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  ABSTRACT 

  Background.  Tumour hypoxia can be measured by FMISO-PET and negatively impacts local tumour control in patients 
with head and neck squamous cell carcinoma (HNSCC) undergoing radiotherapy. The aim of this post hoc analysis 
of a prospective clinical trial was to investigate the spatial variability of FMISO hypoxic subvolumes during 
radio-chemotherapy and the co-localisation of these volumes with later recurrences as a basis for individualised dose 
prescription trials with dose escalation defi ned by FMISO-PET. 
  Methods.  Sequential FMISO scans of 12 (of 25) patients presenting residual hypoxia taken before (FMISOpre) and 
during (FMISOw1 – FMISOw5) radio-chemotherapy were analysed regarding the stability of the FMISO subvolumes 
and, in case of local failure, their correlation to local relapse.  
  Results.  Consecutive FMISO-PET positive volumes could be classifi ed as moderately stable with Dice conformity 
indices of 62% and 58% up to the second week of treatment. Substantial volumetric variation during treatment was 
observed, with more than 20% geographic miss in all patients and more than 40% in half of the patients. The localisa-
tion of the maximum standardised uptake value (SUV max ) differed with a mean distance of 7.0 mm and 13.5 mm between 
the pre-therapeutic and fi rst or second FMISO-PET during treatment. A stable hypoxic consensual volume (i.e. overlap 
of pre-therapeutic FMISO and intra-treatment FMISO subvolumes up to week two, generated by different contouring 
methods) was determined for six patients with imaging information of local recurrence. Three of these six local 
recurrences were located within this consensual volume.  
  Conclusions.  Our data suggest that selective dose painting to hypoxic tumour subvolumes requires adaptation during 
treatment and suffi cient margins. An alternative strategy is to escalate the dose to the gross tumour volume, accepting 
lesser escalation of dose outside hypoxic areas if indicated by constraints for organs at risk.   
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 Despite progress in radio-(chemo)therapy (RCT) 
during the last decades, prognosis of locally advanced 
non-HPV-induced head and neck squamous cell car-
cinoma (HNSCC) is not satisfactory with overall 
survival below 50% after fi ve years [1]. Tumour 
hypoxia is a well recognised adverse prognostic factor 
after RCT in these tumours [2 – 4]. Underlying rea-
sons include the oxygen effect, i.e. higher radioresis-
tance in the absence of oxygen [5], which can be 
expressed by the oxygen enhancement ratio (OER). 
In addition it has been demonstrated that hypoxia 
mediated selection of resistant cells, e.g. cells with 
diminished apoptotic potential, may result in a more 
aggressive tumour biology and clinical phenotype 
[6]. A non-invasive method to assess tumour hypoxia 
in patients is positron emission tomography (PET) 
with hypoxia-specifi c radiotracers, e.g. [ 18 F]FMISO 
([ 18 F]fl uoromisonidazole, in the following FMISO), 
[ 18 F]FAZA, [ 64 Cu]Cu-ATSM or [ 18 F]EF5 [7 – 9]. 
Several clinical studies have shown the prognostic 
value of hypoxia detection by PET for outcome of 
RCT [8,10]. Based on these fi ndings, treatment 
intensifi cation in tumours with high uptake of hypoxia 
tracers has been widely discussed [11 – 13]. Strategies 
include application of hypoxia modifying or hypoxic 
cell sensitising drugs [14], use of radiation qualities 
which show a lesser OER, such as neutron- or 
carbon-beams, or radiation dose escalation [15]. The 
latter approach may be either directed exclusively to 
hypoxic tumour subvolumes by dose painting tech-
niques [11,16,17] or to the complete gross tumour 
volume [4]. Of key importance to judge the relative 
merit of these two options are the questions whether 
the localisation of hypoxic subvolumes within the 
tumour remains stable during RCT and whether 
recurrences occur at the site of previous hypoxic 
tumour subvolumes. Several studies have shown that 
the spatial distribution of hypoxia before or during 
treatment may vary, although some recent studies 
indicated that the localisation of hypoxic tumour 
subvolumes is relatively constant at least in a 
proportion of patients [18 – 20]. 

 In an exploratory prospective clinical trial in 
patients treated by RCT for advanced HNSCC we 
have shown previously that residual tumour hypoxia 
determined by FMISO-PET during the second 
treatment week was associated with poor local 
tumour control (LC) and local progression-free 
survival (LPFS) [21]. The present analysis focuses 
on patients from this trial who presented residual 
tumour hypoxia during treatment and therefore 
would be candidates for dose escalation. We assessed 
whether the localisation of FMISO-PET-positive 
subvolumes was stable during treatment and 
whether these hypoxic subvolumes may be 
indicative for the site of local failure.  

 Methods  

 Patients and treatment 

 Patients of our explorative prospective trial on the 
prognostic value of repeated hypoxia-specifi c FMISO-
PET imaging during RCT have been evaluated in 
this post hoc analysis. Details have been reported 
previously [21]. Briefl y, 25 patients (22 males, three 
females) with indication for primary RCT in curative 
intent for locally advanced HNSCC received FMISO-
PET before and during the course of RCT. All 
target volumes were defi ned in the pre-treatment 
FDG-PET/CT. Treatment was applied as three-
dimensional (3D)-conformal or intensity-modulated 
radiotherapy with 72 Gy to the primary tumour and 
involved lymph nodes, 59.4 Gy to the lymphatic 
drainage, applied as accelerated and partly hyperfrac-
tionated schedule according to [22] and simultane-
ous chemotherapy with 5-fl uoruracil and either 
Cisplatin (21 patients) or Mitomycin C (four 
patients). The study (NCT00180180) was approved 
by the local ethics committee.   

 PET/CT-imaging 

 PET data acquisition in the trial was described in 
detail before [21]. Briefl y, a Biograph 16W PET/
computed tomography (CT) (Siemens Medical 
Solutions Inc., Knoxville, TN, USA) containing a 
16-slice CT scanner was used for image acquisition. 
The FMISO-PET tracer was synthetised by the 
Institute of Radiopharmaceutical Cancer Research at 
the Helmholtz-Zentrum Dresden-Rossendorf. For 
the present analysis, the static FMISO images 
acquired at 4 h post-injection (p.i.) after administra-
tion of 250 – 300 MBq were used, because they pro-
vided the highest contrast [23]. For each dataset, one 
fi eld of view (FOV; 15.8 cm in z-axis) was scanned 
for 15 min. Emission images with CT-based attenu-
ation-correction were reconstructed. Before treat-
ment and during follow-up visits, diagnostic whole 
body FDG-PET/CT scans, 60 min p.i. of 350 MBq 
[ 18 F]FDG (FDG, GlucoRos   ®   , 
Helmholtz-Zentrum Dresden-Rossendorf, Ger-
many), were acquired for every patient. CT scans for 
attenuation correction, as well as for electron density 
determination, were performed in cranio-caudal 
direction from skull base to upper thighs. Before the 
start of RCT, a FDG-PET (FDG) and FMISO-PET 
(FMISOpre) scan were acquired. During treatment, 
three additional FMISO scans were performed: After 
the fi rst (FMISOw1), second (FMISOw2) and fi fth 
week of treatment (FMISOw5). All PETs before and 
during RCT were performed in treatment position 
using thermoplastic masks. Due to technical reasons, 
the FMISOw1 scan was not performed in Patient 5.   



  Spatial distribution of FMISO and correlation to pattern of failure   1357

 Follow-up 

 Follow-up comprised clinical examination and alter-
nating FDG-PET/CT and/or magnetic resonance 
imaging (MRI) scans every three months for the fi rst 
two years and every six months thereafter. All 
follow-up FDG PET/CTs were performed at the 
institution conducting the clinical trial. If clinically 
indicated, further endoscopy and/or histological 
examinations were performed.   

 Image analysis, delineation of volumes of interest and 
fusion of images 

 For the analysis of the FMISO scans, maximum 
standardised uptake value (SUV max ) was calculated 
and the determination of maximum tumour to back-
ground values (TBR max ) required the additional 
delineation of a volume of interest (VOI) within the 
deep neck muscles to defi ne background activity. 
The rigid registration of the initial FDG and the 
sequential FMISO scans as well as the registration 
of the available imaging of tumour recurrences were 
manually performed by experienced physicians. To 
preclude inter-observer variation, all FMISO positive 
subvolumes were delineated manually by the same 
board-certifi ed radiologist (NA) for the evaluation of 
stability of hypoxic subvolumes. However subvol-
umes delineated by the other investigators were sim-
ilar and the selection of another reference delineator 
would not change the conclusions of this study. For 
the FDG volumes before treatment and, if available, 
of recurrent disease, delineation was performed by 
the automatic adaptive thresholding segmentation 
algorithm described by Hofheinz [24] after delinea-
tion of an amply sphere around the primary tumour. 
According to the results of our trial [21] the median 
TBR max  of 1.93 was used as cut-off to defi ne residual 
hypoxia after the second week of RCT, thereby 
classifying 12 of the 25 patients as carrying  “ hypoxic 
tumours ”  at this time point. TBR max  was used as it 
was found out to be of highest prognostic relevance 
in multivariate analysis of our previously published 
prospective trial [21]. 

 The overlap of the sequential scans before and 
during RCT in the same patients was calculated as 
the Dice index. In addition the bilateral mean contour 
distance (BMCD) of the sequential FMISO scans 
was determined. The BMCD is obtained by summing 
up the average minimal distances of any voxel on one 
contour to the sequential contour and vice versa and 
fi nally calculating the mean distance [25]. 

 To evaluate whether the FMISO subvolume 
before RCT is a suitable target volume for a selective 
dose escalation approach (e.g. dose painting accord-
ing to FMISO voxels) two methods were used. As a 
fi rst approach, all FMISO contours during treatment 

(FMISOw1,w2,w5) were merged to one subvolume. 
This subvolume (FMISO during therapy) refl ects all 
locations that were classifi ed as hypoxic at any time 
during therapy. To quantify the proportion of the 
FMISO subvolume during therapy that would not 
be covered by the initial FMISOpre, the Geographic 
Miss index was calculated between the FMISOpre 
volume and the merged FMISO subvolume during 
therapy (without consideration of margins for PTV) 
analogously as described in the literature [26]. This 
approach was used to estimate the proportion of the 
residual hypoxic subvolumes during treatment that 
would be localised outside a boost volume planned 
on FMISOpre. In a second approach we investigated 
whether stable hypoxic subvolumes are present dur-
ing the initial part of the course of RCT (prethera-
peutic to Week 2), that are observer-independent 
classifi ed as hypoxic, and whether these subvolumes 
are associated with the location of local failures. This 
is of interest as it might be argued that temporary 
hypoxic regions have less prognostic relevance for 
local recurrence than hypoxic subvolumes with a 
stable localisation over a period of time. Therefore a 
consensual stable hypoxic core subvolume (c-s sub-
volume) was defi ned as hypoxic subvolume which is 
observer-independent and stable up to the second 
week of treatment. Stability was assessed by using the 
overlap of the hypoxic/FMISO-positive subvolumes 
in the FMISOpre, FMISOw1 and FMISOw2 scan. 
To obtain a consensual subvolume that would repro-
ducibly be assigned as a potential target volume for 
a dose painting approach, the FMISO scans were 
delineated by NA, KZ, RP without knowledge of the 
other contours or patient outcomes. Subsequently, 
one automatic contouring algorithm [27] was used 
for defi ning the FMISO subvolumes. The overlap of 
all four contours was classifi ed as consensual subvol-
ume. Additionally all hypoxic subvolumes (FMISO 
pre,w1,w2,w5) were merged and the percentage of 
this FMISO union of the pretherapeutic FDG 
tumour volume was calculated. As a consequence 
obtaining the relative tumour volume which was 
hypoxic at any time during treatment 

 To judge whether local failures occur within the 
previously hypoxic volumes, available imaging data 
of local relapse were rigidly registered to the initial 
FMISO- and FDG-scans and the FMISO scan after 
the fi rst and second week of RCT. Seven of the 12 
patients classifi ed as having residual hypoxia at 
Week 2 presented with local recurrence. Imaging of 
the local recurrence was evaluable for six of these 
patients: fi ve patients presented with early recurrence 
(two detected by CT, three by FDG-PET/CT) and 
one patient presented with late recurrence (39 
months) in FDG-PET/CT. This latter recurrence 
showed minimal overlap with some FMISO-PET 
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  Figure 1.     Local progression-free survival for patients categorized 
as hypoxic during therapy with TBR max     �    1.93 in FMISOw2 
(n    �    12).  

delineation volumes but not with all consensual 
volumes/FDG volume and therefore can refl ect either 
local recurrence or second primary cancer. This 
patient is included in the present analysis (Patient 8). 
One patient had clinical and histological proven local 
relapse but no recognisable tumour recurrence in 
MRI. This patient had to be excluded from analysis 
because of lack of spatial information. 

 The six patients with residual hypoxia at Week 2 
and imaging information of local recurrence were 
analysed regarding the overlap and the distance 
between geometric centres of the recurrent tumour 
volume and the FMISO and FDG subvolumes after 
rigid image registration. To exclude inaccuracies 
caused by rigid registration, the patients with mini-
mal and average overlap (Patients 8 and 11) were 
also fused by non-rigid registration. For this purpose 
a Diffeomorphic Demon algorithm, implemented in 
3D Slicer, was used [28,29].   

 Statistics and calculations 

 Comparison of contours and calculation of indices 
were performed using in-house software, which has 
been previously described in detail [30]. GraphPad 
Prism 5 (Graphpad Software, La Jolla, CA, USA) 
was used for plotting of graphs and calculation of 
means and medians.    

 Results 

 The poor LPFS of patients with tumours showing 
residual hypoxia at Week 2 of treatment, i.e. after 
18 – 20 Gy of RCT was confi rmed as previously pub-
lished (Figure 1, for detailed patients’ characteristics 
see Table I). 

 The size of the hypoxic tumour subvolumes var-
ied during treatment in the individual patients, both 

increase and decrease were observed (Table II). As 
depicted in Figure 2A the hypoxic volumes in sequen-
tial FMISO scans showed some but no complete 
overlap, as indicated by median Dice indices of 62% 
(range 17 – 76%; FMISO pre vs. w1), 58% (range 
17 – 77%; FMISOw1 vs. w2) and 29% (range: 7 – 57%; 
FMISOw2 vs. w5). The median bilateral contour dis-
tance was 5.5 mm, 6.7 mm and 9.2 mm (Figure 2B), 
median distance of the SUV max  in the sequential 
scans was 7.0 mm, 13.5 mm and 8.2 mm (Figure 2C), 
respectively. Calculation of the Geographic Miss 
index between FMISOpre and the merged FMISO 
subvolumes during therapy revealed a miss greater 
than 20% for all patients (range 22 – 90.7%), the abso-
lute hypoxic subvolumes outside the FMISOpre boost 
volume ranged from 5.2 to 176.7 ml (Table III). The 
relative (based on FDG) tumour volume which was 
hypoxic at least for one timepoint during treatment 
reached from 36.4% to 296.8% with a high vari-
ability between individual patients (average 105%, 
median 62%). 

 The analysis of the localisation of local recur-
rence compared to hypoxic subvolumes before or 
during RCT in six patients with local recurrence is 
summarised in Table IV, Patients 1 and 8 are shown 
as an example in Figure 3. For all patients stable 
consensual (c-s) hypoxic tumour subvolumes of 
FMISOpre, w1, w2 could be defi ned (mean c-s vol-
ume 1.0 ml, range 0.2 – 1.8 ml). Overlap of the c-s 
subvolume with the volume of recurrence was 
observed in three of six patients. The closest distance 
between contours of recurrent tumour and consen-
sual region in the remaining three patients was 
0.5 mm, 14.4 mm and 22.2 mm. The average dis-
tance between geometric centres of recurrent tumour 
volume and PET subvolumes was smallest for pre-
therapeutic FDG-PET (23.7 mm) and largest for 
consensual-stable FMISO subvolume (29.6 mm) 
(Table IV). To assess whether the spatial separation 
of the c-s hypoxic volumes from the recurrences is 
caused by rigid registration used in this study, addi-
tional non-rigid registration was performed for the 
patient with the maximum distance between the vol-
umes (#8) and a patient with an average overlap 
(#11). The results of the non-rigid and rigid registra-
tion were similar, with no overlap in Patient 8 and 
remaining minimal overlap in Patient 11.   

 Discussion 

 While considerable evidence supports prognostic 
value of hypoxia-specifi c PET for patients ́  outcome 
[4], the clinical implications of hypoxic subvolumes 
for biology-based treatment planning remains con-
troversial. Initial studies found a lack of spatial repro-
ducibility of the FMISO signal before radiotherapy 
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  Table I. Patients ́  characteristics.  

No. Age (years) Sex Region TNM
TBR max 

  FMISOpre
TBR max 

  FMISOw2
Local 

failure (LF)
Time to LF 

months
Imaging 

modality of LF

1 54 M Oropharynx T3 N0 M0 2.47 2.38 Y 7 PET-CT
2 46 M Hypopharynx T4 N2c M0 2.53 1.96 N -  † 
3 59 M Hypopharynx T4 N2b M0 2.79 2.65 Y 12 PET-CT
4 54 M Tongue T3 N1 M0 2.83 2.02 N - -
5 55 M Tongue T4 N2 M0 3.86 3.06 Y 6 (clinical)
6 53 M Gingiva T4 N2c M0 2.11 2.43 Y 16 CT
7 60 M Gingiva T4 N2c M0 2.73 2.25 N -  † 
8 52 M Oropharynx T4 N2c M0 2.41 2.01 Y (39) PET-CT
9 54 W Oropharynx T4 N2c M0 1.69 2.48 N -  † 

10 45 M Tongue T3 N2c M0 3.18 2.75 N -  † 
11 64 M Tongue T3 N2b M0 2.27 3.41 Y 20 PET-CT
12 55 M Hypopharynx T4 N2c M0 3.19 2.82 Y 7 CT

    Maximum tumour to background ratio (TBRmax) in FMISOpre and FMISOw2. The symbol  †  indicates patients who died before the 
fi rst follow-up visit.   

  Figure 2.     FMISO stability during treatment, boxplot showing 50% quartiles, whiskers showing whole range. (A) Dice index (Dice) 
with percentage of overlap, (B) bilateral mean contour distance (BMCD) and (C) distance of SUV max  between corresponding sequential 
FMISO scans.  

[18]. Recent investigations showed high to moderate 
reproducibility between repeated pre-therapeutic 
FMISO scans [19] or between sequential FMISO 
scans during therapy [20]. The question whether 
hypoxic tumour subvolumes remain spatially stable 
before and during radiotherapy is important for clin-
ical trials on dose escalation using selective dose 
painting boost approaches [17]. 

 In our study the mean overlap of hypoxic 
subvolumes in sequential scans determined as Dice 
index was within the lower range of published val-
ues [20]. However, determination of the Dice index 
has limitations for identifi cation of spatially stable 
hypoxic subvolumes. For example, extension of the 
hypoxic subvolume over time may result in insuf-
fi cient target coverage for hypoxia-adapted radia-
tion dose distributions although the Dice index 
may remain high. Vice versa the Dice index may 
signifi cantly decrease when hypoxic subvolumes 
shrink during treatment although they are still fully 

included in the initial hypoxic subvolume and 
would be fully covered by the prescribed radiation 
dose to hypoxic tumour areas. We therefore addi-
tionally determined the Geographic Miss index as 
the percentage of the hypoxic subvolume during 
therapy which is located outside the pre-treatment 
FMISO subvolume. The Geographic Miss index 
was higher than 20% in all patients (up to 91%), 
indicating that a dose painting approach based on 
the pre-treatment FMISO PET bears substantial 
risk of lesser dose then intended to all tumour 
volumes which are hypoxic at any time during the 
course of treatment. Of additional concern is 
that the position of the SUV max  varied considerably 
between the sequential FMISO scans, the mean 
distances were 9.3 – 19.0 mm (Table II). This is 
a higher degree of variability than the mean 
value of 4 mm reported previously by others for 
repeated scans before treatment [19]. Although 
SUV max  may be a less important parameter 
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  Table II. Variations of FMISO hypoxic subvolumes during treatment.  

FMISOpre to FMISOw1 FMISOw1 to FMISOw2 FMISOw2 to FMISOw5

Patient 
no. #

Dice 
index

MaxU 
distance 
(mm)

BMCD
  (mm)

 Δ  vol
  (ml)

Dice 
index

MaxU 
distance 
  (mm)

BMCD
  (mm)

 Δ  vol
  (ml)

Dice 
index

MaxU 
distance
  (mm)

BMCD
  (mm)

 Δ  vol
  (ml)

1 75% 11.1 3.4  �  2.4 28% 8.6 10.3  �  28.6 49% 4.1 4.3  �  1.8
2 75% 8.0 3.3  �    1.9 17% 30.2 13.6  �  29.8
3 65% 7.0 3.8  �  0.6 70% 10.1 3.7  �  1.2
4 53% 12.2 5.1  �  9.1 28% 24.8 8.4  �    5.1
5 73% a 50.8 a 4.1 a  �  7.6 a 22% 4.9 11.6  �  52.3
6 60% 5.7 5.6  �    33.4 73% 21.9 5.0  �  18.5 57% 8.9 6.3  �  12.5
7 62% 1.9 5.7  �  45.3 69% 25.9 4.4  �    34.1 7% 27.6 21.4  �  103.3
8 17% 29.7 15.3  �    175.8 30% 21.5 13.8  �  158.9
9 23% 4.3 5.5  �    4.1 52% 5.9 4.5  �    1.2

10 50% 7.0 5.6  �    19.4 56% 19.4 5.4  �  6.9 50% 5.9 5.4  �  12.7
11 67% 10.0 4.1  �    5.3 77% 4.9 3.0  �  0.3 29% 11.6 6.8  �  17.3
12 76% 5.9 3.3  �    0.7 59% 4.1 4.7  �  25.4 9% 14.9 8.7  �  24.0

MED 62% 7.0 5.1 – 58% 20.5 4.9 – 29% 8.9 6.8 –
M 57% 9.3 5.5 – 53% 19.0 6.7 – 32% 11.1 9.2 –

    BMCD, bilateral mean contour distance; MaxU distance, distance between sequential SUVmax localization, M, mean; MED, median; 
 Δ  vol, absolute volume change between sequential FMISO scans.  a Usage of FMISOpre instead of FMISOw1 since FMISOw1 not available 
for Patient 5.   

  Table III. Stability of hypoxic subvolume.  

Patient 
no. #

Volume 
FMISOpre 

(ml)

Merged volume 
FMISO 

w1    �    w2 �    w5 
(ml)

Volume 
outside 

FMISOpre 
(ml)

Geographic 
Miss index

1 36.9 34.9 7.7 22.1%
2 33.5 37.5 11.2 29.9%
3 19.8 18.8 6.5 34.6%
4 15.6 15.7 7.0 44.6%
5 62.3 60.3 14.6 24.2%
6 79.8 149.8 81.1 54.1%
7 118.3 118.1 31.2 26.4%
8 18.1 194.8 176.7 90.7%
9 0.8 8.2 7.4 90.2%

10 11.4 7.9 5.2 65.8%
11 16.6 26.9 12.9 47.9%
12 50.3 54.1 12.8 23.7%

    Volume of FMISOpre and merged FMISO subvolumes during 
therapy (sequential w1,w2,w5). Geographic Miss Index, percentage 
of FMISO subvolume during therapy missed by planning on 
FMISOpre; Volume ouside FMISOpre, subtraction of the 
intersection volume of FMISOpre and FMISOw1    �    w2 �    w5 from 
the FMISOw1    �    w2 �    w5 volume.   

for radiation oncology compared to the FMISO 
positive volume, relevant variability in the position 
of this parameter may be important for voxel-based 
dose prescription [11]. 

 To address the question whether dose escalation 
to the hypoxic tumour subvolumes may be a promis-
ing strategy from a target defi nition point of view, 
we assessed whether recurrences occurred at the site 
of the hypoxic subvolumes identifi ed in FMISOpre 

to FMISOw2 and compared it to pre-therapeutic 
FDG-PET in the six patients in which the site of 
local recurrence after radiotherapy was documented 
by imaging. This is to our knowledge the fi rst study 
that correlates the pattern of local failure to FMISO 
subvolumes before and during treatment. The con-
sensual hypoxic subvolumes determined by three 
independent observers and one automatic algorithm 
in the pretreatment scans overlapped partly with 
the volume of recurrence in four of six patients. 
Results were slightly better for hypoxic subvolumes 
determined in Week 1 (six overlaps) or Week 2 (fi ve 
overlaps). A stable consensual hypoxic volume, i.e. 
consensual hypoxia at all three time points, could be 
calculated in all six patients (0.2 – 1.8 ml), suggesting 
that a small permanently hypoxic core subvolume 
was present in all patients with recurrence. This 
stable consensual hypoxic subvolume showed an 
overlap with three of six local recurrences. Analysis 
of the geometric centre distance between the recur-
rences revealed average distances of more than 2 cm 
to the hypoxic subvolumes at the different time points 
and the stable core hypoxic volume. Taken together 
our observations indicate that the recurrences origi-
nate in proximity but not necessarily within the 
hypoxic subvolumes identifi ed during treatment. 
This suggests that selective dose escalation to the 
pretherapeutic hypoxic subvolume or by adaptive 
techniques to hypoxic tumour subvolumes during 
the course of treatment bears potential for improving 
LC rates, under the prerequisite that safety margins 
are suffi ciently wide [31,32]. An alternative and 
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  Table IV. Overlap and distances between geometric centres of recurrent tumour volume and FDG/FMISO PETs before/during 
treatment.  

Overlap of Rec with Min contour 
distance if 0% 
overlap with 
c-s subvol

Distance (mm) of geometric centres between Rec and

No. FDG
consensual 
FMISOpre

consensual 
FMISOw1

consensual 
FMISOw2 c-s subvol FDG

consensual
  FMISOpre

consensual
  FMISOw1

consensual
  FMISOw2 c-s subvol

1 13.2% 5.5% 5.7% 0.3% 0% 0.5 mm 23.6 31.0 29.5 39.9 36.2
3 10.1% 14.8% 18.9% 15.4% 7.4% – 15.9 22.2 17.9 16.9 19.3
6 26.7% 0% 20.1% 3.7% 0% 14.4 mm 24.8 42.0 24.4 29.0 37.8
8 0% 0% 0.4% 0% 0% 22.2 mm 36.2 38.0 30.8 37.3 38.2
11 24.8% 15.2% 6.7% 20.0% 3.2% – 27.2 27.0 32.7 33.0 30.2
12 38.1% 21.0% 19.4% 11.8% 3.8% – 14.3 13.4 14.6 16.6 16.0

M 18.8% 9.4% 11.9% 8.5% 2.4% – 23.7 28.9 25.0 28.8 29.6
MED 19.0% 10.1% 12.8% 7.8% 1.6% – 24.2 29.0 27.0 31.0 33.2

    consensual, intersection of different FMISO observers/algorithm; c-s subvol, consensual and stable subvolume (FMISOpre, FMISOw1, 
FMISOw2 intersection); FDG, pre-RT FDG-PET volume; M, mean; MED, median; Rec, volume of recurrence.   

  Figure 3.     (A) Co-registration of FMISO subvolumes (FMISOpre    �    black, FMISOw1    �    white, FMISOw2    �    red, FMISOw5    �    green) as 
delineated by one observer (NA) and projection of the location of maximum FMISO uptake (#) in serial FMISO-scans during therapy. 
Shown are the planning CTs with fusion of the FMISOw2-PET for two representative patients (# 1 and #8). Please note that the 
longitudinal distance between SUV max  (not shown here) substantially contributes to calculated distances. (B) Rigid co-registration of 
planning CT and PET-CT of local recurrence for the same patients with contours of FMISOpre (black) and FMISOw2 (red), pre-RT 
FDG-PET (light blue) and volume of recurrence (green). FMISO delineations of one observer (NA).  

somewhat more pragmatic strategy which is equally 
supported by the data presented here is to escalate 
the dose to the gross tumour volume, accepting 
heterogeneity with lesser escalation of dose outside 
hypoxic areas if indicated by constraints for organs 
at risk (OAR). 

 We acknowledge the limitations that not only the 
macroscopic visible hypoxic tumour subvolumes but 

also small hypoxic regions which currently escape 
imaging methods may cause local recurrence. An 
additional obstacle is that defi nition of hypoxia 
using PET imaging is not standardised and delinea-
tion of hypoxia shows considerable inter-observer 
and inter-algorithm heterogeneity [33]. Furthermore 
volumes of radio-morphological or PET-functional 
recurrences were rather large and therefore the site 
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of origin of tumour recurrence bears considerable 
uncertainties. Pragmatically, we therefore evaluated 
whether there was a volume overlap, based on the 
assumption that a missing overlap between FMISO 
volumes and recurrent tumour virtually excludes 
that the recurrence originated from that subvolume. 
Another limitation of the present study is the change 
of patient ’ s anatomy after treatment especially as all 
patients presented with advanced T3/T4 tumours. 
The anatomical changes combined with the limita-
tions of rigid image registration of the recurrent 
tumour volumes underline that the specifi cation of 
percentage volume overlap of recurrent disease and 
(pre-) treatment imaging have exploratory character 
and smaller differences should not be overestimated. 

 From a biological point of view it has to be 
emphasised that PET imaging using misonidazole 
detects only hypoxia lower than 10 mmHg while 
intermediate hypoxia with higher pO2 values, which 
currently cannot be detected by FMISO-PET imag-
ing, has been shown to be also relevant for LC after 
fractionated radiotherapy [34]. Despite this limita-
tion, the pronounced effect demonstrated for residual 
PET hypoxia on LC in our previous study [21] sup-
ports that macroscopic hypoxic subvolumes either 
directly impact the probability of LC or are corre-
lated with the magnitude of intermediate hypoxia or 
that both are surrogate markers of other parameters 
determining tumour radioresistance. The latter 
hypothesis is in line with data presented by Yaromina 
et   al. that showed in a panel of HNSCC xenografts 
that tumour control dose 50% was signifi cantly asso-
ciated with the hypoxic fraction in untreated tumours 
when irradiation was given under clamped blood 
fl ow, i.e. under conditions of homogeneous complete 
hypoxia in all tumours [5]. However, recent data by 
Sch ü tze and colleagues in a preclinical tumour 
model, i.e. in tumours of the same genetic back-
ground, showed that dose escalation to microPET 
FMISO hypoxic tumours resulted in signifi cant 
increase of LC [35]. This result as well as previous 
investigation in the same and a large variety of other 
tumour models studied in different laboratories 
which demonstrated improved tumour control after 
application of hypoxic cell sensitisers, support that 
hypoxia also directly impacts LC after radiotherapy. 

 The high Geographic Miss index of pretherapeu-
tic hypoxic subvolumes and the observation that 
recurrences originate in proximity but not necessar-
ily within the hypoxic subvolumes identifi ed before 
and during treatment suggest that selective dose 
painting to hypoxic tumour subvolumes requires 
adaptation during treatment and suffi cient margins. 
An alternative strategy which would also be in line 
with the data presented here and is supported by a 
recent publication on FDG uptake and recurrence 

localisation [36], is to escalate the dose to the gross 
tumour volume defi ned by FDG-PET, accepting 
lesser escalation of dose outside hypoxic areas if indi-
cated by constraints for OAR. A multicentre trial 
within the German Cancer Consortium (DKTK) 
testing the latter approach is currently awaiting 
approval.   
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