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Introduction

Although each patient’s treatment is unique, radiation
therapy for pediatric patients require close observation of
symptoms and attention to anatomic changes."” Given
that foreign body (FB) ingestions commonly occur in
pediatric patients of all ages,™ reviewing the daily radio-
graph images acquired during the patient’s alignment is a
significant index to ensure prompt patient care and robust
radiation therapy. Adolescents are not exempt from FB
ingestions,” which can occur accidentally, intentionally,
or because of underlying mental illness and developmen-
tal delay.” If an adolescent patient does not disclose
ingesting a FB, the presentation of the FB might be
delayed, leading to urgent interventions, especially when
the FBs are batteries, magnets, sharp objects, or superab-
sorbent materials.” > However, if a patient with FB inges-
tion is asymptomatic and urgent removal is not required,
a clinical decision needs to be made regarding whether
radiation therapy can proceed depending on the FBs size,
properties, location, and patient’s medical conditions. It is
important to consider potential complications and
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dosimetric effects on the treatment site considering FBs
radiation interactions and management of the ingested
FB. If proton therapy is being used because the modality
of choice, considerable attention is required because of
the sensitivity of protons to various uncertainties and tis-
sue types,” as well as the potential dose perturbation
effects.” '’ When the FB made of high atomic number (Z)
material is placed in the path of proton beams, it can lead
to dose enhancement downstream because of the higher
energy loss of the primary proton beams with stronger
Coulomb interaction® and the secondary particles gener-
ated in vicinity of the object.” However, it can also result
in a dose deficit behind the object and a range pullback at
the distal end.*'® Such proton interactions in clinical
cases may cause dose inhomogeneity in the treatment
area, which can degrade the target dose coverage.'’ The
degree of these effects depends on several factors, includ-
ing the size, location, orientation, and material of the FB,
as well as the energies, field sizes, and angles of the proton
beams.

During our routine procedures, we encountered an
unexpected finding of an artificial object in the daily
orthogonal radiographs. Recognizing the potential impli-
cations of this discovery, we investigated whether the
material’s location and properties could affect the
patient’s treatment by causing perturbed doses to the tar-
get or adjacent tissues, compromising care. Careful con-
siderations were given to ensuring that the object in the
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bowel does not interfere with proton spot delivery. We
comprehensively analyzed possible materials in a phan-
tom test to identify the FB using radiographs and cone-
beam computed tomography (CBCT) projection images.
Moreover, the possible dosimetric effect with the FB was
evaluated, considering clinical cases that can be affected
by unexpected artificial bowel contents.

Case presentation

Artificial object detected in orthogonal
radiograph images during patient alignment

A 16-year-old girl pediatric patient underwent proton
treatment for World Health Organization grade 2 lumbar
spine myxopapillary ependymoma after laminectomy
with gross total resection. Planning target volume for the
first phase treatment covers from the L1 to S3 vertebrae
(Fig. 1). The radiation dose was prescribed to deliver 50.4
Gyrgg in 28 fractions followed by a sequential boost dose
of 3.6 Gyggg in 2 fractions to L2 using the pencil-beam
scanning (PBS) technique (ProteusPlus, Ion Beam Appli-
cations). Two posterior-oblique beams (£15° from a pos-
terior beam axis) were used to avoid range uncertainties
because of daily gastrointestinal organ changes and mini-
mize bowel and kidney doses.

Orthogonal radiographs were taken using a pediatric
pelvis protocol (90 kVp) to align the patient (Fig. 2a). In
the coronal view of the anterior-posterior (AP) radio-
graphs, we observed an enhanced ellipsoidal object, as
shown in Fig. 2b-f. The object measured 1.5 cm by 1 cm
for the major and minor axis of the ellipse. However, it
was not visible in the lateral radiograph because of overlap
with the L4 vertebra, which made it difficult to determine
its exact depth in the abdomen. After the first AP radio-
graph, the patient was asked to get off the table to ensure
the object was not placed on the treatment couch or the
patient’s gown. While repositioning the patient, as in
Fig. 2c-e, we confirmed that there was no artificial object

in the previous treatment fractions. An additional AP
image was obtained to confirm the final patient setup after
applying the correction vector following CBCT images as
illustrated in Fig. 2f. We then focused on determining the
location of the artificial object, its interference with the
distal spot position, the patient’s potential symptoms
from the suspected new FB in her right lower abdominal
quadrant, and the safety of proceeding with the planned
treatment.

CBCT images and clinical decision for safe
treatment

To better understand the object’s location, we scanned
CBCT images (Fig. 3a-c) using a pediatric protocol (80
kVp) with a partial arc. However, the patient- and calibra-
tion-related artifacts of CBCT images can lead to misin-
terpretation of anatomic changes.'"'” Therefore, we
reviewed CBCT projection images with 30 to 40 gantry
angle increments (in the IEC 61217 coordinate system),"”
referring to the AP images as in Fig. 3d-i. We confirmed
that the enhanced object was presented in the projection
images and was not created by the CBCT artifacts.

To ensure the safe distance between the FB and the
PBS spot, we registered the CBCT images alongside the
CT images used for treatment planning. After confirming
that the FB was situated in the bowel, the FB in the CBCT
images was contoured and overlaid onto the CT images.
Next, we navigated to the CT slice containing the most
medial extension of the contoured FB to measure the dis-
tance to the nearest spot placement. Even when account-
ing for systematic uncertainties associated with the spot
position and size as well as the FBs size measured in AP
radiographs and the CBCT projection images, we deter-
mined that there was a safe margin of 3 cm laterally
toward the patient’s right side. Furthermore, to address
the potential movement of the FB because of bowel peri-
stalsis during the beam-on time, we assessed a worst-case
scenario related to the FBs position at the distal end of
beam. Our findings revealed that the FB in the bowel was

Figure 1

Composite dose distribution (54 Gyrgg, with a 50.4 Gyggg after a boost dose of 3.6 Gyggg) in (a) axial, (b) sagittal, and

(c) coronal views for the case to be treated with 2 posterior-oblique proton beams for the spinal myxopapillary ependymomas
from L1 to S3. The green and red structures represent the initial and boost target volumes, respectively.

Abbreviation: Gyrpg = relative biologic effectiveness-weighted dose in gray.
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Figure 2 An artificial object detected in the AP radiographs during patient alignment. The fluorescent green color indicates the
PTV for the initial treatment, delivering 50.4 Gygrgg. The clinical target volume and PTV for a boost dose of 3.6 Gyggg are repre-
sented by red and green. Digitally reconstructed radiography is used as a (a) reference, whereas AP radiographs were acquired
during the initial attempt of (b) patient setup and at different elapsed times of (c) 5.8 minutes, (d) 9.1 minutes, (e) 15.7 minutes,

and (f) 29.6 minutes.

Abbreviations: AP = anterior-posterior; PTV = planning target volume; Gygpg = relative biologic effectiveness-weighted dose in gray.

located outside the 1% isodose line of the daily prescribed
dose. The hypothetical position of the FB in the worst sce-
nario was >1 cm away from the closest PBS spot related
to the distal end of the beam, even when considering
range uncertainties by a 3.5% density error related to the
Hounsfield units (HU) of the patient tissues. After the
radiation oncologist had reviewed the images and evalu-
ated the situation, it was concluded that treatment could
safely proceed as normal.

Patient disclosure concerning the FB and
follow-up imaging

Although the patient was asymptomatic on the day of
treatment, we inquired if they could recall any specifics
about what they had ingested since their previous treat-
ment. However, they could not recollect specific details,
particularly concerning any radiopaque materials. We
also asked their caregivers if they had witnessed the
patient ingesting any unusual objects and whether this
incident had occurred before, but they denied having
observed such incidents. The radiation oncologist
requested that they check the patient’s stool in the follow-
ing days, but they reported not finding anything out of
the ordinary. Before the subsequent treatment, the
patient’s symptoms were re-evaluated and there were no
remarkable changes. We confirmed that the FB had exited
the patient’s body through follow-up radiograph images
taken on the next day of treatment.

Phantom test and dosimetric simulation in
PBS treatment plan

Determining the type of material could help alleviate any
medical concerns associated with the FB in the event it had
remained within the patient’s bowel for prolonged period.
However, there are limitations to directly identifying the FB
from the patient’s radiograph images because of artifacts
and the limited range to display the FBs details. To assist in
the identification of the FB, we conducted a phantom study
using various items (Table 1)'>'**’ to reasonably infer the
characteristics of the FB. Because the patient’s object exhib-
ited streak artifacts typically associated with metallic com-
position, we included accessible materials with high Z
ranging from Aluminum (Z = 13) to Copper (Z =29), as
well as tissue-equivalent materials. Radiographs and CBCT
projection images of the test materials were obtained to
help assess the findings from the patient’s original images.
We imitated the patient’s pelvic area using the modular
I'mRT phantom (IBA Dosimetry GmbH)"* with removable
cubic slabs and a bolus. By considering the size, shape,
materials, and radiographic properties presented in radio-
graph images, we approximated the attributes of the object
located within the patient. To explore the dose perturbation
effect in proton treatment for pediatric patients with the
ingested FB, we used CT images and structures from a pedi-
atric patient with the target adjacent to the bowel. This
allowed us to simulate clinical scenarios, as shown in Fig. 4,
by calculating the hypothetical perturbed dose because of
the inclusion of the FB in the PBS treatment plan (Raysta-
tion 2023B, RaySearch Laboratories AB). We adapted the
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Figure 3 Raw projection and reconstructed images used to evaluate the geometric and radiological characteristics of the artifi-
cial object. The cone-beam computed tomography images show the object from (a) axial, (b) sagittal, and (c) coronal views. The
radiograph tube was for the raw project images positioned at (d) 355°, (e) 325°, (f) 300°, (g) 260°, (h) 220°, and (i) 185°.

Table 1 Various items and materials tested in a pelvic phantom to identify the object detected in the radiograph images

Item Size [mm]’ Composition
Cubic solid water slab in the 160.0 x 160.0 x 10.0 RW3 [polystyrene of 98% = titanium dioxide of 2%;
pelvic phantom'* p=1.045 g/cm’]
Acrylic disk 16.0 X 3.0 Polymethyl methacrylate [Z.4=6.5 - 6.6, p=1.18 g/
3715,16

cm’]

Button 15.0 x 2.0 Polyester [Z.s=6.7, p=1.19 g/cm3] 16

Household aluminum foil*” 170x 1.4 Aluminum [>98.5%; Z =13, p=2.7 g/cm3] + other
alloy [<1.5%]

Titanium implant [reconstruction plate]® 96.0 x 3.0 Titanium [Z = 22, p = 8.0 g/cm’]

Parallel pin 40x13.0 Stainless steel [Zg= 25.5 - 26.5, p = 8.0 g/cm’] ">

Dime”' 17.9 x 1.4 Nickel [8.33%; Z =28, p = 8.9 g/cm’] + copper
[91.67%; Z =29, p = 8.96 g/cm’]

Flat washer 6.0 [ID] / 14.3 [OD] x 1.0 Brass [Zg=29 - 30, p = 8.4 - 8.7 g/cm’]*>**

Abbreviations: mm, millimeter; Z, atomic number; Z, effective atomic number; p, density; ID, inner diameter; OD, outer diameter.
tWidth X length / diameter X thickness.
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Figure 4 Proton dose perturbation by the titanium disk (18 mm in diameter and 1.4 mm thick) situated in the bowel adjacent
to target in a potential clinical scenario. A comparison of the planned dose to deliver a daily prescribed dose of 1.8 Gyggg to (a)
the left iliac crest, with the perturbed dose when the object is aligned to the beam at (b) 45° and (c) 95°.

Abbreviation: Gyggg, = relative biologic effectiveness-weighted dose in gray.

geometric and radiographic characteristics of the object in
the bowel using the phantom tests results. The dosimetric
effect was assessed for a daily prescribed dose of 1.8 Gygrpg
to the left iliac crest, using left anterior and posterior beams
at 40° and 95°.

Discussion

When we examined the patient’s AP radiography over
time, we noticed that a disk-shaped object moved with
intestinal peristalsis for 30 minutes, as depicted in Fig. 2b-
f, until the first beam was delivered. The object had its
greatest displacement of 0.5 cm laterally and 2 cm in the
superior-inferior direction over a 6-minute period.
Although the object could be displaced the most during

the beam-on time (3 minutes per field), the bowel move-
ment of the patient case did not affect the planned dose
deposition by the distal spots of the beams. The right pos-
terior-oblique beam was chosen to be delivered first to
prevent the object from moving closer to the treatment
area via natural peristalsis after other beam deliveries. The
object in the patient’s body showed 1155.5 £+ 169.5 HU
greater than the HU of the vertebra body’s trabecular
bone (218.2 + 83 HU). The measured HU values in the
patient’s CBCT images are likely to be lower than the
expected HUs of the object because of the influence of the
patient’s organs and breathing motion. In a phantom test
with various items, a dime showed a similar size, shape,
and the relative enhancement ratio between the object
and the surrounding tissue from the CBCT projection
images, as depicted in Fig. 5. Materials with Z >

Figure 5 Raw projection images when a dime was used to estimate the artificial object in the pelvic phantom. The radiograph
tube was positioned at (a) 355°, (b) 325°, (c) 300°, (d) 260°, (e) 220°, and (f) 185°.
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Aluminum cannot be distinguished based on CBCTs HUs
because they were saturated because of the limited
dynamic range of the CBCT. When household aluminum
foil was tested, it was not detectable in radiography unless
it was folded and shaped to a thickness of 2 to 3 mm
(1128.7 £ 153.5 HU). It barely created streak artifacts in
CBCT and lacked a sturdy boundary and uniform inten-
sity. The object appeared to be composed of a relatively
high Z > Aluminum shape solid disk based on our test
results using radiographs and CBCT images.

If the FB had been found in the bowel for a clinical
scenario, where the target encompasses a portion of the
intestines, it is important to consider the object’s short-
term movement and its impact on dose during the
beam-on time. For an object with a similar size to the
patient’s case, particularly when it has a Z > Titanium
among the tested materials in Table 1, it would be
expected to cause noticeable local dosimetric changes as
in Fig. 4. This effect was especially evident when the
object was aligned parallel to each beam axis, leading to
a remarkable dose perturbation. It resulted in a cold spot
because of proton range degradation downstream of the
beam and a hot spot (5%-6% higher than the planned
doses) caused by the interaction with the object. Inferior
local dose conformity would be expected, whereas the
dose-volume histograms do not show significant changes
for the target and bowel.

Conclusion

Although it involved additional exposure to diag-
nostic radiation, in our patient’s situation, it was useful
to strategically use orthogonal radiographs, CBCT, and
projection images to ensure proper patient alignment
and to monitor anatomic changes and identify the FB.
When any artificial object that causes proton dose per-
turbations is found in a pediatric patient’s body, extra
attention is required to detect and monitor them with
image guidance. Effective and timely communication
between the treatment team, patient, and radiation
oncologist was essential to provide safe and precise
proton treatment with appropriate clinical decision-
making and patient care.
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