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ABSTRACT

Background: PET-guided dose painting (DP) aims to target radioresistant tumour regions in order to
improve radiotherapy (RT) outcome. Besides the well-known ['®Flfluorodeoxyglucose (FDG), the hyp-
oxia positron emission tomography (PET) tracer ['®Flfluoroazomycin arabinoside (FAZA) could provide
further useful information to guide the radiation dose prescription. In this study, we compare the spa-
tial distributions of FDG and FAZA PET uptakes in lung tumours.

Material and methods: Fourteen patients with unresectable lung cancer underwent FDG and FAZA
4D-PET/CT on consecutive days at three time-points: prior to RT (pre), and during the second (w2), and
the third (w3) weeks of RT. All PET/CT were reconstructed in their time-averaged midposition (MidP).
The metabolic tumour volume (MTV: FDG standardised uptake value (SUV)>50% SUV.a), and the
hypoxic volume (HV: FAZA SUV > 1.4) were delineated within the gross tumour volume (GTVcy). FDG
and FAZA intratumoral PET uptake distributions were subsequently pairwise compared, using both
volume-, and voxel-based analyses.

Results: Volume-based analysis showed large overlap between MTV and HV: median overlapping frac-
tion was 0.90, 0.94 and 0.94, at the pre, w2 and w3 time-points, respectively. Voxel-wise analysis
between FDG and FAZA intratumoral PET uptake distributions showed high correlation: median
Spearman’s rank correlation coefficient was 0.76, 0.77 and 0.76, at the pre, w2 and w3 time-points,
respectively. Interestingly, tumours with high FAZA uptake tended to show more similarity between
FDG and FAZA intratumoral uptake distributions than those with low FAZA uptake.

Conclusions: In unresectable lung carcinomas, FDG and FAZA PET uptake distributions displayed unex-
pectedly strong similarity, despite the distinct pathways targeted by these tracers. Hypoxia PET with
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FAZA brought very little added value over FDG from the perspective of DP in this population.

Introduction

In recent years, dose painting (DP) has been regarded as a
promising concept in radiation therapy (RT). The fundamental
idea is simple: identifying radioresistant regions within the
tumour based on functional imaging, e.g., positron emission
tomography (PET), then delivering a heterogeneous dose pre-
scription which specifically targets these areas [1]. In the
most sophisticated form of the strategy, known as dose paint-
ing by numbers (DPBN), the dose is distributed from voxel to
voxel as a function of signal intensity, e.g., PET standardised
uptake values (SUV) [2]. As a result, DP is expected to
improve the loco-regional tumour control rate while keeping
treatment toxicities within acceptable limits.

This approach is particularly appealing for patients with
locally advanced (stage Ill) lung cancer. In these patients,
conventional RT schemes, even combined with chemother-
apy, achieve disappointing loco-regional tumour control rates

of about 30% at 5 years [3,4]. Dose escalation strategies
should theoretically improve these results. However, in a
recent phase lll study, homogenous dose escalation (74 Gy)
failed to demonstrate a clinical benefit compared to the
standard treatment (60 Gy). While the exact reasons for this
failure remain unknown, non-optimal dose prescription to
the target and organs at risk might partially explain the
increased rate of local failure and late toxicities encountered
in the high dose arm [5]. By restricting the dose escalation to
radioresistant tumour regions, DP should thus reconcile treat-
ment efficacy goals and safety imperatives.

Although any PET tracer identifying a metabolic pathway
associated with radioresistance could be selected for DP pur-
poses, ['®Flfluorodeoxyglucose (FDG) and ['®Flfluoroazomycin
arabinoside (FAZA) stand out from others. The former is a
surrogate of tumour burden and has already shown its ability
to depict more accurately the tumour extension [6] and to
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identify tumour regions susceptible to relapse after chemora-
diotherapy based on pre-treatment imaging in lung cancer
patients [7,8]. Clinical studies have already demonstrated the
feasibility of FDG-PET-guided DP in head and neck [9] and
lung cancer patients [10]. The latter is a surrogate of tumour
hypoxia. Indeed, FAZA is a nitroimidazole compound which
is reduced and trapped within the cells under hypoxic condi-
tions [11]. Hypoxia is a long-known cause of radioresistance
[12] and modelling studies have suggested that increasing
dose to hypoxic tumour regions should improve tumour con-
trol probability significantly [13,14].

From a theoretical standpoint, if FDG and hypoxia PET
imaging display different uptake patterns, they could provide
complementary information with regard to DP. So far, studies
comparing FDG and hypoxia PET uptake distributions in lung
cancer yielded conflicting results [15-18], and it remains
unclear whether these observations might partly result from
methodological issues rather than from real differences in
tracer uptakes. In order to achieve a reliable comparison
between FDG and hypoxia PET images, the acquisition proto-
col should satisfy several conditions: (1) imaging sessions
should be close in time to avoid spatiotemporal changes in
tumour biology; (2) patient positioning should be reprodu-
cible to facilitate image comparison; and (3) respiratory-
induced motion should be adequately managed to avoid
image blurring and misalignment at the tumour level.

In this context, we performed multiple-point FDG and
FAZA PET imaging with respiratory motion compensation in
patients with lung cancer undergoing RT. Based on this
image database, we previously described the spatio-temporal
evolution of FDG and FAZA PET uptake distributions during
the treatment [19]. In the present article, we focused on the
comparison between FDG and FAZA PET uptake patterns.

Material and methods
Patient selection

From November 2013 to January 2016, 14 patients (five
women and nine men) with unresectable lung cancer, which
were referred to our department for definitive chemoradio-
therapy, were prospectively included in the study (Table 1).
Patients had a median age of 69.5 years (range: 57-79 years).
Tumours were classified as squamous cell carcinoma (n=6),

Table 1. Patient characteristics.

adenocarcinoma (n =6) and small-cell lung cancer (n=2). All
but two patients had stage lll disease at their diagnostic
workup (patient #4: stage IV; patient #14: stage ll). Patient
#14 was upstaged to stage IV disease based on the pre-
treatment FDG PET/CT acquired as part of the study and was
subsequently disqualified from RT. Patients were treated with
concurrent (n=11) or sequential (n=2) platinum-based
chemoradiotherapy, with RT fractionation of 25 x 2.5Gy
(n=2),30x2Gy (hn=10) or 25 x 1.8Gy (n=1).

PET/CT imaging

Patients underwent FDG and FAZA 4D-PET/CT on consecutive
days at three time-points: prior to RT as part of the planning
process (pre), and during the second (w2) and third (w3)
weeks of treatment, for a total of three PET/CT pairs per
patient.

All acquisitions were performed on a Gemini TF PET/CT
(Philips Medical Systems, Cleveland, OH). Patients were
immobilised with a thermoplastic mask in RT position, and
were audio-coached in order to ensure regular breathing dur-
ing the 4D acquisitions [20]. The respiratory signal was
recorded with a pneumatic pressure belt (Medspira Breath
Hold, Medspira, Minneapolis, MN).

First, a 4D-CT scan covering the entire thoracic region
(slice thickness: 2mm) was acquired, and binned into 10
equally distributed temporal CT frames. Then, a 4D-PET scan
(single bed position centred on the tumour, with a length of
180 mm) was performed. For FDG imaging, patients fasting
for at least six hours before examination received a median
activity of 309 MBq (interquartile range (IQR) [302-314]) FDG
and were scanned a median time of 87 minutes (IQR [77-98])
post-injection for 10 minutes. For FAZA imaging, patients
received a median activity of 386 MBq (IQR [374-391]) FAZA
(synthesised as previously described [21]) and were scanned
a median time of 127 minutes (IQR [116-137]) post-injection
for 30 minutes. The PET data were binned into five equally
distributed temporal frames. Images were corrected for
decay, random, scatter, attenuation and reconstructed using
the iterative algorithm 3D LOR-OSEM (three iterations and 33
subsets, 2mm isotropic voxels). Each PET respiratory frame
was corrected for attenuation using the corresponding CT
frame. During the FDG 4D-PET/CT imaging sessions,
an additional free-breathing contrast-enhanced CT (CE-CT)

Patient # Gender Age TNM staging (7th edition) Histology Radiotherapy Chemotherapy
1 M 69 T4 NO MO 1A ScC 25 x 2.5Gy Sequential
2 F 78 T3 N2 MO A ADC 30 x 2Gy Concurrent
3 F 64 T3 N3 MO i SCLC 30 x 2Gy Concurrent
4 M 57 T1b N2 M1b v ADC 25 x 2.5Gy Concurrent
5 M 74 T2a N2 MO A SCC 30 x 2Gy Concurrent
6 F 70 T2a N2 MO A ADC 30 x 2Gy Concurrent
7 M 79 T3 N3 MO i ADC 30 x 2Gy Concurrent
8 ] 58 T4 N2 MO 1B ADC 30 x 2Gy Concurrent
9 M 77 T2a N3 MO B ScC 30 x 2Gy Concurrent
10 M 69 T4 NO MO A Scc 30 x 2Gy Concurrent
1 F 72 T2b N2 MO A SCC 30 x 2Gy Sequential
12 F 58 T4 N2 MO B SCLC 30 x 2Gy Concurrent
13 M 62 T4 N1 MO 1B SCC 25 x 1.8 Gy Concurrent
14 M 73 T3 NO MO 1B ADC - -

ADC: adenocarcinoma; SCC: squamous cell carcinoma; SCLC: small cell lung cancer.



was acquired for the purpose of tumour delineation. For an
average patient, the effective dose for the complete proced-
ure (4D-PET/CT and CE-CT) was approximately 21.5 mSy,
from which 5.5, 9 and 7 mSv are attributable to the PET, the
4D-CT and the CE-CT acquisitions, respectively.

Each 4D-PET/CT was reconstructed in its time-averaged
midposition (MidP) using homemade software (REGGUI) [22].
First, the MidP CT was generated from deformable registra-
tion of the 10 CT respiratory frames as previously described
[23]. The resulting image represents the anatomy in its time-
weighted mean position over the respiratory cycle. It
combines the advantages of being less noisy than single
respiratory frames and allowing for better representation of
the actual tumour shape [24]. As a result, MidP CT images
are visually sharp, in contrast with average CT images, which
are blurred by respiratory motion. Then, the MidP PET image
was generated from the five PET respiratory frames using the
motion data derived from the 4D-CT [25]. As for MidP CT,
MidP PET images are compensated for respiratory motion
and therefore allow for better estimation of tumour volumes
and standardized uptake values (SUV) [25].

Image analysis

For each MidP PET/CT pair, the gross tumour volume (GTVc7)
consisting of the primary tumour was first manually
delineated by an experienced radiation oncologist on the
FDG MidP PET/CT using a standard lung window (level: —-600,
window: 1600). Next, CT-based rigid registration centred on
the tumour was performed between the FDG and the FAZA
MidP PET/CT using MIM Maestro Version 6 (MIM Software,
Cleveland, OH). Finally, the GTVcr was rigidly propagated to
the FAZA MidP PET/CT.

Following this, FDG and FAZA PET images were compared
within GTVcr for global uptakes parameters, as well as for
intratumoral uptake distributions using both volume- and
voxel-based analyses.

Global uptake parameters. FDG and FAZA SUVp,.y, SUVpeak
and SUV,can Were measured and compared within GTVcr.

Volume-based analysis. The metabolic tumour volume
(MTV) consisting of voxels within GTVcr with a SUV higher
than 50% of the SUV,.x was delineated on the FDG MidP
PET images. This threshold is currently used in the PET-boost
trial [10]. The hypoxic volume (HV) which consists of voxels
within GTVcr with a SUV higher than 1.4 was delineated on
the FAZA MidP PET images. To our knowledge, there is no
validated method for the segmentation of hypoxic tumour
subvolumes based on FAZA PET imaging. The fixed 1.4
threshold was recently recommended for hypoxia-directed
dose escalations protocols using the hypoxia PET tracer
'8E-MISO, based on its simplicity and reproducibility [26].

For each image pair, the overlapping fraction (OF)
between the MTV and the HV, which is defined as the ratio
of their intersection to the smallest volume, was computed
[27], i.e., OF=V;NV,/min(V,,V5), where V; and V, are the two
analysed volumes, N is the intersection and, min(V;,V,) is the
smallest volume.

Voxel-based analysis. For each FDG and FAZA image pair,
voxel SUV values within GTVr were extracted using PMOD
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version 3.5 (PMOD Technologies, Zurich, Switzerland) and
compared on a voxel-wise basis.

Statistical analysis

Global uptake parameters (SUVmayx, SUVpeak and SUViean) for
FDG and FAZA were compared using linear regression and
Pearson’s correlation coefficient. FDG and FAZA voxel-wise
comparison was performed using Spearman’s rank correlation
coefficient (rs). SPSS Statistical Software Version 23 (IBM,
Armonk, NY) was used for all statistical analyses and graphic
illustrations. All tests were two-tailed and a p value lower
than .05 was considered as significant.

Results

A total of 75 PET/CT were performed (39 FDG and 36 FAZA
PET/CT) and 36 pairs of PET/CT could be compared. Median
time interval between FDG and FAZA PET/CT was one day
(range: 1-8 days). Patients underwent w2 and w3 imaging
sessions after a median dose of 16 Gy (IQR [14.1-21.4]) and
28Gy (IQR [25.5-33.9]) (equivalent dose in 2Gy fractions,
assuming an alpha/beta ratio of 10Gy), respectively.
Respiration-associated tumour motion was relatively small,
with a median amplitude of 2.9 mm (IQR [1.7-6.0]) over all
imaging sessions. GTVr volumes are listed in Table 2.

Global uptake parameters. Median FDG SUV., was 14.0
(IQR [9.0-16.4]), 8.8 (IQR [5.9-13.3]) and 9.4 (IQR [4.8-15.3]),
and median FAZA SUV,,.x was 1.9 (IQR [1.5-2.2]), 1.8 (IQR
[1.5-2.4]) and 1.7 (IQR [1.4-2.3]) at pre, w2 and w3 time-
points, respectively.

FDG and FAZA global uptake parameters showed high
correlation: all image pairs put together, Pearson’s correlation
coefficient () between FDG and FAZA SUV .. SUVpea and
SUVean Were 0.76, 0.77 and 0.80, respectively (p value
<.001) (Figure 1).

Volume-based analysis. MTV and HV volumes are listed in
Table 2. In most cases, MTV was larger than HV. In three
patients (#10, #11 and #13), HV was systematically larger
than MTV, and in patient #6, HV was larger than MTV at the
pre-treatment time-point exclusively.

MTV and HV showed large overlap: median OF between
MTV and HV were 090 (IQR [0.76-0.98]), 0.94 (IQR
[0.80-0.99]) and 0.94 (IQR [0.66-0.97]) at pre, w2 and w3
time-points, respectively (Table 3).

Voxel-based analysis. Intratumoral FDG and FAZA PET
uptake distributions showed high correlation: voxel-wise
comparison yielded median rs of 0.76 (IQR [0.62-0.83]), 0.77
(IQR [0.70-0.82]) and 0.76 (IQR [0.66-0.80]) at pre, w2 and w3
time-points, respectively (Table 3 and Figure 2).

Interestingly enough, the similarity between FDG and
FAZA intratumoral uptake distributions increased along with
the global tumour FAZA uptake, both based on volume and
voxel parameters (Figure 3).

Discussion

In this study, we compared FDG and FAZA PET uptakes in
lung tumours during RT. Global indicators such as SUV ..y,
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Table 2. Evolution of tumour volumes during RT.

GTVcr (mL) MTV (% GTVcr) HV (% GTVcy)

Patient # pre w2 w3 pre w2 w3 pre w2 w3
1 77.1 87.9 67.6 26.2 36.4 33.7 56 86 -2
2 153 1.7 10.1 26.8 248 20.1 156 7.7 40
3 1434 65.8 55.9 125 154 19.1 0.1 3.2 0.0
4 135 135 125 1.9 115 133 0.0 0.0 0.0
5 63.9 38.8 35.2 354 417 375 0.0 15 -2
6 169 175 153 20.7 16.7 187 414 126 163
7 155 106 76 49.0 52.1 31.6 0.6 0.0 0.0
8 277.1 1983 b 145 129 b 38 0.1 b
9 333 17.1 17.0 35.7 226 20.7 24 b 1.8
10 714 533 484 56.0 534 525 74.2 81.2 65.3
11 115.0 1016 922 438 464 457 68.7 66.2 67.2
12 120.0 56.1 46.6 30.8 14.8 16.6 26.3 53 6.7
13 1917 15222 167.6 1.7 16.6 182 329 374 45.0
14 2915 =< =< 524 =< - 30.8 =< =<
Median 743 53.3 409 28.8 22.8 20.2 10.7 6.5 54
IQR [16.6-155.5] [15.3-94.8] [13.2-64.7] [14.0-45.1] [15.1-44.1] [18.3-36.6] [0.5-35.0] [0.5-31.2] [0.0-50.1]

GTVcr: gross tumour volume (based on CT scan); HV: hypoxic volume; MTV: metabolic tumour volume; pre: before starting RT; w2: second week of treatment;

w3: third week of treatment.

—PET/CT acquisition was not performed (cause: °no radiotracer production; Ppatient refusal, “patient disqualified from RT).
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Figure 1. Relationship between FDG and FAZA SUV . (@), SUVpeak (b) and SUVpean (c). Each mark represents an image pair, the timing of the imaging session is
represented by a circle (pre-treatment), a cross (second week of treatment) or a triangle (third week of treatment).

Table 3. Comparison between FDG and FAZA PET uptake distributions.

Voxel-based analysis (rs)

Volume-based analysis (OF)

Patient # pre w2 w3 pre w2 w3
1 0.71 0.74 - 0.99 0.90 -
2 0.85 0.82 0.77 0.86 0.86 0.99
3 0.70 0.78 0.59 1.00 0.93 a
4 0.84 0.85 0.80 @ @ a

5 0.51 0.73 - 2 1.00 -
6 0.69 0.82 0.85 0.73 0.63 0.66
7 0.40 0.68 0.39 0.51 @ a
8 0.83 0.65 - 0.83 1.00 -
9 0.60 - 0.68 0.84 - 0.97
10 0.81 0.76 0.74 0.96 0.97 0.91
1 0.88 0.77 0.77 0.99 0.94 0.94
12 0.63 0.67 0.80 0.55 0.31 0.54
13 0.81 0.87 0.75 0.95 0.98 0.94
14 0.80 - - 0.93 - -
Median 0.76 0.77 0.76 0.90 0.94 0.94
IQR [0.62-0.83] [0.70-0.82] [0.66-0.80] [0.76-0.98] [0.80-0.99] [0.66-0.97]

pre: pre-treatment; w2: second week of treatment; w3: third week of treatment.
—PET/CT acquisition was not performed; no hypoxic volume.

SUVpeak and SUVp,ean showed high correlation. Similarly, FDG
and FAZA intratumoral PET uptake patterns displayed strong
similarities, in both volume and voxel analyses. Interestingly,
similarity was even stronger as global FAZA uptake increased,
a case where FAZA was precisely expected to show more
specific uptake patterns as a result of higher hypoxia levels.

Several studies have compared FDG and hypoxia PET
uptakes in lung tumours. Regarding global uptake parameters,
the available studies were diverse in both the considered
hypoxia PET tracer (**Cu-ATSM [28], *Cu-ATSM [29], '8F-FMISO
[30-33], '8F-FAZA [16,29], '®F-HX4 [17,18]) and uptake
parameters (tumour-to-background ratio, SUV, or both), and
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Figure 2. For four different patients, the panels display from left to right: (1) the pre-treatment CT scan (the GTV(y is delineated with a red line); (2) the pre-
treatment FDG PET scan; (3) the pre-treatment FAZA PET scan and; (4) the voxel-by-voxel scatter plot showing the relation between FDG and FAZA PET uptake
values within GTVr. FAZA PET images constantly display lower tumour-to-background ratio than FDG. The three upper panels correspond to tumours with relatively
high FAZA uptake, in which FDG and FAZA intratumoral uptake distributions show good correlation. The lower panel displays a tumour which FAZA uptake does

not exceed the background, and shows low similarity with FDG.
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Figure 3. Relationship between FAZA SUV,,.x and: the overlapping fraction between MTV and HV (a); the Spearman’s rank correlation coefficient corresponding to
the voxel-wise comparison between FDG and FAZA uptakes within the tumour (b). Each mark represents an image pair, the timing of the imaging session is repre-
sented by a circle (pre-treatment), a cross (second week of treatment), or a triangle (third week of treatment).

they vyielded conflicting results. Some found no correlation
between FDG and hypoxia PET global uptake parameters
[18,28,30,31]. Others found a moderate correlation, which
was either non-significant [16,29,33], or significant [17,29,32].
Next, some studies compared FDG and hypoxia PET

intratumoral uptake distributions. These studies differed also
widely in terms of methodology. Zegers et al. [17] performed
a volume overlap analysis between metabolically active
tumour subvolumes (FDG SUV >50% SUVmax) and hypoxic
tumour subvolumes (*®F-HX4 tumour-to-blood ratio >1.4).
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On average, 76% of the hypoxic subvolumes were included
within the metabolic subvolumes. Using the same method-
ology, van Elmpt et al. [18] obtained an average overlap of
71%. In comparison, in the present study an average of 71%,
74% and 70% of the HV was included in the MTV, at the pre,
w2 and w3 time-points, respectively. Lohith et al. [15] com-
pared FDG and ®Cu-ATSM intratumoral PET uptake patterns
using multiple small regions-of-interest (ROI) located within
the tumour. For each of these ROIs, they computed FDG and
52CuU-ATSM SUV eans then performed a correlation analysis. In
squamous cell carcinomas, a negative correlation was
observed (median r=-0.39), while in adenocarcinomas, the
correlation was positive (median r=0.58). In the present
study, we did not perform a subgroup analysis based on the
tumour histology because of the small sample sizes. Finally,
Bollineni et al. [16] performed a voxel-wise comparison of
FDG and FAZA PET uptake distributions, showing weak cor-
relation (median rs of 0.35). By contrast with the present
study, the analysis was restricted to the high FDG uptake vol-
ume (FDG SUV >34% SUV,..), which might partly explain
the lower correlation. The higher the cutoff threshold, the
lower the observed contrast in the high uptake volume, the
higher the proportional influence of random noise, and even-
tually the lower the correlation with another modality.

Methodological factors have probably contributed to the
heterogeneity of the results reported in the literature, as well
as to the higher correlations observed in our study. The
choice of the hypoxia PET tracer strongly affects the uptake
pattern. As an example, Cu-ATSM has been used for years as
a hypoxia tracer, but was recently shown to correlate poorly
with immunohistochemical hypoxia markers compared to
nitroimidazoles molecules (e.g., 'F-FAZA, '8F-FMISO and
'8F-HX4) [34]. The timing of PET acquisition is also critical.
Nitroimidazole tracers display slow wash-out and poor target-
to-background ratio. Late and long PET acquisitions should
therefore be preferred [35], but this recommendation has not
always been applied. Furthermore, reliable image comparison
requires that several conditions are met. First, the patient
position should be reproducible between acquisitions, which
was ensured in this study by the use of immobilisation devi-
ces. Next, the time interval between FDG and hypoxia PET
should be kept as short as possible to avoid anatomical or
biological changes at the tumour level. In this study, FDG
and FAZA PET images were acquired on consecutive days for
most patients. Finally, respiration-induced tumour motion
can cause image blur and incorrect estimates of tumour vol-
ume and PET uptake [36]. Respiratory amplitude or frequency
can also vary during and between imaging sessions [37],
resulting in additional image artefacts and/or mismatches
between PET and CT tumour positions. To avoid these issues,
patients were systematically audio-coached during the 4D
acquisitions to regularize breathing and tumour motion
parameters [20], while time-averaged MidP images were used
as reference for comparison purposes.

The similarity between FDG and FAZA PET uptake patterns
might be explained by factors related to both tumour cell
biology and the imaging technique itself. From a biological
standpoint, the correlation between PET uptakes could reflect
the cellular co-localisation of FDG and FAZA linked to

anaerobic glycolysis (Pasteur effect), even if FDG is usually
not considered as a specific surrogate of hypoxia [38]. The
uptake correlation could also be driven by subregional fea-
tures such as cell density or blood supply. As a result of the
low spatial resolution of PET imaging, these factors, which
occur on a larger space scale, are likely to overweight the
cellular distribution of hypoxia, varying over distances as
short as 100 um [39]. This would also explain why the similar-
ity between FAZA and FDG uptake distributions tends to
increase in tumours with higher global FAZA uptakes. Since
FAZA displays lower tumour-to-background ratio than FDG
PET, similarity between both uptake patterns would only
appear in tumours with sufficient FAZA uptake.

Increasing the radiation dose to the tumour should result
in better local tumour control, regardless of the dose distri-
bution. The hypothesis behind DP is that functional imaging
is able to identify radioresistant tumour regions, and thereby
that a heterogeneous dose distribution that specifically tar-
gets these regions will be more effective than a homoge-
neous distribution with the same integral dose. Recently, a
preclinical study failed to confirm this hypothesis in rat rhab-
domyosarcomas [40]. In this study, a homogeneous dose
distribution was either superior or as effective as a heteroge-
neous dose distribution with the same mean dose targeting
high FDG uptake tumour areas. Several clinical studies evalu-
ating FDG-directed (PET-boost trial, RTOG 1106, RTEP 7), or
hypoxia-directed (RTEP 5) dose-boosting in lung cancer
patients are currently ongoing, and their results are eagerly
expected. However, most of them are comparing a dose
escalated arm with a lower homogeneous integral dose in
the control arm. Even if more favourable outcome is
achieved in the dose escalated group, the question will
remain whether the clinical gain would result from the dose
escalation, the dose redistribution, or both. Only the PET-
boost trial is clearly testing the DP hypothesis by including a
study arm in which the PET-guided dose distribution is com-
pared to the isotoxic homogeneous dose distribution. Based
on our results, it will also be difficult to determine whether
the potential benefit of these treatments is attributable to
the targeting of the intended biological pathway (i.e., tumour
burden for FDG, hypoxia for nitroimidazole tracers), or to the
accidental targeting of the other. Indeed, comparable FDG
and FAZA uptake distributions are expected to lead to com-
parable dose prescriptions. The obtained dose distributions
could be even more similar, since they will be limited by the
finite dose resolution of the RT machine, and further
smoothed when geometrical uncertainties are accounted for
during the treatment planning and delivery (e.g., due to
tumour motion, tumour baseline shift or setup errors).

Some potential limitations of the study should be men-
tioned. First, the size of the population sample was limited
by the complexity of the imaging protocol and by the mono-
centric nature of the study. However, despite the relatively
low number of patients, the results were largely convergent.
Next, we decided to use the MidP strategy to mitigate the
impact of respiratory motion on the PET uptake distribution.
In our patient cohort, this approach had probably limited
added value since respiration-associated tumour motion was
relatively small. This may be related to the fact that tumours



were mostly located in the upper lung lobes (12 out of 14
patients), where respiratory motion is generally small. Finally,
we pooled all FDG and FAZA PET/CT pairs together for FDG
and FAZA SUViay SUVpeak and SUViean correlation analysis.
However, these data are not independent since up to three
pairs of images belong to the same patient. We tested the
robustness of our results by performing the calculations on
the 14 pre-treatment PET/CT pairs alone and the results were
unchanged: r between FDG and FAZA for SUViax SUVpeak
and SUVean Was 0.76, 0.77 and 0.77, respectively (p value
<.002). A similar remark can be made for the voxel-wise cor-
relation analysis of FDG and FAZA PET uptakes. Indeed,
uptake values of neighbouring voxels are not fully independ-
ent because of post-reconstruction smoothing, which should
lead to higher correlation results, by smoothing either noise
or actual local uptake variations within each image.

In summary, FDG and FAZA PET uptake distributions dis-
played strong similarities in unresectable lung carcinomas,
despite the distinct pathways targeted by these tracers.
Hypoxia PET with FAZA brought very little added value over
FDG from the perspective of DP in this population.
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