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ABSTRACT

Background. Tumour hypoxia and a high tumour metabolism increase radioresistance in patients with head and neck
squamous cell carcinoma (HNSCC). The aim of this study was to evaluate the correlation between hypoxia (['FIHX4
PET) and glucose metabolism (['®F]JFDG PET) molecular imaging.

Material and methods. ['®F]JHX4 and ['®F]FDG PET/CT images of 20 HNSCC patients were acquired prior to
(chemo)radiotherapy, in an immobilisation mask, with a median time interval of seven days (NCTO01347281). Gross
tumour volumes of the primary lesions (GTV_. ) and pathological lymph nodes (GTV ) were included in the analysis.
['®FIFDG PET/CT images were rigidly registered to the ['®F]JHX4 PET/CT images. The maximum and mean standard-
ised uptake values (SUV ., SUV__ ) within both GTVs were determined. In addition, the overlap was compared
between the ['SF]JHX4 high volume ([ *FJHX4 HV) with a tumour-to-muscle ratio > 1.4 and the ['*FJFDG high volume
(['F]FDG HV) with an SUV > 50% of the SUV max- Ve report the mean= standard deviation.

Results. PET/CT scans including 20 GTVp im and 12 GTV, were analysed. There was a significant correlation between
several ['®F]FDG and ['8F]HX4 parameters, the most pronounced being the correlation between ['*FIFDG HV and ['8F]
HX4 HV (R=0.93, p<0.001). The fraction of the GTV . with a high HX4 uptake (9 = 10%) was on average smaller than
the FDG high fraction (51 £26%; p<<0.001). In 65% F 13/20) of the patients, the GTVprim was hypoxic. In four of these
patients the ['FJHX4 HV was located within the ['*F]FDG HYV, whereas for the remaining nine GTV__.  a partial mismatch
was observed. In these nine tumours 25 +21% (range 5-64%) of the HX4 HV was located outside tll)le FDG HV.
Conclusions. There is a correlation between ['®F]JHX4 and ['®F]FDG uptake parameters on a global tumour level. In
the majority of lesions a partial mismatch between the ['®F]JHX4 and ['8F]JFDG high uptake volumes was observed,
therefore ['8FIFDG PET imaging cannot be used as a surrogate for hypoxia. ['3F]JHX4 PET provides complementary
information to ['®F]JFDG PET imaging.

Tumour cell hypoxia decreases the effectiveness of
anti-cancer treatment (i.e. surgery, radiotherapy and
systemic treatment) and increases tumour aggres-
siveness in a number of solid tumours [1]. Tumour
cell hypoxia is present in the majority of head and
neck squamous cell carcinomas (HNSCC) and can
be visualised and quantified using positron emission
tomography (PET) imaging [2,3]. This non-invasive

imaging technique provides the opportunity to per-
form repeated tumour hypoxia measurements of the
entire tumour, and gives important information to
predict locoregional control and survival [4,5].
3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)
methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol  ([18F]
HX4) is a hypoxia PET tracer used to visualise and
quantify tumour hypoxia. In previous pre-clinical
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studies, [!®F]JHX4 was validated as a hypoxia tracer
and the repeatability of the tracer uptake was assessed
[6,7]. In addition, in patients with non-small cell
lung cancer (NSCLC), [!®F]HX4 was found to
provide additional information with respect to the
metabolic PET tracer ['8F]FDG [8].

['®F]FDG PET imaging is the most frequently
used molecular imaging modality in clinical practice
to detect and stage malignancies. Subvolumes of the
tumour displaying a high glucose metabolism as
identified by [!®F]FDG PET were shown to often be
the source of a local recurrences after (chemo)radio-
therapy in NSCLC and HNSCC [9,10].

The uptake of ['8F]FDG is dependent on the rate
of glycolysis and the upregulation of glucose transport-
ers [11]. In the absence of oxygen, cells undergo several
biological responses. Hypoxic tumours require an
increased glycolysis to survive. In addition the hypoxia-
inducible-factor lo. pathway is activated, which can
causes an upregulation of the glucose transporters [1].
This might indicate a relationship between hypoxia and
metabolism. Nevertheless, most cancer cells produce
energy by a high rate of aerobic glycolysis, independent
of the presence of oxygen, the “Warburg effect’ [12].
Multiple cellular pathways can lead to the glycolytic
phenotype, therefore an altered glucose metabolism can
also be observed without hypoxia [11].

The aim of this study was to characterise the rela-
tionship between the PET tracers [\8F]FDG (glucose
metabolism) and [!®F]HX4 (hypoxia) in the primary
tumour and metastatic lymph nodes of patients with
HNSCC. We evaluate the tracer uptake on a global
tumour level and assess the spatial overlap between
the high uptake volumes of both PET tracers.

Material and methods

Patients

[8FIFDG and ['8FJHX4 PET/CT images of
20 patients (17 male, three female) with a locally
advanced HNSCC were acquired before the start of
external beam (chemo)radiotherapy. The average age
of the patients was 60 years (range 45-77 years).
Tumour stages were; ¢ T'1-4, cNO-2b and cMO, with a
stage grouping from II-IVA, located in the larynx
(N =8), oropharynx (N = 7) and hypopharynx (N =5).
The study was approved by the Ethical Review Com-
mittee of Maastricht University Medical Centre and
registered on clinicaltrial.gov (INCT01347281). All
patients provided written informed consent before
study entry.

PET/CT imaging

[ F]HX4 was produced as described previously
[6,13]. After intravenous administration of an average

(£SD) dose of 378 + 84 MBq [!®F]HX4, PET/CT
imaging was performed at four hours post-injection
(p.i.) for 20 minutes in a single bed position. The
injected activity of [18F]FDG was based on the
patient’s bodyweight according to the national guide-
lines [14]. Patients fasted for at least six hours before
the intravenous administration of [!8F]FDG and
blood glucose levels were measured. Imaging was per-
formed one hour after the injection of ['8F]FDG with
a scan duration of five minutes per bed position.

['®F]HX4 and ['®F]FDG PET/CT scans were
performed in radiotherapy position, with the patient
positioned on a flat table top using an immobilisation
mask and a movable laser alignment system. Image
acquisitions were performed on the same PET/CT
scanner (Biograph 40, Siemens Healthcare, Erlan-
gen, Germany); scatter and attenuation correction
were applied; and PET images were reconstructed
using OSEM 2D (Ordered Subset Expectation Max-
imization, four iterations, eight subsets) and a Gauss-
ian filter of 5 mm. The median interval between both
PET scans was seven days (range 4-28 days).

Image analysis

The gross tumour volume of the primary tumour
(GTVprim) and involved lymph nodes (GTV, ), were
delineated on the ['8F]FDG PET/CT, by two expe-
rienced radiation oncologists in consensus. The [18F]
FDG CT was rigidly registered to the ['*F|HX4 CT.
The same transformation was subsequently applied
to the ['8F]JFDG PET scan and the GTVs to co-
register all images and contours.

The maximum and mean standardised uptake
values (SUV__  and SUV__ ), were determined
within the GTV_; and GTV, on the ['8F]FDG and
['8F]HX4 PET scans. For the [!8F]HX4 PET scans,
the maximum tumour-to-muscle ratio (TMR_, )
was additionally calculated, being the SUV___in the
tumour divided by the SUV__ in the trapezius
muscles. The volume of interest in the trapezius mus-
cles (left and right) were delineated on multiple slices
of the CT scan. Subsequently, the ['8F]JHX4 high
fraction (['8F]HX4 HF) and [!®F]HX4 high volume
(['8F]HX4 HV) were defined as the fraction/volume
of the GTV with a TMR > 1.4. The ['8F]FDG high
fraction (['®F]FDG HF) and ['®F]FDG high volume
(['FIFDG HYV) were calculated using the fraction/
volume of the GTV with an SUV above 50% of the
SUV_ .. based on the ongoing clinical trials applying
an [!®F]JFDG PET radiation dose redistribution
[15,16].

In addition, a voxel-wise comparison of the [!8F]
FDG and ['8F]HX4 uptake within the GTV,,, and
GTV, was performed and DICE similarity coeffi-
cients were calculated using:
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FDG PET/CT

HX4 PET/CT

Figure 1. Good spatial overlap between ['F]FDG and ['*F]HX4
uptake in a patient with a cT3NOMO laryngeal carcinoma prior to
start of radiotherapy. The interval between both scans was 8 days.

HX4,,. "NFDG,,,
HX4,, + FDG,

DICE =2

Statistical analysis

For all parameters mean * 1 standard deviation (SD)
are reported. To evaluate correlations between the
tumour volume and ['8F]HX4 and ['8F]FDG imag-
ing parameters, and to quantify the voxel-wise com-
parison of the [8F]JHX4 and [!®F]FDG uptake,
linear regressions were performed and Pearson’s cor-
relation coefficients were calculated. A Wilcoxon-
signed rank test was performed to evaluate a
significant difference between the high uptake vol-
umes. A p-value < 0.05 was assumed to be statistically
significant.

Results

In this study we analysed the ['®F]FDG and [!®F]
HX4 uptake in the primary tumour and lymph nodes
of 20 patients with HNSCC before the start of (chemo)
radiotherapy. Figures 1 and 2 provide examples of
included patients. We detected tumour hypoxia in

FDG PET/CT
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13/20 of the primary tumours and 9/12 of metastatic
lymph nodes. The ['¥F]JHX4 HV was therefore absent
or smaller than the ['8F]FDG HYV for 18/20 primary
lesions and 9/12 involved lymph nodes (p<<0.001).
The average values of the GTV, ['®F]FDG and [!8F]
HX4 parameters are shown in Table 1.

Owerall correlation of [18FJFDG and [ FJHX4
parameters

Potential correlations between tumour volume, [!8F]
FDG and ['®FJHX4 PET:based parameters were
investigated (Table II; Figure 3). Combining the
parameters from both GTV__. —and GTV, we
observed a significant correlation between the vol-
ume of the lesion and the [8F]HX4 parameters
SUV_,.. (R=0.39, p=0.03), TMR___ (R=0.62,
p<0.001), ['*FJHX4 HF (R=0.52, p<0.01) and
[1SF]JHX4 HV (R=0.87, p<0.001). Also all [!8F]
FDG parameters were significantly correlated with
the tumour volume. A significant correlation was
observed between all ['8F]HX4 parameters and the
['*F]FDG SUV__ , SUV__ and ['|FIFDG HYV,

with the most pronounced correlation between ['8F]
HX4 HV and ['®F]FDG HV (R=0.93, p<0.001).

Spatial relationship between ['8FJFDG and [' F]HX4
uptake

A visual representation of the [®F]FDG and [!®F]
HX4 high uptake fractions for each individual patient
are given in Figure 4 (GTVprim) and Supplementary
Figure 1 (available online at http://www.informahealth
care.com/doi/abs/10.3109/0284186X.2015.1062913)
(GTV).

Of the 20 GTVprim, seven lesions showed no
tumour hypoxia. In four lesions, the [®*FJHX4 HV
was entirely located within the [8F]FDG HYV,
whereas for the remaining nine lesions a partial mis-
match between the ['8FJHX4 and ['®F]FDG high
uptake volumes was found. In these nine lesions,

HX4 PET/CT

Figure 2. ['F]FDG and [!®F] uptake in a patient with a cT2N2bMO0 squamous cell carcinoma of the oropharynx. Even though both
metastatic lymph nodes are highly ['8F]FDG avid, only the lower lymph node (red arrow) also shows high ['8F]HX4 PET uptake, whereas
the other lymph node does not (white arrow). The interval between both scans was 5 days.
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Table I. ['®F]JFDG and ['8F]JHX4 uptake parameters (mean+ SD) for the primary lesions (GTVprim) and involved lymph nodes
(GTVln).

['FIFDG ['8F|HX4
N Volume GTV SUV_ .~ SUV__ HF HV SUV, ... SUV_. TMR__ HF HV
GTVprim 20 16*12cm? 5.1+1.8 12.1+57 51+26% 6+3cm®> 0.8+02 12+04 1.6*04 9+10% 2+*3cm?
average (2-46 cm’®)  (2.7-8.9) (4.0-23.2) (8-100%) (2-12 cm?)  (0.5-1.2) (0.6-2.0) (1.0-2.7) (0-33%) (0-11 cm®)
(range)
GTVin 12 21+30cm®> 4.8+1.9 9.7*44 66+24% 9.5+10.7cm?® 0.9+0.3 14+05 19+0.7 27+27% 10=*14 cm?
average (1-105 cm3) (1.9-7.3) (2.6-15.9) (34-100%)  (1-36 cm®)  (0.5-1.3) (0.6-2.1) (1.1-2.8) (0-71%) (0-45 cm?)
(range)

GTYV, gross tumour volume; HF, high uptake fraction; HV, high uptake volume; SUV, standardised uptake value; TMR, tumour-to-muscle
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ratio.

25+ 21% (range 5-64%) of the HX4 HV was located
outside the FDG HV.

Of the 12 metastatic lymph nodes, three showed no
tumour hypoxia, in three other lesions the ['8F]HX4
HV was within the ['8F]JFDG HYV, whereas for the
other six lymph node regions a partial mismatch was
observed. In these six lesions, 21 = 11% (range 6-37%)
of the HX4 HV was located outside the FDG HV.

To compare the spatial distribution of the tracer
uptake, an uptake level above background is essential
in both PET scans. Therefore the results of the voxel-
wise comparison and DICE calculations are provided
only for the lesions with observed tumour hypoxia
(GTVprim; N=13, GTV,; N=9). The voxel-wise
comparison of the [\8F]HX4 and ['®F]FDG uptake
within the GTVs showed a large diversity for the
primary lesion (R=0.47 = 0.31, range —0.04 to 0.85;
Supplementary Figure 2, available online at http://

Table II. Pearson’s correlation coefficient (R) and corresponding
p-values of the ['8F]FDG and ['®F]HX4 PET parameters from
both the primary lesions and involved lymph nodes.

Volume FDG FDG FDG FDG

GTV SUV,_ ... SUV_.. HF HV

Volume GTV

R - 0.39 0.50 -0.56 0.88

P N 0.03 <0.01 <0.001 <0.001
HX4 SUV ..

R 0.21 0.55 0.41 —0.08 0.41

p 0.25 0.001 0.02 0.67 0.02
HX4 SUV

R 0.39 0.56 0.54 -0.31 0.46

p 0.03  <0.001 <0.01 0.09 <0.01
HX4 TMR_

R 0.62 0.61 0.59 -0.42 0.66

P <0.001 <0.001 <0.001 0.02 <0.001
HX4 HF

R 0.52 0.59 0.38 -0.12 0.73

P <0.01 <0.001 0.03 0.52 <0.001
HX4 HV

R 0.87 0.41 0.36 -0.25 0.93

P <0.001 0.02 0.05 0.16 <0.001

GTV, gross tumour volume; HF, high uptake fraction; HV, high
uptake volume; SUV, standardised uptake value; TMR, tumour-to-
muscle ratio.

www.informahealthcare.com/doi/abs/10.3109/02841
86X.2015.1062913), whereas a good correlation was
observed for the lymph nodes (0.73 +0.12, range
0.59-0.91). For GTVprim the average DICE similar-
ity coefficient was 0.38 = 0.22, with a range from
0.04 (Patient 7) to 0.78 (Patient 11; Figure 4). For
GTV,, the average DICE was 0.57 £0.32, with a
range from 0.10 (Patient 11) to 0.88 (Patient 5;
Figure 1). Note that the small DICE coefficients
were observed due to large differences in [\8F]HX4
and ['8F]FDG high volumes.

For the hypoxic lesions, we observed no relation-
ship between the interval of both scans and the voxel
wise correlation coefficients for GTV__. (R=-0.11,
p=0.72) and GTV,, (R=-0.46, p=10.22). Also no
correlation was observed between the time interval
and the DICE of GTVprim (R=0.17,p=0.57) how-
ever there was a significant correlation between the
time interval and the DICE coefficient of GTV,,
(R=-0.83, p<0.01).

Discussion

In this study we characterised the relationship between
the PET tracers ['®F]FDG (glucose metabolism) and
['®F]HX4 (hypoxia) in patients with HNSCC. First,
the relationship between the general ['8F]FDG and
['®F]HX4 uptake parameters were evaluated. Second,
we assessed the similarity in spatial uptake pattern
between ['8F]FDG and ['®F]HX4 PET imaging.
On a general tumour level we observed a relation-
ship between tumour volume, [!®F]FDG and ['8F]
HX4 uptake parameters. These results are in agree-
ment with the previous published research, which
also observed a moderate correlation between ['8F]
FMISO PET and ['®F]FDG PET uptake parameters
[17,18]. Conversely, no correlation between [!3F]
FDG PET imaging and pO,, polarography or HIF-1c,
staining was reported previously [17,18]. Therefore,
although we found a correlation between [*F]FDG
and ['®F]HX4 PET uptake, they both represent dif-
ferent biological properties of tumours, which can be
useful to predict treatment response. Several studies
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than the high metabolic tumour volume. This is in
agreement with the results we previously reported in
patients with NSCLC [8]. This might allow a radio-
therapy dose escalation to the smaller hypoxic tumour
volume. At the moment an ongoing randomised
phase III clinical study ‘adaptive radiation treatment for
head and neck cancer’ (ARTFORCE; NCT01504815),
investigates the effect of an [®F]JFDG PET-based
radiation dose redistribution, on the locoregional con-
trol in patients with HNSCC. In addition, several
radiotherapy planning studies have shown that it is
technically feasible to perform radiotherapy dose
escalation based on hypoxia PET imaging without
increasing the dose to the normal tissue [21-23].
Nevertheless, the most essential knowledge we need,
is whether the hypoxic or metabolic volume is related
to recurrences after treatment. This might indicate
whether the hypoxic, metabolic or a combination of
both volumes should be used in the adaptation of the
radiation dose, with the aim to maximise the thera-
peutic ratio for each individual patient [24]. Dirix
et al. [25] showed, for example that all recurrences
after chemoradiotherapy (N = 9) were located within
the high metabolic regions, however three of these
recurrences were located outside the hypoxic vol-
ume. Due et al. [10], however, report that only 54%
of the recurrences were located within the visually
defined high metabolic area, while 96% of the recur-
rences were located within the clinical target volume
(CTV; GTV with a 1 cm margin). This literature
evidence prompted us to be careful redistributing the
dose within the CTV. Therefore, also alternative
methods to decrease tumour hypoxia by the aid of
hypoxia targeting or hypoxia-modification should be
further explored. In these studies hypoxia PET imag-
ing could be used to monitor the response to this
treatment and stratify patients based on their pre-
treatment hypoxic status.

This study has several limitations. First, there was
a time interval between the ['F]FDG and ['®F]HX4
PET/CT scans, in which changes in tumour metab-
olism or hypoxia may have occurred. We observed a
relationship between the time interval and DICE
coefficient of the GTV, , which might indicate that
a shorter time interval could improve the spatial cor-
relation between the ['®F]JFDG and ['®F1HX4
uptake. However, this was not observed for the voxel-
wise correlation coefficients. For most of the patients
the time interval was small (median: seven days) and
no interventions were performed between both scans.
Second, small lesions were also included in the anal-
ysis. Small lesions are prone to present only a limited
amount of tumour hypoxia. In addition, in these
lesions the partial volume effect plays a larger role,
causing an underestimation of the absolute uptake.
This might influence the correlation between the

tumour volume and the [!®F]HX4 and ['®F]FDG
uptake measurements. Third, the thresholds to define
a [18FJHX4 or ['®F]FDG high uptake were defined
based on previous literature and ongoing clinical tri-
als, a change in this definition will influence the
results. However, based on the results of our previous
study in patients with NSCLC, we can state that the
mismatch between high ['8FJHX4 and high ['8F]
FDG volumes is relative stable for different thresh-
olds [8].

In conclusion, there is a positive correlation
between [8F]HX4 and ['8F]FDG uptake parame-
ters on a global tumour level. On average, the ['8F]
HX4 HV is smaller than the ['8F]FDG HV. In the
majority of lesions a partial mismatch between the
['®F]HX4 and ['8F]FDG high uptake volumes was
observed, therefore ['8F]JFDG PET imaging cannot
be used as a surrogate for hyopxia. [®FJHX4 PET
imaging provides complementary information to
[*®F]FDG PET imaging.
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