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Abstract
Purpose—To estimate radiation therapy planning margins based on inter- and intrafractional
uncertainty for pediatric brain and head and neck tumor patients at different imaging frequencies.

Methods—Pediatric patients with brain (n = 83) and head and neck (n = 17) tumors (median age
= 7.2 years) were enrolled on an internal review board–approved localization protocol and
stratified according to treatment position and use of anesthesia. Megavoltage cone-beam CT
(CBCT) was performed before each treatment and after every other treatment. The pretreatment
offsets were used to calculate the interfractional setup uncertainty (SU), and posttreatment offsets
were used to calculate the intrafractional residual uncertainty (RU). The SU and RU are the
patient-related components of the setup margin (SM), which is part of the planning target volume
(PTV). SU data was used to simulate four intervention strategies using different imaging
frequencies and thresholds.

Results—The SM based on all patients treated on this study was 2.1 mm (SU = 0.9 mm, RU =
1.9 mm) and varied according to treatment position (supine = 1.8 mm, prone = 2.6 mm) and use of
anesthesia (with = 1.7 mm, without = 2.5 mm) because of differences in the RU. The average SU
for a 2-mm threshold based on no imaging, once per week imaging, initial five images, and daily
imaging was 3.6, 2.1, 2.2, and 0.9 mm, respectively.

Conclusion—On the basis of this study, the SM component of the PTV may be reduced to 2 mm
for daily CBCT compared with 3.5 mm for weekly CBCT. Considering patients who undergo
daily pretreatment CBCT, the SM is larger for those treated in the prone position or smaller for
those treated under anesthesia because of differences in the RU.
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INTRODUCTION
The trend to irradiate young children with brain tumors and the promise of recent
advancements has increased the acceptance of radiation therapy (RT) for pediatric patients.
Because RT has wide ranging side effects in pediatric patients (1–5), investigators have
focused on reducing normal tissue irradiation. One method is to reduce the target volume
margins that are used in RT planning.
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The volume and margin definitions of the International Commission on Radiation Units and
Measurements Reports 50 and 62, (6, 7) have been adopted in pediatric clinical trials for
brain and head and neck tumors—namely, gross tumor volume (GTV), clinical target
volume (CTV), and planning target volume (PTV). The purpose has been to use three-
dimensional treatment planning and delivery systematically in clinical trials and study ways
to reduce treatment effects using disease-specific target volume margins. Only the CTV
should receive the prescription dose; however, because of temporal variation in the position,
shape, and size of the CTV, an internal margin (IM) must be added. In addition, because of
uncertainties in the daily patient positioning, patient intrafractional motion, dose calculation,
and beam delivery, a setup margin (SM) is also required. The combination of the IM and
SM define the PTV. The need to estimate and minimize the IM and SM in a variety of
clinical settings and for children of all ages has become increasingly important as highly
conformal radiation therapy, including intensity modulated radiation therapy (IMRT) and
proton therapy, have entered the mainstream.

The PTV margins currently specified for children with brain and head and neck tumors
enrolled on institutional and cooperative group trials are largely empiric. As the definition of
the GTV is refined and the CTV is systematically reduced for specific diseases, the margin
chosen for the PTV will become an increasingly important means to minimize dose to
normal tissues and the potential risk factor for treatment failure. Given the importance and
complexity in determining the appropriate PTV margin, a number of studies have proposed
patient population-based formulas for the patient-related portion of the setup margin (8–11)
to allow for systematic quantification of setup uncertainties based on statistical methods.
Among the sites under study, intracranial (12, 13) and head and neck (14–17) sites are of
particular interest; however, only two small studies have been published focusing on
pediatric localization (18, 19).

We developed a protocol to quantitatively assess localization and refine PTV margin
definitions for pediatric patients with head and neck and intracranial tumors. The goal was to
estimate the patient-related components of the SM and provide guidelines for target volume
definitions in clinical trials. In this report, we estimated setup uncertainty (SU) and residual
uncertainty (RU). The SU represented interfractional positioning differences, and the RU
represented intrafractional patient motion. We used daily pretreatment cone-beam computed
tomography (CBCT) and alternate day posttreatment CBCT to calculate SU and RU. The
acquired data were modeled using different imaging regimens (20, 21) to determine the
influence of imaging frequency on the SM.

METHODS AND MATERIALS
Patient cohort

One hundred patients with brain tumors (n = 83) and tumors involving the head and neck
region (n = 17) were included in this study. The cohort included 54 male and 46 female
patients with a median age of 7.2 years (range, 1.0–25.3 years). Only two patients were
older than 21 years of age at the time of irradiation. They were included because they were
diagnosed with pediatric brain and musculoskeletal tumors. General anesthesia (GA) was
required for 46 (median age, 4.8 years; range, 1.0–19.1 years) and not required for 54
(median age, 12.5 years; range, 5.7–25.3 years). The treatment position was prone for 25
(median age, 8.9 years; range, 1.6–17.6 years) and supine for 75 (median age, 7.2 years;
range, 1.0–25.3 years). For 62 patients, the treatment method was considered three-
dimensional conformal radiation therapy. IMRT was used for 38 patients. The patients were
treated with 1.8 Gy per day. The median number of treatment fractions was 29 (range, 7–
35).
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CBCT device
Patients were prospectively enrolled on an internal review board–approved clinical trial to
study treatment localization using imaging beam line CBCT (IBL-CBCT). The IBL-CBCT
is a modification of Siemens MVision CBCT (Siemens Medical USA, Concord, CA). The
major modifications consisted of replacing the tungsten target with a carbon target,
removing the flattening filter, and decreasing the beam energy by 30% to 4.2 MeV. This
results in a photon beam with a mean energy of approximately 800 keV. The details of the
modifications are explained by Faddegon et al. (22) The imaging and dosimetric properties
are detailed elsewhere (23). Depth dose, profiles, and output for various field sizes of the
IBL were measured and modeled in the PlanUNC (University of North Carolina, Chapel
Hill; http://www.planunc.radonc.unc.edu) treatment planning system (TPS). Dose
calculations from the TPS were verified with ion chamber measurements. Daily image
quality and weekly output and energy checks are routinely performed on the IBL system to
ensure proper functionality. The dose to isocenter for each IBL-CBCT was 1 cGy, verified
by an IBL-CBCT treatment plan for each patient.

CBCT procedure to obtain SU and RU
Each patient was evaluated by IBL-CBCT at the start of each daily treatment fraction and
the completion of every other fraction. The pre-treatment IBL-CBCT was used to assess the
setup uncertainty (SU). The post-treatment IBL-CBCT was used to quantify the residual
uncertainty (RU). For purposes of analysis, the SU and RU were meant to correspond to the
interfraction and intrafraction variability, respectively. On a daily basis, the therapists
positioned the patient according to external visual markings before acquiring the CBCT. The
CBCT was registered to the treatment planning CT using automated software with a mutual
information algorithm. The therapist examined the registration and modified when necessary
following the instructions of the treating radiation oncologist on the first day of treatment.
The bony anatomy in the vicinity of the target was critical to the registration process.
Coordinates were obtained automatically corresponding to the lateral, longitudinal, and
vertical offsets. If the calculated magnitude of the three-dimensional offset vector was less
than 2 mm, no shift was applied. If the offset vector was ≥2 mm but ≤5 mm, the corrective
translational shifts were applied using automated treatment table movement. When the
three-dimensional offset vector was >5 mm or the registered CBCT did not match visually
to the treatment planning CT, a physician was consulted, and the patient repositioned before
the acquisition of an additional CBCT. When necessary, the procedure was repeated until
the offset vector met criteria for no intervention. All offsets were recorded in a database at
the time of treatment and used to determine SU. Figure 1 is a flow chart that outlines the
process.

The differences between the offsets of the posttreatment CBCT and the pre-treatment CBCT
were used to determine RU. If the patient was shifted on the basis of pretreatment CBCT,
their during-treatment offsets were assumed to be (0, 0, 0). If the patient was not shifted, the
offset of the pretreatment CBCT was used. For example, if the pretreatment CBCT offsets
were (1, 1, 1) and the post-treatment CBCT was (−1, −1, −1), the RU for that treatment was
(−1–1, −1–1, −1–1) = (−2, −2, −2) because the during-treatment offset was assumed to be
(1, 1, 1). If the pretreatment CBCT was (2, 2, 2) and the posttreatment CBCT was (−1, −1,
−1), the RU for that treatment was (−1–0, −1–0, −1–0) = (−1, −1, −1) because the during-
treatment offset was assumed to be (0, 0, 0). In the first case, the patient was not shifted
because the pretreatment offset vector was <2 mm; in the second case, the patient was
shifted because the pretreatment offset vector was >2 mm.
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SU, RU, and SM analysis
To be included in this report, the patients must have had a minimum of seven pretreatment
CBCT and three posttreatment CBCT evaluations. The geometric margin formula developed
by van Herk et al. (11), 2.5Σ+ 0.7σ, where Σrepresents the systematic or preparation errors
and σ is represents the execution or random error, served as an estimation of the setup
uncertainty (SU) due to interfraction motion and residual uncertainty (RU) caused by
intrafraction motion. The SU and RU were combined by adding the respective errors in
quadrature giving the patient related setup margin (SMpat).

Eq. 1

The patient cohort was subgrouped according to treatment position (supine with
thermoplastic facemask vs. prone with customized vacuum bag) and use of general
anesthesia and compared on the basis of SU and RU.

SU simulation by imaging frequency and action threshold
To demonstrate the usefulness of daily CBCT localization, we determined the differences in
SMpat by simulating four CBCT localization conditions (L1-4) and five action thresholds (1–
5mm, 1-mm increments) for all patients. The number of systematic shifts, which would
involve changing the setup position on the patient, was calculated on the basis of a 6-week
(30-fraction) treatment.

L1 The first localization condition was based on visual marks alone. The patient
was assumed to have been treated in the initial setup position documented by the
CBCT without shifts applied. There was no action threshold for this condition
because no imaging would apply.

L2 The second localization condition assumed the patient was imaged once a week
and that a systematic shift was applied if the offset vector was greater than a
given action threshold (1–5 mm). A systematic shift implied that new setup
marks were placed on the patient for future treatments.

L3 The third localization condition assumed imaging every day for the first week
and that a systematic shift based on the average offset was applied for future
treatments. Following the first week, the weekly imaging procedure as described
in L2 was applied.

L4 The fourth localization condition was similar to the one that was actually
followed in our experimental design. The patient was shifted on the basis of
daily CBCT if the offset vector was greater than a given threshold (1–5 mm). A
systematic shift, meaning new setup marks placed on the patient, was applied if
the difference between the absolute value of the average offset and the standard
deviation of the offsets for the previous five fractions in any direction was
greater than the given threshold. For example, if the average offset for the
previous five fractions for a particular patient was 3 mm anterior–posterior, −3
mm right/left, and 0 mm superior/inferior and the standard deviation of the
previous five fractions was 1 mm anterior/posterior, 1 mm right/left, and 1 mm
superior/inferior, the value of this metric would be would be 2 mm, 2 mm, −1
mm. If the action threshold was ≤2 mm, a systematic shift would be applied; if
the action threshold was >2 mm, then a systematic shift would not be applied.
The purpose of using the difference between the absolute value and the standard
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deviations from the prior treatments was to ensure that a true systematic error
was used for remarking the patient.

RESULTS
For the 100 patients included in this report, 2,362 pretreatment and 1,092 posttreatment
localization CBCTs were acquired. The median (± SD) number per patient was 29 ± 8.7 and
12.5 ± 4.1, respectively. Figure 2 shows images from a 1-cGy IBL-CBCT and treatment
planning CT for a 4-year-old patient. Figure 3 shows the offsets for the pretreatment CBCT
and posttreatment CBCT of the patient.

The average setup uncertainty (SU) of the three directions for the L1 localization was 3.6
mm. For the 2-mm threshold, the average SU for L2 was 2.1 mm, L3 was 2.2 mm, and L4
was 0.9 mm. The average RU was 1.9 mm. The resulting SM for these conditions was L1 =
4.1 mm, L2 and L3 = 2.9 mm, and L4 = 2.1 mm. Figure 4 displays the percent of fractions
that would require a shift based on daily imaging, the average setup uncertainty, and the
average setup margin for each threshold level.

Table 1 lists the details for the SU in each direction for the various localization methods
given each action threshold, the RU, and the combined setup margin (SMpat). The number of
systematic shifts required for each localization method, L1–L4, for a given action threshold
are also listed in Table 1. The decrease in the average SU was directly related to a decrease
in the action threshold and was inversely related to the imaging frequency. These
relationships are demonstrated in Fig. 5, which shows that for the 5-mm threshold, the L2
(weekly) and L4 (daily) setup uncertainties are almost identical and differ by 0.2 mm.
However, L3, which includes imaging for the first full week, is capable of assessing the
systematic error. When corrected for the entire treatment, this leads to a smaller margin of
0.7 mm.

The average SU based on L1 for prone patients was 3.9 mm and 3.5 mm for supine patients.
The average SU was 3.7 mm with GA and 3.5 mm without GA. The average RU for prone
patients was 2.4 mm and 1.6 mm for supine patients. The average RU for patients who
received general anesthesia was 1.5 mm and was 2.3 mm for those who did not. There was
no difference in the SU for the various subgroups given daily localization with a 2-mm
threshold (0.9 mm). The details for SU based on L1, RU, and SMpat for L1 and L4 with 2-
mm threshold for these subgroups are listed in Table 2. The parameter that has the greatest
impact on the various uncertainties is the standard deviation of the mean offsets, referred to
here as Σ(Eq. 1). Therefore an analysis of variance F test on the mean offsets was used to
measure whether there was a significant difference in the Σfor prone vs. supine and GA vs.
no GA for both the SU and the RU. For SU, only the lateral direction for supine vs. prone
reached statistical significance (p < 0.01). For RU, both the lateral and longitudinal
directions for supine vs. prone had a p value of <0.01; vertical did not reach statistical
significance. All directions were statistically significant for GA vs. no GA, with p < 0.01 for
lateral and p = 0.02 for longitudinal and vertical. The values of Σfor these various cohorts
can be found in Table 2.

DISCUSSION
On the basis of current U.S. treatment standards, we estimate more than 1,000 children with
primary brain, head and neck, and orbital tumors will receive fractionated external beam
radiation therapy (RT) each year as part of their initial management. The treatment of these
patients and the requirements for daily localization and verification is complicated by the
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extremes of age, level of cooperation, and clinical and treatment factors associated with their
tumor type, tumor location, and treatments preceding or administered during RT.

Using a 1-cGy IBL-CBCT daily for each patient, we quantified the patient related portion of
the setup margin required for pediatric patients with intracranial lesions for various
localization conditions. The 1-cGy IBL-CBCT provides sufficient quality for bony anatomy
localize as evident by Fig. 1. The IBL-CBCT has previously been shown (23) to deliver a
lower dose to critical structures compared with traditional portal images.

Regarding which localization condition, including action threshold, one should use, many
items must be considered. First, we state that the maximum margin of the three directions
should be considered as the margin for a particular localization condition because this is
what will likely be done in a clinical situation (use of symmetric margin). If margin size
alone is the fundamental parameter, then the 1-mm threshold is the ideal for each method.
However, this is impractical because it would require a systematic shift almost every week.
The number of required systematic shifts is important because potential errors and confusion
may arise as the number of these shifts increase. Therefore, the combination of margin size
and number of systematic shifts should be considered.

If at most two systematic shifts and a margin of ~0.5 mm greater than the ideal for a
particular method are allowed, then the choice is made easier. Assuming that an average
pediatric brain tumor patient will receive 30 fractions, the optimal choice for weekly
imaging (six images) is the 4-mm threshold, which requires one systematic shift per patient
and a setup margin of 3.5 mm. For full first week imaging (10 images), the 5-mm threshold
is optimal, requiring one systematic shift for every five patients in addition to the systematic
shift after the first week and a margin of 3.4 mm. There are two choices for daily imaging
(30 images), the 2.5-mm threshold requires one systematic shift, 12 daily shifts, and a
margin of 2.5 mm. The 2-mm threshold requires two systematic shifts, 16.5 daily shifts, and
a 2.2-mm margin. The true limitation is the residual uncertainty (intrafraction motion),
because of its 2.0-mm margin. If the effort of daily imaging is going to be put forth, then the
2-mm threshold is the logical choice. If daily imaging is not used, then the weekly imaging
with the 4-mm threshold is an appropriate choice.

Comparing the prone to supine patients, we see that the prone patients generally have a
larger setup and residual uncertainty. Of note is the large difference between the lateral setup
margins of the prone patients (5.5 mm) vs. the supine patients (3.3 mm). With daily
imaging, the difference in setup uncertainty can be erased, but the large residual uncertainty
remains—for example, 2.8 vs. 1.3 mm in the lateral direction. This is most likely due to the
type of immobilization used for prone patients and requires further investigation.
Considering the use of general anesthesia, an interesting result is that the average residual
uncertainty for GA patients is 1.5 mm vs. 2.3 mm for those without, which leads one to
conclude that conscious patients move within their immobilization device more than those
treated with GA, which suggests there is room for improvement.

The setup uncertainties for adult head and neck has been shown to average approximately 3
mm (14, 16), which is similar to the results presented here. This margin is based on a similar
geometric formula (11) to that used here; however, it has been proposed that because of
biological response (24) and the existence of a dose cloud (25) in photon RT, that the margin
may be reduced by approximately 3 mm while maintaining proper coverage. This is an
interesting possibility and is being investigated for various pediatric brain tumors through
motion simulation studies.

It is important to remember the PTV margin comprises a patient-specific component of the
setup margin (inter- and intrafraction motion) that has been discussed here, as well as a
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process-specific component, which includes treatment machine, image registration, and
treatment planning uncertainties, not detailed here. In addition, the PTV should include an
internal margin. The process-related uncertainties are currently being investigated to
establish their impact on the SM for pediatric patients with brain and head and neck tumors,
and preliminary data show that an addition of at most 1 mm may be appropriate.
Interobserver delineation uncertainties are not included in this uncertainty estimation. The
internal margin accounts for changes in the target itself and cannot reasonably be accounted
for with geometric margins. A good example is craniopharyngioma, a cystic pediatric brain
tumor, which changes shape and size during therapy (26). In this case, the internal margin
can only reasonably be accounted for with adaptive planning.

The last issue that warrants discussion is rotational uncertainty. If patient rotation was
observed, the therapist manually repositioned then reimaged the patient. In most
circumstances, this corrected the error and treatment continued. If a satisfactory correction
was not obtained, the physician was notified, and in some circumstances, new
immobilization devices, and hence new plans, were required. Our system did not allow for
online quantification of the rotational error. We are currently evaluating the magnitude and
dosimetric effect of rotation.

CONCLUSION
CBCT can be used to minimize positional uncertainty in pediatric patients and reduce dose
to normal tissue. When daily CBCT is used for pediatric patients with brain and head and
neck tumors, a SM of 2 mm appears to be appropriate. The SM may be increased for
patients treated in the prone position or further reduced when general anesthesia is used.
When weekly CBCT is used, the SM should be increased to 3.5 mm.

Although additional uncertainties in the SM may be attributed to the hardware and software
used in planning and delivery, these should be relatively small compared with the patient
contribution estimated in this study but should be considered along with the IM when
considering the margin chosen for the PTV. Because this was a single-institution study, it is
important to note that there may be differences in immobilization effectiveness and setup
errors at different institutions; therefore, the values presented here should be verified at each
institution.
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Fig. 1.
A flow chart outlining the pretreatment cone-beam CT procedure.
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Fig. 2.
A 1-cGy imaging beam line cone-beam CT (CBCT) for a 4-year-old patient (top) and the
simulation CT (bottom).
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Fig. 3.
A graph of the offset in each direction for the pretreatment cone-beam CT (CBCT) (top) and
the posttreatment CBCT (bottom) for the 4-year-old patient shown in Fig. 2. This patient
was treated in the supine position with general anesthesia.
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Fig. 4.
A graph of the percent shifts that are needed for each action threshold of the daily
localization condition, the resulting average setup uncertainty, and the setup margin.
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Fig. 5.
The relationship between localization condition (L2, L3, and L4) that corresponds to an
increase in imaging frequency, the action threshold, the setup uncertainty, and the setup
margin.
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