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Abstract

Resumo

Influence of thermoluminescent dosimeters energy
dependence on the measurement of entrance skin dose
in radiographic procedures™

Influéncia da dependéncia energética de dosimetros termoluminescentes na medida
da dose na entrada da pele em procedimentos radiogréficos

Mércia Liane de Oliveira’, Ana Figueiredo Maia?, Natalia Cassia do Espirito Santo Nascimento?®,
Maria da Conceicédo de Farias Fragoso®, Renata Sales Galindo®, Clovis Abrahao Hazin®

OBJECTIVE: This study was aimed at evaluating the influence of the energy dependence of thermoluminescent
materials on the determination of entrance skin dose in patients submitted to conventional radiographic studies
(general radiology, mammography and dental radiology). MATERIALS AND METHODS: Three different
thermoluminescent materials were utilized: LiF:Mg,Ti, LiF:Mg,Cu,P and CaSO,:Dy. These materials were
exposed to standardized sources of X and gamma radiation and clinical X-ray beams. RESULTS: Calibration
and energy dependence curves were obtained. All the materials showed a linear response as a function of
the air kerma. As far as energy dependence is concerned, the CaSO,:Dy and LiF:Mg,Ti samples showed the
greatest variation on thermoluminescent responses as a function of the effective radiation beam. CONCLUSION:
The tested materials showed an appropriate performance for detecting X radiation on standard and clinical
X-ray beams. Although CaS0O,:Dy and LiF:Mg,Ti samples present a significant energy dependence in the
considered energy range, these materials can be utilized for measuring entrance skin doses, provided
appropriate correction factors are applied.

Keywords: Thermoluminescent dosimeters; X-ray; Radiation protection; Entrance skin dose.

OBJETIVO: O objetivo do presente trabalho foi avaliar a influéncia da dependéncia energética de materiais
termoluminescentes na determinacé@o da dose na entrada da pele de pacientes submetidos a exames radio-
graficos (radiologia geral, mamografia e radiologia odontolégica). MATERIAIS E METODOS: Trés diferentes
materiais termoluminescentes foram utilizados: LiF:Mg,Ti, LiF:Mg,Cu,P e CaSO,:Dy. Estes materiais foram
expostos a fontes padronizadas de radiacdo X e gama, e a feixes clinicos de raios X. RESULTADOS: As
curvas de calibracdo e de dependéncia energética foram obtidas. Todos os materiais apresentaram resposta
linear em funcéo do kerma no ar. Com relacédo a dependéncia energética, as amostras de CaSO,:Dy e LiF:Mg, Ti
mostraram maior variacdo da resposta termoluminescente em funcédo da energia efetiva do feixe de radia-
cd0. CONCLUSAO: Os materiais testados mostraram desempenho adequado para a deteccéo da radiacdo X
em feixes padronizados e clinicos. Embora as amostras de CaSO,:Dy e LiF:Mg,Ti apresentem dependéncia
energética significativa no intervalo de energia considerado, este materiais podem ser utilizados para medi-
cao da dose de entrada na pele se fatores de correcdo apropriados forem utilizados.

Unitermos: Dosimetros termoluminescentes; Raios X; Protecéo radiolégica; Dose na entrada da pele.
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INTRODUCTION

The use of ionizing radiation in medi-
cine represents the main cause of human
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exposure to artificial radiation sources™?,
If by one side the technological advances
in medicine provide for more accurate di-
agnosis, on the other side the dissemination
of suchtechnologiesleadsto anincreasein
the collective dose, making it essential that
medical practices based on ionizing radia-
tions be optimized, assuring the benefits of
such technologies and reducing associated
risks.

An important tool for evaluating the
optimization of proceduresisthe measure-
ment of entrance skin dose (ESD) in pa-
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tients submitted to radiographic examina-
tions. This value shall be the lowest the
more optimized the employed radiographic
technique is, without compromising the
imaging quality®®. ESD represents the
dose on the patient’s skin surface added
with back scattering radiation.

The ESD can be evaluated by direct
methods (measurements with ionization
chambers or by using thermoluminescent
dosimeters [TLDsg]), by indirect methods
(by meansof the determination of the dose-
area product) or also by means of calcula-
tions based on the X-ray tube perfor-
mance®®.

Thermoluminescent dosimetry presents
some advantages: high sensitivity, which
alows the use of small-sized dosimeters;
response with a low dependence on pho-
ton energy and linear response for a wide
dose interval; low cost and easy handle;
high sensitivity, even for small doses;
stable response, even under adverse envi-
ronmental conditions; good reproducibil-
ity, even for small doses; and simple emis-
sion curve, with well defined peaks"®.
Such dosimetry is based on the fact that
materials will emit light when appropri-
ately heated, after having been irradiated,
with theamount of emitted light being pro-
portional to the absorbed radiation energy
(in other words, the absorbed dose)®.

A detector response variation asafunc-
tion of the incident radiation energy de-
pends on the process of interaction between
theradiation and the detector. In the energy
interval of interest for diagnostic radiology
(from 20 to70 keV("), the interaction be-
tween radiation and matter predominantly
happens because of the photoelectric ef-
fect, whose occurrence probability in-
creases with the effective atomic number
of the medium®. This means that TLDs
with higher effective atomic numbers will
present overestimated responses to radia-
tion as compared with the readings done
with dosimeters with lower effective
atomic numbers. Consequently, the dosim-
eter response variation as a function of in-
cident radiation energy becomesadecisive
factor in the choice of the material to be
utilized, as without previous knowledge of
such behavior, the ESD values might be
unreliable.
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Amongst the most frequently utilized
thermoluminescent materialsisthelithium
fluoride activated with magnesium and ti-
tanium (LiF:Mg,Ti); such materia presents
some important characteristics such as the
effective atomic number (Z4 = 8.2) close
to that of human tissue, not compromising
the radiographi c images, athough present-
ing a very complex thermoluminescent
emission spectrum™®. Another lithium
fluoride based dosimetric material has
more recently been devel oped, using other
dopant agents, the lithium fluoride acti-
vated with magnesium, copper and phos-
phorus (LiF:Mg,Cu,P; Z4 =8.2). Thisma
teria presents some advantageous charac-
teristics as compared with LiF:Mg,Ti,
among them the 40 times higher sensitiv-
ity to gamma radiation. In Brazil, the Ins-
tituto de Pesquisas Energéticase Nucleares
(IPEN-CNEN) producesdosimetersof cal-
cium sulfide activated with dysprosium
(CaS0O,:Dy). Thismateria isquite sensitive
to radiation, however, it has a high atomic
number (Z4 = 14.4) and for this reason it
presentsahigh dependence ontheradiation
energy, particularly up to 100 kev 101D,

The aim of the present study was to
evaluate the behavior of three thermolumi-
nescent materialswidely utilized in dosm-
etry of X and gammaradiations (LiF:Mg,Ti;
LiF:Mg,Cu,P; and CaSO,:Dy) on different
X radiation beams and the implicationsin
the entrance skin dose estimation in pa-
tients submitted to diagnostic radiology
procedures (conventional radiology, mam-
mography and dental radiology).

MATERIALSAND METHODS

The following dosimetric materials
were utilized in the present study: LiF:Mg,
Ti (commercialy known as TLD-100),
marketed by Thermo Scientific, Massachu-
setts, USA; LiF:Mg,Cu,P (commercially
known as TLD-100H), aso marketed by
Thermo Scientific, Massachusetts, USA,
and CaS0O,:Dy, manufactured by 1PEN/
CNEN, S&o Paulo, Brazil. Initially abatch
comprising 250 TLDs was gathered; the
working batch was selected in such away
that, after five identical thermal treatment,
irradiation and readout cycles, the maxi-
mum thermoluminescent response varia-

tion was lower than 3%. After this selec-
tion, theworking batch comprised 24 TLD-
100H samples, 36 TLD-100 samples and
39 CaS0,:Dy pellets.

The thermoluminescent materials were
characterized according to their main do-
simetric characteristics. For this purpose,
they were irradiated with three radiation
SOUrces:

— Standard cesium 137 source (**’Cs)
(JLShepherd & Associates, California,
USA, with activity of 390 GBq—1/1/2009)
and energy of 660 keV;

— Standard cobalt 60 source (°Co)
(IPEN, Séo Paulo, Brazil, with activity of
4.47 GBqg - 1/2/2009) and mean energy of
de 1,250 keV;

— Standard X radiation system, model
HF 320 (Pantak Incorporated, Connecticut,
USA) operating under the conditions pre-
sented on Table 1.

In al exposures to radiation, the
sampleswereindividually encapsulated in
transparent plastic. This same procedure
was utilized in al irradiations. The sensi-
tivity factor for each dosimeter was ob-
tained after fiveidentical irradiation, read-
out and thermal treatment cycles, by calcu-
lating the ratio between each dosimeter’s
mean response and the mean response of
the dosimeter that presented the smallest
reading variation after the five measure-
ment cycles.

The calibration curveswere obtained by
simultaneously irradiating all dosimeters
with one of the previously mentioned stan-
dard radiation sources, varying the air
kerma. The samples wereirradiated in the
air, at the reference distance (1 m). When
exposed to the °Co source, the samples
were covered by a4 mm-thick acrylic plate
in order to assure the condition of elec-
tronic equilibrium. When exposed to the
187Cs source, the electronic equilibrium
acrylic plate thickness was 2 mm. Because
of thelow energy, no electronic equilibrium
plates were used when the samples were
irradiated by X radiation beams.

The irradiations with radiodiagnostic
clinical beamswere made using the Rando-
Alderson (Alderson Research Laboratories
Inc.; Connecticut, USA) anthropomorphic
phantom, the breast phantom with a thick-
ness of 5 cm and composition equivalent
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Energetic dependence in the measurement of ESD

Table 1 Specification of radiodiagnostic qualities established in the Pantak 320kV X radiation system.

First HVL* Second HVL' Effective energy Air kerma rate
Quality (mmaAl) (mmaAI) (keV) (mGy/min)
RQR2 1.43 1.84 25.0 10.83
RQR3 1.79 2.34 27.2 19.62
RQR4 2.08 2.75 28.8 29.40
RQR5 2.32 3.39 30.0 39.86
RQR6 2.60 3.96 31.4 51.30
RQR7 2.87 4.55 32.7 64.07
RQR8 3.17 5.11 34.1 76.81
RQR9 3.74 6.25 36.6 104.86
RQR10 4.59 7.82 40.2 152.26

* The first half-value layer (HVL) corresponds to the thickness of material required to reduce the radiation beam
intensity to one half (50%) of its original value (100%). " The second HVL corresponds to the thickness of
material required to reduce the radiation beam intensity from one half (50%) to a quarter (25%) of its original

value (100%).

to 50% fat and 50% glandular tissue, de-
veloped by Oliveiraet a.*?, and the fol-
lowing equipment:

—Polymat 30/50 Plus general radiology
equipment, manufactured by Siemens,
Erlangen, Germany;

— M 1l mammography equipment,
manufactured by Lorad Corporation, Con-
necticut, USA;

—Intraoral dental radiology equipment,
with two tube heads, manufactured by
IndUstrias Reunidas Rhos Ltda., Rio de
Janeiro, Brazil.

In &l irradiations with clinical beams,
the TLDs were positioned in the center of
the radiation field, on the phantom, with a
pair of each thermoluminescent material
being simultaneously irradiated. The pa-
rameters utilized in the irradiations simu-
lating chest, abdomen and skull studiesare
presented on Table 2. In the irradiations
made with the mammography equipment,
the parameters were the following: semi-
automatic exposure control, 28 kVp and
37.6 mAs. On the other hand, in the irra-
diations with the dental radiology beams,
the following parameters were used: 80
kVp and 1.2 s; with a 22cm-long collima-
tor with 6 cm in diameter.

The thermoluminescent readout system
used was a model 5500 manufactured by
Thermo Electron Corporation, Massachu-
setts, USA. For thethermal treatment of the
samples a PTW-TLDO annealing oven,
manufactured by PTW, Freiburg, Germany,
was utilized.

With the CaSO,:Dy samples, apretreat-
ment at 150°C for 20 seconds was per-
formed. Thereadingswereintegrated from
150°C to 300°C with a heating rate of
10°Cl/s. After the reading, a thermal treat-
ment was performed in the oven during 15
minutesat 300°C. Inthecaseof LiF:Mg,Ti
(TLD-100), a pretreatment was performed
in the oven, before the reading at 100°C
for one hour. The reading was integrated
from 50°C to 300°C, with a heating rate of
15°C/s. After the reading, a thermal treat-
ment was performed in the oven at 400°C
for three hours and at 100°C for 1 hour.
With the LiF:Mg,Cu,P (TLD-100H) sam-
ples, a pretreatment at 145°C was per-
formed for 10 seconds. The reading was
integrated from 145°C to 260°C, with heat-
ing rate of 10°Cl/s.

From the reading values of each ther-
moluminescent sample, ESD was calcu-
lated using the following equation (1):

Table 2 Summary of radiographic techniques utilized to simulate chest, abdomen and skull radio-
graphic studies, all of them performed anteroposterior projection.

Distance Voltage Current Field size

Study (cm) (kVp) Product mAs (mA) (cm?)
Thorax 180 I 8 200 36 x 36
Abdome 150 81 32 200 51 x 34
Skul 150 81 20 200 20 x 26

Radiol Bras. 2010 Mar/Abr;43(2):113-118

ESD(MGY) = (L-Lpe) X §X G (1)

where: L is the average of the irradiated
dosimeter readings under the same condi-
tions (in nC); Lgg is the reading of non-ir-
radiated dosimeters (background radia-
tion); § is the sensitivity factor for each
sample; C; is the calibration factor (mGy/
nC) obtained from each one of the obtained
calibration curves.

RESULTS

Initially, the calibration curves were
obtained (thermol uminescent response ver-
sus absorbed dose in air) for the tested
dosimetric materials, in the radiation ener-
gies described in Materials and Methods.
Because of the low air kerma rate of the
%Co source, the calibration curve at this
energy was obtained for absorbed dose in
air <10 mGy. For the other energies (**'Cs
and X-radiation qualities) the calibration
curves were obtained for values up to 50
mGy. These curves are shown on Figures
land 2.

The energy dependence was obtained
by irradiating all tested thermoluminescent
materials with the same value of absorbed
doseinair (50 mGy), under the same geo-
metric conditions, and varying only the
radiation beam energy. The results are
shown on Figure 3.

In order to determinethe patients’ ESD,
phantoms were exposed to genera radiol-
ogy, mammography and dental radiology
beams, asdescribed in Materialsand Meth-
ods. The ESD valuesare presented on Table
3, using three different methods:

— method 1: determination of ESD using
the calibration factor C; for the ®°Co en-
ergy;

— method 2: determination of ESD using
the calibration factor C; for the **’Csen-
ergy;

— method 3: determination of ESD using
the calibration factors C; for the mean
energies (determined by HVL values) of
the utilized X-radiation beams.

With respect to uncertainties estimation,
thefactorsin equation (1) utilized to deter-
mine ESD were considered. The standard
deviations only estimate the uncertainties
inL and Lgg.

Theuncertaintiesregarding S areinthe
order of 3% and in relation to C;, 15%.
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Figure 1. Thermoluminescent response as a function of absorbed dose in air
for the energies of 662 keV (**'Cs) and 1250 keV (®°Co) for the three ther-
moluminescent materials (CaS04:Dy, TLD-100 and TLD-100H).

Figure 2. Thermoluminescent response as a function of absorbed dose in air
for different X-radiation energies for the three thermoluminescent materials
(CaS04:Dy, TLD-100 and TLD-100H).
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Figure 3. Energy dependence for: (A) LiF:Mg,Ti and LiF:Mg,Cu,P samples; and (B) CaS04:Dy pellets. In this figure, the thermoluminescent response is

normalized for the energy corresponding to 3’Cs.

Thus the combined uncertainty (k = 1) is
in the order of 19%.

DISCUSSION

The excellent calibration curveslinear-
ity (evauated by the linear coefficients of
the adjustment applied to the experimental
points) showstheapplicability of thetested
materials for dosimetry of X-radiation in
the considered air kermainterval. It isim-
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portant to note that, in terms of magnitude,
such interval corresponds to the values of
reference dose for typical adult patientsin
conventiona radiodiagnostic, mammogra-
phy and dental radiology studies, accord-
ing to the Order (Portaria) 453 of the Bra-
zilian Ministry of Health, published in
1998, which isup to 10 mGy for the most
common studies®. However, according to
theliterature, ESD valuesbetween 0.01 and
100 mGy‘” may be found.

With respect to the TLDs energy depen-
dence(Figure3), LiF:-Mg,Cu,P(TLD-100H)
was the material that presented the lowest
response variation in the considered energy
interval (less than 10% as compared with
the response with *’Cs energy). However,
the LiF:Mg,Ti (TLD-100) and CaSO,:Dy
samples presented amore significant varia-
tion; for such materials, the normalized
thermol uminescent responses as compared
with the response for to *’Cs energy were

Radiol Bras. 2010 Mar/Abr;43(2):113-118



Table 3 ESD for general radiology, mammography and dental radiology studies on phantoms. In this

Energetic dependence in the measurement of ESD

table, the mean values and corresponding standard deviations are shown.

ESD (mGy)
Thermoluminescent
material Study Method 1 Method 2 Method 3

LiF:Mg,Ti Thorax AP 0.325 = 0.011 0.305 = 0.010 0.229 =+ 0.012
Abdome AP 2.178 = 0.086 2.043 = 0.074 1.584 =+ 0.060
Skull AP 1.31 = 0.10 1.228 + 0.095 0.952 = 0.074

Breast 1.22 =+ 0.22 1.14 = 0.21 0.82 = 0.15

Periapical 1 6.08 + 0.22 5.71 = 0.19 4.08 = 0.23

Periapical 2 5.80 = 0.17 5.44 = 0.14 3.89 = 0.20
LiF:Mg,Cu,P Thorax AP 0.315 = 0.037 0.323 = 0.038 0.304 = 0.036
Abdome AP 1.638 = 0.040 1.677 = 0.033 1.645 =+ 0.040
Skull AP 0.904 = 0.037 0.926 += 0.036 0.908 + 0.037
Breast 0.733 £ 0.030 0.751 = 0.028 0.743 = 0.027

Periapical 1 4.02 += 0.22 412 = 0.22 4.12 = 0.22

Periapcal 2 4.06 += 0.10 4.153 = 0.086 4.16 = 0.10
CaS0,:Dy Thorax AP 2.598 + 0.066 2.477 = 0.057 0.248 *= 0.034
Abdome AP 17.22 + 0.65 16.42 = 0.59 1.738 = 0.053
Skull AP 9.17 = 0.30 8.75 + 0.26 0.926 = 0.022
Breast 7.27 £ 0.25 6.93 = 0.23 0.635 = 0.017

Periapical 1 478 = 2.5 45.6 = 2.3 4.26 = 0.20

Periapical 2 472 + 1.4 45.0 + 1.3 4.20 = 0.10

ESD, entrance skin dose; AP, anteroposterior.

1.4 and 10.9 for TLD-100 and CaS0,:Dy,
respectively. Theseresultsarein agreement
with those reported in the literaturel™14-19),
According to Ministry of Health Order
(Portaria) 4539, the minimum HVL val-
ues as a function of peak voltage (kVp)
applied to the X-ray tube for general radi-
ology equipment should range between 2.1
and 3.5 mmAll for single phase equipment,
and 2.3 and 4.9 mmAl for three-phase
equipment. For mammography equipment,
the HVL value must be between kVp/100
and kVp/100 + 0.1 mm aluminum equiva-
lent; and in the case of dental radiology
equipment the minimum HVL must range
from 1.2 to 2.5 mmAl, as a function of
kVp. Such HVL values are in agreement
with the HVL values of the X-radiation
beams (Table 1) in which the thermolumi-
nescent materials were characterized. This
means that in the commonly utilized ener-
giesin clinica radiodiagnostic beams, be-
cause of its effective atomic number, a
material may present greater or smaller re-
sponse as demonstrated on Figure 3.
Table 3 showsthe ESD valuesfor radio-
graphic studies utilizing thethree thermol u-
minescent studied materials calculated by
means of equation (1). In the case of the
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CaS0,:Dy pellets and LiF:Mg,Ti (TLD-
100) samples, there is a huge discrepancy
between the ESD values determined from
the calibration curves for the ®Co or *'Cs
energy as compared with the ESD values
obtained by knowing the effective beam
energy and the behavior of such materials
in the energy interval of interest. Only for
theLiF:Mg,Cu,P(TLD-100H) samples, the
differences between the ESD values deter-
mined from any of the calibration curves
revealed to be in the same magnitude of
uncertainties associated with the measure-
ment. In this case, it is important to note
that, although LiF:Mg, Ti and LiF:-Mg,Cu,P
havethe sameeffective atomic number (Z«4
= 8.2), LiF:Mg,Cu,P presents an anoma-
lous response to radiation, according to
Olko et a.*", which explains the smaller
variation in the thermoluminescent re-
sponse in the studied energy interval.

CONCLUSIONS

The present results demonstrate the
need of knowing the effective beam energy
and the behavior of the thermoluminescent
materials utilized for the correct determi-
nation of the desired quantity.

Of the three tested materias, only
LiF:Mg,Cu,P did not present a significant
response variation (which was in the same
magnitude as the uncertainties) as a func-
tion of the effective X-radiation beam en-
ergy. On the other hand, CaSO,:Dy and
LiF:Mg,Ti presented significant variations
in response to X-radiation beams as com-
pared with the responses obtained in the
187Cs or ¥Co energies. This, however, does
not impair the use of such materials. Be-
sidesbeing produced in Brazil, CaSO,:Dy,
isvery sensitive, being particularly useful
for low dose measurements. On the other
hand, LiF:Mg,Ti has an effective atomic
number which is very close to that of hu-
man tissue, and for this reason it does not
cause artifacts on radiographic images,
therefore being very useful in measure-
ments directly performed by placing the
TLD on the patient’s skin.

The three studied thermoluminescent
materialscan be utilized for patientsdosim-
etry in clinical beams. However, for the
correct determination of ESD in patients
submitted to radiographic studies (genera
radiology, mammography or dental radiol-
ogy), the dosimeters must be previously
calibrated for the energies corresponding to
those utilized in the clinical practice.
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