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Abstract

Purpose/objective(s): High-risk neuroblastoma (HR-NBL) requires multimodality

treatment, including external beam radiation of the primary tumor site following

resection. Radiotherapy planning must take into account motion of the target and

adjacent normal anatomy, both of which are poorly understood in the pediatric pop-

ulation, and which may differ significantly from those in adults.

Methods/materials: We examined 4DCT scans of 15 consecutive pediatric patients

treated for HR-NBL, most with tumors in the abdominal cavity. The diaphragm and

organs at risk were contoured at full inhale, full exhale, and on free-breathing scans.

Maximum displacement of organs between full inhale and full exhale was measured

in the anterior, posterior, superior, inferior, left, and right directions, as was displace-

ment of centroids in the A/P, S/I, and L/R axes. Contours on free-breathing scans

were compared to those on 4D scans.

Results: Maximum displacement was along the S/I axis, with the superior aspects

of organs moving more than the inferior, implying organ compression with respi-

ration. Liver and spleen exhibited the largest motion, which correlated strongly

with the S/I motion of the diaphragm. The maximum organ motion observed in

the abdomen and thorax were 4.5 mm and 7.4 mm, respectively, while maximum

diaphragm displacement was 5.7 mm. Overall findings mirrored observations in

adults, but with smaller magnitudes, as expected. No consistent margins could be

added to the free-breathing scans to encompass the motion determined using

4DCT.

Conclusions: Organ motion within the pediatric abdomen and pelvis is similar to

that observed in adults, but with smaller magnitude. Precise margins to accommo-

date motion are patient-specific, underscoring the need for 4DCT scanning when

possible.
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1 | INTRODUCTION

Modern treatment paradigms for HR-NBL include external beam

radiotherapy (EBRT) to the primary tumor site and refractory

metastatic sites in combination with intense multimodality ther-

apy. Primary neuroblastoma tumors can occur along various

points in the peripheral nervous system, and necessary radiation

treatment volumes may be complex and in very close proximity

to lungs, heart, liver, kidneys, and diaphragm. As a result, many

organs may be at risk or compromised by the presence of tumor,

surgical necessity, or subsequent radiation. Additionally, sec-

ondary cancers have been shown to arise in regions of healthy

tissue exposed to radiation.1 For all of these reasons, striking an

optimal balance between radiating areas at risk for microscopic

disease, yet minimizing normal tissue exposure, is of paramount

importance.

In recent years, more complex forms of EBRT, including intensity

modulated x-ray therapy (IMRT) and proton therapy (PT), have

become important in treatment of HR-NBL.2–4 Unlike therapeutic x-

rays, the physical properties of PT allow proton beams to stop within

a predetermined margin of the target, maximizing preservation of

normal tissue. Proton therapy has been shown to reduce radiation

dose to healthy organs while maintaining target coverage in HR-NBL

children.2,3 As treatments become more precise, however, under-

standing organ motion within this young population becomes

increasingly important. Liver, lung, and kidney are recognized to

move with every breathing cycle, and quantifying this movement is

essential during EBRT planning.5

4DCT represents a unique technology to assess organ motion

from respiration and other normal physiology. Although 4DCT has

been used extensively to examine organ motion in adults, similar

analysis in the pediatric population is lacking. This is because

there are few clinical indications for using 4DCT in this popula-

tion, but as more precise treatment modalities (e.g., proton ther-

apy) are developed, treatment techniques that may benefit from

4DCT, which provides more information about organ motion and

physiology, may become more common. Furthermore, because

4DCT scans involves a higher imaging dose, there may be reluc-

tance to apply the technique in the pediatric population. Further

information about our institution’s protocol is included in the

Methods section below. Ultimately the desire to avoid additional

imaging dose in the pediatric population should be balanced with

better treatment planning and delivery, which could better spare

normal structures.

During EBRT planning, gross tumor volume (GTV) and clinical

target volume (CTV) are delineated, and physiologic motion of

tumor and organs at risk (OAR) are incorporated along with varia-

tion in patient position (the planning target volume — PTV) on a

daily basis. If 4DCT is available, treatment margins may be gener-

ated from information determined from the inhale and exhale

scans (which, as this work shows, encompass all motion); however,

many centers either do not have access to 4DCT or do not

perform 4DCT in the pediatric population, and thus may use stan-

dard margins derived from adult patients, which vary with institu-

tion. No consensus target or normal organ margins that take

normal physiologic motion into account exist for the pediatric

population, and those used for adult patients may be larger than

needed for very small children. This approach is expected to result

in unnecessary extra exposure of normal OARs. In contrast, expan-

sions that are not large enough to adequately take motion into

account could result in a region involved with tumor being outside

the high-dose radiation volume. Finally, accurate estimation of

organ position within various phases of the respiratory cycle

allows improved understanding of normal organ radiation exposure.

The rationale for this study was to utilize 4DCT to analyze normal

organ motion and its relationship with the breathing cycle, and to

model necessary expansions for OARs in a population of pediatric

neuroblastoma patients.

2 | METHODS

Data from 15 pediatric patients with high-risk neuroblastoma who

received radiotherapy between June 2011 and December 2014 were

analyzed. Ages ranged from 1.5–10 years. All had received systemic

treatment surgical resection according to the current treatment para-

digm. All received EBRT to the primary tumor site-1 in the thoracic

cavity and 14 in the abdominal cavity. All underwent CT simulation

with 4DCT as part of routine clinical care using a low-dose protocol

for proton treatment. No additional scans were acquired as part of

this study. These patients received radiation post-operatively follow-

ing resection of the primary tumor. As a result, the scans used for

treatment planning did not contain the initial tumor. Thus, tumor vol-

umes were contoured based on preoperative images that were fused

with the 4D planning CT images.

At our institution, the tube current is reduced and tube current

modulation is used to reduce dose for all 4DCT scans. The resulting

CT dose index (CTDI) for 4DCT scans is approximately 1.6 times that

of a conventional CT scan. While individual phases of the 4DCT scan

are of inferior quality compared to a conventional scan, the image

quality is sufficient for contouring purposes and to assess motion.

The treatment plan is calculated on the average of the phases, which

is of comparable quality to a regular CT.

Organs at risk were contoured (Table 1). For patients with

abdominal tumors, these generally included kidneys, liver, spleen,

and diaphragms. For patients with thoracic tumors (or occasion-

ally adrenal tumors when scans were limited inferiorly), they

included lungs, heart, and diaphragms. One patient had a kidney

removed previously, and some patients also had 4D imaging that

did not encompass all organs of interest. 4DCT images were

acquired on a Siemens Sensation Open scanner (Siemens Medical

Solutions, Malvern, PA, USA) using a low-pitch (0.1) helical mode.

The slice thickness was 3 mm in the 4D scans and 1.5 mm in

the free-breathing scans. Respiratory traces were obtained using
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the Realtime Position Management (RPM) system (Varian Medical

Systems, Palo Alto, CA, USA). The RPM utilizes a camera system

to capture the vertical displacement of a marker block placed on

the patients’ sternum. CT data were binned into eight uniform

phases. Maximum inhalation was defined as the 0% phase and

maximum exhalation was typically close to the 50% phase.

Patients were positioned supine using a Vac-Lok bag for immobi-

lization; an Aquaplast mask was added for patients treated for

thoracic tumors. Ten patients were simulated and treated under

general anesthesia; the five did not require anesthesia and did

not receive coaching for breath regularity. All contours were cre-

ated within Eclipse (version 11.0; Varian Medical Systems, Palo

Alto, CA, USA) and position measurements were measured using

the software’s measuring tool.

To minimize variability, all organs were contoured by a single

investigator. As the diaphragm is continuous with the inferior aspect

of the lung, diaphragms were contoured by extending the lung con-

tours inferiorly by 3 mm,6,7 and the lung volume was subsequently

subtracted. The contours were manually smoothed and then post-

processed to remove all contours with an area< 0.5 cm2. Right and

left diaphragms/lungs were contoured and evaluated separately. Kid-

neys were contoured without separating the cortex and medulla, and

excluded the hilum. The heart was contoured beginning superiorly

with the appearance of the right ventricle, and including the peri-

cardium and all of its contents.

Organs were contoured on maximum inspiration and expiration

phases, as well as on the free-breathing scans. The most extreme

inferior, superior, anterior, posterior, left and right points were evalu-

ated by measuring the maximum edge of each of the three main

axes (Left/Right-X, Superior/Inferior-Y, Anterior/Posterior-Z) in each

organ. The resolution of the measuring tool (0.6 mm) was smaller

than the slice thickness (1.5 mm or 3.0 mm), so measurements in

the superior/inferior direction were performed by manually acquiring

the coordinates for the points of interest.

Given a measurement resolution of 0.6 mm in the contouring

software, error was accordingly propagated to accommodate the dif-

ference between two edges (i.e., displacement) (mean � 0.6 mm and

SD + 0.8 mm based on the propagating variance for two variables).

The current standard in literature is to define clinically relevant organ

motion as that where the mean for a population exceeds its standard

deviation (i.e., 1.0 � 0.5 cm), which has been taken to broadly mean

that there is a trend for an organ to move in specific direction.

Though error propagation has been uncommon in previous work, we

chose to include it in order to allow for quantification of the uncer-

tainty introduced by contouring, and determination of whether the

criteria of SD < Mean was met after accounting for measurement

imprecision. Cells with red text in Tables 1 and 2 show the measure-

ments that showed a trend after error propagation, while bolded val-

ues indicate measurements that were clinically relevant according to

current standards in literature.

TAB L E 1 Mean � SD organ (in mm) displacement between maximum inhale and maximum exhale across extremes of three major axes.
Positive displacement indicates INHALE was more extreme than EXHALE. Centroid-X represents movement of the centroid in the L/R
direction, Y in the S/I direction, Z in the A/P direction.

Centroid-X Centroid-Y Centroid-Z Anterior Posterior Superior Inferior Left Right

Kidney-L (n = 10) 0.4 � 1.1 �1.4 � 2.0 0.4 � 0.6 1.5 � 1.1 �0.1 � 1.4 �1.5 � 1.6 �1.9 � 1.7 0.6 � 1.5 0.8 � 1.3

Kidney-R (n = 11) 0.3 � 0.4 �1.9 � 1.8 0.4 � 0.8 0.6 � 1.4 0.1 � 1.0 �2.3 � 2.8 �2.0 � 1.7 0.2 � 1.1 �0.5 � 0.74

Spleen (n = 11) 1.0 � 1.0 �3.1 � 2.0 0.4 � 1.3 �0.8 � 3.9 0.1 � 2.5 �4.5 � 1.9 �3.3 � 2.4* 0.7 � 1.9 2.0 � 9.1

Liver (n = 10) �0.8 � 1.1 �2.5 � 2.4 0.4 � 0.8 0.4 � 1.5 �0.2 � 2.5 �4.5 � 1.9 �1.1 � 2.3 �1.9 � 4.4 �0.5 � 0.5

Diaphragm-L (n = 14) 0.4 � 3.1 �3.6 � 2.3 0.9 � 2.7 1.6 � 5.7 �1.1 � 1.4 �4.1 � 2.0 �3.8 � 5.2 0.8 � 1.8 0.2 � 0.3

Diaphragm-R (n = 14) �0.5 � 1.0 �4.4 � 2.0 0.1 � 2.4 0.9 � 1.6 �1.0 � 1.6 �4.3 � 2.2 �5.7 � 2.8 0.2 � 2.3 �1.3 � 1.1

Lung-L (n = 3) �0.2 � 0.6 �1.6 � 1.0 1.1 � 0.9 3.9 � 2.1 0.2 � 1.5 �0.3 � 0.8 �3.9 � 1.8 0.1 � 1.4 �0.9 � 1.3

Lung-R (n = 3) �3.7 � 5.9 �3.3 � 1.7 0.3 � 0.6 1.1 � 0.7 �0.3 � 1.1 �0.3 � 0.6 �7.4 � 1.9 1.6 � 1.5 �1.9 � 0.9

Heart (n = 3) �0.4 � 0.6 �3.1 � 3.3 1.5 � 0.6 0.8 � 1.5 0.9 � 2.7 2.6 � 12.1 �1.9 � 3.2 0.7 � 1.7 �9.9 � 16.8

Bold values indicate clinical significance, and values highlighted in red indicate statistical significance even with error propagation. *Organ’s measure-

ments included a patient for whom maximum displacement was neither at full inhale or full exhale.

TAB L E 2 Mean � SD margins (in mm) added to free-breathing contours in order to contain organs in all 4D breathing phases.

Anterior Posterior Superior Inferior Left Right

Kidney-L (n = 10) 0.2 � 1.4 0.8 � 0.9 1.2 � 2.0 0.3 � 2.1 0.3 � 0.7 0.6 � 1.4

Kidney-R (n = 11) 0.2 � 0.8 0.4 � 0.5 0.1 � 1.7 0.3 � 1.5 0.8 � 0.9 0.4 � 0.9

Spleen (n = 11) 0.4 � 2.3 0.6 � 1.1 1.8 � 2.0 2.4 � 1.9 0.2 � 0.6 1.3 � 2.3

Liver (n = 10) 0.6 � 0.6 1.0 � 1.0 2.1 � 1.9 1.4 � 1.6 �0.3 � 3.7 0.3 � 0.6

Lung-L (n = 3) 1.5 � 1.4 0.9 � 0.4 6 � 0.2 2.0 � 3.3 0.3 � 0.4 2.4 � 2.7

Lung-R (n = 3) 0.2 � 0.6 �0.3 � 0.8 0.1 � 0.7 4.5 � 3.6 1.0 � 0.3 �0.1 � 0.4

Heart (n = 3) 0.8 � 0.8 �0.2 � 0.6 2.4 � 5.9 2.6 � 0.6 0.0 � 0.6 �0.3 � 0.7

Bold values indicate clinical significance, and values highlighted in red indicate statistical significance even with error propagation.
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Previous work has indicated that the full inhale and full exhale

tend to encompass the most extremes of motion,8,9 and contours

encompassing both maximum inhale and exhale were created (i.e.,

the union of organ structures). Conversely, the use of maximum

intensity projection (MIP) images can induce inaccuracies in motion

assessment, particularly for irregular breathing patterns.10,11 Organs

in every other breathing phase were assessed to ensure that the

union structure fully encompassed each organ’s extreme positions in

all breathing phases.

Patients in this series underwent both 4DCT and free-breathing

scans. The 4DCT scans focused on the diaphragm and the target

area (either abdomen or thorax). On free-breathing scans, lungs,

heart, kidneys, liver, and spleen were contoured, and the most

extreme LR, AP, and SI positions determined. These values were

compared to inhale and exhale positions on 4DCT to determine the

length that would have to be added in each of the six directions to

fully encompass the organ’s most extreme position in each of six

directions during all 4DCT breathing phases (Fig. 1). This was mea-

sured by determining the difference between the organ during the

free-breathing scan and the maximum of inhale or exhale in any

given direction.

Patient free-breathing CT organ motion data and inhale/exhale

differences were analyzed individually, and in groups based on age,

abdominal surgical history, and anesthesia status.

3 | RESULTS

In total, organ motion was evaluated in 15 patients (average age

4.2 years); 14 had a primary tumor in the abdominal cavity and 1 in

the thoracic cavity. Figure 2 shows a sample coronal slice with left

F I G . 1 . Schematic of margin analysis done on free-breathing and
4DCT contours. The center is the free-breathing organ. Free-
breathing organ contours were analyzed to see if reliable margins, as
shown in the figure, could be added to accommodate the union of
maximum inhale and maximum exhale (the most extreme positions
of organs in 4DCT).

F I G . 2 . Coronal slice with L diaphragm, L kidney, and liver contours on inhale (yellow) and exhale (purple).
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diaphragm inhale and exhale with an example of a kidney and liver

contour on one patient.

All organs were analyzed for the maximum displacement in all

directions. The most extreme AP, LR, and SI positions between

inhale and exhale were then compared (Table 1). The centroid

position and volume in cm3 were also recorded, with differences

shown in (Table 1). With the exception of the kidneys, the superior

aspect of organs uniformly moved inferiorly during inhale, as

expected. Abdominal organs moved together, with each showing

superior displacement similar in magnitude. Abdominal organ inferior

F I G . 3 . Displacement of abdominal organs versus diaphragm displacement in: (a) superior and (b) inferior directions.

F I G . 4 . Sample respiratory traces from a patient who was administered general anesthesia (a) and one without (b).
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edge motion was less consistent as was centroid motion in the Y

direction. Overall, most organs showed greater displacement of the

superior edge as compared to the inferior edge. The lungs showed

moderate anterior motion, which was reflected to a lesser degree in

centroid-Z motion.

Table 2 shows a comparison of the free-breathing organ con-

tours to the 4DCT contours. With the exception of one patient

whose spleen reached maximum inferior position at the 87%

breathing phase (Table 1, see asterisk), the union of the inhale and

exhale contours encompassed the organ position extremes at all

breathing phases and on all axes. It is notable that no consistent

and precise margin could be added to the free-breathing scans to

encompass motion observed on the 4D scans, especially after error

propagation; however, at the positional extremes, abdominal organs

differed no more than 6.3 mm between free-breathing and 4D

scans and thoracic organs no more than 9.2 mm. Figure 3 shows

the INH-EXH displacements of the abdominal organs versus the

corresponding diaphragms. Linear regressions and corresponding R2

values are also included. In the superior direction, which showed

more consistent and larger displacements, the correlations are

strong for liver (R2 = 0.84) and spleen (R2 = 0.51). The kidneys

showed weaker R2 values (0.17 for the left and 0.28 for the right).

In the inferior direction, the correlations are less strong. The liver,

again, showed a strong correlation with an R2 = 0.48. The spleen

showed almost no correlation between diaphragm motion and

organ motion in the inferior direction. The right kidney showed a

similar correlation while the left kidney showed a much stronger

correlation in the inferior direction compared to the superior

direction.

For both inhale-exhale displacement and free-breathing margins,

patients were analyzed in subgroups — general anesthesia vs. no

anesthesia, age < 3 vs. age ≥ 3, and abdominal surgery vs. no sur-

gery. Patients treated with anesthesia had very regular breathing in

both frequency and amplitude while those who did not were not as

uniformly consistent (Figure 4). This did not translate to a difference

in magnitude of organ motion between the two groups. No signifi-

cant differences between patient based on age or abdominal surgery

were observed, as these sub-analyses had too few patients to detect

a statistically significant difference.

4 | DISCUSSION

Organs at risk contoured on 4DCT scans from 15 pediatric high-risk

neuroblastoma patients were evaluated to better understand pedi-

atric organ motion. In analyzing the motion, the goal was to deter-

mine whether information provided by 4DCT could be reliably

incorporated into treatment plans and whether standard margins for

the pediatric population could be determined in order to reduce

unnecessary exposure of normal organs. In some situations, tumor

motion may be estimated through extrapolation of these data, for

patients with intact tumors that are situated proximal to the normal

organs at the time of radiotherapy.

Our analysis of organ motion demonstrated that, overall, inhale

and exhale accurately characterized the motion extremes, and thus

represented organ motion along the three axes (Figure 3),8,9 consis-

tent with previous literature addressing the adult population.

As the values in (Table 1) indicate, motion of the liver and spleen

is closely correlated with that of the diaphragm (Figure 3), and larger

than that of the kidneys. The correlation is strongest in the superior

direction, and, interestingly, the superior displacement exceeded

inferior displacement in the spleen, liver, and right diaphragm (the

organs with the highest magnitude of superior displacement), which

is consistent with liver findings by Hallman et al. This is also

reflected in the muted movement of the centroid in the Y (S/I) direc-

tion. A mismatch of a margin with overall organ motion could indi-

cate a volume deformation, specifically a compression. This was

outside the scope of this paper, but could be investigated as a future

extension using a 3D model to better understand organ deformation.

This is an important area of future work because there are some

organs that may have large respiration-induced deformations, includ-

ing the lungs. Despite excluding deformations, however, this work

still has utility. Motion was characterized based on the edges of the

organ, which provides a measure of the extent the organ would or

would not move out of the radiation field. This has practical value

regardless of the deformation, although deformation information

would provide further information to characterize organ motion.

The kidneys exhibited the least motion, consistent with their

retroperitoneal nature. They also showed far weaker correlations

with diaphragm motion than did the liver and spleen. This has

been observed previously.12 Excluding the diaphragms, organs

within the abdomen moved no more than 4.5 mm while organs

within the thorax moved no more than 7.4 mm (Table 1). Ulti-

mately, the general pattern of abdominal motion was similar across

the study population, with organs moving superiorly with exhale

and inferiorly with exhale. The motion magnitudes, however, were

difficult to predict.

Importantly, 4DCT provides respiration-synchronized data, and

caution should be applied in attributing organ motion fully to respira-

tion. This is most notable in cardiac motion, where presumably

motion arises from both respiration and myocardial contraction.

After assessing movement in the 4DCT scans, free-breathing

scans were analyzed with a goal of determining whether a reliable

margin could be added to each organ in all three axes to fully

encompass the free-breathing organ. Such a “margin recipe” would

prove valuable for institutions without 4D capability. Unfortunately,

a reliable margin that held up to statistical rigor could not be deter-

mined. Even without error propagation, the liver and lung showed

small margins of clinical interest, and organs on free-breathing scans

were often larger due to motion artifacts, blurring, and different scan

acquisition time, contributing to difficulties with accurate contouring.

The potential for a free-breathing scan to be collected at any breath-

ing phase also introduces a bias potential. These qualities support

both the superiority of 4DCT in determining organ motion and the

need for 4D treatment-planning, particularly when treatment modali-

ties that are sensitive to motion, such as proton therapy, are utilized.
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As there is a movement to image judiciously and with less radiation

dose in the pediatric population, the need for more accurate imaging

to reduce therapeutic side effects must be weighed against the

increased imaging dose to the patient. While we have shown that

the motion in pediatric patients is smaller than in adults, the use of

4DCT may result in smaller therapeutic margins and decreased radia-

tion to OAR. Thus, as a result of this study, we recommend motion

management for the pediatric population with neuroblastoma with

consideration of 4DCT as the modality. In the future, if the set of

data for pediatric patients were large enough for each organ, popula-

tion data derived from 4DCT could be used. Until then, 4DCT data

from each patient is what we recommend as a result of this study. If

a free-breathing scan is ultimately used for contouring, it is impor-

tant to note that even the most extreme values in this study are still

generally smaller than the displacements in adults.

The concept of error propagation was also used in this work.

Most previous work evaluates only mean and SD, with the idea that

a variance larger than the mean implies a lack of consistent motion

trend. The inherent finite resolution of any measuring tool is not

addressed by such an approach, which can be addressed by calculat-

ing the strength of motion after propagating error. Statistically,

accounting for uncertainties in the contouring software allows for a

more robust conclusion regarding the displacement between two

imperfect positions. Organ motion that was significant despite error

propagation is less likely to be due to inaccuracies in measurement

or imprecision; however, may be more difficult to compare to previ-

ous literature. For this reason, we have supplied analysis both of

motion significant in spite of error propagation and that significant

without error propagation.

Organ motion has been studied extensively in adults,5,8,13 and

published results vary widely. In large reviews, liver motion in indi-

vidual studies has ranged from 8 mm to 25 mm on average, as com-

pared to our study which found the maximum motion in any

dimension of the liver to be 4.5 mm on average in the pediatric pop-

ulation.13 Kidney motion has ranged in the adult population from as

little as 2 mm to 40 mm, with averages of approximately 10–

20 mm.13,14 Kidney motion in our pediatric population ranged from

fractions of a mm to 2 mm, but overall smaller than any average

found in the adult population, and often smaller than the minimal

kidney motion in adult patient series. The same holds true for

diaphragmatic motion, where adult motion values are on the order

of 10 mm on average. Diaphragmatic motion observed in our pedi-

atric population showed a maximum of approximately 8 mm with an

average of 4–5 mm.13 However, because the method of contouring

the diaphragm varies with each study, we are less able to directly

compare the motion findings. Finally, splenic motion in the adult

population has been observed to be similar to that of other large

abdominal organs such as the liver, with averages around 2 cm.13

Again in our population, the motion was smaller for the spleen.

In contrast to the adult population, little work has been done on

pediatric organ motion. Our study is the first to demonstrate that

organ displacement due to respiration in children is much smaller

than that observed in adults. This is a meaningful, if not altogether

unexpected, result, implying smaller margins may be used in this

population. Our findings were consistent with observations from the

adult organ motion literature that maximum displacement is along

the superior/inferior axis.8,13–17 The findings in this paper are

broadly applicable to pediatric cancers with tumors in the low tho-

racic or abdominal cavities. In our current work, neither age nor the

presence of anesthesia, factors unique to the pediatric population,

were significant factors in organ motion. Although our analysis did

not directly examine tumor motion (because radiotherapy was deliv-

ered following tumor resection), extrapolation from data regarding

normal organ motion suggests that internal target volumes (ITV),

which are designed to take into account respiratory and other inter-

nal motion of the tumor and surrounding organs, may require modifi-

cation within the pediatric population. Future study regarding

pediatric patients with intact tumors would be of great interest and

could influence practice to this end.

Our results raise several further questions. The analysis of organ

motion via positional extremes, as shown in this work, is integral to

margin determination.10,18 A MidP strategy, which uses the mean

position of an organ throughout the respiratory cycle as the planning

volume, margin has been studied in lung volumes and has been

found to result in smaller volumes and less therapeutic radiation

dose.19 This finding is encouraging, especially given the significantly

higher doses of radiation that accompany the use of 4DCT

imaging.20 There are alternatives to 4DCT, including 4D-MRI which,

although not widely used or studied in relation to radiotherapy, that

may minimize radiation exposure in the future.21 As discussed ear-

lier, while our work shows that organs tend to move primarily in the

superior/inferior direction, determining a 3D model would also be of

value, as would investigation of motion of other organs within the

pediatric population. The field of organ motion, especially in pediatric

patients, is ripe with opportunity for future study.

5 | CONCLUSIONS

While organ motion has been studied extensively in adults, there are

far fewer investigations in the pediatric population. In this study,

motion observed in children was of a smaller magnitude than that

reported in adults. Pediatric organ motion also paralleled other gen-

eral observations in adults, particularly that organ motion is greatest

in the superior/inferior direction. We were unable to generate a cor-

rective margin for free-breathing scans that encompassed organs in

all breathing phases, and thus 4DCT is an effective tool to accurately

characterize organ motion in the pediatric population. This can result

in result in more accurate tumor margins, ensuring target coverage

while minimizing dose to organs at risk.
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