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This study aimed to determine the optimal thickness of the active layer and scan mode for a flexible
radiochromic film (F-RCF) based on the active lithium salt of pentacosa-10,12-diynoic acid
(LiPCDA). F-RCFs of 90, 120, 140, and 170-μm thickness were fabricated using LiPCDA. Several
pieces of the F-RCFs were exposed to doses ranging from 0 to 3 Gy. Transmission and reflection
modes were used to scan the irradiated F-RCFs. Their dose-response curves were obtained using
a second-order polynomial equation. Their sensitivity was evaluated for both scanning modes, and
the uniformity of the batch was also examined. For both the transmission and reflection modes, the
sensitivity increased as the film thickness increased. For the reflection mode, the dose response
increased dramatically under 1 Gy. The value of the net optical density varied rapidly as the
thickness of the film increased. However, the dose-response curves showed a supralinear-curve
relationship at doses greater than 2 Gy. The sensitivity of the reflection scan at doses greater than
2 Gy was higher than that of the reflection scan within 0–2 Gy. The sensitivity steadily decreased
with increasing doses, and the sensitivity of the two modes was within 0.1 to 0.2 at 2 Gy and was
saturated beyond that. For the transmission scan, the sensitivity was approximately 0.2 at 3 Gy. For
the intra-batch test result, the maximum net optical density difference of the intra-batch was 5.5%
at 2 Gy and 7.4% at 0.2 Gy in the transmission and reflection scans, respectively. In the low-dose
range, film thickness of more than 120-μm was proper in the transmission mode. In contrast, the
transmission mode showed a better result compared to the reflection mode. Therefore, the proper
scan mode should be selected according to the dose range.
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Introduction

(i.e., megavoltage range) [3].
The principle of RCF dosimetry lies in measuring the

Radiochromic films (RCFs) have been introduced for

color change of film, which, when irradiated, becomes

two-dimensional (2D) measurement in the field of radia-

dark due to the polymerization of diacetylene molecules.

tion therapy [1,2], providing advantageous features such as

The variation in light intensity is measured by a scanner

a near water-equivalent material, high spatial resolution,

or densitometer [4], and the intensity is calibrated using

and energy independence in the therapeutic energy range

the optical density (OD) [5]. The RCF for our study consists
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of an active layer and two matte-polyester substrates. The

by a single company (Ashland, Bridgewater, NJ, USA). The

polyester laminates the side of the active layer for protec-

active layer consists of gelatin, LiPCDA, and a 0.5% aqueous

tion. However, attaching the film to a curved body for in

solution of tartrazine. The compositions of the active layer

vivo dosimetry is difficult because of the polyester’s rigidity [6].

and LiPCDA are listed in Table 1 and 2, respectively.

Moreover, the sensitivity of the film depends on the

The LiPCDA production process was as follows. Part A

amount of diacetylene molecules [7]. The active lithium salt

was produced by mixing gelatin (5 g) and water (45 g) and

of pentacosa-10,12-diynoic acid (LiPCDA) interacts with

stirring at 70°C. Part B was manufactured by mixing an

radiation, forming a free radial through polymerization. For

aqueous solution of tetraethylammonium hydroxide (9.85

EBT3, the darkness of the film is difficult to observe in the

g), 5.00 g of PCDA, and water (91.49 g) and stirring at 70°C.

low-dose range owing to its thin active layer (28 µm) [8]. If

Part B was then mixed with an aqueous solution of lithium

the amount of diacetylene molecules increases, the scale of

acetate (7.04 g). Part B was then mixed with an aqueous so-

the color change increases for the same dose [9]. In other

lution of lithium acetate (7.04 g), stirred, and then added to

words, the sensitivity also increases as the film thickness

Part A at 35°C. The LiPCDA was ripened at 4°C in a freezer

increases.

for 25 hours. An aqueous solution of 5 g of 0.5% wt tartra-

Reflection scanning methods have been introduced to

zine was added to the mixture. LiPCDA was dissolved at

increase the sensitivity of films in the low-dose range [10].

40°C, ripened for 6 hours at 60°C, and sonicated for 108 sec-

Generally, transmission scanning is performed to measure

onds. These steps were repeated 5 times for the active layer

the change in light intensity when the transmitted light

material, which was then applied on a 75-µm-thick positron

intensity decreases in darkened areas [11]. In the case of

emission tomography film using an auto bar coater. The

reflection scanning, the reflected light intensity from the

film’s total thickness depended on the active layer’s thick-

reflector (white surface) was measured [11].

ness. We fabricated films with thicknesses of 80, 90, 120,

This study employed films with active layers of various
thicknesses fabricated for flexible dosimeters. Each active

140, and 170 µm, measuring the total thickness with vernier
calipers.

layer’s sensitivity was examined through transmission and
reflection scanning. The optimal thickness of the active

2. Irradiation and film processing

layer and the scanning option were determined to manuEach set of the 3 film dosimeters was sampled from the

facture flexible dosimeters.

same batch with the same film thickness. The size of each
film was 3×3 cm2. Dosimetric leaves of 0.2, 0.5, 1, 2, and 3

Materials and Methods

Gy in the therapeutic dose range were exposed to the set of
films. A 6-MV photon beam was generated using a Trilogy

1. Active layer

radiation therapy system (Varian Medical Systems, Houten,
Commercially available RCFs were supplied exclusively

The Netherlands). The film set was placed at a depth of 10
cm in a solid water phantom with reference conditions (i.e.,

Table 1. Composition of the active layer
Material

Ratio (%)

PVA
Gelatin
LiPCDA
0.5% tartrazine
Water
Total

0
3
10
3
84
100

Table 2. Composition of LiPCDA

PVA, polyvinyl alcohol; LiPCDA, lithium salt of pentacosa-10,12diynoic acid.

Material

Ratio (%)

Content (g)

PCDA
20% TEAH
Lithium acetate
Water
Total

4.67
9.20
0.65
85.47
100.0

5.00
9.85
0.70
91.49
107.04

LiPCDA, lithium salt of pentacosa-10,12-diynoic acid; TEAH,
tetraethylammonium hydroxide.
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100 cm source-to-surface distance, 10×10 cm2 field size).

netOD=log10(

The machine was calibrated according to the American As-

Mexp–Mbkg
)
Munexp–Mbkg

sociation of Physicists in Medicine Task Group 51 protocol.

where Munexp is the unexposed measurement, Mexp is the ex-

The monitoring unit was set to irradiate a predetermined

posed measurement, and Mbkg is the background measure-

dose. Before irradiation, all films were scanned in the trans-

ment. The relationship between the dose and netOD was

mission and reflection mode using an Epson Expression

expressed using the regression curve of the second-order

11000XL document scanner (Epson Seiko Corporation,

polynomial equation. The response sensitivity of the film

Nagano, Japan) for an unexposed measurement [10]. The

was determined as the slope of the tangent at each dose in

scanned images were saved in a tag image file format (TIFF)

the regression curve.

with 48-bit color and a spatial resolution of 300 dpi. The im-

Lastly, the intra-batch difference was examined to de-

ages were denoised using a median filter with a pixel size of

termine the film’s uniformity. Three pieces of film were

5×5.

randomly obtained in one batch. The films were scanned to

After irradiation, the films were kept in a black envelope

evaluate the netOD following the necessary protocol.

for self-development for 24 hours. Film scanning was performed to measure the exposure in a similar manner as

Results and Discussion

with the unexposed measurement. The black surface was
Fig. 1a and b shows the calibration curve of the film

scanned for the background measurement in the reflection

within the 0 to 3-Gy range for the reflection and transmis-

mode.
The scanned images were analyzed using RIT113 Classic

sion modes, respectively. For the transmission and reflec-

software version 6.71 (Radiological Imaging Technology,

tion modes, the sensitivity increased as the film’s thickness

Inc., Colorado Springs, CO, USA). The RGB channels were

increased, and the netOD had similar values at 3 Gy. For the

extracted from the TIFF image. The red channel was used

transmission mode, the dose response showed more linear-

only to calculate the netOD for the measurement value [12].

ity than for the reflection mode.
In the case of the reflection mode, the dose response in-

For the film calibration, the netOD was calculated as fol-

creased dramatically in the low-dose range (<1 Gy), except

lows [7]:
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Fig. 1. Calibration curve for various thicknesses of the flexible radiochromic film within the range of 0–3 Gy in the transmission mode (a)
and reflection mode (b). netOD, net optical density.
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Fig. 2. Sensitivity as a function of the dose in the transmission mode (a) and reflection mode (b).

for the films with thicknesses of 80 and 90 µm. The value of

0.7

the netOD varied rapidly as the film’s thickness increased.

0.6

ear-curve relationship at doses greater than 2 Gy.
The sensitivity of the transmission and reflection scans
was compared as a function of the dose (Fig. 2). The sensitivity of the reflection scan was higher than that of the

netOD (a.u)

However, the Hurter and Driffield curve showed a supralin-

transmission scan within 0 to 1 Gy, and the sensitivity
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2 Gy and was saturated beyond that. The sensitivity of the
is the value of the transmission scan at approximately 3 Gy.
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Fig. 3. Intra-batch test in a manufactured single batch. netOD, net
optical density.

The results of the intra-batch test are shown in Fig. 3. At
range doses lower than 1 Gy, the netOD difference of the

However, the flexibility of the film decreased with increas-

intra-batch was larger for the reflection scan. In contrast,

ing film thickness. Moreover, the cost of production is also

the netOD of the high dose showed a major difference for

higher owing to rising material costs. To evaluate film thick-

the transmission scan. The maximum netOD difference of

ness, a far more accurate measuring instrument is needed.

the intra-batch was 5.5% at 2 Gy and 7.4% at 0.2 Gy in the

Viable alternatives include a ultrasonic water depth gauge.

transmission and reflection scans, respectively.

The film thickness was the dominant factor for determin-

In this study, we manufactured an LiPCDA-based film

ing film sensitivity. In this study, we used micro-vernier

evaluated its dosimetric characteristics. The film’s sensitiv-

calipers to measure the thickness. However, the accuracy

ity increased as the thickness of the active layer increased

and reproducibility of the device depends on operator skill.

in response to an increase in the number of diacetylene

In the case of the reflection scan, the film sensitivity was

molecules. Even when the film was irradiated with the

higher than that for the transmission scan below 1 Gy. For

same dose, the polymerization reaction was much higher

the reflection scan, the light underwent attenuation twice,

for the thicker films. Moreover, the light is more attenuated

which has the same effect as with an increase in transmis-

because the transmission length of the thick film is long. In

sion length. Therefore, the value of the netOD varies sig-

conclusion, the intensity of the transmitted light is lower.

nificantly. However, the netOD of the reflection scan was
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saturated beyond 2 Gy, although the sensitivity of the thick

183

Author Contributions

film was closer to 0 in the reflection mode. In a relatively
higher dose range, the sensitivity of the transmission mode

Conceptualization: Jung-in Kim and Chang Heon Choi.

was higher. When the transmission mode was applied, the

Data curation: Jin Dong Cho. Formal analysis: Jin Dong Cho

dynamic range was wide.

and Seongmoon Jung. Funding acquisition: Chang Heon

The intra-batch variation was checked for uniformity and

Choi. Investigation: Jong Min Park. Methodology: Jung-in

was slightly higher than that of the commercial RCF. Film

Kim. Supervision: Jong Min Park. Validation: Jong Min Park.

uniformity is an important quality factor, and therefore the

Writing–original draft: Seongmoon Jung. Writing–review &

manufacturing process needs to be improved to ensure

editing: Chang Heon Choi.

uniformity.

References
Conclusions
1. Chu RDH, Van Dyk G, O’Hara KPJ, Buckland BW, Lewis DF,

We performed a dosimetric test for an LiPCDA-based

Dinelle F. GafChromicTM Dosimetry Media: a new high

film and confirmed the sensitivity and uniformity of the

dose, thin film routine dosimeter and dose mapping tool.

transmission and reflection modes. In the low-dose range,

Radiat Phys Chem. 1990;35:767-773.

the thicker film was appropriate for the reflection mode.

2. Collins C, Yoon SW, Kodra J, Coakley R, Subashi E, Sidhu

In contrast, the transmission mode showed a better result.

K, et al. An investigation of a novel reusable radiochromic

Therefore, a proper scan mode should be selected accord-

sheet for 2D dose measurement. Med Phys. 2019;46:5758-

ing to the dose range.

5769.
3. Casanova Borca V, Pasquino M, Russo G, Grosso P, Cante
D, Sciacero P, et al. Dosimetric characterization and use

Acknowledgements

of GAFCHROMIC EBT3 film for IMRT dose verification. J

This work was in part supported by Radiation Technology

Appl Clin Med Phys. 2013;14:4111.

R&D program through the National Research Foundation

4. McLaughlin WL, Yun-Dong C, Soares CG, Miller A, Van

of Korea funded by the KoreanKorea government (MIST)

Dyk G, Lewis DF. Sensitometry of the response of a new

(2019M2A2B4095126) and by the National Research Foun-

radiochromic film dosimeter to gamma radiation and elec-

dation of Korea (NRF) and Korean Association for Radia-

tron beams. Nucl Instrum Methods Phys Res. 1991;302:165-

tion Application (KARA) as a part of the Radiation Technol-

176.

ogy Commercialization Project of the Korean Ministry of

5. Rink A, Lewis DF, Varma S, Vitkin IA, Jaffray DA. Tem-

Science and ICT (NRF-2019M2D3A2060217, Technology

perature and hydration effects on absorbance spectra and

Transfer and Commercialization in the Radiation fields).

radiation sensitivity of a radiochromic medium. Med Phys.
2008;35:4545-4555.
6. Nakano M, Hill RF, Whitaker M, Kim JH, Kuncic Z. A study

Conflicts of Interest

of surface dosimetry for breast cancer radiotherapy treat-

The authors have nothing to disclose.

ments using Gafchromic EBT2 film. J Appl Clin Med Phys.
2012;13:3727.
7. Cho JD, Son J, Sung J, Choi CH, Kim JS, Wu HG, et al. Flex-

Availability of Data and Materials

ible film dosimeter for in vivo dosimetry. Med Phys. 2020;

All relevant data are within the paper and its Supporting
Information files.

47:3204-3213.
8. Setilo I, Du Plessis FCP. Dosimetric comparison between
XR-RV3 and EBT2 radiochromic film in megavoltage photon beams. Int J Radiat Res. 2016;14:149-152.

www.ksmp.or.kr

Seongmoon Jung, et al：Dosimetric Characteristics of Flexible Film

184
9. Andrés C, del Castillo A, Tortosa R, Alonso D, Barquero R.

32(7Part1):2245-2253.

A comprehensive study of the Gafchromic EBT2 radiochro-

11. Papaconstadopoulos P, Hegyi G, Seuntjens J, Devic S. A

mic film. A comparison with EBT. Med Phys. 2010;37:6271-

protocol for EBT3 radiochromic film dosimetry using re-

6278.

flection scanning. Med Phys. 2014;41:122101.

10. Devic S, Seuntjens J, Sham E, Podgorsak EB, Schmidtlein

12. Kim JI, Cho JD, Son J, Choi CH, Wu HG, Park JM. Contact

CR, Kirov AS, et al. Precise radiochromic film dosimetry

lens-type ocular in vivo dosimeter for radiotherapy. Med

using a f lat-bed document scanner. Med Phys. 2005;

Phys. 2020;47:722-735.

www.ksmp.or.kr

