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Accelerated tumor cell proliferation is an important mechanism
adversely affecting therapeutic outcome in head and neck can-
cer. 3'-deoxy-3'-18F-fluorothymidine ('8F-FLT) is a PET tracer
to noninvasively image tumor cell proliferation. The aims of this
study were to monitor early tumor response based on repetitive
18F-FLT PET/CT scans and to identify subvolumes with high pro-
liferative activity eligible for dose escalation. Methods: Ten
patients with oropharyngeal tumors underwent an '8F-FLT
PET/CT scan before and twice during radiotherapy. The primary
tumor and metastatic lymph nodes (gross tumor volume, or GTV)
were delineated on CT (GTVcy) and after segmentation of the
PET signal using the 50% isocontour of the maximum signal in-
tensity or an adaptive threshold based on the signal-to-back-
ground ratio (GTVgggr). GTVs were calculated, and similarity
between GTVor and GTVggr was assessed. Within GTVggR,
the maximum and mean standardized uptake value (SUVax
and SUV ean, respectively) was calculated. Within GTV g, tumor
subvolumes with high proliferative activity based on the 80% iso-
contour (GTVgge,) Were identified for radiotherapy planning with
dose escalation. Results: The GTVr decreased significantly in
the fourth week but not in the initial phase of treatment. SUV 4«
and SUV ean decreased significantly as early as 1 wk after ther-
apy initiation and even further before the fourth week of treat-
ment. For the primary tumor, the average (=SD) SUV yean Of the
GTVggrwas 4.7 = 1.6, 2.0 £ 0.9, and 1.3 * 0.2 for the consec-
utive scans (P < 0.0001). The similarity between GTVcr and
GTVsgr decreased during treatment, indicating an enlarge-
ment of GTVggr outside GTVqr caused by the increasing
difficulty of segmenting tracer uptake in the tumor from the
background and by proliferative activity in the nearby tonsillar
tissue. GTVggo, Was successfully identified in all primary tumors
and metastatic lymph nodes, and dose escalation based
on the GTVgqy, Was demonstrated to be technically feasible.
Conclusion: '8F-FLT is a promising PET tracer forimaging tumor
cell proliferation in head and neck carcinomas. Signal changes
in '8F-FLT PET precede volumetric tumor response and are
therefore suitable for early response assessment. Definition of
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tumor subvolumes with high proliferative activity and dose esca-
lation to these regions are technically feasible.
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Radiotherapy with or without concomitant chemother-
apy is the therapy of choice for advanced-stage primary
squamous cell carcinomas of the oropharynx (/). For
radiation therapy planning, a single CT scan in treatment
position is acquired before the initiation of treatment.
Traditionally, a homogeneous dose distribution is pre-
scribed to the gross tumor volume (GTV) defined on CT,
with a margin for subclinical growth and setup inaccuracy.
In the last decade, intensity-modulated radiation therapy
(IMRT) revolutionized the field of radiotherapy. IMRT
is based on the use of photon beams with optimized
nonuniform fluence profiles. With this technique, the
simultaneous delivery of different dose prescriptions to
various target subsites became feasible. Certain areas
within the GTV can be boosted to higher doses, and steep
dose gradients allow reduction of the dose delivered to
radiation-sensitive tissues adjacent to the tumor (2,3).
However, precise knowledge about the tumor location and
extension is compulsory, and tumor areas requiring higher
radiation doses must be identified.

Functional imaging can complement anatomic imaging
modalities such as CT and MRI and provide biologic tumor
information relevant to radiotherapy dose planning. Initial
studies with PET using '8F-FDG showed that the volume
irradiated to high-dose levels can be reduced, thus sparing
normal structures and promoting dose escalation (4-9).
I8F.FDG uptake reflects metabolic activity, and false-
positive readings are caused by tracer uptake in inflammatory
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tissue. Other PET tracers can provide more specific bi-
ologic information, in particular on radiotherapy resistance
mechanisms.

Accelerated repopulation of tumor cells during the
course of radiotherapy is a frequently observed phenome-
non in squamous cell carcinomas of the head and neck that
adversely affects treatment outcome (/0,11). 3'-deoxy-
3’-18F-fluorothymidine ('8F-FLT) uptake is enhanced dur-
ing DNA synthesis, and '8F-FLT PET therefore provides
a noninvasive way to image tumor cell proliferation (/12—
15). Potential applications of '3F-FLT PET in radiation
oncology include patient selection for treatment modifica-
tion based on the proliferative state of the tumor, identifi-
cation of tumor subvolumes with a high density of actively
proliferating cells amenable to boosting, and early moni-
toring of response to treatment.

In this study, patients with oropharyngeal tumors un-
derwent 3 consecutive '8F-FLT PET scans: once before and
twice during the course of radiotherapy. The aims of this
study were to monitor early tumor response based on !8F-
FLT PET/CT volume and '8F-FLT PET signal changes, to
assess the heterogeneity of intratumoral '3F-FLT distribu-
tion and identify subvolumes with a high density of
proliferating cells, and to determine the technical feasibility
of adaptive radiation therapy based on '8F-FLT PET/CT.

MATERIALS AND METHODS

Patients

From March 2007 until September 2008, 10 patients with
newly diagnosed primary oropharyngeal carcinomas eligible for
radiotherapy with or without concomitant chemotherapy were
included in this study after giving written informed consent. The
Institutional Review Board of the Radboud University Nijmegen
Medical Centre approved the study.

Treatment

The patients were treated with IMRT with a simultaneous
integrated boost technique, delivering a dose of 68 Gy in fractions
of 2 Gy to the primary tumor and metastatic cervical lymph nodes
and 50.3 Gy in fractions of 1.48 Gy to the electively treated neck
nodes. An accelerated fractionation schedule was used with an
overall treatment time of 5.5 wk, delivering 2 fractions per day
during the last 1.5 wk of the treatment. In accordance with the
guidelines of the institution, 2 patients with bulky primary tumors
were concomitantly treated with cisplatinum, 40 mg/m?, admin-
istered intravenously once weekly.

18F-FLT Synthesis

I8F.FLT was obtained from the Department of Nuclear Med-
icine and PET Research, VU University Medical Centre, Am-
sterdam, The Netherlands. The synthesis was performed according
to the method of Machulla et al. (/6). Briefly, '8F-FLT was
produced by '8F-fluorination of the 4,4'-dimethoxytrityl-pro-
tected anhydrothymidine, followed by a deprotection step. The
product was purified by reversed-phase high-performance liquid
chromatography, made isotonic, and passed through a 0.22-pm
filter. '8F-FLT was routinely produced with a non—-decay-corrected
radiochemical yield of 5% —10%, a radiochemical purity of more
than 97%, and a specific activity of more than 10,000 GBg/mmol.
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18F-FLT PET/CT Acquisition

Before and in the second and fourth weeks of radiotherapy,
integrated '8F-FLT PET and CT images were acquired on a hybrid
PET/CT scanner (Biograph Duo; Siemens/CTI). All scans were
performed with the patient supine and immobilized with an
individual head support and a rigid customized mask covering
the head and neck area to increase positioning accuracy and to
reduce movement artifacts during image acquisition. Emission
images of the head and neck area were recorded 60 min after the
intravenous injection of approximately 250 MBq of 8F-FLT, with
7 min per bed position in 3-dimensional mode. PET images were
reconstructed using the ordered-subsets expectation maximization
iterative algorithm with parameters optimized for the head and
neck area (i.e., 4 iterations, 16 subsets, and a 5-mm 3-dimensional
gaussian filter (/7)) and correction for photon attenuation. In
addition, CT images were acquired for anatomic correlation and
attenuation correction using 80 mAs, 130 kV, a 3-mm slice width,
and intravenous contrast material in the venous phase (Optiray;
Mallinckrodt Inc.).

18F-FLT PET Analysis

After reconstruction, standardized uptake value (SUV) PET
images were created with software developed in-house correcting
for injected dose, decay of the tracer, and patient body weight.
Subsequently, these SUV PET images were resliced using the CT
format as a reference. SUV PET and CT images were imported
into Pinnacle® (version 8.0d; Philips Radiation Oncology Sys-
tems), the radiotherapy planning system routinely used at our
department. With this software, the consecutive CT and PET
scans were registered to the first CT scan using cross correlation.
Two investigators delineated the GTV of the primary tumor and
the metastatic lymph nodes on all registered CT scans (GTVcr).

FIGURE 1.

18F-FLT PET/CT image of T3NOMO oropharyn-
geal tumor before radiation therapy. Shown are GTV¢r (red),
GTVsgr (green), and GTVsges. GTVgoo, is highlighted in pink.
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Self-written scripts in Pinnacle® were used for the segmentation of
the primary tumor and the metastatic lymph nodes from the PET
images and for the calculation of the mean and maximum SUV
(SUV ean and SUV ,,,.) within these volumes.

PET Segmentation

Primary Tumor and Metastatic Lymph Nodes. Two previously
described methods for segmentation of the primary tumor and the
metastatic lymph nodes in the PET images were applied (7,18).
First, the 50% isocontour was based on a fixed percentage of the
maximum signal intensity in the primary tumor (GTV50%).
Second, an adaptive threshold delineation based on the signal-
to-background ratio was performed (GTVggr) (Fig. 1) (I8). For
this means, the SUV ., was defined as mean uptake of the hottest
voxel in the tumor or metastatic lymph node and its 8 surrounding
voxels in 1 transversal slice. Mean background uptake was
calculated from a manually defined region of interest in the left
neck musculature (~10 cm?) at a sufficient distance from the
vertebrae, the primary tumor, and lymph node metastases.

Subvolumes with High Proliferative Activity. Based on the '8F-
FLT PET signal, tumor subvolumes with a high density of
proliferating tumor cells within the GTVcr of the primary tumor
and metastatic lymph nodes were defined. An arbitrary, fixed
threshold of the SUV ., was defined that fulfilled the requirement
of delineating a tumor subvolume in at least the first and second
I8E_FLT PET scans. This requirement was best met using the 80%
isocontour (GTVggq). The absolute GTVgqq and the fraction of
the GT Vg, relative to the GTVt were calculated. The GT Vg,
from the third scan was not further analyzed, because of a low '3F-
FLT uptake in the tumor and thus a relatively low SUV ., within
the GTVcer. This led to unsuccessful segmentation of PET
subvolumes, which were mostly larger than the GTVr and often
encompassed the entire tonsillar region.

Volumetric and Spatial Similarity

The absolute volumetric similarity of GTV¢r and GTVggr was
assessed at all 3 time points. For this analysis, only GTVggr was
used. As it does not adjust for background activity, segmentation
of the tumor by GTV50% became increasingly difficult with lower
I8F-FLT-uptake in the second and third scans.

As measures of volumetric similarity, we calculated the part of
the GTVcr that was not covered by the GTVggr and vice versa:
the GTVggg not enclosed by the GTVcr. As a measure reflecting

differences in location more strongly than differences in size, the
dice similarity coefficient (DSC) was additionally calculated as
twice the overlap volume divided by the sum of both volumes:
DSC = 2 X (GTVer N GTVgpr)/(GTVer + GTVgpr) (19). It is
generally accepted that a value of DSC greater than 0.7 represents
excellent agreement (20). The same calculations were applied to
GTVggq delineated on the first and second '8F-FLT PET scans,
GTVgoq1 and GTVgggn.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism,
version 4.0c (GraphPad Software, Inc.), for Macintosh (Apple,
Inc.). Gaussian distribution was tested using the Kolmogorov—
Smirnov test. The change in CT volumes was assessed applying
repeated-measures ANOVA and the 2-tailed paired 7 test, and the
change in PET volumes was assessed by applying the Friedman
test and Wilcoxon signed-rank test. The alteration in PET signal
intensity was assessed using the 2-tailed paired ¢ test. The
volumetric similarity of the GTVs delineated on CT and PET
was analyzed using the Friedman test and Wilcoxon signed-rank
test. The repeated-measures ANOVA and 2-tailed paired ¢ test
were applied to the DSC. The volumetric change in GTVggq, was
assessed using the Wilcoxon signed-rank test. A P value of 0.05 or
less was regarded as statistically significant.

RESULTS

Patient and Tumor Characteristics

The patient and tumor characteristics are summarized in
Table 1. Eight patients were treated with radiotherapy
alone, and 2 patients with the addition of concomitant
chemotherapy. The first '8F-FLT PET scan was acquired
before the start of therapy (median, 5 d; range, 0-9 d). The
second and third scans were acquired in the second and
fourth weeks, respectively, of treatment (Table 1). All
primary tumors and lymph node metastases were visualized
and subject to further assessment.

Early Response Monitoring

Reduction of Tumor Volume. The mean GTVr decreased
significantly between the second and third CT scans but not
in the initial phase of treatment: mean GTVcr on sub-
sequent scans was 12.7 £ 9.5, 11.1 £ 8.8, and 5.0 = 4.7

TABLE 1. Patient Characteristics

Patient no. Site Sex Age (y)
1 Tonsil F 67
2 Soft palate M 66
3 Base of tongue/tonsil M 60
4 Tonsil M 53
B Base of tongue/tonsil M 69
6 Tonsil F 53
7 Tonsil/hypopharynx M 64
8 Tonsil M 55
9 Tonsil M 70

10 Tonsil M 52

Cumulative dose
(Gy) delivered at. . .

Clinical stage Treatment PET2 PET3
T3NOMO Radiotherapy + 16 36
chemotherapy
T2N1MO Radiotherapy + 16 36
chemotherapy
T2NOMO Radiotherapy 12 36
T2N2bMO Radiotherapy 16 36
T2NOMO Radiotherapy 12 32
T3NOMO Radiotherapy 24 36
T2N1MO Radiotherapy 16 36
T2N2bMO Radiotherapy 20 36
T2NOMO Radiotherapy 10 30
T1N2bMO Radiotherapy 12 36
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*P < 0.01. *P < 0.001. **P < 0.0001.
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NS = not significant.

cm? (Fig. 2A). Although the overall '8F-FLT signal intensity
decreased significantly after the start of treatment, the
segmented PET volume remained almost unchanged when
the SBR method was used (mean GTVgggr of 11.8 = 8.9,
11.3 = 124, and 14.1 = 10.8 cm? [Fig. 2A]) and even
increased when the 50% threshold of the maximum signal
intensity was applied (mean GTV50% of 18.0 = 31.5,
18.6 = 21.8, and 40.9 = 61.1). For the 2 patients treated
with concomitant radiotherapy and chemotherapy, the de-
crease in '8F-FLT PET signal was similar to that of the
patients treated with radiotherapy alone.

For GTV delineation of the lymph nodes, the trends were
similar to those for the primary tumors, that is, a decrease in
GTVr by the end of the treatment and no significant change
in GTVggRr (Fig. 2B). Because the 50% method resulted in
unsatisfactory results in the primary tumors, it was not further
applied to the metastatic lymph nodes.

Decrease of SUV. In the primary tumors, the SUV ., of
the second '8F-FLT PET scan was already significantly
decreased relative to the first scan, and the SUV .
decreased even further in the third (7.6 £ 2.6, 3.1 £ 1.7,

IBE_FLT PET/CT 1N OROPHARYNGEAL CANCER * Troost et al.

and 1.7 = 0.4; Fig. 2C). The same was observed for
SUV pean Within GTVggr (4.7 £ 1.6,2.0 £ 0.9, and 1.3 =
0.2; Fig. 2C). However, on an individual-patient basis,
different response patterns became apparent (Fig. 2E). On
average, the relative decrease in SUV ., was 55% between
the first and second scans and 34% between the second and
third scans.

In the lymph node metastases, similar patterns were
observed for SUV,,,x and SUV ,c,, (Fig. 2D). The relative
decrease in SUV ., was 44% between the first and second
scans and 47% between the second and third scans, again
with individual differences (Fig. 2F).

Similarity of CT and '8F-FLT PET Volume Before and
During Treatment

To determine the feasibility of adaptive radiotherapy based
on repetitive '8F-FLT PET/CT, we assessed the absolute
volumetric similarity and DSC of GTVtand GTVggy at all
time points. There was a significant decrease in the absolute
GTVcr volume not covered by GTVgggr at the third time
point (Fig. 3A), indicating an almost complete coverage
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of the GTVcr by the GTVggr. On the other hand, there
was a significant increase in the GTVggr volume not en-
closed by GTVcr, indicating a large GTVgpr outside the
GTVcr that even increased over time (Fig. 3A). This
decrease in volumetric and especially in spatial concordance
was reflected by a significant decline of the DSC at the
second and third PET scans (Fig. 3B). The mean DSC was
0.71 = 0.08, 0.55 = 0.21, and 029 = 0.16 on the
consecutive scans. This decrease in concordance was partly
caused by increasing tracer uptake in the tonsillar region,
especially in the fourth week of treatment, and partly by low
tracer uptake in the primary tumor, hampering the adaptive
threshold method.

Delineation of Subvolume with High Density of
Proliferating Cells Using '8F-FLT PET

For all primary tumors, a GTVggg, within the GTVcr
could be identified on the first and second '®F-FLT PET/CT
scans (Supplemental Fig. 1). In the third scan, this
identification was hampered by a relatively low '8F-FLT
uptake in the tumor relative to the background, leading to
unsuccessful segmentation and subsequently to PET sub-
volumes larger than the GTVcr, often encompassing the
entire tonsillar region. The average GTVygyq decreased
slightly between the first and second scans (1.52 £ 1.76
and 0.93 = 0.94 cm?, respectively). Compared with the
GTVcr, the GTVggq was relatively small and the fraction
GTVgps/GTVr overall did not change during treatment
(before treatment, 0.12 = 0.07; second week of treatment,
0.12 = 0.14). On an individual-patient basis, however,
remarkable changes occurred in some cases, such as in
patients 1, 7, and 8 (Supplemental Fig. 1). Between the first
and second scans, the GT Vg, decreased and was displaced
(patients 1 and 7) or substantially increased (patient 8). To

870

assess these changes in size and location of the GTVgqq,
we calculated the absolute volumetric similarity and DSC
of GTVgge; and GTVgge,. The average volume of the
GTVgog not covered by GTVgye, was 1.12 = 1.67 cm?
and the average volume of the GTVgyq, not encompassed
by GTVgg%1 was 0.56 = 0.86 cm?. The mean overall DSC
was 0.47 *= 0.25, indicating a moderate spatial similarity
between the first and second tumor subvolumes. However,
there were large interindividual differences, reflected by
a range in DSC of 0.03-0.86.

For all lymph node metastases, a subvolume with a high
density of proliferating cells could also be identified. The
mean absolute overall volume did not significantly change
between the first and second scans (1.20 = 1.13 and 1.21 *=
1.25 cm?3, respectively), nor did the mean fraction of
GTVgo, compared with the GTVcr (before treatment,
0.17 = 0.08; second week of treatment, 0.19 = 0.14).

Generation of IMRT Plan with Boost to 8F-FLT
PET-Delineated Subvolumes

As a proof of principle, an adaptive IMRT treatment plan
with simultaneous integrated boost and an accelerated
schedule was generated for a patient with a T3NOMO
oropharyngeal tumor. This plan was based on the CT scan
acquired before treatment, taking into account changes in
proliferative activity occurring during treatment (Fig. 4).
With this technique, the neck was treated bilaterally to a dose
of 50.3 Gy in fractions of 1.48 Gy, and the GTVcr with
a margin for subclinical spread and setup inaccuracy was
irradiated to a total dose of 68 Gy in 2-Gy fractions. The
primary tumor subvolume with the highest density of pro-
liferating cells was defined twice: based on the '8F-FLT PET
scan acquired before the initiation of treatment (GTVggq,1)
and on the scan obtained in the second week (GTVgyg).
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Subsequently, the GTVggg; was defined as the boost
subvolume for the first 2 wk of treatment, and the GT Vg,
for dose escalation during weeks 3 and 4. From week 5, no
increased dose was delivered to a highly proliferative sub-
volume. The GTVygyq, and GTVggq, were consecutively
irradiated in fractions of 2.3 Gy using the simultaneous
integrated boost technique, resulting in a total dose of 74 Gy
to the overlapping volume of the GTVggq,; and GT Vg, and
a total dose of 71 Gy to the areas of GTVggq,; and GTVgpqn
mismatch. The volume irradiated to a higher dose was small
and affected neither the dose to the electively treated volume
and primary tumor volume (PTV>and PTV < respectively)
nor the dose to normal tissues (Table 2).

DISCUSSION

Early Response Measurement

Accelerated tumor cell proliferation is an important
mechanism of treatment failure in head and neck cancer.
A prerequisite for monitoring and early adaptation of
treatments that counteract this resistance mechanism is
visualization and quantification of the proliferating tumor
cell compartment before and during treatment.

I8F-FLT is the most widely used PET tracer for imaging
tumor proliferation. Alterations in the SUV of '8F-FLT have
been used for early response monitoring in a variety of
human tumors (2/-24). Wieder et al. studied rectal cancer
patients before treatment, 2 wk after initiation of treatment,
and 3-4 wk after completion of treatment (24). Although
the SUV can decreased significantly 14 d after the start of
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FIGURE 4. Dose escalation to
GTV30%1 and GTVgo%z for TBNOMO
oropharyngeal tumor. Using IMRT with
integrated simultaneous boost tech-
nique, total dose was 50.3 Gy to bi-
lateral cervical lymph node regions
(large planning target volume, red) and
68 Gy to primary tumor (small planning
target volume, blue). GTVgpe1 (black)
and GTVggeo (green) were consecu-
tively irradiated with 2.3 Gy for 10
fractions, resulting in dose of 71 Gy in
total and dose of 74 Gy in overlapping
region. (A and B) Dose distributions for
first 2 wk of treatment (A) and weeks 3
and 4 (B); see legend 1. (C) Dose
distribution for remaining 14 fractions
without dose escalation; see legend 2.
(D and E) Dose distributions of total
treatment plan in transverse (D) and
sagittal (E) planes; see legend 3. Parotid
glands are delineated in sky blue and
spinal cord in green.

chemoradiation, this decrease did not correlate with histo-
pathologic tumor regression. Herrmann et al. assessed 2
groups of patients with non-Hodgkin lymphoma undergo-
ing chemotherapy and found that '8F-FLT SUV,,, had
already decreased significantly after 2 d (27). Furthermore,
the authors were able to detect a significant difference in
reduction of tumoral '8F-FLT uptake between patients
reaching a partial response and patients reaching a complete
response at the end of therapy. Finally, 2 groups of
investigators studied '3F-FLT uptake in breast cancer
patients (22,23). Kenny et al. examined patients before
and 1 wk after neoadjuvant chemotherapy and found that
the decrease in '8F-FLT SUV discriminated significantly
between patients with clinical response and patients with
stable disease (22). Pio et al. found that changes in '®F-FLT
uptake after 1 course of chemotherapy correlated signifi-
cantly with changes in tumor size detected by CT (23).

Recently, Menda et al. demonstrated in 8 patients with
head and neck cancer that initial '8F-FLT uptake and
changes early after treatment could be adequately moni-
tored by SUV obtained at 45-60 min (25). Furthermore,
a study on 15 patients (including 6 with head and neck
cancer) provided evidence that changes in '8F-FLT PET
SUV ax of more than 20%-25% are likely to be therapy-
related (26). Thus, under the assumption that repetitive
quantitative '8F-FLT PET measurements are sufficiently
reproducible, '8F-FLT uptake quantified by SUV has the
potential to monitor changes in the proliferative activity of
tumors early during treatment.
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TABLE 2. Comparison of Simultaneous Integrated

Boost-IMRT Dose Distributions: Classic Versus
18F-FLT PET-Guided

Parameter
Organs at risk

Classic '8F-FLT PET—guided

Left parotid gland (Gy) 25.4 25.4
Right parotid gland (Gy) 24.8 24.8
Maximum dose, 48.2 48.1
spinal cord (Gy)
PTV>
Mean dose (Gy) 52.2 52.1
Volume receiving 90% of  99.5 99.5
prescribed dose (%)
Volume receiving 95% of  96.7 96.4
prescribed dose (%)
PTV<
Mean dose (Gy) 68.7 69.0
Volume receiving 90% of  99.7 99.6
prescribed dose (%)
Volume receiving 95% of  96.9 96.8
prescribed dose (%)
PTV<
Mean dose, first NA 73.6
subvolume (Gy)
Mean dose, second NA 74.5
subvolume (Gy)
Mean dose, overlap NA 74.7

subvolumes (Gy)

PTV = planning target volume; PTV> = PTV encompassing
electively treated volume, i.e., lymph node regions at risk of
subclinical metastatic disease; PTV< = PTV encompassing
primary tumor; PTV< = PTV for dose escalation defined by
repetitive 8F-FLT PET (see “Materials and Methods”); NA = not
available.

On the basis of these assumptions, our study assessed
early response in patients with oropharyngeal tumors
treated with radiotherapy or chemoradiation. Overall, there
was a significant treatment-induced decrease in '8F-FLT
tracer uptake, both in the primary tumor and in cervical
lymph node metastases as early as after the fifth fraction of
radiotherapy. The reduction in SUVs was more than 2-fold
in the initial phase of treatment and a further 2-fold in the
fourth week. Clearly, different individual response patterns
were also found in this study. Some patients showed
a moderate decrease in SUVs, whereas others responded
with even an increase in signal intensity. Longer follow-up
and a larger patient cohort are necessary to assess whether
these individual differences will be discriminative for
ultimate tumor response.

One could hypothesize that the concomitant use of
chemotherapy may reduce tumor cell proliferation more
rapidly than the use of radiotherapy alone. However, the 2
patients treated with chemoradiotherapy in this study did
not show a more rapid decrease in '3F-FLT uptake than the
others. We will further address this issue in a subsequent
study including a larger number of patients treated with
chemotherapy. The results of a metaanalysis indicate
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a survival benefit for concomitant chemotherapy and
radiotherapy, and this has become the standard of care for
advanced head and neck cancer (27). It is therefore
important that the effects of chemotherapy on tumor cell
proliferation also be investigated in future early-response
studies.

Adaptive Radiotherapy Based on 8F-FLT PET/CT

In current practice, radiotherapy planning is based on
a single CT scan acquired before the start of treatment.
During treatment, however, the tumor and metastatic lymph
nodes shrink, and the patient may lose weight. As a result,
the dose distribution in the tumor and organs at risk may
change. In addition, as demonstrated in this study, biologic
aspects of the tumor can change even more rapidly and
dramatically. Adaptation of the target volume based on CT
or on functional imaging can correct for these treatment-
induced alterations. Among other PET radiopharmaceuti-
cals, '8F-FLT is a potential tracer for adaptive radiotherapy
because it specifically visualizes one of the tumor charac-
teristics responsible for treatment failure.

In contrast to the early treatment-associated decrease in
I8F-FLT uptake, significant changes in GTV ¢y were detect-
able only in the fourth week (after 15-18 fractions).
Analyses of volumetric changes based on '3F-FLT PET,
however, were not successful, possibly because of limita-
tions of the applied PET segmentation techniques. During
treatment, the '8F-FLT PET signal intensity within the
tumor decreased relative to the background. This observa-
tion might argue against the generally accepted phenome-
non of accelerated tumor cell repopulation during a course
of fractionated radiotherapy. However, the decrease in '8F-
FLT PET signal is caused mainly by a rapid reduction of
the tumor cell density as a result of the treatment. This does
not exclude the possibility that the relative number of
proliferating tumor cells, that is, the proliferating fraction,
is nevertheless increasing. At the same time, 'SF-FLT
uptake in the tonsillar region increased most likely because
of proliferating inflammatory cells (28). These 2 phenom-
ena hampered PET segmentation based on the fixed
threshold of 50%. The adaptive threshold delineation based
on the signal-to-background ratio performed somewhat
better but also failed at the third time point, when !3F-
FLT uptake was low. As a consequence, '8F-FLT PET was
useful for neither volumetric response monitoring nor
adaptation of GTV delineation during treatment. New
iterative methods are becoming available, but it is question-
able whether these can overcome these limitations (5,29).
The disturbance by increased proliferative activity in the
tonsillar tissue may be a lesser problem in other head and
neck subsites.

Dose Escalation to Highly Proliferative Subvolumes
PET may potentially identify parts of the tumor requiring
additional radiation doses, for example, areas of high
metabolic or proliferative activity or hypoxic subvolumes.
In this study, '8F-FLT PET was successfully used to
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identify subvolumes with high proliferative activity be-
fore and in the second week of therapy in all primary
tumors and metastatic lymph nodes. In several patients, the
size and location of the subvolumes changed during the
initial phase of treatment. Therefore, repetitive imaging for
proper monitoring of the highly proliferative subvolumes is
necessary. Furthermore, image acquisition late during
treatment—for example, the fourth week—does not lead
to useful results, because signal intensities are low. Similar
findings on temporal changes in hypoxic subvolumes have
previously been described, even without any treatment (30).
Lin et al. studied 7 patients with head and neck cancer
undergoing serial '8F-fluoromisonidazole PET scans, sep-
arated by 3 d, before the start of treatment. In 4 of these
patients, significant dissimilarities in the hypoxic subvo-
lumes were observed within this short time window.

Various theoretic planning studies applying either
uniform dose distribution, dose painting, or voxel inten-
sity—based IMRT to '8F-FDG or !3F-fluoromisonidazole
PET-avid subvolumes have been published (8,9,371-34).
Schwartz et al. escalated the total dose up to 75 Gy in
a theoretic planning study involving 20 patients with head
and neck cancer (8). Rajendran et al. demonstrated that
using an IMRT technique, the dose to the '8F-fluoromiso-
nidazole PET—detected hypoxic subvolume could be esca-
lated by an additional 10 Gy, and Lee et al. achieved a dose
of even 84 Gy in hypoxic areas without exceeding the
normal-tissue tolerance (32,33). Recently, the clinical
feasibility of '8F-FDG PET-based dose escalation using
a uniform dose distribution was demonstrated in a phase I
clinical trial on patients with head and neck cancer (6).
With IMRT and a simultaneous integrated boost, the dose
was escalated to 72.5 and 77.5 Gy, achieving high local
control rates at 1 y of follow-up.

During the initial 4 wk of the current planning study, the
radiation dose was escalated to 71 Gy in fractions of 2.3 Gy
delivered to the highly proliferative subvolumes GTVgge,;
and GTVggq,, resulting in a total dose of 74 Gy in the
overlapping volume.

In contrast to '8F-FDG PET, which provides a measure
of the total viable tumor cell density, '8F-FLT PET
identifies the proliferating cell compartment within the
GTV. Although the number of tumor cells is greatly
reduced during cytotoxic treatment, cells that survive are
triggered to repopulate more effectively during the intervals
between treatments, and this process of repopulation is an
important cause of treatment failure (/0,11,35,36). Ran-
domized trials have convincingly shown that accelerated
radiotherapy, that is, delivery of the radiation dose in
a shorter time, can counteract accelerated repopulation
and improve the tumor control probability (37,38). Accel-
erated radiotherapy is now considered the standard for head
and neck cancer. Delivering a higher dose to the most
actively proliferating parts of the tumor early during the
treatment course might have an additive effect and could
further reduce the potential of the tumor to recover through
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accelerated proliferation and repopulation. For elderly
patients and patients in less good general condition, dose
escalation to the highly proliferative subvolumes might be
an alternative to accelerated radiotherapy. Accelerated
schedules are accompanied by increased toxicity, in partic-
ular early mucosal reactions (39). Dose escalation to
a relatively small subvolume using IMRT can be accom-
plished with only limited additional burden to the sur-
rounding normal tissues and thus might be better tolerated
by these patients. A clinical study will be initiated to further
explore the feasibility and effectiveness of this approach.

CONCLUSION

I8F_FLT is a promising PET tracer for imaging tumor
cell proliferation in head and neck carcinomas during
treatment. This study on oropharyngeal tumors showed
that '8F-FLT PET signal changes precede volumetric tumor
response assessed by CT or PET and that the tracer is
therefore suitable for early response assessment. Further-
more, '8F-FLT PET can define tumor subvolumes with high
proliferative activity, and escalation of radiation dose
within these regions is technically feasible. At present,
adaptive radiotherapy on the basis of '8F-FLT PET volu-
metric changes is not possible with the commonly available
segmentation tools.
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