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Original Article

inTroducTion

Clinical management of malignant biliary obstruction 
remains challenging. For these patients, minimally invasive 
biliary stenting is often preferred. However, restenosis due 
to tumor ingrowth or compression is a problem.[1] External 
beam radiotherapy (EBRT) has been used to prolong stent 
patency, but almost inevitably results in normal tissue 
toxicity because of the proximity of vital organs. More 
recently, good results have been reported with the use 
of a combination of intraluminal 192Ir brachytherapy and 
stenting.[2‑5]
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Recently, low‑dose rate 125I seed‑loaded intraluminal 
stents have been developed. Zhu et al.[6] were the first to 
report encouraging results with its clinical application. 
However, seed activity, reference point of prescription 
dose, and the irradiation dose of target were different in 
the related studies.[6,7] Therefore, comparison of clinical 
efficacy among different studies becomes difficult. The 
American Association of Physicists in Medicine (AAPM) 
Task Group No. 60 and 149 reports recommend that, for 
each type of radioactive stent (i.e., of various lengths, 
diameters, and activities), the three‑dimensional (3D) dose 
distributions should be carefully determined before clinical 
application.[8,9] However, there are limited reports that 
describe the dosimetry of the stents.

In this study, we aimed to use the treatment planning 
sys tem (TPS)  ca lcu la t ion ,  thermoluminescent 
dosimeter (TLD) measurement, and Monte Carlo (MC) 
simulation to evaluate the characteristics of dosimetric 
distribution of the novel radioactive stents of different 
lengths — with different number as well as activities of 125I 
seeds –– and to provide a theoretical basis for dosimetry for 
the clinical application.

meThods

Radioactive 125I source
The geometry of model 6711 125I seed used in this study 
was provided by the manufacturer (HTA Co., Ltd, Beijing, 
China). The source capsule consisted of a 0.05‑mm‑thick 
titanium cylinder (ρ = 4.54 g/cm3), 4.5 mm long × 0.8 mm in 
diameter, and with end‑weld thickness of 0.4 mm, containing 
a silver core (ρ = 10.5 g/cm3) of 3.0 mm length and 0.5 mm 
diameter, onto which a 1‑µm layer of 125I had been uniformly 
absorbed. Source activity was in the range of 0.1–6.0 mCi. 
The dosimetric characteristics of a single model 6711 125I 
source in a homogeneous water medium has been previously 
investigated by several groups.[10,11]

Radioactive stent model
The radioactive stent was designed as two separate parts: an 
inner 8‑mm diameter conventional self‑expanding biliary 
nitinol stent to provide support and an outer 10‑mm diameter 
radioactive self‑expandable stent loaded with 125I seeds [Nanjing 
Microinvasive Medical Inc., Nanjing, China; Figure 1a]. Each 
seed casing, 10 mm long and 0.8 mm in diameter, tightly 
holds the radioactive seed. The minimal distance between 
two adjacent radioactive seeds is approximately 7.1 mm in the 
cross‑sectional view [center to center; Figure 1b] and 10.0 mm 
in the longitudinal direction [end to end; Figure 1c]. In this 
investigation, three representative models of 4 cm, 6 cm, and 
8 cm length loaded with 8, 16, and 24 125I seeds, respectively, 
were studied. In addition, various radioactive strengths, ranging 
from 0.4 to 1.0 mCi per seed (in 0.1‑mCi increments), were 
evaluated independently.

Treatment planning system calculation
This process and the equivalent model have been described 
in detail in a previous published paper.[12] In brief, solid 

paraffin (ρ = 0.880–0.915 g/cm3, Leica, Germany), welded 
to a polymethylmethacrylate (PMMA) cylindrical barrel 
of 15‑cm height and 20‑cm diameter, was used as the 
water‑equivalent phantom. The stent loaded with dummy 125I 
sources (model 6711; China Isotope Corporation, Beijing, 
China) was vertically mounted at the bottom of the barrel. 
For CT scan, the cylindrical PMMA barrel was mounted on 
a head immobilization. Scans were performed with 5‑mm 
slice thickness and spacing to cover the entire length of the 
stent. DICOM images were sent to the TPS (Prowess ‑ 3D, 
SSGI, USA) for contouring and planning. Calculation points 
were selected from polar angles ranging from 0° to 360° in 
45° increments and at radial distances ranging from 1 cm to 
8 cm in 0.5‑cm increments and points of 1.25 and 1.75 cm. 
Thus, each data point represented the average of the eight 
calculations.

Thermoluminescent dosimeter measurement
Radial dose distribution around the stents was measured in a 
PMMA phantom using TLD-GR 200A (Beijing Guangtong 
Yirun radiation monitoring equipment Co., Ltd.) circular 
chips of 0.8-mm thickness and 4.5-mm diameter. Before 
exposure, all the TLDs were annealed at 240°C for 10 min, 
and then fast cooled. Annealing was repeated as necessary 
to complete all measurements. The irradiated TLDs were 
read 24–48 h postirradiation using an automated TLD 
reader (CTLD-350; Institute of Radiation and Radiation 
Medicine, Military Medical Science Academy of the 
PLA). An initial TLD calibration reading was made to 
study the TLD’s linearity of dose response and energy 
response scaled for exposure duration. To study the dose 
response of the TLDs, irradiation was performed with a 
standard 137Cs (662 keV γ‑ray) irradiator at the Standard 
Dosimetry Laboratory (China Institute of Atomic Energy 
Metering Station, Beijing). In the process, 10 TLDs were 
used for each configuration of 0.5 mGy, 1 mGy, 2 mGy, 
5 mGy, and 10 mGy. As the energy of emitted photons of 
125I is in the range of 7.2–35.5 keV,[10,11] 33 keV, 65keV, and 
83 keV narrow‑spectrum X‑ray standard radiation sources, 
241Am (59.5 keV γ-ray) and 6 MV X-ray (Axesse™ Linear 
Accelerator, Elekta Medical Systems, Sweden) were selected 
to irradiate each group of 10 TLDs to a dose of 1 mGy to 
measure the TLD’s energy response.

A water‑equivalent PMMA phantom was constructed to 
provide full scattering conditions with thirty pieces of 
30 cm × 30 cm × 1 cm slabs. For the central phantom 
slab to accommodate the circular TLD chips, there was a 
hole (1.2 cm in diameter) in the center where the radioactive 
stents could be placed. The square holes (5.0 mm long, 
2.0 mm wide, and 4.5 mm deep) were drilled such that 
the TLD surface would be perpendicular to the slab plane 
and with the centers of the dosimeters being parallel to 
the long axis of the source. The whole pattern of the spiral 
configuration was chosen to minimize inter‑dosimeter 
attenuation and perturbation effects.[13,14] The dosimeters 
were positioned at radial distances of 1 cm to 8 cm in 0.5‑cm 
increments, points of 1.25 and 1.75 cm, and polar angles 
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ranging from 0° to 90° in 10°, with respect to the stent’s 
long axis. Each dosimetric data point represented the average 
of the four TLD measurements. All measurements were 
performed within 24 h after in‑phantom exposures[15] and 
repeated thrice to increase the confidence level.

According to the AAPM TG43,[10] the dose rate in water 
surrounding a 125I source can be calculated as follows:
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where, D r,θ( )  is the initial dose rate of the interest point. 
The measured dose rate from the TLD responses from each 
point irradiated in the phantom was calculated as follows:
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where, R is the reading of the TLDs (nC), Cf is the 
calibration factor for the TLD response (mGy/nC), SAD,med

rel  
is the relative absorbed dose sensitivity of the TLD to 
establish the equivalent dose to water per unit reading in 
the 125I field, Pphant is the phantom correction factor to derive 
the corresponding dose to water in water from the 125I seed, 
and t is in‑phantom exposure time equaling to 24 h. SAD,med

rel  
and Pphant were taken from literature[16] to be 1.51 and 0.898, 
respectively. All the irradiations were in the linear response 
region of the TLDs, so no correction was necessary for the 
supralinearity effect.

Monte Carlo simulation
The Monte Carlo N‑Particle eXtended (MCNPX) (version 2.5) 
code, which transports many particle types at almost all 
energies, was used to simulate the movement of photons with 
random positions, directions, and energy in the given region 
to calculate the stent’s 3D dose rate distribution in liquid 
water. The MC simulations were performed for comparison 
with the TPS calculations and TLD measurements at 
0.5–10.0 cm from stent surface.

In this investigation, the 125I photon spectra were adopted 
from the AAPM TG43U1 report.[11] The recommended 
photons per disintegration of 125I are 0.406 (27.202 keV), 
0.757 (27.472 keV), 30.98 (0.202 keV), 31.71 (0.0439 keV), 
and 0.0668 (35.492 keV).[11] The radioactive stent model 
was centered in a 30 cm water‑equivalent (ρ = 0.998 g/cm3) 
cylinder adequate for all the scattering effects from the 
surrounding medium. For scoring the 3D dose rate distribution 
of the radioactive stent, the cylinder was divided into a set 
of concentric rings with different widths and thicknesses. 
For scoring the radial dose rate distribution at different 
distances from the radioactive stent surface, the width 
and thickness of the ring were 0.1 mm for distances to the 
surface of the stent <1 cm, 0.2 mm for distances of 1–2 cm, 
0.3 mm for distances of 2–3 cm, and 0.5 mm for distances of 
3–10 cm. For scoring the axial dose rate distribution in the yz 
plane [Figure 1c] from z = 0 cm to y = z = 10 cm, the width 
and thickness of the ring were 0.1 mm for distances to the 
center of the stent of <2 cm, 0.2 mm for distances of 2–3 cm, 
and 0.5 mm for distances of 3–10 cm. Due to the cylindrical 
symmetry, the dose rate distribution at z and −z (at equal to y) 
is the same. 125I seeds, water‑equivalent cylinder, and tally 
cells were determined in the same coordinates [Figure 1c].

Every 125I seed was simulated as a line source by the 
AAPM TG43 approximation, and using the MCNP F4 
tally (particles/cm2), particle tracks and relative properties 
were recorded in each cylindrical annulus. Energy fluency 
was converted into dose rate using the dose energy (DE), 
dose function (DF), and tally multiplier (Fm) cards. The 
photon interaction cross-section file used in this study was 

Figure 1: Location map of radioactive biliary stents in a rectangular coordinate system. (a) Photograph of the radioactive biliary stent. (b) A 
cross-sectional view of the biliary stent. (c) Seeds’ location in a longitudinal view of a stent of 4-cm length.

cba
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the DLC-200 library, distributed by the Radiation Shielding 
Information Computing Center (Oak Ridge, TN, USA). 
Evaluation of radial and axial dose rates was performed 
with 108 photon histories in water to comply with good 
MC practice recommendations[11] regarding statistical 
uncertainty. The photon cutoff energy was set to 1 keV.

Statistical analysis
Statistical analysis was conducted using IBM SPSS for 
Windows, version 19.0 (IBM Corp., Armonk, NY, USA). 
Analysis of covariance was used to examine the factors 
influencing radial dose distribution of the radioactive stent. 
Two‑tailed P < 0.05 was considered statistically significant.

resulTs

Factors influencing cumulative radial dose
For TPS results, the relative errors of the three time 
measurements were <3%. When the activity of the 125I 
seeds remained the same, the length of the stent or the 
number of radioactive seeds affected cumulative radial 
dose significantly (F = 14.704, P < 0.001). When the stent 
length changed from 8 cm to 6 cm, the cumulative radial 
dose decreased by 6–44%, and when the length changed 
from 6 cm to 4 cm, the decrease was 34–97%. For the 
same length of radioactive stent, the cumulative radial dose 
changed significantly (F = 35.510, P < 0.001) when the seed 
activity was altered by 0.1 mCi or more. When the source 
strength changed from 0.5 mCi to 0.4 mCi, the percentage 
of the cumulative radial dose reduction was the largest for 
the same length of radioactive stents, and the maximum 
dose reduction for the three radioactive stents in this study 
was 26%.

Comparison of the three methods
Since the dose rate is linearly related to activity of the 
radioactive seeds, in the TLD measurement and MC 
simulation, only 0.4 mCi 125I seeds were employed in this 
study. Our data show that the TLD’s dose response in the 
range of 0–10 mGy irradiation by 137Cs γ‑ray was linear: 
y = 182225x − 6651.9 (R2 = 0.99152; y is the irradiation 
dose in mGy, x is the TLDs’ reading in nC). For the TLDs 
energy response, when TLDs were irradiated by different 
energy radiation sources to a dose of 1 mGy, reading of TLDs 
was different [Table 1]. For TLD results with the measured 
data, the calibration factor Cf for the TLD response in our 
work was 0.0012 mGy/nC; the relative error of the TLD 
measurements of radial dose rate was <6%.

In this experiment, when the 4‑cm stents loaded with 8 125I 
seeds were simulated (single seed activity, 0.4 mCi), the 
MCNPX‑derived values of radial dose rate agreed to be 
within 5.7% of the TPS results and to be within 7.0% of the 
TLD measurements for most of the data points. For the 6-cm 
and 8‑cm stents loaded with 16 and 24 125I seeds, respectively, 
the corresponding values were 6.9% and 7.0% and 7.3% and 
6.7%, respectively. As shown in Figure 2, the simulations 
by MCNPX agreed well with the TPS calculations and TLD 
measurements.

3D dose rate simulated by Monte Carlo N-Particle 
eXtended
For the three stent models, the 3D dose rates along the 
axial axis as estimated by MCNPX simulations are shown 
in Figure 3. Using these dosimetry data, dose maps in the 
axial plane around a linear array of multiple 125I seeds were 
simulated [Figure 4]. The MC‑simulated uncertainties 
of these three stent models were all within the limits 
recommended by the AAPM TG43U1. Since prescription 
doses were often defined at 0.5, 1.0, and 2.0 cm,[6,7,17] depth 
dose calculations of stents of different lengths and with 
different activities of 125I seeds were performed at 0.1, 0.5, 
1.0, 1.5, and 2.0 cm from the surface of the stent [Table 2].

discussion

Over the past 10 years, several animal experiments[18‑21] and 
Phase I–II clinical studies[6,7,22‑24] have demonstrated the 
short-term efficacy and safety of intraluminal brachytherapy 
with 125I seed‑loaded stents. The favorable results of a 
multicenter, single‑blind, randomized, Phase III trial 
fueled interest in the use of intraluminal brachytherapy 
for intraluminal malignancies.[24] However, there are few 
dosimetric studies on radioactive stents, and the range of 
target irradiation dose reported was very broad. Thus, to 
allow comparisons between studies, standardization of the 
clinical application of 125I seed‑loaded radioactive stents is 
urgently needed.

At present, experimental TLD measurements and/or MC 
simulations is the standard method to accurately measure 
the dosimetric characteristics of radioactive brachytherapy 
sources. In this investigation, TG43‑based brachytherapy 
3D‑TPS calculation was also performed for the purpose of 
data intercomparison.

The TPS employs a point source approximation to calculate 
dose distributions. When using the TPS for calculation of 
dose, the stent and the medium around it are simulated as 
water, ignoring the structure inhomogeneities with only 
limited dose uncertainties.[25] The TPS in this study calculated 
the dose using point source simulations, which in fact agreed 
to be within about 2% with the full geometric simulations 
at all distances between 1 cm and 10 cm;[26] thus, within 
this practical range, TPS agrees very well with the TLD 
measurements and MCNPX. Therefore, the TPS utilized by 

Table 1: Energy response of TLD to irradiation by 
standard energies of different radiation sources

Radiation sources Relative value
33 keV (X‑ray) 1.23
241Am (59.5 keV) 1.22
65 keV (X‑ray) 1.14
83 keV (X‑ray) 1.02
137Cs (662 keV) 1.00
6 MV (X‑ray) 1.28
Energy response values were normalized to TLD’s reading for 137Cs 
irradiation. TLD: Thermoluminescent dosimeter.
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us can be reliably used for clinical applications involving 
biliary stents.

It has been reported that, in combination therapy of 
esophageal cancers with stenting followed by EBRT or 
brachytherapy (mainly 192Ir), dose perturbations would 
inevitably be caused by the esophageal stents, resulting in 
hot and cold spots in the esophageal mucosa.[27,28] In our 
study, however, the dose measured by the TLD-GR 200A 
circular chips did not suggest significant deviation from 

that simulated by MC, which suggested that the metal stent 
did not alter the brachytherapy source dose distribution 
in homogeneous water medium. The symmetrically 
arranged three radioactive sources might overcome the 
dose perturbations due to the metal stent. Uncertainties 
associated with TLD dose rate distribution measurements 
are due to variation between repeated measurements; relative 
intrinsic energy dependence; phantom material attenuation 
correction factor; relative absorbed DE dependence; and 

Table 2: Cumulative radial dose distribution of different length radioactive biliary stents in different activity of 125I 
seeds (Gy)

Radial 
distance (cm)

0.4 mCi 0.5 mCi 0.6 mCi 0.7 mCi 0.8 mCi

4 cm 6 cm 8 cm 4 cm 6 cm 8 cm 4 cm 6 cm 8 cm 4 cm 6 cm 8 cm 4 cm 6 cm 8 cm
0.1 79 93 97 99 117 122 119 140 146 139 163 170 158 187 195
0.5 50 63 67 63 79 84 76 94 110 88 110 118 101 126 134
1.0 23 32 36 29 41 45 34 49 57 40 57 63 46 65 72
1.5 12 19 22 15 23 27 18 28 33 21 33 38 24 37 44
2.0 7 12 14 9 14 18 10 17 20 12 20 25 14 23 28
Radial distance was from stent surface. From the formula (2), when t→∞, after seed decay completely, the total cumulative dose of the interest point 
is equal to D0 (r, θ)/λ, λ is equal to ln2/T1/2 (T1/2= 59.4 days). D0 in this table was simulated by MCNPX. MCNPX: Monte Carlo N‑Particle eXtended.

Figure 2: Comparison of radial dose rates for radioactive stent. The dose rates were normalized to the dose rate at a radial distance of 
10 mm. (a-c) Stents loaded with 8, 16, and 24 125I seeds, respectively.

cba

Figure 3: Monte Carlo simulated dose rates along the axial axis of the stent. The different lines represent doses at different radial distances from 
the surface of the stent. (a-c) Stents loaded with 8, 16, and 24 125I seeds, respectively.

cba
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TLD position relative to the sources. Due to the extremely 
large dose gradients and other technological limitations, 
doses at distances of the order of a millimeter from the 
radioactive stents are poorly known by TPS calculation or 
TLD measurement.[8]

In our study, the 3D dose rate distributions around the 
radioactive stents were determined by MC simulation. To 
obtain the most accurate data, a full seed simulation was 
performed by MCNPX, though a point source simulation is 
a fast and efficient way to check a full seed simulation.[26] In 
DE and DF input cards, we entered a point‑wise response 
function (the American National Standards Institute standard 
flux-to-dose conversion factors) to modify the regular tally 
card. In addition, a constant was needed for use with the Fm 
input card to transform the result into the dose rate (Gy/s) we 
required. For radial dose rate distribution, the good agreement 
with acceptable experimental error between the calculated 
and measured values in water and PMMA indicated that the 
correct source geometry was used in the MC simulation. 
Based on this agreement, the simulations were performed 
in water in the range of 0.1–10 cm away from and along the 
surface of the stents. Representing the stent surface doses, 
cumulative radial doses at distances of 0.1 cm from stent 
surface were shown in  Table 2, which may be used to predict 
the risk of bile duct wall perforation in clinical application.

In summary, our current study was purely radiophysics; 
TPS calculation, TLD measurement, and MC simulation 
were performed and were found to be in good agreement. 
Although the whole experiment was conducted in 
water‑equivalent phantom, data in our evaluation may 
provide a theoretical basis for dosimetry for the clinical 

application. More instructive data may be obtained through 
further in vivo experiments.
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