
with the potential to determine a threshold above which
patients are likely to have much worse outcomes making
them candidates for treatment modification. Our findings
also find support in recently published literature whereby the
association between increased HIF-1a and inferior outcomes
could not be established.”?®! However, the same study showed
association between increased CA-IX expression and higher
locoregional failure. In addition, increased expression of
tissue biomarkers of hypoxia was associated with increased
residual hypoxia on mid-treatment imaging and delayed
resolution of hypoxia between weeks 2 and 5 of radiotherapy,
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a phenomenon which has been shown to be associated with
inferior LRC.” The published literature in this regard coupled
with our own findings lends credence to the hypothesis that
a combination of endogenous tissue-based and imaging
biomarkers of hypoxia can predict treatment outcomes
with the potential to guide and optimize therapeutic
decision-making.

Strengths and limitations

Our study has the innate strength of a prospective design
with mature follow-up, conducted at a single-tertiary care
institution with uniformity in terms of pretreatment anatomic
and functional imaging; contouring and delineation of target
volumes; radiotherapy treatment planning and delivery;
posttreatment assessments and follow-up, and consistency in
the technical performance of IHC protocol. Notwithstanding
the findings and results, certain caveats and limitations
remain. The biggest limitation being the small sample
size (limited patient numbers) which impairs the robustness
of any statistical analyses. Although the original study was
designed and conducted as a prospective observational
study, the present analysis correlating endogenous
tissue biomarkers with quantitative imaging parameters
was attempted retrospectively with inherent biases and
limitations. Consequently, tumor tissues from FFPE blocks
were available in only 14 of 20 patients who underwent
biological imaging, further reducing the sample size for such
correlative analyses. All these patients were treated with
nonsurgical therapy, i.e., definitive radio(chemo) therapy;
hence, the assessment of endogenous tissue biomarkers was
limited to small pretreatment biopsy samples, which may
not be entirely representative of the tumor heterogeneity in
terms of hypoxia, proliferation, and metabolism. Since there
was a long-time interval (over 5 years) from pretreatment
biopsy to de-archival of the FFPE blocks for doing IHC,
there could be doubts over retaining antigenicity for
such analyses. It has been shown previously®® that while
cytoplasmic antigens do not lose their immunostaining
intensity over time, membranous and nuclear antigens
present reduced staining intensity in older blocks. The use
of deep sectioning and lengthening of heat pretreatment as
a solution to recover antigenicity has also been suggested,
which was not done in our study. Nevertheless, we did achieve
appropriate HIF-1a staining and GLUT-1 staining in most of
the tissue samples suggesting adequate tissue preservation
and antigenicity. The lack of CA-IX staining in the majority
of samples is likely related to the antibody clone rather
than the technical performance of the test. Finally, all our
analysis was limited to biopsy samples from the primary
tumor alone without interrogating regional lymph nodes
in the neck, the single most important prognostic factor

in HNSCC. Secondary analysis of a prospective hypoxia
imaging study suggests that combined reading of hypoxia
at the primary tumor plus lymph nodes in the neck using
F-MISO-PET/CT adds valuable prognostic information.?
Although most widely used for hypoxia imaging, it is well
known that F-MISO has relatively poor uptake in hypoxic
regions with resultant low tumor to background ratio (TBR)
which could also be one of the reasons for lack of correlation
of quantitative imaging parameters with tissue biomarkers
of hypoxia in our study. Newer 2-nitroimidazole PET
tracers such '®F-flortanidazole (HX4), '8F-fluoroazomycin
arabinoside (FAZA), and '8F-fluoroerythronitroimidazole
with greater uptake and novel copper (Cu)-labeled
analogs such as 64Cu-diacetyl-bis(N4-methylthiosemi
carbazone) (64Cu-ATSM) with higher retention in hypo
xic areas result in much higher TBR and provide for better
quantification of hypoxia which might improve correlation
with tissue biomarkers.3234

The adverse impact of significant hypoxia and the benefit
of hypoxic modification is well established in locoregionally
advanced HNSCC. Larger well-designed prospective studies
incorporating both imaging and tissue biomarkers of hypoxia
are likely to identify a cohort of patients who even after
being balanced for stage are liable to do much worse on
account of adverse hypoxia dynamics and be candidates for
treatment modification and intensification. One strategy for
the same could be radiotherapy dose escalation within the
hypoxic fraction of the tumor. One such phase Il randomized
study NCT02352792"% has completed accrual, whose results
are eagerly awaited. The same concept is currently being
tested in a larger pivotal phase Il randomized controlled
trial-ESCALOX study.®l An alternative strategy could be the
addition of hypoxic-cell sensitizers to definitive concurrent
chemoradiotherapy, the contemporary standard of care in
locoregionally advanced HNSCC. The Trans-Tasman Radiation
Oncology Group (TROG) 02.02 Head START study®’ testing
the addition of tirapazamine as hypoxic-cell sensitizer
to definitive concurrent chemoradiotherapy could not
demonstrate any meaningful improvement in outcomes.
However, the TROG study did not use any hypoxia imaging
to enrich its patient population or identify subgroups
that would potentially benefit from such an approach.
This strategy is now being explored in the DAHANCA
33 trial that uses '"®F-FAZA-PET to identify and quantify
hypoxia for adding hypoxic-cell sensitizer nimorazole to
hyperfractionated-accelerated radiotherapy with concurrent
cisplatin-based chemotherapy.”® The administration of HIF-1a
inhibitors postradiotherapy has been shown to mitigate the
upregulation of HIF-1a and arrest tumor growth®® which
may be worth testing as an adjuvant consolidation approach.
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Oral topotecan has shown some efficacy as an inhibitor of
HIF-1a and is being currently tested for efficacy among
refractory solid tumors with high HIF-1a expression.“? All
such treatment intensification approaches are likely to benefit
from precise identification of imaging and tissue biomarkers
of hypoxia and our study provides some proof of principle
in this regard, but mandates prospective validation in larger
multiinstitutional cohorts.

CONCLUSIONS

There is no significant correlation of endogenous tissue
biomarkers of hypoxia (HIF-1a, CA-IX, and GLUT-1) with
quantitative imaging parameters (on F-MISO-PET/CT and
FDG-PET/CT) or long-term outcomes in HNSCC. However, a
combination of both can identify a subgroup of patients with
adverse hypoxic profiles that may potentially benefit from
treatment modification or intensification.
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