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Abstract
This study aims to investigate dose perturbations caused by a metallic biliary stent (MBS) in patients undergoing external 
beam radiotherapy for cancers in the pancreato-biliary region. Four MBSs with nitinol mesh were examined in the EasyCube® 
phantom including a custom stent holder fabricated by a 3D printer. For experimental models, three-dimensional conformal 
radiotherapy plans using a single anterior–posterior (AP) and four-field box (4FB) as well as volumetric modulated arc 
therapy (VMAT) plan were prepared to deliver the photon beam of 8 Gy to the stent holder. EBT3 film was used to measure 
dose distributions at four sides surrounding MBS. All MBSs in the AP beam demonstrated mean dose enhancements of 
2.3–8.2% at the proximal, left, and right sides. Maximum dose enhancements of 12.3–19.5% appeared at regions surround-
ing the radiopaque markers. At the location distal to the source, there were mean dose reductions of − 3.6 to − 10.9% and 
minimum doses of − 11.1 to − 9.5%. The mean and maximum doses with the 4FB plan were in the ranges of − 0.1 to 3.6% 
and 6.7–14.9%, respectively. The VMAT produced mean doses of − 0.9 to 4.8% and maximum doses of 6.0–15.3%. Dose 
perturbations were observed with maximum and minimum spots near the stent surface. The use of multiple beams includ-
ing parallel-opposed pairs reduced dose perturbations caused by the nitinol and radiopaque components within the stent. 
Special attention is required for patients in whom the radiopaque markers are closely located near critical structures or the 
target volume.

Keywords  Metallic biliary stent · Dose perturbation · 3D printer · External beam radiation · Cancers in the pancreato-
biliary region

Introduction

Cancers in the pancreato-biliary region (CPB) are one of 
the most challenging malignancies for oncologists. Surgi-
cal resection is the only potentially curative treatment; how-
ever, chemoradiotherapy is often considered because most 
patients present with unresectable disease at the time of 

diagnosis [1–5]. CPB are frequently accompanied by biliary 
obstruction, which could be resolved with metallic biliary 
stents (MBS). MBS has a substantial amount of metal as its 
component, which can cause perturbation of dose distribu-
tion on radiation. This phenomenon has well been docu-
mented in the patients with self-expandable stent within 
esophagus, showing dose perturbations either in increase or 
in decrease of radiation doses at the interface of the stent and 
surrounding tissues [6–11]. In the case of CBP, there have 
been very few studies on the radiation dose perturbation by 
MBS distribution. Considering that adjacent organs to CPB 
are radiosensitive in nature, unexpected change in radiation 
dose distribution might result in serious toxicity involving 
ulcers, hemorrhage, obstruction, stricture, and even perfora-
tion [12, 13]. In this study, we examined whether dose per-
turbation presented using MBS at current clinical use. We 
also investigated quantification of dose perturbation using 
three-dimensional conformal radiotherapy (3D-CRT) and 
volumetric modulated arc therapy (VMAT) techniques [14].
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Materials and methods

Metallic biliary stents

Of the available covered or uncovered MBSs [15], four 
clinically available MBSs with nitinol mesh were con-
sidered in our study: silicon covered stent (MiTech Ltd. 
Republic of Korea), single bare stent, double bare stent, 
and large open cell stent (all three from Taewoong Ltd, 
Republic of Korea). The four MBSs have self-expandable 
structures, which expand and commonly reach it nominal 
length and diameter because nitinol is a metal alloy of 
nickel and titanium having a memory-effect [16]. These 
self-expandable MBSs are generally provided in a con-
straining sheath attached to a delivery catheter that accepts 
a guide wire. After removal of the constraining sheath, 
they are cylindrical in shape with an outer diameter of 
10 mm and a nominal length of 80 mm (Fig. 1). A small 
number of radiopaque markers such as gold (atomic num-
ber of Z = 79 and a mass density of 19.3 g/cm3) or plati-
num (Z = 78 and 21.45 g/cm3) are included on the stent 
mesh for localization purposes. Each localization marker 
is approximately 2–3 mm in diameter. The silicon cov-
ered stent contains 12 gold radiopaque markers attached 
to four on both ends of the stent and four at the center. The 
single bare and large open cell stents have eight platinum 

radiopaque markers, three on both ends and two at the 
center. The double bare stent comprises 24 platinum radio-
paque markers, 10 on both ends and four at the center.

Fabrication of a custom stent holder

Figure 2 illustrates the schematic design and custom stent 
holder fabricated by the 3D printer. As shown in Fig. 2a 
and b, a virtual 3D-printable stent holder was sectioned in 
the upper and lower parts for ease of reproducible place-
ment of the biliary stent and pieces of film. Each part 
with a sliding slot was designed by OpenSCAD, which is 
free for use in any institution and makes it possible to save 
the stereolithography (STL) file format that can be read 
by 3D printer applications. The virtual stent holder is a 
rectangular parallelepiped of 10 × 2 × 2 cm3 and contains 
an air-filled cylinder-like cavity to place a biliary stent. 
The empty space is 10 mm in diameter and 80 mm long 
to accommodate a long, narrow MBS that shortens to the 
nominal length of a MBS in the body during deployment 
[16]. This is based on the fact that the air cavity is clearly 
shown inside the stent in a planned CT acquired from 
an actual patient. As shown in Fig. 2c, two hollows of 
63.7 × 16.7 × 0.6 mm3 were created on the sliding slot for 
pieces of film placed at two locations proximal and distal 
to the radiation source. Four recesses of 63.7 × 5.6 × 0.6 
mm3 were made in both upper and lower parts so that two 

Fig. 1   Clinically available 
MBSs with different mesh 
types: a silicon covered stent, 
b single bare stent, c double 
bare stent, and d large open cell 
stent. Arrows denote radiopaque 
markers
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pieces of film are placed on the left and right sides near 
the biliary stent. After finishing the design, the printing 
software KISSlicer was used, which is available under an 
open-source license. The printing parameters were speed 
of 30 mm/s, layer thickness of 2.5 mm, and infill ratio of 
100%. The other parameters were determined after the 
calibration process. Based on these parameters, the holder 
was fabricated with a 3D printer (CubeX; 3D Systems 
Ltd., USA), using a polylactic acid (PLA) filament with 
a physical density (ρ) of 1.25 g/cm3. According to recent 
studies [17, 18], the actual 3D printed density is differ-
ent from the preset infill density. For precise dosimetric 
studies, a CT scan with the 3D printed stent holder was 
performed to calculate the actual density by comparing 
the image value-to-density table. The actual density of 
the 3D printed stent holder is 1.145 g/cm3. The upper and 
lower sections of the custom stent holder that includes 
two sliding slots and four pieces of film are shown in 
Fig. 2d and e.

Measurements and data analysis

All measurements were performed in the oval EasyCube® 
phantom (Sun Nuclear Corporation, FL, USA) with the cus-
tom stent holder to facilitate reproducible positioning and 
irradiation conditions for four biliary stents (Fig. 3). The 
EasyCube® phantom consists of water equivalent material 
with a physical density of 1.045 g/cm3 and is commonly used 
as a delivery quality assurance (DQA) tool for pretreatment 
dosimetric evaluations. Dose distributions were measured 
with GAFCHROMIC EBT3 film (Ashland Specialty Ingre-
dients, NJ, USA) due to its high spatial resolution. Using a 
laser cutting system, the film was cut to several pieces of two 
different sizes: 63.7 × 16.7 mm2 and 63.7 × 11.2 mm2. The 
custom stent holder allowed pieces of film to be placed at 
four locations, proximal, distal, left, and right, to the radia-
tion source for each stent as shown in Fig. 3a. Two pieces 
of film sized 63.7 × 16.7 mm2 were placed into a sliding 
slot directly above (proximal to the radiation source) and 

Fig. 2   The upper part with a 
sliding slot and the lower part 
with a sliding slot of a custom 
stent holder: a, b virtual biliary 
stent holders designed by 
OpenSCAD, c four parts of the 
custom stent holder fabricated 
by a 3D printer, and d, e the 
upper and lower parts including 
four pieces of film
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below (distal to the radiation source) each stent, on planes 
orthogonal to the radiation beam. The other two pieces of 
film sized 63.7 × 11.2 mm2 were inserted in two recesses 
on the left and right sides of the stent holder parallel to the 
radiation beam. The central region of each piece of film was 
in direct contact with the stent.

The custom stent holder was positioned at the center of 
the EasyCube® phantom such that the central axis of the 
beam was perpendicular to the cylindrical axis of the biliary 
stent, which was positioned at the mechanical isocenter, i.e., 
usually at 100 cm source-to-axis distance (SAD). This iso-
centric setup allows the best isodose distribution in terms of 
dose uniformity, making it easy to understand the forward 
and back scatter dose perturbations caused from a stent. Care 
was taken during the EasyCube® setup and positioning of 
the biliary stent replacement. The EasyCube® phantom sur-
face markers were aligned with respect to the room lasers 
prior to each stent measurement. For experimental models, 
two 3D-CRT and one VMAT plans were prepared to deliver 
the photon beam of 8 Gy dose with energy of 6MV incident 
to the center of the phantom using the Monaco® 5.11 (Elekta 
AB, Stockholm, Sweden) treatment planning system (TPS). 
The Monte Carlo (MC) dose calculation algorithm [19] was 
applied with the settings of the grid spacing of 2 mm and the 
statistical uncertainty of 0.5% per control point. For 3D-CRT 

plans, the single anterior–posterior (AP) technique and four-
field box (4FB) technique [20] were used with a field size 
of 10 × 10 cm2 and 100 cm SAD. To examine the possibility 
that the hot spot created by one beam is cancelled by a cold 
spot generated by the opposing beam, we created an 4FB 
plan where opposite beams were added and the cylindri-
cal axis of the stent is at the same depth for each beam. 
For practical evaluation for clinical use, a DQA plan based 
on the patient plan with VMAT was created using a single 
arc surrounding the center of the phantom. Based on these 
plans, beam delivery was performed using a Versa HD™ lin-
ear accelerator system (Elekta Limited, Stockholm, Sweden) 
to each of the four MBSs and a control setup. For the control 
setup, only the custom stent holder, without a stent, was 
placed in the same position. The EasyCube® phantom setup 
illustrating its external structure is illustrated in Fig. 3b. All 
measurements were performed twice to verify the reproduc-
ibility of the results. An experienced radiation physicist per-
formed all measurements.

All films were processed to quantify the dose perturba-
tions next to the stents at locations proximal, distal, left, 
and right to the radiation source. The piece of film proxi-
mal to the radiation source was used to measure the back-
scattered radiation, the piece of film distal to the radiation 
source was used to measure the radiation dose perturbations 
caused by the absorption and scatter properties of the stent, 
and the pieces of film at the left and right positions were 
used to measure the lateral scattering. The exposed films 
were digitized with a commercially available Epson Expres-
sion 11000XL flatbed scanner. For each film, the 16-bit red 
channel was used for analysis. The results were analyzed 
with the RIT software package (RIT, Denver, CO, USA). 
Dose calibration was performed with GAFCHROMIC 
EBT3 film on the same linear accelerator system, using a 
conventional technique [21] with exposures over the range 
0 to 15 Gy. Each film piece was placed at a 5 cm depth 
with a 10 cm × 10 cm field size and a 100 cm SAD in a 
water-equivalent RW3 phantom (PTW Freiburg, Freiburg, 
Germany), which consisted of 30 cm × 30 cm slabs of differ-
ent thicknesses and a housing plate for ionization chamber. 
The total thickness of the phantom was 15 cm. The moni-
tor units in terms of absorbed doses were determined by 
using A1SL chamber (Standard Imaging, WI, USA) within 
the dose range of interest. The films were exposed to 18 
absorbed doses to cover the full dynamic range of the film. 
The 3rd degree polynomial function was used as the film 
calibration curve fitter as shown in Fig. 4. The difference 
between the measured value and the corresponding fitted 
value is displayed as a residual indicating how far the cor-
responding point on the fitted line is from the measured data. 
A − 1.4% mean uncertainty level with a standard deviation 
of 2.9% was achieved in the dose range from 5 to 15 Gy. In 
particular, at an interesting dose level that delivers 8 Gy to 

Fig. 3   The EasyCube® phantom setup with a custom biliary stent 
holder: a position of the custom stent holder illustrating its internal 
structure and b external structure
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the planning target volume, a residual dose of − 1.6% was 
seen. To gain precise and reproducible results in film dosim-
etry, the scanning of the films with the same period (22 h 
irradiation-to-scanning time) after irradiation was performed 
on the same orientation because process consistency is cru-
cial to reduce potential uncertainties such as dose dependent 
post irradiation darkening and relative deviations in portrait 
to landscape orientation [22].

All of the examined biliary stents were symmetric, so uni-
form regions of interest (ROIs) corresponding to the center 
of each film (54 × 5 mm2 subsets) were chosen for analysis. 
In addition, 10 × 5 mm2 subsets between the end and the 
center of the stent were selected to exclude the regions of 
film corresponding to the gold or platinum radiopaque mark-
ers from the analysis. This eliminated artifacts at the edge 
of each film. A 5 × 5 median filer was applied for each film 
subset, and random outliers were excluded from the analysis. 
The range of dose perturbations caused by the stents was 
determined by the dose histogram representing the percent 
differences between corresponding pixels of each stent film 
and the uniformly irradiated film in the control setup, meas-
ured at the proximal, distal, left, and right locations. Results 
were analyzed as maximum, mean, and minimum values 
extracted from the dose histogram.

Qualitative evaluations of the four MBSs were performed 
to visually compare the patterns of dose perturbations at 
the proximal and distal sides surrounding the stent by cap-
turing uniform ROIs (10 × 5 mm2 subsets) corresponding 
to the center of each film measured by a single AP beam, 
4FB beam, and VMAT delivery. To analyze how the dis-
tinct patterns such as hot and cold spots appear at four sides 
surrounding MBS, we also compared a degree of overlap 

between dose histograms obtained with 10 × 5 mm2 subsets 
of each film.

Results

The degree of radiation dose perturbations quantified for 
the four MBSs by varying the design of the stent mesh is 
presented in Table 1. The average of the two measurements 
was reported as a representative estimate and its uncertainty 
estimate was based on the absolute value of the difference 
between each measurement and the average value. All MBSs 
demonstrated mean dose enhancements of 2.3–8.2% from 
a single AP beam at locations proximal, left, and right to 
the radiation source due to back- or side-scattered radiation. 
At the regions of film surrounding the radiopaque markers 
attached to assist during fluoroscopically guided placement, 
there were larger maximum doses and dose perturbations, 
with the maximum increases (up to 19.5%) in dose distribu-
tion generated by the double bare stent. Additionally, all four 
MBSs created increased and decreased dose distributions at 
the location distal to the radiation source due to the scatter 
and attenuation properties of the stents. Mean dose reduction 
was in the range of − 3.6% to − 0.9%, and minimum doses 
ranging from − 11.1 to − 9.5% occurred at the locations of 
the radiopaque markers. A slightly lower achieved dose 
was expected in the double bare stent because it is shad-
owed more by the stent in stent during a single AP beam. In 
the 4FB, reduced dose perturbations ranging from − 0.1 to 
3.6% were seen on all stent walls as compared to the single 
AP beam. Maximum dose enhancements of 6.7% to 14.9% 
occurred near the radiopaque localization markers. Mean 

Fig. 4   Dose calibration curve 
representing the relationship 
between absorbed dose and film 
response in the range of 0 to 
15 Gy
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Table 1   Dose perturbation ranges of four MBSs measured from regions of interest (ROIs) corresponding to the center of each film (54 × 5 mm2 
subsets) at locations proximal, distal, left, and right to the radiation source using single AP, 4FB, and single arc VMAT techniques

Proximal Distal Left Right

% cGy % cGy % cGy % cGy

Single AP technique
 Silicone covered

  Min  − 3.1 ± 0.3  − 27.9 ± 3.4  − 10.9 ± 0.6  − 89.7 ± 7.7  − 2.3 ± 0.1  − 19.8 ± 0.4  − 3.8 ± 0.0  − 31.9 ± 0.2
  Mean 4.9 ± 0.3 40.7 ± 1.3  − 0.9 ± 0.1  − 7.4 ± 0.8 5.7 ± 0.3 45.5 ± 3.2 3.0 ± 0.4 24.2 ± 3.6
  Max 17.9 ± 0.8 142.4 ± 1.8 6.9 ± 0.2 54.7 ± 2.6 16.4 ± 0.3 130.1 ± 4.7 13.7 ± 0.1 106.2 ± 1.6

 Single bare
  Min  − 3.9 ± 0.1  − 33.8 ± 0.3  − 9.5 ± 0.2  − 78.0 ± 3.8  − 3.0 ± 0.1  − 24.8 ± 0.8  − 5.3 ± 0.8  − 44.7 ± 6.4
  Mean 5.1 ± 0.4 42.3 ± 1.8  − 2.1 ± 0.1  − 17.6 ± 0.2 4.9 ± 0.3 38.9 ± 3.7 2.3 ± 0.6 18.6 ± 5.1
  Max 15.2 ± 0.5 124.3 ± 1.7 5.4 ± 0.4 43.1 ± 3.7 13.1 ± 0.5 105.1 ± 5.0 12.3 ± 0.4 95.2 ± 5.4

 Double bare
  Min  − 0.5 ± 0.3  − 4.6 ± 2.9  − 10.9 ± 1.3  − 89.0 ± 14.5  − 1.6 ± 0.6  − 13.4 ± 5.6  − 3.4 ± 0.2  − 28.8 ± 1.8
  Mean 8.2 ± 0.2 67.7 ± 0.1  − 3.6 ± 0.4  − 29.5 ± 4.1 6.0 ± 0.1 48.0 ± 0.6 4.7 ± 0.1 37.5 ± 1.9
  Max 19.5 ± 0.8 155.5 ± 10.1 5.5 ± 0.9 44.5 ± 7.2 14.0 ± 0.3 107.5 ± 5.4 13.5 ± 0.5 104.9 ± 6.3

 Large open cell
  Min  − 3.4 ± 0.9  − 30.6 ± 8.1  − 11.1 ± 0.7  − 90.4 ± 8.3  − 3.5 ± 0.3  − 29.3 ± 1.6  − 4.3 ± 0.4  − 34.2 ± 2.1
  Mean 5.0 ± 0.9 40.8 ± 6.2  − 1.5 ± 0.4  − 12.8 ± 3.6 4.3 ± 0.1 34.5 ± 0.8 3.6 ± 0.2 29.0 ± 2.5
  Max 15.1 ± 1.8 117.0 ± 9.6 7.7 ± 0.8 60.4 ± 4.7 12.3 ± 0.4 97.4 ± 6.1 12.8 ± 0.6 99.9 ± 6.3

4FB technique
 Silicone covered

  Min  − 5.5 ± 0.8  − 46.4 ± 6.4  − 6.3 ± 1.5  − 53.1 ± 12.3  − 5.3 ± 0.6  − 43.9 ± 4.5  − 3.7 ± 0.9  − 30.9 ± 7.2
  Mean 0.6 ± 1.2 5.2 ± 9.7 0.8 ± 1.7 6.5 ± 13.8 1.0 ± 1.6 7.9 ± 13.2 2.7 ± 1.3 21.4 ± 10.1
  Max 7.6 ± 1.6 60.0 ± 12.9 8.1 ± 2.1 60.8 ± 18.5 12.8 ± 1.0 95.5 ± 8.9 11.0 ± 2.3 84.6 ± 18.4

 Single bare
  Min  − 4.4 ± 0.5  − 36.0 ± 3.4  − 4.8 ± 0.8  − 40.0 ± 5.8  − 4.0 ± 0.1  − 32.8 ± 0.1  − 3.6 ± 1.1  − 30.3 ± 8.6
  Mean 1.7 ± 1.2 14.0 ± 9.8 0.9 ± 1.5 7.6 ± 11.6 2.4 ± 1.1 19.2 ± 9.3 3.1 ± 1.4 24.9 ± 11.4
  Max 7.5 ± 2.1 58.9 ± 16.7 8.2 ± 1.8 62.4 ± 14.3 12.6 ± 0.8 94.3 ± 6.2 9.9 ± 2.0 75.0 ± 16.4

 Double bare
  Min  − 5.6 ± 0.2  − 45.1 ± 1.1  − 9.2 ± 1.3  − 76.3 ± 10.3  − 2.7 ± 0.1  − 22.7 ± 0.8  − 4.0 ± 0.5  − 33.1 ± 4.1
  Mean 2.4 ± 0.5 19.2 ± 4.4  − 0.1 ± 1.0  − 1.5 ± 8.1 3.6 ± 0.9 28.6 ± 7.6 2.7 ± 1.1 21.5 ± 8.5
  Max 9.5 ± 1.2 74.4 ± 9.2 6.7 ± 1.8 53.6 ± 13.1 14.9 ± 1.7 111.1 ± 13.4 9.3 ± 2.1 73.0 ± 15.7

 Large open cell
  Min  − 6.5 ± 0.2  − 53.5 ± 0.8  − 5.9 ± 0.2  − 49.7 ± 1.3  − 6.0 ± 0.1  − 50.4 ± 0.9  − 4.1 ± 0.5  − 34.4 ± 4.1
  Mean 0.6 ± 0.5 5.2 ± 3.8 0.4 ± 0.7 3.1 ± 5.8 0.8 ± 0.5 6.3 ± 4.2 2.1 ± 0.4 16.3 ± 3.0
  Max 7.8 ± 0.8 59.7 ± 7.4 7.2 ± 1.0 55.9 ± 8.6 10.6 ± 0.3 80.8 ± 1.4 9.3 ± 0.5 69.9 ± 5.1

Single arc VMAT
 Silicone covered

  Min  − 6.8 ± 1.3  − 54.9 ± 10.1  − 8.8 ± 0.3  − 72.4 ± 2.0  − 7.3 ± 0.8  − 58.0 ± 4.7  − 7.5 ± 0.9  − 58.7 ± 4.9
  Mean 1.2 ± 1.1 9.3 ± 8.8  − 0.9 ± 1.1  − 7.1 ± 8.4  − 0.7 ± 1.0  − 5.9 ± 8.0 0.9 ± 1.2 7.2 ± 9.7
  Max 10.8 ± 2.1 84.7 ± 18.5 6.3 ± 1.4 45.7 ± 12.0 7.1 ± 1.3 55.0 ± 9.4 9.8 ± 1.8 75.7 ± 14.7

 Single bare
  Min  − 4.8 ± 0.6  − 36.4 ± 6.0  − 6.6 ± 0.9  − 50.3 ± 6.0  − 4.8 ± 0.6  − 37.5 ± 3.7  − 5.2 ± 0.3  − 37.4 ± 0.9
  Mean 2.0 ± 0.9 15.8 ± 7.3 0.2 ± 1.1 1.7 ± 8.1 1.8 ± 0.9 13.3 ± 7.4 1.9 ± 0.9 14.5 ± 7.3
  Max 9.4 ± 2.1 73.6 ± 18.2 7.1 ± 2.4 49.9 ± 21.3 8.0 ± 1.3 58.4 ± 8.3 9.3 ± 1.5 71.5 ± 12.5

 Double bare
  Min  − 3.1 ± 0.7  − 26.0 ± 6.4  − 6.3 ± 0.3  − 48.1 ± 1.5  − 6.0 ± 0.1  − 49.5 ± 0.8  − 4.3 ± 0.2  − 34.7 ± 1.2
  Mean 4.8 ± 0.6 36.5 ± 6.1 0.5 ± 0.8 4.2 ± 6.0 1.4 ± 0.8 10.6 ± 6.0 2.9 ± 0.6 22.2 ± 5.8
  Max 15.3 ± 0.6 117.9 ± 7.6 7.8 ± 1.8 54.7 ± 14.2 9.3 ± 1.6 64.2 ± 8.1 9.7 ± 1.2 76.7 ± 10.6

 Large open cell
  Min  − 6.5 ± 0.7  − 46.6 ± 1.6  − 5.9 ± 0.1  − 46.4 ± 0.6  − 6.0 ± 0.5  − 46.7 ± 7.9  − 4.9 ± 2.0  − 38.7 ± 23.2
  Mean 1.5 ± 0.5 12.0 ± 4.2 0.8 ± 0.7 6.0 ± 5.3  − 0.1 ± 1.4  − 1.3 ± 10.8 1.3 ± 1.7 10.3 ± 13.3
  Max 9.8 ± 0.8 73.8 ± 4.6 8.6 ± 1.3 61.4 ± 12.0 6.0 ± 0.1 43.6 ± 0.5 8.6 ± 0.1 68.0 ± 0.1
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dose perturbations at the four sides from the VMAT were in 
the range of − 0.9% to 4.8%. Maximum dose enhancements 
were as high as 15.3% with the double bare stent. Multiple 
fields from different gantry angles effectively alleviated hot 
and cold spots. Table 2 lists the range of the dose perturba-
tion in the region where the effect of radiopaque markers is 
negligible. All MBSs resulted in much smaller dose pertur-
bation ranges, mainly with smaller differences between the 
minimum and maximum doses. We also confirmed that add-
ing more beams (4FB and VMAT) reduced the mean dose. 

Figure 5 shows visually how the patterns of dose pertur-
bations appear on 10 × 5 mm2 subsets. In the single AP beam 
delivery, the films from the four individual stents produced 
distinct patterns of increased doses measured at the proxi-
mal side and patterns of both increased and decreased doses 
measured at the distal side. In particular, hot spots and cold 
spots occurred at the locations of the radiopaque markers. 
However, these hot and cold spots were lower with 4FB and 
VMAT. As shown in Fig. 5c and d, the double bare stent 
caused the highest dose enhancement at the proximal side, 
and the large open cell stent resulted in a less prominent 
effect at both proximal and distal sides. These distinct pat-
terns are shown in Fig. 6. AP technique in all MBSs split 
dose histograms into two sections: decreased doses at the 
distal side and increased doses at the proximal, left, and 
right sides. In contrast, the overlap areas in 4FB and VMAT 
techniques were increased because the use of multiple beams 
including parallel-opposed pairs reduced dose perturbations 
caused by the nitinol and radiopaque components within the 
stent. In particular, the large open cell stent may be more 
beneficial than other stents because the degree of overlap of 
the dose histograms obtained from the four sides is consist-
ent within a small range, as shown in Fig. 6d.

The percentage differences between the doses obtained 
from actual film measurements and calculated by the 
Monaco® 5.11 MC algorithm are shown in Table 3. The 
TPS-calculated doses for the four MBSs are the minimum, 
mean, and maximum value within the ROI of 54 × 5 mm2 
at locations proximal and distal to the radiation source. An 
evaluation of TPS calculations versus film measurements 
indicates that calculated mean doses were in the ranges 
of − 7.1 to 1.5% at proximal side and 1.6–5.8% at distal side 
for three plans. Only clinically relevant are maximum and 
minimum doses. The maximum dose at proximal side and 
the minimum dose at distal side occurred at the locations 
of the radiopaque markers where the TPS-calculated dose 
in the AP beam was underestimated by 12.8% on the proxi-
mal and overestimated by 9.6% on the distal. To distinguish 

the second build-up and build-down effects caused by the 
air cavity from these values, we also assessed how well the 
doses obtained from actual measurement without the stent 
matched those calculated by the Monaco MC algorithm. The 
uncertainty of the TPS calculations at the interface of the air 
cavity was within 0.8% for two 3D-CRT plans and 2.2% for 
VMAT plan, respectively. As a result, the clinically avail-
able MC algorithm employed in Monaco TPS was unable to 
predict the effect of electron backscattering and attenuation 
from high atomic number materials.

Discussion

In this study, the dosimetric effect of MBSs during external 
beam radiotherapy of CPB was investigated using a phan-
tom with a 3D-printed stent holder. In the case of a single 
incident radiation beam, all MBSs showed dose perturba-
tions either in increase or in decrease of radiation doses at 
the interface of the stent and surrounding tissues, mainly 
due to secondary scattered electrons and attenuation prop-
erties resulting from the stent material itself. There was a 
relatively large difference between the doses on the left and 
right of the stent. This is because the spacing between the 
markers attached to the center of the stent is not exactly 
equidistant, so that the radiopaque markers on the left and 
right films cannot be placed symmetrically. This dose per-
turbation could be mitigated by using opposite beams such 
as 4FB or by adding multiple fields from different gantry 
angles such as VMAT, leading to mean dose reduction satis-
fying the International Commission on Radiation Units and 
Measurements (ICRU) recommendations that the dosimetric 
uncertainty in the target volume should be less than ± 5% 
[23]. However, considering that a radiopaque localization 
marker on the stent mesh can be closely abutted to the target 
volume, a non-negligible increase of radiation dose might 
result in a serious complication in radiosensitive organs 
adjacent to CPB.

Generally, we can expect the second build-up and build-
down effects resulting from the cavity that holds MBSs. To 
distinguish the dose perturbations caused by the stent and 
the air cavity, we analyzed the percent differences between 
corresponding pixels of each stent film and the uniformly 
irradiated film without the stent under the same stent holder 
and settings. Film measurements and Monaco® 5.11 MC 
calculations show that the dose calculation by TPS using 
a CT-to-electron density (ED) table with the limit of CT 
number of 4000 and relative electron density of 2.289, could 

Table 1   (continued)
Dose difference (cGy) = (measured at each stent– measured at no stent). Percent difference (%) = (measured at each stent − measured at no stent)/
measured at no stent × 100%. The uncertainty estimate associated with a measurement result was based on the average absolute deviation of the 
two measurements
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differ near the radiopaque markers, leading to approximately 
10% considering that the uncertainty of up to 2.2% occurred 
at the interface of the air cavity. The maximum value in the 
CT-to-ED table could be altered through the construction of 
a new calibration curve that contains high values in the CT 
scanner/TPS set. However, the CT number could be only 
extended to 5000 and the relative ED of radiopaque markers 
was not provided by the supplier.

Previously, Mayo-Smith et al. [24] examined the attenua-
tion effects of biliary stents and reported no detectable dose 
perturbation at 5 cm away from a stent. They used old-fash-
ioned biliary stents including the prototype metallic stent, 
which may be different from the design and compositions 
of the current MBSs because modifications of the stent or 
a new design were constantly introduced for the decades. 
In addition, their measurements were based on high-dose-
rate brachytherapy and locations not at the interface between 
the stent and surrounding tissues. To date, the dosimetric 
effect of MBSs during external beam radiotherapy has not 
been reported. To our knowledge, this study seems the first 
to quantify the dosimetry differences of clinically available 
MBSs in a phantom. Although our intent is not to recom-
mend a particular stent, as all clinically available MBSs 
have the radiopaque markers that produce the biggest dose 
change, the double bare stent demonstrated the highest dose 
enhancement, and the large open cell stent had a less promi-
nent effect.

There are practical considerations for further investiga-
tions. (1) Since the small diameter of MBSs considered in 
our study made it impossible to wrap the film around the 
stent, small pieces of film were placed at the proximal, 
distal, left, and right sides. Although the selection of small 
ROIs with 54 × 5 mm2 subsets could increase dosimetric 
uncertainties if there is a positional error, the computer-
aided design of the 3D-printed stent holder could allow 
for more precise measurement setup to achieve positional 
reproducibility. (2) The precision of the 3D printing sys-
tem is determined by the printing layer thickness and noz-
zle diameter. Considering the printing time, the printing 
layer thickness and nozzle size were set to 2.5 mm and 

Table 2   Dose perturbation ranges of four MBSs measured from 
10 × 5 mm2 subsets without radiopaque markers at the proximal, dis-
tal, left, and right sides using single AP, 4FB, and single arc VMAT 
techniques

Proximal (%) Distal (%) Left (%) Right (%)

Single AP technique
 Silicone covered
  Min  − 3.1 ± 0.2  − 6.4 ± 0.6  − 2.3 ± 0.1  − 3.8 ± 0.2
  Mean 4.2 ± 0.4  − 0.6 ± 0.3 5.1 ± 0.3 2.7 ± 0.3
  Max 11.5 ± 0.6 6.1 ± 0.1 11.5 ± 0.8 9.1 ± 0.3

 Single bare
  Min  − 2.4 ± 0.7  − 8.4 ± 0.2  − 1.4 ± 0.3  − 5.0 ± 0.7
  Mean 4.7 ± 0.4  − 1.9 ± 0.2 4.9 ± 0.4 1.4 ± 0.7
  Max 12.8 ± 0.4 4.1 ± 0.5 11.5 ± 0.7 7.6 ± 1.7

 Double bare
  Min 0.2 ± 0.7  − 10.7 ± 1.4  − 1.4 ± 0.1  − 3.4 ± 0.1
  Mean 7.8 ± 0.2  − 3.7 ± 0.5 6.1 ± 0.1 3.8 ± 0.2
  Max 15.6 ± 0.4 3.0 ± 0.2 13.2 ± 0.0 10.8 ± 1.3

 Large open cell
  Min  − 2.7 ± 1.3  − 8.6 ± 0.9  − 2.0 ± 0.1  − 2.6 ± 0.1
  Mean 3.8 ± 1.0  − 2.0 ± 0.6 4.8 ± 0.0 3.5 ± 0.4
  Max 11.2 ± 1.3 4.6 ± 0.7 11.3 ± 0.4 9.8 ± 0.9

4FB technique
 Silicone covered
  Min  − 5.5 ± 1.1  − 5.0 ± 1.4  − 4.1 ± 1.0  − 3.5 ± 0.8
  Mean 0.4 ± 1.0 0.4 ± 1.7 0.8 ± 1.8 1.9 ± 1.2
  Max 6.1 ± 1.1 5.2 ± 1.5 6.7 ± 1.4 6.9 ± 2.4

 Single bare
  Min  − 3.9 ± 0.6  − 4.6 ± 1.2  − 2.6 ± 0.1  − 3.6 ± 1.1
  Mean 1.7 ± 1.2 0.8 ± 1.5 2.2 ± 1.1 2.7 ± 1.5
  Max 7.0 ± 2.0 6.2 ± 1.2 8.4 ± 0.5 7.9 ± 2.1

 Double bare
  Min  − 3.3 ± 0.4  − 6.2 ± 0.2  − 2.6 ± 0.9  − 4.0 ± 0.9
  Mean 2.4 ± 0.6  − 0.2 ± 1.0 3.5 ± 0.9 2.1 ± 1.2
  Max 8.6 ± 1.1 5.3 ± 1.8 9.2 ± 0.5 7.9 ± 1.8

 Large open cell
  Min  − 6.5 ± 0.2  − 5.5 ± 0.2  − 5.2 ± 0.3  − 4.1 ± 0.1
  Mean  − 0.2 ± 0.3 0.1 ± 0.8 0.2 ± 0.6 1.3 ± 0.5
  Max 7.4 ± 0.2 6.3 ± 1.5 7.1 ± 0.8 7.3 ± 1.3

Single arc VMAT
 Silicone covered
  Min  − 4.5 ± 1.3  − 6.5 ± 0.9  − 7.3 ± 0.8  − 4.5 ± 0.9
  Mean 2.1 ± 1.2  − 0.5 ± 1.2  − 1.4 ± 1.1 1.6 ± 1.3
  Max 7.9 ± 2.1 6.3 ± 1.3 5.1 ± 1.1 8.0 ± 1.7

 Single bare
  Min  − 2.0 ± 0.3  − 5.7 ± 1.5  − 4.8 ± 0.8  − 3.1 ± 1.0
  Mean 3.2 ± 0.8 0.4 ± 1.3 1.2 ± 1.2 1.8 ± 1.0
  Max 9.0 ± 2.3 6.8 ± 2.0 6.6 ± 1.8 7.0 ± 1.9

 Double bare
  Min 0.1 ± 0.1  − 5.7 ± 0.7  − 5.5 ± 0.2  − 2.4 ± 0.7
  Mean 6.2 ± 0.7 0.8 ± 0.7 0.7 ± 0.8 3.1 ± 0.8
  Max 12.8 ± 1.7 7.4 ± 1.2 6.5 ± 1.8 8.9 ± 1.5

Table 2   (continued)

Proximal (%) Distal (%) Left (%) Right (%)

 Large open cell
  Min  − 3.9 ± 0.1  − 5.8 ± 0.8  − 6.0 ± 0.8  − 3.7 ± 1.8
  Mean 2.3 ± 0.4 0.3 ± 0.8  − 0.4 ± 1.4 1.7 ± 1.2
  Max 9.8 ± 0.3 8.4 ± 1.3 5.4 ± 0.1 7.7 ± 0.7

Percent difference (%) = (measured at each stent − measured at no 
stent)/measured at no stent × 100%. The uncertainty estimate associ-
ated with a measurement result was based on the average absolute 
deviation of the two measurements
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Fig. 5   Visual comparisons of the patterns of dose perturbations 
on 10 × 5 mm2 subsets including a radiopaque marker at the center 
of each film: a silicone covered stent, b single bare stent, c double 
bare stent, and d large open cell stent measured at the proximal (first 

column) and distal (second column) sides in AP beam delivery, at 
the proximal (third column) and distal (fourth column) sides in 4FB 
beam delivery, and at the proximal (fifth column) and distal (sixth 
column) sides in single arc VMAT delivery
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0.5 mm, respectively, in the present study. If these param-
eters are set to a smaller value, the manufacturing preci-
sion will be increased. (3) Although a PLA filament to 

create the custom stent holder was used to mimic the tis-
sue environment, Acrylonitrile-Butadiene Styrene (ABS) 
can be preferentially considered as a tissue-equivalent 

Fig. 6   A degree of overlap between dose histograms to quantify dose 
perturbations on 10 × 5 mm2 subsets including a radiopaque marker at 
the center of each film measured at four locations next to each MBS 

using AP, 4FB, and VMAT techniques: a silicone covered stent, b 
single bare stent, c double bare stent, and d large open cell stent
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material. The difference between densities of PLA and 
ABS is of minor importance because the same custom 
stent holder was used for every MBS. (4) Measurement 
error causes uncertainty about the value of the measured 
quantity. Although the measurement error can be esti-
mated by statistical methods, in our study, there were two 
repeated measurements available for estimating the errors 
in the measurements. The average absolute deviation was 
thus used to express the variation between the two meas-
urements. This statistic tells us the difference between the 
mean value and the individual value. If more measure-
ments are available for examination, this estimate of the 
difference will be improved.

In conclusion, radiation dose perturbations were observed 
in clinically available MBS. The main dose escalation was 
caused by the radiopaque components in the stent. The use 
of multiple beams including parallel-opposed pairs reduced 
dose perturbations caused by the nitinol and radiopaque 
markers within the stent. In clinical routine a MBS is never 
implanted in an ideal way. Modern 3D-planning procedures 
are based on several beam directions, segmented beams and 
beam weightings. Further problem is that in most TPS sys-
tems small structures like radiopaque markers or the mesh 
of the stent are not recognized. Up to now the dosimetrist 
needs to keep dose perturbations around the MBS in mind in 
order to give a hint to the radio-oncologist. Special attention 
is thus required for patients in whom the radiopaque mark-
ers are closely located near critical structures or the target 

volume, which could allow safer use of MBS by mitigating 
the potential risk of either overdose or underdose.
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