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Abstract
Background and Purpose—Positron emission tomography (PET) imaging with [F-18]
fluoromisonidazole (FMISO) has been validated as a hypoxic tracer [1, 2]. Head and neck cancer
exhibits hypoxia, inducing aggressive biologic traits that impart resistance to treatment. Delivery
of modestly higher radiation doses to tumors with stable areas of chronic hypoxia can improve
tumor control [3]. Advanced radiation treatment planning (RTP) and delivery techniques such as
Intensity Modulated Radiation Therapy (IMRT) can deliver higher doses to a small volume
without increasing morbidity. We investigated the utility of co-registered FMISO-PET and CT
images to develop clinically feasible RTPs with higher tumor control probabilities (TCP).

Methods—FMISO-PET images were used to determine hypoxic sub-volumes for boost planning.
Example plans were generated for ten of the patients in the study who exhibited significant
hypoxia. We created an IMRT plan for each patient with a simultaneous integrated boost (SIB) to
the hypoxic sub-volumes. We also varied the boost for two patients.

Results—A significant (mean 17%, median 15%) improvement in TCP is predicted when the
modest additional boost dose to the hypoxic sub-volume is included.

Conclusions—Combined FMISO-PET imaging and IMRT planning permits delivery of higher
doses to hypoxic regions, increasing the predicted TCP (mean 17%) without increasing expected
complications.

Keywords
Hypoxia; FDG-PET; IMRT; FMISO-PET

Corresponding author and address for reprints: Joseph G. Rajendran MD, Div of Nuclear Medicine, Box: 356113, University of
Washington, Seattle, WA 98195. Phone: (206) 221-4421, rajan@u.washington.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Conflict of Interest Statement
The authors confirm that there are no conflicts of interests, financial or otherwise, in conducting this research with FMISO-PET
imaging and radiation therapy planning.

NIH Public Access
Author Manuscript
Radiother Oncol. Author manuscript; available in PMC 2012 December 1.

Published in final edited form as:
Radiother Oncol. 2011 December ; 101(3): 369–375. doi:10.1016/j.radonc.2011.07.029.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Head and neck cancer continues to be a significant public health problem in the United
States and affects nearly 40,000 persons, causing approximately 10,000 deaths per annum,
with greater incidence among veterans. In spite of significant advances in the diagnostic
methods for head and neck cancer, many patients still present in late stages with advanced
disease, increasing the likelihood for developing hypoxia, a phenomenon shared with other
solid tumors [4–8]. One of the hallmarks of tumor hypoxia is the induction of aggressive
phenotype that significantly affects the behavior of the hypoxic tumor cells as well as the
natural history of cancer in these patients [9]. The cure-limiting effects of hypoxia,
particularly radioresistance, have been long known to be a challenging problem to
radiobiologists and oncologists. Laboratory experience has documented the need for up to
three times as much photon radiation dose to cause the same cytotoxic effect in hypoxic
cells as compared to normoxic cells [10], but clinical dose escalation to that level is limited
in order to keep normal tissue complication probabilities low [11].

Several methods have been explored to identify, measure, and localize hypoxia in tumors,
beginning with clinical assumptions such as tumor grade and size, direct measurements with
oxygen electrodes, and indirect methods such as serum biomarkers or
immunohistochemistry (IHC) to identify hypoxia-related markers. However, the
heterogeneity in regional oxygenation as well as in biological response to hypoxia
confounds these tissue-sampling methods. Our goal is to use PET imaging to identify
hypoxia, and therefore a more aggressive cancer phenotype, so that specific patients can be
selected for more aggressive treatment options. Hypoxia imaging with positron emission
tomography (PET) using [F-18] fluoromisonidazole (FMISO) provides a noninvasive
method to characterize hypoxia in head and neck cancer [9, 12] and to define hypoxic sub-
volumes for dose escalation. A number of previous studies have explored the feasibility of
targeting hypoxia and the benefits of dose escalation to hypoxic subvolumes [13, 14].

Radiation treatment techniques such as IMRT [15, 16] are particularly attractive for treating
head and neck cancers, where irregular geometry and patient contours in the presence of
normal tissues important to quality of life pose unique problems for planning and delivery of
effective radiation doses. In addition, the inverse planning methods of IMRT utilizing
normal tissue avoidance strategies may permit dose escalation to hypoxic sub-volumes
without significantly increasing the risk of complications [17].

In this study, FDG-PET images were used to determine the primary tumor and to identify
affected nodes. We used FMISO-PET images to delineate the hypoxic sub-volume for dose
escalation and then used IMRT planning techniques to apply different doses to various target
sub-volumes and to keep the normal tissue doses within predefined limits. We generated
experimental treatment plans for ten patients to explore whether the dose to hypoxic sub-
volumes within the gross tumor could be escalated to higher levels while maintaining
normal tissue doses within tolerable limits. Our ultimate goal is to improve tumor control
and to maintain quality of life.

Currently accepted models were used to estimate tumor control probability (TCP) and
normal tissue complication probability (NTCP), including the effect of increased
radioresistance of the hypoxic sub-volume [18–21]. Calculations of TCP and NTCP for
radiation treatment plans with and without the dose escalation were compared to estimate
our ability to control the hypoxic tumor and at the same time limit complications to
clinically meaningful levels.
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2. Material and methods
2.1 Patients

A total of 102 patients with head and neck squamous cell cancer (HNSCC) were enrolled in
a FMISO-PET imaging study of patients with newly diagnosed cancer between April 1994
and August 2007 as part of on-going research protocols. Ten of these patients were
randomly selected for inclusion in this subanalysis. These ten patients had an average • 119
weeks of clinical follow up. They were recruited from the University of Washington
Medical Center, Harborview Medical Center, and the Veterans Administration Hospital in
Seattle. Signed informed consent, as approved by the University of Washington Institutional
Review Board and Radiation Safety Committees, was obtained in all cases. Human use of
[F-18] FMISO is covered by an Investigational New Drug (IND) authorization and an
approval by the institutional Radioactive Drug Research Committee. Only patients with
biopsy-proven cancer were included in the study. FMISO and FDG-PET studies were
obtained within three days of each other and prior to any therapy. All evaluated patients
were systematically staged using direct laryngoscopy and tissue biopsy diagnosis with plain
chest radiographs, serum chemistries and liver function panels, and a contrast-enhanced CT
scan of the head and neck. American Joint Committee on Cancer (AJCC) version 6 TNM
criteria were used for stage delineation. Baseline staging incorporated all physical findings,
diagnostic imaging including FDG-PET findings, and available pathology results. Treatment
decisions did not take into account FMISO-PET findings, and the actual treatments used for
these patients were not altered per the experimental treatment plans. All treatments were
performed with curative intent and consisted of standard doses of definitive radiotherapy,
chemotherapy, and/or resection, as recommended by a multidisciplinary tumor board. All
ten patients in this study were treated with chemoradiation. There is a preponderance of base
of tongue (BOT) cancers in this cohort, which is a reflection of the general trend in the
patient referrals. Base of tongue cancers provide unique challenges as well as opportunities
for treatment planning because of the natural history of spread of cancers arising in the
BOT.

2.2 PET Imaging
The PET imaging studies were performed using two scanners: a PET-only Advance scanner
[22, 23] and a DSTE PET/CT scanner [24], both manufactured by GE Medical Systems,
Waukesha, WI. The PET components of both scanners have similar resolution properties
and quantitative accuracies for clinical protocols similar to those used here (data not shown).
The axial fields-of-view (FOV) for a single bed position are 15 and 16 cm, respectively, for
the two scanners. For all studies the patient data were acquired in 2D mode with corrections
applied for attenuation, random and scattered coincidences, detector efficiency variations,
deadtime, and a global calibration for converting CPM/voxel to µCi/mL. Images were
reconstructed with 2D filtered-backprojection with a reconstructed spatial resolution of
approximately 12 mm [22]. For attenuation correction, the PET-only scanner used a
transmission scan obtained with rotating Ge-68 rod sources [25], and the PET/CT scanner
used a CT-based attenuation correction [26].

FDG Protocol—[F-18] FDG was prepared as described in the literature [27] and was
injected intravenously (5 MBq/kg up to ~370 MBq) with patients in a fasting state. Blood
sugar levels were determined at the time of imaging for all patients (blood glucose levels
<150 mg/dL). Also, all patients were pre-medicated with lorazepam to reduce FDG uptake
in skeletal muscle/brown fat. Patient scans started 45 minutes post-injection. Four to five
axial fields-of-view (approximately 15 cm each) were obtained that included the base of
skull and extended to below the liver. Emission scans were 7 minutes per axial field-of-
view.
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FMISO Protocol—[F-18] FMISO was prepared as previously described [28]. Patients
were not required to fast. Venous access lines were established in each arm, one for FMISO
injection and the other for blood sampling. Patients were injected intravenously with 3.7
MBq/kg (0.1 mCi/kg) of [F-18] FMISO, maximum 370 MBq (10 mCi). A single field-of-
view emission scan (20 minutes) of the tumor region was obtained. Imaging data were
acquired starting approximately 90 – 120 minutes post-injection. These images were
reconstructed with the same software corrections and filter size used for FDG. During
emission tomography, four venous blood samples were obtained at intervals of 5 minutes.
Whole blood samples of 1 mL each were counted in a Cobra multi-channel gamma well
counter (Packard Corp., Meriden, CT). Blood activity was averaged and then expressed as
µCi/mL decay corrected to time of injection [29].

2.3 Image Registration and Planning for Radiation Treatment
Image preparation for radiation treatment planning utilized the tools of the Pinnacle (Philips
Medical Systems, Madison, WI) treatment planning system, including its imbedded
Syntegra fusion software (rigid body techniques). Automatic and manual alignment to the
treatment planning CT image set used both emission and transmission scans in the case of
the PET-only scanner and automatic CT-to-CT alignment in the case of the PET/CT
scanner. All registrations were verified by a nuclear medicine physician/radiation
oncologist. No estimate of the alignment accuracy was available. The coregistered FDG-
PET/CT images, as shown in the example patient in Fig. 1, were used by the physician to
guide the manual delineation of gross tumor volumes (GTV) on the treatment planning CT.
The FMISO-PET images were used to determine hypoxic sub-volumes (hypoxic GTV) for
boost planning. Primary GTVs were expanded by 5 mm to account for microscopic spread
(defining the clinical target volume CTV) and set-up uncertainties (defining the planning
target volume PTV) but constrained to maintain a 3-mm margin within the skin contours,
where appropriate. The FMISO targets were not expanded as the limited PET image
resolution already makes the boundaries for the boost target in most cases as large as the
corresponding GTV. Additionally, results from Popple et al. suggest that it is not necessary
to boost the entire hypoxic sub-volume in order to obtain an appreciable increase in tumor
control probability [13]. For these reasons we selectively boosted the hypoxic region defined
by the FMISO-PET image without adding a margin.

The critical structures of interest included the parotid glands, the spinal cord, and the
mandible. Margins of 5 mm were added to the parotid glands and spinal cord to define the
planning risk volume (PRV).

Pinnacle radiation treatment planning software, including inverse-planning algorithms, was
used to build 7-equiangular-beam IMRT treatment plans using 6-MV photon beams. The
simultaneous integrated boost (SIB) IMRT plan prescribed 70 Gy to the primary PTV, 60
Gy to the affected nodes, and a boost of 10 Gy to the hypoxic GTV, to be delivered in 35
fractions. For two of the patients, SIB plans with boost doses of 15 and 20 Gy were also
created. Dose volume histogram (DVH) objectives for targets and organs at risk followed
the standard of care specifications of our department for head and neck radiation treatment
regimes. Target dose limits for critical structures used to guide planning included: spinal
cord • 45 Gy, mandible • 70 Gy, and mean dose to parotid glands < 26 Gy with • 40 Gy to
40% of the volume of the ipsilateral parotid gland and • 20 Gy to 20% of the contralateral
parotid gland.

2.4 TCP and NTCP Calculations
We calculated the tumor control probability (TCP) using the linear-quadratic (LQ) model
[18]. The model used a clinically determined radiation cell kill rate that depends on the
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tumor type and biology. Estimates for values of and were derived from clinical studies, with
an oxygen enhancement ratio (OER) of 1.5 [30]. We computed the average TCP for 10,000
patients with a Gaussian distribution of values around an average value of 0.47 Gy−1 and a
width of 0.08 Gy−1 with / = 12 Gy, values appropriate for HNSCC [31]. We also included
the proliferation effect, where clonogenic tumor cells begin to repopulate some time after
radiation treatment begins. The model assumes 35 fractions delivered in 47 days, values
consistent with our standard of practice. The lag time for proliferation of 30 days [32] and a
tumor-cell doubling time of 3 days [33] were taken from the literature. Of note, because we
are comparing treatment regimes that take place over the same time frame, uncertainty in
these parameters would affect each regime similarly and would not change the ranking of
treatment outcomes [31]. We analyzed both primary targets and treated nodal areas.

Normal tissue complication probabilities (NTCP) were calculated using the Lyman-Kutcher
method [19–21], which relies on clinical data to determine the uniform dose that results in a
50% complication rate for an organ (TD50%). Other input parameters describe the volume
dependence n and slope m of the NTCP vs. dose curve. An effective volume approximation
was made using a power-law relationship to transform a DVH into a volume at a uniform
dose that is assumed to yield the same complication probability as the original histogram
[21]. Input values include TD50% = 66.5 Gy, n = 0.05, and m = 0.17 for the spinal cord,
TD50% = 46.0 Gy, n = 0.70, m = 0.18 for the parotid glands, and TD50% = 72.0 Gy, n = 0.07,
m = 0.10 for the mandible [34–36].

3. Results
Significant hypoxia was identified in all 10 patients in this subanalysis, as shown in Table 1.
Data for doses to targets and critical structures in radiotherapy plans with and without the
boost dose for the 10 cases included in this report are given in Tables 2 and 3. In all cases
the IMRT planning technique permitted the dose escalation without exceeding the clinically
acceptable limits for the critical structures. Contralateral parotid glands were spared, except
in cases where the primary was central within the head/neck region. Ipsilateral parotid
glands were in some cases sacrificed to facilitate target coverage, although in each case this
was required even without the dose escalation to the hypoxic sub-volume.

Fig. 2 shows the conformal isodoses around the targets and the sparing of critical structures
for Patient ID 6. Fig. 3 presents the DVH for the same patient. Hot spots in the nodes are
due to the adjacent or overlapping primary PTV, with its higher dose objective. The hypoxic
GTV clearly receives the intended 10-Gy boost. The mean parotid gland doses from the SIB
plan are 9.8 Gy on the contralateral gland and 10.1 Gy on the ipsilateral gland.

Table 4 compares the tumor control probability of the primary target and the normal tissue
complication probability for each patient plan with and without the boost dose, assuming an
OER of 1.5. A significant (mean 17%, median 15%) improvement in TCP is predicted when
the modest additional boost dose to the hypoxic sub-volume is included. Insignificant
additional gains in TCP of 98.2 and 98.9 for Patient 2 and 98.2 and 98.8 for Patient 9 were
found for the 15- and 20-Gy boost plans, respectively. These DVH analyses predict modest
increases in TCP while still maintaining clinically acceptable normal tissue doses, as
characterized in the NTCP, for the ten patients in this study.

4. Discussion
By inducing resistance to treatment, tumor hypoxia “protects” cancer cells, either as a direct
effect (due to lack of molecular oxygen that dampens radiation toxicity) or an indirect effect
due to the induction of aggressive phenotypes. Dose escalation to hypoxic sub-volumes with
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conventional photon radiation has been investigated in clinical radiation oncology practice
to overcome this cure-limiting effect [14, 17, 37, 38]. In current clinical practice, boost
treatment (beyond that prescribed to bulky primary tumors and metastatic disease) is guided
by CT scans and is based primarily on size criteria. However, it is well established that
tumor hypoxia is not related to common clinical parameters including size and histology [5,
39], indicating the need for a more sensitive and specific imaging method to identify and
delineate potentially cure-limiting hypoxia in head and neck cancer. Molecular imaging with
PET is a more sensitive and specific modality that provides this needed information on the
microenvironment [40].

Advantages of FMISO-PET imaging to identify regions of hypoxia include the ready
availability of F-18, its easy radiosynthesis, the availability of an IND for FMISO, a simple
method for regional quantification based on a static image, and its history of clinical utility.
FMISO-PET is becoming a useful tool for clinical applications with several ongoing clinical
trials. The 1.5-hour wait following injection has not limited patient compliance and could be
considered analogous to the bone scan in this respect. The quantification by comparison of
images to a venous blood sample overcomes any limitations of low image contrast. The
FMISO images show less contrast compared to that of Cu-ATSM because of its lipophilicity
and slower clearance; however, its uptake after 2 hours is a pure reflection of regional pO2 at
the time of radiopharmaceutical administration, providing us with an agent that is
overwhelmingly accurate and unequivocally delineates the hypoxic sub-volumes, without
any confounding effect of blood flow [9, 12].

After identifying the hypoxic sub-volumes using FMISO-PET imaging, we use the boost
GTVs in dose-escalated IMRT plans to explore the feasibility and effect of increased doses
to hypoxic sub-volumes. Results from ten patient studies are shown in Tables 2 and 3. In
these plans we show that a boost dose of 10 Gy could be accommodated without exceeding
normal tissue tolerance doses. In two of the cases, we also explored additional boosts of 15
and 20 Gy.

We estimate the benefit to tumor control and the effect on normal tissue complications using
currently accepted models to show an increased TCP of 17% without unacceptable increases
in NTCP. The linear quadratic model used to calculate tumor control probability requires an
input value for the density of clonogenic stem cells [18]. We assumed a constant density = 1
× 107 cc−1 in primary and nodal tumors, although the exact value has not been conclusively
determined. Due to these model assumptions, tumor control probability results should not be
interpreted as an absolute predictor of tumor control but more as a tool for comparing
treatment plans, such as comparing plans without and with the boost dose, as we have done
in this study. The value of this analysis is to show improvement in tumor control probability
without unacceptable increases in normal tissue complication probability, as shown in Table
4.

In our analysis to estimate tumor control probability and to include the effects of radiation
resistance in the hypoxic sub-volume, the cell kill rate in the sub-volume is modified by the
OER. Although in vitro studies find that for anoxic cells an OER of close to three is
appropriate—meaning that anoxic tumor cells are able to survive three times as much
radiation as a normal tumor cell—clinical studies with cervical tumors show that an OER =
1.5 is more accurate, perhaps reflecting the fact that some oxygen is present in much of the
hypoxic region and/or that the tumor cell population is not homogeneous with respect to pO2
[30]. This is in contrast with radiobiological experiments in vitro where hypoxia is
homogeneously present within the cell population studied. For these reasons we used
OER=1.5 in our TCP analysis. In our study we used modest boost doses of 10, 15, and 20
Gy. Our analysis of the results of tumor control probability and normal tissue complication
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probability provides a convincing case for the benefit of even such a modest boost to select
sub-volumes within a tumor.

In clinical practice there is no general agreement on the level of boost dose necessary to
overcome the cure-limiting effect of hypoxia, motivating our exploration of the effects of
boost doses of 15 and 20 Gy to further evaluate the feasibility of an IMRT-based boost.
Additional studies including randomized clinical trials are needed to establish the optimum
level of boost to the hypoxic GTV [14, 38].

In our study we employed a SIB within the IMRT plan. Many different strategies for altered
fractionation have been utilized clinically to "boost" gross disease, such as accelerated,
hyperfractionated, concomitant boost, SIB, and six-days-a-week regimens. They all seem to
potentially offer some improvement in locoregional control. SIB is used widely because it is
simple to implement (i.e., within a single IMRT plan), it logistically works well with
conventional five-days-a-week scheduling, and it represents a modest acceleration to the
higher risk volumes, which is well tolerated with concurrent chemotherapy. It is difficult,
given the current level of knowledge and clinical experience, to argue which boost delivery
strategy would be most effective for addressing hypoxia. However, maintaining the shortest
possible treatment time is an important concept to address tumor repopulation. This has been
proven in a number of randomized studies and is a strong biological/clinical rationale for
SIB vs sequential boosting that protracts treatment time. The SIB strategy has been safely
used clinically over the past decade with IMRT [41–45].

We point out that the finding that only two of the ten patients in Table 1 showed local failure
indicates the need for additional studies and longer follow-up prior to recommending a
change in treatment planning. It should be noted that these were experimental plans and
patients received treatment according to established clinical practice. The follow up data in
Table 1 does not include treatment with a hypoxic boost. However, our study illustrates the
feasibility of an IMRT-based radiation boost to hypoxic sub-volumes and suggests the
potential value for achieving better outcomes for this patient population.

On a cautionary note, IMRT is a powerful volume-based inverse-planning modality that can
generate tightly conforming isodose contours, but it can still be challenged by patient set-up
uncertainties and patient motion [16, 47]. Patient contour deformation and target
displacement can further challenge the ability to treat very small sub-volumes such as the
identified hypoxic sub-volume. It is likely that image-guided techniques currently under
development and in clinical use will be important in obtaining the full benefit of hypoxic-
guided boost treatments, especially in head and neck cancers [14, 38].

Another important and currently limiting factor is the dynamic nature of hypoxia and the
potential for change in hypoxic volume as treatment progresses. An ideal method should
include serial hypoxia imaging beginning pre-therapy and continuing intra-therapy to
provide a realistic delineation of the changing hypoxic sub-volume during therapy.
Similarly, any hypoxia evaluation method is compounded by the presence of acute versus
chronic hypoxia, but the radiobiological principles using boost radiation to overcome
treatment resistance are similar for both types of hypoxia. Additional limitations include the
influence of genomic and proteomic responses to hypoxia in tissues that promote the
increased aggressiveness of clones derived from the hypoxic cells. Thus, while our analysis
is focused on local tumor control with a radiation boost, hypoxia has further implications
regarding metastatic spread that could adversely affect overall survival and that can be
addressed by systemic therapeutic agents.

Furthermore, pre-therapy information on the oxygenation status of a tumor's
microenvironment should have additional implications for treatment selection. Presence of
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diffuse hypoxia in a tumor might suggest benefit from a systemic approach using a hypoxic
cell cytotoxin, e.g. Tirapazamine or a similar compound, or anti-growth factor drugs to
combat the limitations of hypoxia [48]. Alternatively, a more focal hypoxia might benefit
from a local/regional approach, such as IMRT-based radiation dose escalation to the hypoxic
sub-volume [8]. Studies have also established the complementary role of radiation and
systemic hypoxia-specific pro-drugs as a synergistic combination in overcoming the
hypoxia-induced resistance [12]. We anticipate that FMISO-PET will prove useful for
selecting patients for the most appropriate treatment. In this context, its applications include
the following as a single modality or as a combination: (1) identification and localization of
significant hypoxia; (2) delineation of hypoxic sub-volumes within the GTV for boost
radiation; and (3) selection of appropriate systemic agents to complement the boost therapy.
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Fig. 1.
Co-registered CT and FMISO-PET images in transaxial, sagittal, and coronal projections for
BOT example patient.
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Fig. 2.
Isodose display on axial slices for SIB IMRT plan showing conformal 70-Gy dose around
primary PTV (red) and 60-Gy dose around affected nodes (pink and blue). Hypoxic GTV
(green) is covered by 80-Gy isodose. Parotid glands (orange and lilac) are avoided by high
isodose lines.
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Fig. 3.
Dose volume histogram for plans without (dashed) and with (solid) 10-Gy boost to hypoxic
GTV for the sample patient in Figs. 1 and 2.
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