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Comparative study of computational dosimetry involving

homogeneous phantoms and a voxel phantom in

mammography: a discussion on applications in constancy

tests and calculation of glandular dose in patients*
Estudo comparativo de dosimetria computacional entre modelos homogêneos e um modelo

voxel em mamografia: uma discussão de aplicações em testes de constância e cálculo

de dose glandular em pacientes

Vagner Ferreira Cassola1, Gabriela Hoff2

OBJECTIVE: To compare data regarding dosimetry and photons fluence in different breast phantoms, discussing
constancy tests and dosimetry applied to mammography. MATERIALS AND METHODS: Different
homogeneous breast phantoms and one anthropomorphic voxel phantom were developed for collection of
data regarding total absorbed dose in the phantom, absorbed dose in the glandular tissue material-equivalent,
absorbed dose and photons fluence at different depths in the phantoms. A simulated ionization chamber
collected the entrance skin kerma. Target-filter combinations (Mo-30Mo and Mo-25Rh) were studied for
different accelerating potentials of 26 kVp to 34 kVp. RESULTS: As compared with the voxel phantom, the
normalized glandular dose resulted in differences from –15% to –21% for RMI, –10% for PhantomMama,
and 10% for the Barts and Keithley models. The half-value layer variation was generally < 10% for all the
sensitive volumes. CONCLUSION: The phantom proposed by Dance is recommended for evaluating the
glandular dose and normalized glandular dose in a standard breast. Homogeneous phantoms should be utilized
for constancy tests in dosimetry, but they are not appropriate for estimating dosimetry in actual patients.
Keywords: Mammography; Dosimetry; Monte Carlo simulation; Geant4.

OBJETIVO: Comparar dados de dosimetria e fluência de fótons entre diferentes modelos de mama, discu-
tindo as aplicações em testes de constância e estudos dosimétricos aplicados à mamografia. MATERIAIS E
MÉTODOS: Foram simulados diferentes modelos homogêneos e um modelo antropomórfico de mama tipo
voxel, sendo contabilizadas: a dose total absorvida no modelo, a dose absorvida pelo tecido glandular/ma-
terial equivalente, e a dose absorvida e a fluência de fótons em diferentes profundidades dos modelos. Uma
câmara de ionização simulada coletou o kerma de entrada na pele. As combinações alvo-filtro estudadas
foram Mo-30Mo e Mo-25Rh, para diferentes potenciais aceleradores de 26 kVp até 34 kVp. RESULTADOS:
A dose glandular normalizada, comparada ao modelo voxel, resultou em diferenças entre –15% até –21%
para RMI, –10% para PhantomMama e 10% para os modelos Barts e Keithley. A variação dos valores da
camada semirredutora entre modelos foi geralmente inferior a 10% para todos os volumes sensíveis. CON-
CLUSÃO: Para avaliar a dose glandular normalizada e a dose glandular, em mamas médias, recomenda-se o
modelo de Dance. Os modelos homogêneos devem ser utilizados para realizar testes de constância em do-
simetria, mas eles não são indicados para estimar a dosimetria em pacientes reais.
Unitermos: Mamografia; Dosimetria; Simulação de Monte Carlo; Geant4.

Abstract

Resumo

* Study developed at Pontifícia Universidade Católica do Rio

Grande do Sul (PUCRS) / Grupo de Experimentação e Simula-

ção Computacional em Física Médica (GESiC), Porto Alegre, RS,

Brazil.

1. Master, Fellow PhD degree, Conselho Nacional de Desen-

volvimento Científico e Tecnológico (CNPq) / Universidade Fede-

ral de Pernambuco (UFPE) / Departamento de Energia Nuclear

(DEN), Recife, PE, Brazil.

2. PhD, Professor TI 40, Pontifícia Universidade Católica do

Rio Grande do Sul (PUCRS) / Grupo de Experimentação e Simu-

lação Computacional em Física Médica (GESiC), Porto Alegre,

RS, Brazil.

Mailing Address: Gabriela Hoff. Avenida Ipiranga, 6681, pré-

sion factors that relate the kerma or the skin
entrance exposure to the absorbed dose in
the breast or glandular tissue. A method
proposed by Wu et al.(1) and utilized world-
wide is based on the normalized glandular
dose (DgN). Such conversion factor relates
the kerma, measured at a reference posi-
tion, with the dose on the mammary gland.

Different authors have published con-
version factors applied to dosimetry in
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INTRODUCTION

In diagnostic mammography, different
calculation methods and phantoms are used
to estimate glandular dose. Each method
and/or model has an intrinsic set of conver-
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mammography(2–4). However, dosimetric
methods are significantly dependent upon
the characteristics of utilized models and
equipment (geometry, materials composi-
tion and radiographic technique)(1,5,6).

The present study is aimed at reviewing
data from dosimetric studies in computa-
tional simulations and discussing their
limitations regarding their utilization in
dosimetry for constancy tests and actual
breast dosimetry. Different models recom-
mended by the International Commission
on Radiation Units and Measurements
(ICRU) (ICRU Report 48)(7) commonly
utilized in hospitals and clinics(8) were con-
sidered in the study.

In order to appropriately understand the
objectives of the present study, it is impor-
tant to define what performance and con-
stancy tests as well as actual dosimetry in
mammography are. Performance tests are
defined as a set of measurements and analy-
sis to confirm compliance with minimum
performance standards. According to the
Government Order 453 of Agência Nacio-
nal de Vigilância Sanitária (Anvisa) (Bra-
zilian Agency of Health Surveillance)(9),
constancy tests are routine evaluations of
technical and performance parameters for
instruments and equipment, and the study
of the behavior of such parameters as a
function of time. On the other hand, actual
dosimetry is the determination of absorbed
dose to organs or tissues under study in a
specific case for a specific patient. In other
words, it means the determination of the
dose considering the particularities of each
patient (anatomy and procedures utilized)
in order to figure dose values as closely as
possible to those absorbed by specific or-
gans in a procedure. Actual and individu-
alized dosimetry has increasingly become
a more widely known and utilized prac-
tice(4,5,10,11). The analysis of dose in mam-
mography can be defined as the constancy
test or actual dosimetry in a radiosensitive
organ, depending upon the way it is per-
formed and the application of gathered
data. The Government Order 453 from
Anvisa(9) defines “absorbed dose” as the
“quantity expressed by D = dE/dm, where
dE is the expected value of energy depos-
ited by radiation in an elementary volume
of mass dm. The unit of absorbed dose in
the International System (IS) is joule per

kilogram, denominated gray (Gy)”. The
dose evaluations, performed according to
the recommendations of quality control
tests in mammography(9,12), provide a com-
parative basis of the equipment perfor-
mance in similar boundary conditions, i.e.,
constancy tests.

In the present study, the behavior of
dosimetric quantities simulated by means
of computational tools for different mod-
els was evaluated considering two forms of
dosimetry application: constancy tests and
actual dosimetry.

MATERIALS AND METHODS

The Monte Carlo Geant4 code (version
8.2.p01) was utilized to simulate the radia-
tion transport. The calculations were per-
formed maintaining the irradiation beam
geometry constant, alternating the incident
radiation spectrum and the breast phantom.
Absorbed dose, photon fluence and kerma
data were collected.

The irradiation geometry was computa-
tionally generated considering a spherical
volume with a 0.8 m radius, filled with dry
air, according to the ICRU definitions
(ICRU Report 44)(13). The bucky dimen-
sions are (18.0 × 24.0 × 0.2) cm3, with the
source-bucky distance corresponding to
61.9 cm, according to the specifications of
the Lorad MIII equipment(14). A polymeth-
ylmethacrylate (PMMA) compressor mea-
suring (18.0 × 24.0 × 0.2) cm3 was simu-
lated over the breast model.

The different breast phantoms were
simulated in this geometry, each one con-
taining three sensitive volumes at different
depths: entrance, middle and exit of the

model. Each sensitive volume with (1.0 ×
1.0 × 0.1) cm3 was defined to collect the
absorbed dose and the photon fluence at the
depth of interest. An air volume similar to
a free-in-air ionization chamber, with a
sensitive volume of 6.0 cm3 was simulated
over the model and below the PMMA com-
pressor. The reference kerma value col-
lected in the simulated ionization chamber
(kermaIC) – utilized for data normalization
was simulated in the ionization chamber
positioned at a 4.0 cm-height and below the
compressor without the presence of the
breast phantoms, i.e., it does not take into
account for the backscattering caused by
the models. A poit source, located at the
level of the focal point, with an irradiation
field with the same dimension of the bucky
entrance (18 × 24) cm2, simulated spectra
between the accelerating voltages of 26 to
34 kVp for the Mo-Mo and Mo-Rh target-
filter combinations. Table 1 lists all the
simulated spectra and their respective half-
value layers (HVL), without the presence
of the compressor.

Six homogeneous, non-anthropomor-
phic breast models, were simulated as rep-
resentative of a standard breast, defined by
a 50% fat and 50% glandular tissue com-
position(7): four non-anthropomorphic
models proposed by ICRU(7) – idealized by
Dance, NA type 76-001, RMI type 156 and
Barts –, one model for dosimetry proposed
by Keithley Instruments and one model
produced in Brazil (PhantomMama)(15). All
the homogeneous, non-anthropomorphic
models were compared with an anthropo-
morphic breast voxel phantom(16), with a
description of glandular tissue in the me-
dial region. The simulated voxel model

Table 1 Set of radiation spectra based on a fixed molybdenum target and their respective characteristics.

Accelerating voltages (kVp)

26

28

30

32

34

26

28

30

32

34

Additional filter thickness and material

30µm-Mo

30µm-Mo

30µm-Mo

30µm-Mo

30µm-Mo

25µm-Rh

25µm-Rh

25µm-Rh

25µm-Rh

25µm-Rh

HVL (mm)

0.250

0.264

0.281

0.293

0.304

0.300

0.319

0.332

0.346

0.356

HVL, half-value layer.
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representing a medium sized breast with
4.1 cm thickness when compressed, was
based on an actual breast images acquired
by magnetic resonance imaging, and has
(1.38 × 1.38 × 1.00) mm3 voxels. All the
seven models, with their respective inter-
nal structures (if applicable), are shown on
Figure 1.

The models proposed by Barts and
Keithley were simulated with a type BR12
epoxy composition; the model proposed by
Dance was composed of a mixture of ma-
terial simulating fat and glandular tissues
and the remaining models were based on
the PMMA material with internal volumes
composed of paraffin wax. The composi-
tion of materials utilized in the models
description can be observed on Table 2.
The internal objects that allow the control
of mammographic image quality were not
simulated.

In the simulations, data were collected
for the calculation of the following values:
kerma, absorbed dose absorbed in organs
or tissues representative of the mammary

gland or in the breast as a whole, and the
photon fluence crossing the sensitive col-
lection volumes in the model. Such values
allowed the evaluation of the conversion
factor DgN by means of the division of the
absorbed dose by the glandular tissue (Dg)
or the absorbed dose by the model (D), and
the kermaIC.

It is important to highlight that some
models do not allow the tissues differentia-
tion and, consequently, do not allow the
determination of Dg, as such models are
composed of homogeneous mix of simu-
lated material. In this case, D ends up be-
ing equivalent to Dg. In the present study,
the authors considered the kerma collected
without backscattering in a chamber posi-
tioned at 4.0 cm above the bucky. Such
approximation is valid, as the models pre-
sented a thickness close to 4.0 cm.

Additionally, in order to facilitate the
comparison of data, the authors utilized the
absorbed dose in the model by photons
emitted by the source (D), in mGy, which
represents the probability of energy absorp-

tion by mass unit per photon emitted from
the source. In order to convert such value
into dose in the models by load collected
in the tube, it was necessary to multiply the
D values by the number of photons emit-
ted by mAs per unit of irradiated area. In
this case the area corresponded to 432 cm2.

RESULTS

The data presented compare dosimetric
quantities utilized in constancy tests and in
patients dosimetry, in the latter case focus-
ing on some parameters that involve dosim-
etry in anthropomorphic breast voxel
model. For such analysis, the following
parameters were utilized: DgN, kermaIC,
glandular dose, or absorbed dose in an
equivalent material, absorbed dose in the
breast or in the model, and absorbed dose
at different depths of the model. Addition-
ally the photons fluence and the HVL of the
collected fluence were also evaluated.

Figure 2 shows the comparative results
for DgN for all the studied models. All of
them present a similar behavior with a ten-
dency towards DgN increase as the HVL
increases.

The point of apparent DgN decrease
marks the alteration of the combination
Mo-Mo target-filter at the 0.293 and 0.304
points, and for Mo-Rh, at the 0.300 point,
demonstrating the influence of the spec-
trum generated by different target-filter
compositions on DgN. As compared with
the breast voxel model, the models pro-
posed by Dance, Keithley and Barts pre-
sented greater similarity in the DgN curve
format as a function of HVL. However, the
models defined as Keithley and Barts over-Figure 1. Schematic image of simulated non-anthropomorphic models and anthropomorphic breast model.

Table 2 Composition utilized to simulate the models materials.

Material

Hydrogen

Carbon

Nitrogen

Oxygen

Sodium

Potassium

Sulphur

Chlorine

Calcium

Density (g/cm3)

PMMA

0.080

0.600

–

0.320

–

–

–

–

–

1.170

BR12

0.087

0.699

0.024

0.179

–

–

–

0.001

0.010

0.970

Paraffin wax

ICRU-44

0.149

0.851

–

–

–

–

–

–

–

0.930

Glandular tissue

ICRU-44

0.106

0.332

0.030

0.527

0.001

0.001

0.002

0.001

–

1.020

Fat tissue

ICRU-44

0.114

0.598

0.007

0.278

0.001

–

0.001

0.001

–

0.950

Standard breast

50:50

0.1100

0.4650

0.0185

0.4025

0.0010

0.0005

0.0015

0.0010

–

0.985

PMMA, polymethylmethacrylate.
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estimated the value of DgN. The model pro-
posed by Dance underestimated the values
of DgN, with the smallest variations from
point to point, as compared with the voxel
model. In spite of the fact that the model
NA type 76-001 presented smaller varia-
tions in the values of DgN, the curve shape
was not constant, with underestimation and
overestimation points as compared with the
voxel model. The conversion of kerma into
glandular dose by means of the DgN factor
is dependent upon the measurements of
kermaIC, either with or without backscatter-
ing, and upon the collection geometry (over
the model and beside the model). Thus, it
is important to discuss the values of kermaCI

defined in each simulation condition.
The chart presented on Figure 3 shows

the behavior of simulated kermaIC without
considering backscattering. As expected,
for each target-filter combination, the
kerma in the chamber demonstrated a de-
creasing behavior with the increase of

HVL. The general characteristic of the
models simulated will be represented by
means of the addition of the backscattering
factor and the conversion factor of kermaIC

into glandular dose.
It is important to know the dose in the

model or in the breast in order to compare
the models (Figure 4A) and the dose in the
glandular tissue or equivalent material (Fig-
ure 4B).

The charts on Figure 4 demonstrate a
tendency of increase in the probability of
energy deposition energy as a function of
the increase in HVL. The probability of
total absorbed dose in the breast (Figure
4A) presented a more enhanced increase
than the probability of glandular dose ab-
sorption. As regards the probability of to-
tal dose absorbed in the breast, the simula-
tor NA type 76-001 presented the smallest
variations in comparison with the voxel
model, and the RMI type 156 presented the
largest variation. The probability of glan-

dular absorbed dose in the simulator de-
fined by Dance in 1990 presented the
smallest variations in comparison to the
voxel model. The NA type 76-001 pre-
sented the greatest variation. For the stud-
ied spectra, considering the dose of greater
interest in radiological protection (glandu-
lar dose), the behavior of the model pro-
posed by Dance in 1990 was most similar
to the behavior of the voxel model.

Figure 5 shows the behavior of ab-
sorbed dose in the sensitive volumes as the
radiation beam penetrates the models. In
general, for the same models and entrance
spectrum, the absorbed dose decreases with
the beam penetration depth.

The authors observed the absorbed dose
tendency to decrease in the entrance vol-
ume as the incident beam HVL increases.
In this collection, all the non-anthropomor-
phic models presented doses lower than the
one calculated for the voxel model. The
Keithley and the Barts models were the

Figure 4. Chart showing the behavior of dose normalized by photons emitted by the source on the breast or model (A) and dose on the gland or equivalent

material (B) for the studied models and spectrum.

A B

Figure 2. Behavior of DgN as a function of HVL for the different studied mod-

els.

Figure 3. Chart showing the behavior of kerma by photons emitted by the source

to the chamber at 4 cm above the bucky.
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ones presenting the absorbed dose values
in the entrance volume closer to those in the
breast voxel model.

The sensitive volumes recorded the
photon fluence, allowing the evaluation of
changes in the quality of the radiation beam
as it penetrated the simulated models. The
spectrum collected by each sensitive vol-
ume showed that the HVL values generally
present variations of > 70% in the compari-
son between entrance and exit sensitive
volumes, for the same model and radio-
graphic technique. In the comparison of the
entrance HVL values amongst all the mod-
els, a variation of < 10% was observed. As
the values of entrance volumes HVL varia-
tion, the Barts model presented greater
proximity to the values calculated for the
voxel model. On the other hand, for the
HVLs calculated for the medial and exit
sensitive volumes, the RMI type 156 model
presented the closest values to the ones cal-
culated for the sensitive volumes simulated
in the voxel model. As regards the models
with the greatest HVL variations, the RMI
type 156, NA type 76-001 and Phantom-
Mama presented the greatest variations for

the entrance volume, while the Barts, NA
type 76-001 and Keithley models presented
the greatest variations in the medial volume
and the Barts model presented the greatest
variation in the exit volume.

DISCUSSION

In all the models, the energy absorption
decreases as a function of beam penetra-
tion. However this occurs in a differenti-
ated manner because of the incident beam
radiation scattering processes and photon
absorption, which is dependent upon the
photons energy and model material. The
alterations observed in the dose are com-
patible with changes in the quality of the
beam estimated by HVL. In general, the
Barts and Keithley models presented the
smallest variations in absorbed dose nor-
malized by photon emitted by the source,
so they compare to the voxel model, for all
sensitive volumes and all studied spectra.
Variations of 10% to 15% in the HVL were
calculated for the entrance volumes, 0% to
10% for the medial volumes and 0% to
18%, for the exit volumes. On the other

hand, the NA type 76-001 model presented
the greatest HVL variations in all the stud-
ied spectra. Variations between 14% and
28% were calculated for the entrance vol-
umes, 34% and 41% for the medial vol-
umes, and 32 and 61% for the exit volumes.

As expected, the data regarding ab-
sorbed dose normalized by the number of
photons emitted by the source confirmed
that the absorbed dose in the breast and the
absorbed dose in the gland were different.
Thus, as the interest is actual dosimetry in
the patient, it is important to utilize mod-
els with anthropomorphic geometry, tissue
composition and location of glandular tis-
sue similar to those of the patient of inter-
est. On the other hand, for the activity of
dosimetry for assessment of constancy of
the X-radiation emitting equipment, one
should maintain the data collection process
and the model constant during the perfor-
mance of the tests.

The present study demonstrated some of
the geometrical limitations of the non-an-
thropomorphic models as compared with
the anthropomorphic model. It was demon-
strated that the choice for the non-anthro-

Figure 5. Behavior of dose by normalized photons emitted by the source on

the entrance (A), medial (B) and exit (C) volumes of the studied models for all

simulated spectra.

BA

C
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pomorphic model depends upon the quan-
tity to be measured or simulated. In other
words, if interest lies in the evaluation of
DgN and Dg values for median breasts with
glandular tissue in the medial region, the
model proposed by Dance is recom-
mended. If the quantity of interest is the
total absorbed dose in the breast, the most
recommended model is the NA type 76-
001, among the studied ones.

Taking the issues related to radiological
protection in mammography into consider-
ation, the model proposed by Dance is rec-
ommended that as presenting a behavior
similar to the voxel model representative of
a median breast, even if one considers that
such model underestimates all values cal-
culated for DgN. In articles published in
2005, Zankl et al.(4) and Dance et al.(5,11)

demonstrated the existing differences
based on the variations in the spatial dis-
tribution of the breast tissue. The recent
article published by Nigapruke et al.(17)

discloses results similar to those in the
present study as regards the behavior of
normalized dose as a function of incident
spectrum energy and deposited dose as a
function of depth.

The present study does not question the
use of non-anthropomorphic models for
constancy tests. Actually, considering that
this is a performance test, variations in the
radiographic imaging system will be per-
ceived provided the data collection geom-
etry, the model and the radiographic tech-
nique remain the same throughout the test.
However, it is the utilization of such mod-
els in the relationship with actual dosimetry
in patients that is questionable, and differ-
ent parameters should be considered(5). In
cases where the interest lies in calculating
the glandular dose in actual breasts, the
current most recommended procedure is to
perform the measurement of the breast
entrance air kerma, utilizing conversion
factors to correlate such measurement with
breast absorbed dose. For appropriate con-
version of the values, it is necessary to con-
sider the anatomic characteristics of the
breast, its compressed thickness and the
characteristics of the X-ray beam emitted

by the equipment: target-filter combination
and HVL.

CONCLUSIONS

The authors observed that mathematical
model recommended for estimating the
actual dose, utilizing conversion factors of
skin entrance air kerma into glandular dose,
depends upon characteristics such as equip-
ment geometry, particularities of the breast
anatomy and adopted radiographic tech-
nique. Such conversion factors must be
carefully selected according to the charac-
teristics of the imaging system and the
anatomy of the breast of interest. However
the authors could observe that non-anthro-
pomorphic models may be utilized to indi-
cate constancy parameters of the mammo-
graphic imaging system, but such models
do not represent the glandular dose in ac-
tual breasts. Thus, as dosimetric quantities
are calculated, it is important to select the
model with greatest similarity to the breast
of interest, so that the applied correction
factors are appropriate.

Based on these data, the authors sug-
gests the determination of correction fac-
tors and/or coefficients, the HVL of the
spectra utilized in mammography, consid-
ering other target-filter combinations and
maximum accelerating voltages to assist in
the calculation of actual DgN for different
configurations of equipment currently in
the market. Additionally, the authors sug-
gests the study of “voxelized” models for
the generation of actual glandular dose, i.e.,
the idealization of an actual model that
comes closer to the distribution of an an-
thropomorphic breast for use in the estima-
tion of actual dose in the breast.
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