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Abstract

Background. The pre-treatment 18F-Fludeoxyglucose (FDG) avid subvolume of the tumor has shown promise as a 
potential target for dose painting in patients with in head and neck squamous cell carcinomas (HNSCC).
Purpose. The purposes of this study are: 1) to assess the pre-treatment spatio-temporal variability of FDG PET/CT 
target volumes and 2) to assess the impact of this variability on dose distribution in dose painting plans in patients with 
HNSCC.
Material and methods. Thirty patients were enrolled and scanned twice, three days apart, days prior to treatment. 
Delineation of the FDG avid subvolume of the tumor and lymph nodes on both scans was performed by a specialist in 
nuclear medicine yielding GTVPET1 and GTVPET2 and segmentation based on SUV iso-contours were constructed 
yielding two metabolic target volumes, MTV1 and MTV2. Images were co-registered rigidly and dose painting plans 
with dose escalation up to 82 Gy to GTVPET1 were planned and GTVPET2 was copied from the co-registered images 
to the dose planning scan. Variation in dose to the target and modeled tumor control probability were assessed as  
measures of the impact of imaging variations in a dose painting scenario.
Results. Twenty-four patients were available for full analysis. The median mismatch between GTVPET1 and  
GTVPET2 was 14.2% (1.7 cm3). The median difference in dose to the FDG planning target volume was 0.3 Gy  
(PTVPET) and 0.4 Gy (PTVMTV). Median difference in the modeled tumor control probability (TCP) was  0.2% and 
23 of 24 patients had a difference in expected TCP  1%.
Conclusions. Pre-treatment FDG PET/CT target volumes were stable and day-to-day variability had no relevant impact 
on dose distribution and expected tumor control in dose painting plans.

Recurrence after definitive chemo-radiation therapy 
(CRT) for head and neck squamous cell carcinoma 
(HNSCC) occurs predominantly in the pre-treat-
ment18F-Fludeoxyglucose (FDG) avid subvolume 
of the gross tumor volume (GTV) [1]. The FDG avid 
tumor volume is therefore a potential target for dose 
painting strategies in HNSCC patients [1–3]. Two 
approaches are discussed in the literature on dose 
painting. The first approach is subvolume boosting 

where the boost dose is prescribed uniformly to a 
defined subvolume of the tumor and the second 
approach is dose painting by numbers where  
the dose distribution is modulated according to the 
voxel intensity from the positron emission tomogra-
phy (PET) scan [2,4–6]. Hypoxia is an established 
reason for RT tumor resistance, and a potential dose 
painting target, but hypoxia assessed with the PET 
tracer 18F-Fluoromisonidazol (FMISO) have shown 
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conflicting results in test-retest studies [7,8]. A study 
testing the impact FMISO variability on the dose 
distribution showed a substantial loss of the dose 
actually delivered to the hypoxic target volume from 
dose painting plans [9]. Clinical trials of PET/com-
puted tomography (CT)-guided dose painting are 
currently in progress, typically escalating the dose to 
regions with high FDG uptake, as these regions have 
shown an association with treatment failure after a 
uniform dose distribution [1,3]. This provides a 
rationale for boosting the radiation dose to these 
regions. To this end, studies testing the variability of 
dose painting target volumes at baseline and the pos-
sible impact on dose distribution are of interest.

Clinical examination including endoscopy and 
imaging with CT or magnetic resonance imaging 
(MRI) is recommended in HNSCC oncologic 
work-up. FDG PET/CT has been shown to reduce 
the inter-observer variability of target volume delin-
eation in radiation oncology [3,10,11]. However, the 
FDG PET positive tumor volume (GTVPET) will 
depend on which segmentation tool is used [12] and 
there is no evidence supporting one tumor segmenta-
tion algorithm over another. A second concern in 
FDG image-based dose painting is the stability of the 
dose painting target, in this case: GTVPET, before any 
treatment. Clearly, if GTVPET changes much in size 
or location prior to treatment the dose painting plan 
optimized on one day may provide sub-optimal cov-
erage of the relevant volume recorded on another 
day. To what extent changes after the start of therapy 
are relevant remains unclear. From the perspective 
of dose painting target validation it is a sufficient 
criterion that there is evidence for a link between the 
FDG uptake at baseline and the subsequent origin 
of local relapse. The published clinical experience 
with dose painting remains limited [13–15].

The aim of this study is to investigate the FDG 
PET/CT positive tumor overlap in a prospective 
scan-rescan study and, furthermore, investigate if the 
variability in FDG PET/CT positive tumor volume 
prior to any treatment would have a relevant impact 
on dose distribution and expected tumor control in 
a hypothetical dose painting plans.

Methods and materials

Thirty patients with oro- or hypo-pharyngeal 
HNSCC referred to curative RT were included in 
this prospective study. The patient cohort has previ-
ously been used to assess reproducibility of the 
quantitative FDG uptake on both PET/CT and 
PET/MR [16]. The patients were scanned and res-
canned with FDG-PET/CT with three-day intervals 
according to the same protocol. Informed consent 
was obtained from all patients and the study was 

approved by the local ethics committee, approval 
number H-3-2012-072.

18F-FDG PET/CT

All PET/CT scans were performed on the same  
Biograph mCT 64 (Siemens Medical Solutions)  
and patients were immobilized with an individually 
molded thermoplastic mask in supine position on a 
flat scanner couch in order to reproduce the RT 
setup. On the first day, the scan was a whole body 
PET/CT (apex of the skull to mid-thigh) and on  
the second day the scan covered the apex of the  
skull to the apex of the lung. All CT images were 
acquired as diagnostic quality spiral CTs with intra-
venous contrast, except in one patient with renal 
insufficiency. A multi-bed PET scan with 2 min/ 
bed position was performed after the CT and the 
patients were scanned 60 minutes after FDG injec-
tion (4 MBq/kg). In case of an unintended delay on 
Day 1, the same time from FDG injection to scan 
was reproduced for the second scan.

Delineation and radiotherapy planning

The PET positive tumor volume (GTVPET), includ-
ing both primary tumor and involved lymph nodes, 
was defined and delineated manually by a nuclear 
medicine specialist by visual adaptation of a stan-
dardized uptake value (SUV) iso-contour starting at 
40% of SUVmax. A radiologist afterwards delineated 
the GTV in collaboration with the oncologist. Two 
specialists in nuclear medicine performed the delin-
eation on all scans (AL and CBC), but the same 
specialist in nuclear medicine delineated both scans 
on each patient. Multiple delineations on the same 
scan were not performed and we do not assess inter-
observer variability in delineation. The delineation 
on the second scan was performed after a minimum 
interval of one month and blinded, i.e. without access 
to the first scan. Both primary tumor and lymph 
nodes if assessed malignant were included in the 
GTVPET. The process yielded two GTVPET, one from 
the first scan (GTVPET1) and one from the second 
scan (GTVPET2). For each patient, the images were 
co-registered rigidly on bone (C2-C5 and the man-
dible) in Eclipse™ Treatment Planning System (Var-
ian Medical Systems, Palo Alto, CA, USA) and 
afterwards the contour from scan 2 was copied to 
scan 1. The PET positive planning target volume 
(PTVPET) was constructed by expanding GTVPET 
with an isotropic margin of 4 mm, yielding PTVPET1 
and PTVPET2, using the same nomenclature as for 
GTVPET. One RT plan for each patient was gener-
ated with dose escalation to 82 Gy equivalent dose 
in 2 Gy fractions (EQD2) to GTVPET1, as previously 
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where V(x) defines the volume of x and \ denotes the 
subtraction of volumes. In addition, DICE coeffi-
cients were calculated as
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Mean dose and the percentage volume receiving 
95% of prescribed dose (V95%) were reported for 
GTVPET and PTVPET from both scans.

Impact on expected tumor control

To estimate the clinical effect of a possible mis-
match between target volumes, the tumor control 
probability (TCP) was estimated for both  
GTVPET1 and GTVPET2. The idea was to bring  
the magnitude and location of a mismatch onto a 
scale of estimated GTVPET tumor control in the 
original plan and on the rescan. The TCP was  
estimated using the dose-response model of  
Vogelius et al. [17]:
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The difference in TCP for the two GTVPET delin-
eations was compared to the estimated TCP with the 
current prescription of 68 Gy using the same model. 
This facilitated comparison of the impact of vari-
ability in GTVPET with the expected benefit from 

described [17]. All plans were approved according to 
the criteria from an ongoing clinical trial using the 
prescribed doses, limits and constraints in Table I.

An iso-contour defined metabolic tumor volume 
(MTV) was delineated using a threshold of 50% of 
SUVmax on both scan 1 and scan 2 without visual 
adaptation. The primary tumor subsite and lymph 
nodes from level I-V were included in the region of 
interest. This yielded two metabolic tumor volumes 
(MTV1 and MTV2) as an alternative to the expert 
delineation of GTVPET and the ratio between the 
volumes of GTVPET and MTV was assessed from 
both scans. The contour MTV2 from scan 2 was 
copied to scan 1 and the PET positive planning tar-
get volume (PTVMTV) was constructed by expanding 
MTV with an isotropic margin of 4 mm, yielding 
PTVMTV1 and PTVMTV2. A RT plan with dose esca-
lation up to 82 Gy to MTV1 was made.

Volume overlap analysis

Tumor volumes were retrieved from Eclipse (Varian 
Medical Systems) and the mismatch between GTV-

PET1 and GTVPET2 was assessed as GTVPET1 sub-
tracted from GTVPET2 and GTVPET2 subtracted 
GTVPET1, i.e. how much of GTVPET1 was not 
included in GTVPET2 and vice versa expressed in 
percent from the following equations:
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Table I. Mean dose, dose limits for planning target volumes (PTV) and dose constraints for organs at risk (OAR).

Target/OAR Mean dose Dmax Dose volume limits

PTVPET 79.7 Gy – –
PTVgross-PET 73.1 Gy ( 1 Gy) – –
PTV1-gross 69.7 Gy ( 1 Gy) – –
PTV2-1 60 Gy ( 1 Gy) – –
PTV3-2 52.8 Gy ( 1 Gy) – –
PTV1 – – D98%  64.6 Gy
PTV3 – – D98%  46 Gy
Spinal cord – 45 Gy –
Brain stem – 54 Gy –
Mandible – 70 Gy (72.5 can be accepted 

in certain circumstances)
–

Anterior eye – 30 Gy –
Chiasm and optic nerves – 54 Gy –
Inner ear – – Dmean  45 Gy, D95%  45 Gy
Parotid glands – – Dmean  26 Gy (ipsilateral)  

 20 (contralateral)
Larynx – – V50Gy  33%
Submandibular glands – – Dmean  35 Gy; only if level I 

and II is not in the target

PTVPET, GTVPET with a 4 mm margin; PTVgross, GTV with a 4 mm margin (GTV, macroscopic tumor in T and N position defined from 
clinical evaluation and CT); PTV1, CTV1 with a 4 mm margin (CTV1  GTV with a 1 cm margin); PTV2, CTV2 with a 4 mm margin 
(CTV2  CTV1 and volume with a high risk of subclinical tumor spread); PTV3, CTV3 with a 4 mm margin (CTV3  CTV2 and elective 
lymph node levels without a margin, elective lymph node levels depends on tumor subsite, T and N stage).
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dose escalation. Fraction-size adjustment used 
a/b  10 Gy and a fixed number of 34 fractions.

Results

Thirty patients were included in this study. Three 
patients were only scanned once because they did  
not show up for the second scan: one withdrew con-
sent, one forgot the appointment, and one was ill. 
Another three patients had no pathological FDG 
uptake on either of the two PET/CT scans. This left 
24 patients, all with oropharyngeal carcinoma, avail-
able for analysis. Median age at time of scan was  
64 years (range 44–74 years), 20 patients were male, 

four female. Nineteen patients had locally advanced 
disease stage III-IV (UICC 2010) and five patients 
had stage II disease, 12 patients were p16 positive, 
11 p16 negative and one was inconclusive according 
to the pathology report.

The median mismatch between the target vol-
umes GTVPET1 and GTVPET2 was 14.2% with a 
range from 0.4% to 59.2% corresponding to a median 
DICE coefficient 0.74 (range 0.42–0.91) and a  
mismatch of 1.7 in cm3 (range 0.03–13.2 cm3).  
Figure 1 shows axial and sagittal CT slices for the 
patient with the largest mismatch (59%) and of  
a patient with a mismatch of 18%, i.e. the closest  
to the average mismatch (17%). Figure 1A and B 

Figure 1. CT slices (sagittal and axial) of the patient with the largest mismatch of 59% (A and B) and of a patient with a mismatch of 
18% (D and E). The contours are: GTVPET1 (red), GTVPET2 (blue) and the volume receiving 79 Gy (yellow), converted from the dose 
color wash. Panels C and F illustrate the DVHs from the same two patients with mismatch of 59% and 18% mismatch, respectively. Curve 
colors are: GTVPET1 (red), GTVPET2 (blue), PTVPET1 (green), PTVPET2 (purple).
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suggest that the large mismatch may be due to swal-
lowing, since a proportion of GTVPET2 (blue con-
tour) was delineated in the air-filled cavity in 
oropharynx indicating that the tumor had moved 
during the PET scan from Day 2. Figure 1 shows the 
dose-volume histograms (DVHs) from the same two 
patients (Figure 1C and F). The dose coverage of the 
target volumes was very similar. The DVH from the 
patient with the mismatch of 18% (Figure 1F) is 
impacted by mandible sparing according to the pro-
tocol. Table II shows dose coverage statistics for the 
target volumes (GTVPET and PTVPET) on both PET/
CT scans. In one case it was not possible to reach 
V95% of 95% or more for PTVPET1: this patient had 
a very large PET positive lymph node, and dose esca-
lation to full dose for both the lymph node and the 
primary tumor was not possible without unaccept-
able overdosing of organs at risk. The remaining  
23 patients all had V95% 96% on the primary scan. 
Some variation in V95% was seen on PTVPET2. The 
worst discrepancy, with V95% of 56% for PTVPET2, 
happened because lymph nodes were not assessed as 
malignant and therefore not delineated in GTVPET1 
but were assessed malignant and delineated in  
GTVPET2. In other words, a new target was delin-
eated on scan 2 and obviously not covered by the 
plan from scan 1. Upon review, the FDG uptake  
was very similar on both scans, median SUVmaxs of 
19.2 and 20.1 and the difference in delineation is 
therefore attributable to the interpretation of the 
scan, rather than changes in the FDG uptake.

In all 24 cases, the manually delineated GTVPET 
was larger than the MTV on both scans. The median 
volume ratio (GTV/MTV) was 2.6 and 2.7 in the 
first and second scan, respectively. The volumes, 
median mean doses and V95% to PTVMTV1 and 
PTVMTV2 can be seen in Table II. It was not possible 
to use the dose response model from Vogelius et al. 
[17] for PTVMTV1-2 and TCP for these two structures 

cannot be reported. The largest discrepancy of V95% 
with MTV as dose painting target, 59%, was also due 
to inclusion of a suspect lymph node in one scan and 
not in the other.

The expected probability of tumor control in 
GTVPET can be seen in Table II. Figure 2 shows  
the fraction-size adjusted radiation doses to the  
24 patients on the second scan as a box-and-whiskers 
plot on the x-axis and the TCP as a box-and-whiskers 
plot along the y-axis. The median detriment in TCP 
was 0.2% when comparing scan 1 to scan 2. Exclud-
ing the patient with an extra target defined on Day 
2 (the outlier in the box-and-whiskers plot), the dif-
ference in TCP for all remaining patients was less 
than 1%. This should be compared to the expected 
benefit of dose escalation, which was an increase in 
TCP in GTVPET of 13%.

Discussion

FDG PET/CT target volumes proved to be stable 
over a three-day time interval before treatment in this 
prospective scan-rescan study, and the minor vari-
ability in FDG delineations had little impact on the 
dose distribution in a dose painting scenario.

Arguably, the reproducibility of the FDGPET/
CT-derived target volume was better than what has 
been reported from inter-observer variation studies 
on CT-defined target volumes [18–20]. This variabil-
ity in target delineation and definition is accentuated 
across treatment centers [21]. There are other FDG 
PET “test-retest” studies in the literature [22–25]; 
none of these, however, assess the spatial reproduc-
ibility which is particularly relevant in RT.

Between-observer variability is a separate issue, 
here the observer was the same for each pair of scans 
in order to isolate to the largest possible extend the 
effect of changes in the spatial distribution of FDG 
uptake. Both primary tumor and lymph nodes were 

Table II. Target volumes, mean dose, dose distribution and tumor control probability.

GTVPET1  
(range)

GTVPET2  
(range) PTVPET1 (range)

PTVPET2  
(range)

PTVMTV1
(range)

PTVMTV2
(range)

Median 
Volume 
(cm3)

10.0 (0.7–50.0) 8.5 (0.7–40.9) 33.5 (3.9–112.8) 29.8 (3.7–97.4) 12.8 (3.4–35.8) 12.6 (2.7–46.4)

Median mean 
dose (Gy)

80.9 (78.8–81.5) 80.6 (77.2–81.4) 79.7 (79.7–79.7)a 79.4 (72.3–79.9) 79.7 (79.7–79.7) 79.3 (74.2–79.8)

MedianV95% 
(%)

100 (83.7–100) 99.5 (82.2–100) 99.6 (94.4–100) 92.4 (56.6–100) 100.0 (98.5–100) 97.0 (59.3–100)

Median TCP 
(%)

94.8 (93.7–95.1) 94.7 (92.6–95.1) 94.2 (94.2–94.2)a 94.0 (88.2–94.3) b b

Median FDG PET positive tumor volume (GTVPET), planning target volume (PTVPET) and the planning target volume for the iso-contour 
with SUV threshold of 50% of SUVmax (PTVMTV) in cm3 from both scans. Median mean dose to GTVPET, PTVPET and PTVMTV; median 
percentage of target volume receiving more than 95% of prescribed dose and median tumor control probability (TCP) from the two scans.a 
There is no range since the mean dose was normalized to PTVPET1 in the planning; b TCP cannot be estimated for the metabolic tumor 
volumes as the previously published model is not applicable.
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included in the GTVPET if assessed as malignant. 
The outlier in Figure 2 was due to, one patient had 
lymph nodes delineated on scan 2 that were not 
delineated on scan 1 and on review this difference 
was due to the interpretation of rather variability in 
FDG uptake, i.e. the lymph nodes were assessed as 
malignant in one scan but not in the other. While this 
may not be entirely surprising, it reinforces the point 
that quality assurance programs for multicenter col-
laborations should focus on training and consensus 
in the interpretation of FDG uptake as well as on 
hardware calibration exercises. Moreover, it should 
be noted that also with the iso-contours (MTV) 
lymph nodes were assessed differently in one case.

To bring the magnitude of a mismatch on a rel-
evant scale, TCP estimates were used as a surrogate 
for clinical relevance of the observed mismatch. TCP 
showed similar, substantial improvements in the 
PET positive regions in the first and second scan 
relative to current dose prescription (Figure 2). 
Importantly, the impact of scan-to-scan variability on 
the expected TCP was very small compared to the 
expected benefit from FDG-based dose escalation 
and thus should be manageable in dose painting  
trials provided that standardized imaging and delin-
eation protocols are used. The purpose of the TCP 
was to serve as an example and there are limits  
of the TCP model. First the model is only based on 

20 patients [17] and second the model does not 
account for other prognostic factors, such as smoking 
status, tumor size and p16 status. The TCP model 
was a way to estimate the impact of the scan-to-scan 
variability as a supplement to geometrical measures 
such as percent-wise overlap or DICE coefficients.

Table II shows that target definition remains chal-
lenging regardless of segmentation method. The size 
of the PET positive tumor volume depends on the 
segmentation tool [12] and it could be argued that 
the small impact on mean dose delivered to the dose 
painting target might be due to the fact that GTVPET 
was larger than MTV (median volume ratio 2.6), 
which could mean that the manually defined GTV-

PET was large enough to accommodate variability in 
the FDG distribution. To test this idea, the whole 
replanning exercise was repeated using the iso-con-
tour MTVs; also in this case, the day-to-day change 
in mean dose to the defined target dose was small.

Tumor hypoxia, measured with the PET tracer 
FMISO, showed conflicting results in two ”test-re-
test” studies [7,8] and a third study showed signifi-
cant impact on dose distribution in dose painting 
plans [9]. One interpretation of the contrasting find-
ings in the papers may be that hypoxia-PET scans 
are reproducible if strict scanning protocols and 
appropriate reconstruction algorithms are used. 
Clearly, this is a topic for further research. While 
FDG is not a hypoxic tracer, the FDG avid area is 
attracting interest as a possible dose-painting target; 
this underlines the importance of quantifying the 
variability of tracer uptake and potential impact for 
dose distribution. In this prospective scan-rescan 
study the pre-treatment FDG PET/CT target vol-
umes were quite stable and had no relevant impact 
on dose distribution in a dose painting setting.
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