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Abstract

Introduction: Many physiological changes of breast elasticity depend on the age,
hormonal status, menstrual cycle and many others. The aim of this study was
to evaluate viscoelastic properties of normal breast tissues in a large group of
women and to search for factors which play a role in its mechanical properties.
Material and methods: 101 women aged 18-74 years who underwent B-mode
sonography and additionally sonoelastography. We measured viscoelasticity in
8 quadrants by a share wave ultrasonic device estimating Young modules in
regions of interest.

Results: Mean elasticity measured in all 8 scans in glandular and fatty tissue
were 11.28 +5.79 kPa (0.1-46.26 kPa) and 9.24 +4.48 kPa (0.1-29.78 kPa),
respectively. The correlation between age and mean elasticity of glandular tissue
was Rs = 0.27 (p = 0.007). The correlation between glandular tissue elasticity
heterogeneity and breast mastalgia measured by VAS was Rs = —0.23 (p = 0.241).
Fat tissue elasticity correlated with duration of lactation was Rs = 0.21 (p = 0.01).
Conclusions: There are several parameters influencing breast viscoelasticity
measured by share wave sonoelastography. Glandular tissue elasticity correlates
positively with age, fatty tissue elasticity correlates positively with duration of
lactation and heterogeneity of the elasticity map of glandular tissue correlates
with breast pain and fat tissue with BMI.

Key words: elastography, breast elasticity, breast ultrasound, viscoelasticity, share
wave elastography.

Introduction

The mechanics of normal breast in women is complicated and there is
no literature in this field. The knowledge of breast forces, vectors and tissue
mechanics is very important for clinical applications like planning in plastic
surgery, breast cancer risk identification and prediction and others [1].

Breast tissue composition is a very important risk factor for breast
cancer. Techniques evaluating the breast as a mixture of tissues like:
mammography, ultrasonography, magnetic resonance imaging (MRI) or
elastography are methods of evaluating a histology-like map of tissues
[2]. The two major tissues building the breast are glandular and fatty tissue.
Their proportions, connective tissue content, size, shape also vary over
the time in the same woman (e.g. during the menstrual cycle) and between
women [1, 3, 4]. There are many studies indicating that the increase in
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breast density as measured e.g. in mammography,
is a strong risk factor for breast cancer. Efforts are
also made to quantify the breast density [5, 6].
Since Wolfe divided the breast density according to
the cancer risk, a variety of approaches for
measuring breast density was developed. Most of
these quantitative measures ignore the physical 3D
features of the breast. Breasts have different
thickness and potentially could yield the same
mammography density corresponding to widely
varying volumetric breast density values [6].

Such limitation does not appear when measuring
breast elasticity by ultrasound elastography. Breast
viscoelasticity measurement, especially by newly
developed sonoelastography techniques, is suggested
to be important for breast tumour diagnosis. Elasticity
could be also a potential risk factor for breast cancer
similar to breast density measured by other imaging
techniques. It remains an open question how
elasticity corresponds to breast fibroglandular density.
The aim of this study was to evaluate viscoelastic
properties of normal breast tissues in a larger group
of women and to search for anamnestic factors which
play a role in its mechanical properties.

Material and methods

We examined 101 women aged 18-74 years who
underwent B-mode sonography in the Gynaecologic
and Obstetrical University Hospital in Poznan,
Poland. The study was performed between
November 2009 and April 2010. All subjects filled
in the questionnaire concerning a general medical,
obstetrical and breast history as well as Visual
Analogue Scale (VAS) of breast cyclic or non-cyclic
mastalgia. Among subjects, 47 women underwent
screening mammography according to national
guidelines and additionally underwent sono-
elastography. Their examinations yielded no
abnormalities (BIRADS 1, Breast Imaging Reporting
and Data System 1). Other 54 patients were
diagnosed in our departments because of breast
disorders including: breast pain, breast palpable
mass or were healthy volunteers. All 101 patients
underwent classical B-mode breast sonography
(Aixplorer Ultrasound System, SuperSonic Imagine
SA, France), which yielded no abnormalities
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Figure 1. Division of eight scans taken during
the breast elasticity ultrasonic examination

(BIRADS 1, n = 56) or benign cysts, tumours
and other benign disorders, classified as BIRADS 2
(n = 42) and BIRADS 3 (n = 3). The ultrasound
examination as well as sonoelastography were
performed by a gynaecologist with 7 years’ ex-
perience in breast ultrasound (PR) and
radiologists (A.S. and M.S-Z) with 16 and 14 years’
experience in breast ultrasound, respectively. The
equipment enables performance of normal
ultrasound with linear probe (15 MHz) and
additionally real-time sonoelastography. The
methodology consists of the generation of a remote
radiation force by focused ultrasonic beams. Each
pushing beam generates remote vibration that
results in the propagation of transient shear wave.
Several pushing beams transmitted at different
depths result in quasi-plane shear wave front which
propagates through the whole imaging region of
interest (ROI) [7, 8]. After the B-mode ultrasound,
a second part of examination was performed,
which was the elastography research protocol. We
divided the left and right breast into 8 quadrants
and obtained, using the elastography mode, 8 scans
of normal breast tissue from both breasts in the
order illustrated in Figure 1. In a group of patients
classified as BIRADS 2 or 3 we omitted the
pathologic region which was previously diagnosed
(e.g. cysts) with a distance of minimum 1.5 cm.
When obtaining a single scan the region of
interest (ROI) was set to include subcutaneous fat
at the top and the margin of pectoral muscle at the
bottom. The best grayscale scan was used to
identify glandular and fat tissue. All elastography
scans included measurements with 2 to 3 mm
diameter Q-box (area of elasticity measurement in
kPa) in glandular and fat tissue. The chosen area
was typical and representative for glandular and
fatty tissue in grayscale ultrasound and Q-box
diameter depended on the tissue diameters.
Parameters included mean elasticity in Q-box,
minimal and maximal elasticity in Q-box, standard
deviation (SD). Additionally, we calculated the
heterogeneity of the sonoelasticity map in ROI by
estimating a minimum to maximum range and
dividing it by the minimal elasticity value and mean
value. From all 101 patients, 808 elastography scans
were obtained from 8 quadrants. For analysis, we
calculated a glandular to fatty tissue ratio and we
also grouped breast quadrants into inner (scans 3,
4,5 and 6) and outer ones (scans 1, 2, 7 and 8).
All data were stored in Ms Excel calculation sheet
(Microsoft Corp, USA) and analyzed with SigmaStat
3.1 (Jandel Corp, USA). The normal distribution was
confirmed by Kolgomorov-Smirnoff test. Differences
between parameters were analyzed with Mann-
Whitney test. The correlation between parameters
was checked by Spearman’s test. The factor
influencing elasticity (dependent value) was
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checked by the multiple linear regression model.
P values less than 0.05 were considered significant.
The study was approved by a local bioethics
committee at the Poznan University of Medical
Sciences.

Results

Mean age of the examined group was 43.1 +11.6
years. Mean elasticity measured in all 8 scans in
glandular and fatty tissue was 11.28 +5.79 kPa
(0.1-46.26 kPa) and 9.24 +4.48 kPa (0.1-29.78 kPa),
respectively. The correlation between glandular and
fat tissue and age, pregnancies, lactation, BMI (Body
Mass Index) and mastalgia is presented in Table I.
When dividing breast quadrants into inner and

Several factors influence breast viscoelasticity

outer quadrants, some differences in elasticity were
noticed. Mean elasticity values in glandular tissue
in inner quadrants vs. outer quadrants were 12.4
+6.4 and 10.9 8.3, respectively (p < 0.001). Mean
elasticity values in fat tissue in inner quadrants vs.
outer quadrants were 10.6 5.3 and 8.1 +4.7,
respectively (p < 0.001). The correlation between
glandular and fat tissue according to inner and
outer quadrants and age, pregnancies, lactation,
BMI and mastalgia is presented in Table Il.

The mean elasticity heterogeneity of glandular
tissue was 6.22 +3.48 kPa (0-21.2 kPa). Mean
elasticity heterogeneity of glandular tissue in inner
and outer quadrants was 7.09 +4.35 kPa (0-29.5 kPa)
and 5.35 +3.79 kPa (0-21.2 kPa), respectively.

Table I. Correlations between glandular and fat tissue elasticity and selected parameters

Mean Minimum Maximum Mean fatty Minimum Maximum
glandular glandular glandular tissue fatty tissue fatty tissue
elasticity elasticity elasticity elasticity elasticity elasticity
of both of both of both of both of both of both
breasts [kPa]  breasts [kPa]  breasts [kPa] breasts[kPa]  breasts [kPa] breasts [kPa]

Age [years] Rs =0.27 Rs=0.24 Rs =0.22 Rs = 0.10 Rs =0.13 Rs = 0.01
P =0.007 P=0.0172 p =0.0321 P=0.30 p=0.18 p =091

Pregnancies [No] Rs =0.01 Rs = 0.04 Rs =0.01 Rs =0.05 Rs = 0.06 Rs =0.03
P=0.84 p=0.67 p=0.88 P=0.62 p =050 p=076

Age of the 1st Rs =0.06 Rs =0.10 Rs =0.09 Rs =0.11 Rs =0.14 Rs =0.15
delivery [years] P=0.53 p =032 p =037 P=0.27 p =017 p=0.14
Lactation [years] Rs =0.01 Rs =0.11 Rs =0.03 Rs=0.21 Rs =0.25 Rs =0.25
P=0.86 p=027 p=076 P=0.03 p=0.01 p =0.01

BMI [kg/m?2] Rs =0.19 Rs = 0.09 Rs=0.10 Rs = 0.09 Rs =0.10 Rs =-0.02
P=0.55 p =032 p =029 P =033 p =030 p=079

VAS breast pain Rs =-0.13 Rs =0.04 Rs =-0.05 Rs =-0.12 Rs =-0.01 Rs =-0.11
[mm] P=0.19 p=0.70 p =0.60 P=0.21 p =087 p =031

ratio and selected parameters

Table Il. Correlations between elasticity divided into inner and outer quadrants and the glandular to fat elasticity

Mean Mean Mean fatty Mean fatty Glandularto  Glandular to
glandular glandular tissue tissue fat ratio (G/L) fat ratio (G/L)
elasticity elasticity elasticity elasticity elasticity elasticity

of inner of outer of inner of outer of inner of outer

quadrants [kPa] quadrants [kPa] quadrants [kPa] quadrants [kPa] quadrants [1/1] quadrants [1/1]

Age [years] Rs =0.32 Rs =0.14 Rs =0.12 Rs = 0.04 Rs = 0.16 Rs=0.24
P=0.001 P=0.16 p =034 p=0.64 p=0.11 p =0.0155
Pregnancies [No] Rs =0.09 Rs =-0.04 Rs =0.08 Rs =-0.01 Rs = 0.003 Rs =0.58
p =038 p=0.68 p =043 p=0.89 p =097 p =057
Age of the 1st Rs =0.09 Rs = 0.05 Rs =0.18 Rs = 0.02 Rs =-0.19 Rs = 0.05
delivery [years] p=0.38 p=0.63 p=0.07 p=0.79 p=0.05 p=0.64
Lactation [years] Rs = 0.05 Rs = 0.00 Rs =0.28 Rs =0.07 Rs =-0.26 Rs =-0.15
p =0.65 p =0.99 p = 0.005 p =0.51 p=00121 p=0.15
BMI [kg/m?2] Rs =0.15 Rs = 0.66 Rs = 0.06 Rs =-0.01 Rs =0.08 Rs = 0.22
p=0.14 p =0.50 p =056 p=0.90 p =042 p =0.0274
VAS breast pain Rs =-0.07 Rs =0.15 Rs =-0.07 Rs =0.05 Rs =-0.03 Rs =0.08
[mm] p=0.53 p=0.16 p=0.50 p =0.62 p=0.77 p =042
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Table Ill. Analysis of elasticity heterogeneity in ROl with selected parameters

Age Pregnancies Age of the Lactation BMI VAS breast

[years] [No] 1st delivery [years]  [months] [kg/m2] pain [mm]
Glandular tissue Rs =0.13 Rs = 0.00 Rs = 0.08 Rs =-0.03 Rs = 0.09 Rs =-0.15
heterogeneity p=0.19 p=093 p =041 p=0.70 p=0.36 p=0.14
(max-min, kPa)
Glandular tissue Rs = 0.09 Rs = 0.04 Rs = 0.08 Rs = -0.05 Rs=-0.01 Rs=-0.16
heterogeneity p =032 p=0.65 p =0.40 p=0.58 p=093 p=0.15
(max-min, kPa),
inner quadrants
Glandular tissue Rs =0.14 Rs =-0.02 Rs = 0.09 Rs = 0.02 Rs = 0.17 Rs =-0.11
heterogeneity p =0.14 p =0.83 p=0.35 p=0.81 p =0.07 p=0.33
(max-min, kPa),
outer quadrants
Glandular tissue Rs =-0.13 Rs = -0.04 Rs =-0.01 Rs =-0.15 Rs=-0.01 Rs=-0.23
heterogeneity p=0.18 p=0.65 p=0.94 p=0.13 p=0.89 p =0.0241
(% of mean elasticity)
Glandular tissue Rs =-0.12 Rs =-0.03 Rs = 0.01 Rs =-0.13 Rs=-0.01 Rs=-0.25
heterogeneity p =021 p=0.76 p =0.96 p=0.17 p =091 p =0.0226
(% of minimal elasticity)
Fat tissue heterogeneity Rs =-0.03 Rs =0.01 Rs=0.12 Rs =0.17 Rs=-0.09 Rs=-0.21
(max-min, kPa) p=0.78 p=0.92 p=0.22 p = 0.08 p=0.37 p = 0.055
Fat tissue heterogeneity Rs =-0.01 Rs =0.03 Rs=0.18 Rs =0.22 Rs=-0.10 Rs=-0.29
(max-min, kPa), p=0.96 p=0.71 p = 0.06 p = 0.0318 p=0.32 p =0.007
inner quadrants
Fat tissue heterogeneity Rs =-0.01 Rs =0.01 Rs =0.08 Rs =0.09 Rs =-0.08 Rs =0.03
(max-min, kPa), p=0.92 p =0.90 p=0.44 p=034 p =0.40 p=0.77
outer quadrants
Fat tissue heterogeneity Rs =-0.17 Rs =-0.01 Rs = 0.05 Rs =-0.05 Rs=-0.24 Rs=-0.16
(% of mean elasticity) p =0.08 p=0.93 p = 0.64 p =0.62 p =0.016 p=0.14
Fat tissue heterogeneity Rs =-0.18 Rs =0.01 Rs = 0.04 Rs =-0.05 Rs=-0.22 Rs=-0.15
(% of minimal elasticity) p=0.08 p=0.94 p=0.70 p=0.59 p =0.0256 p=0.16

Heterogeneity of glandular tissue expressed as
% of mean elasticity was 55.1 +18.0% (0-103.8%).
The mean elasticity heterogeneity of fat tissue
was 5.52 +3.04 kPa (0-17.2 kPa). Mean elasticity

heterogeneity of fat tissue in inner and outer
quadrants was 6.21 +3.86 kPa (0-19.8 kPa) and 4.82
+3.20 kPa (0-17.0 kPa), respectively. Heterogeneity
of fat tissue expressed as % of mean elasticity
was 61.0% +24.4 (0-144.9%). The difference in
heterogeneity between glandular and fat tissue in
the whole breast, inner quadrants, outer quadrants
was statistically insignificant (p = 0.079, p = 0.084,
p = 0.026, respectively). Correlations between breast
elasticity heterogeneity and selected parameters
are presented in Table Ill and Figuers 2-4.

We also performed the regression analysis. The
best fit model involving two parameters (age and
duration of lactation) explaining 15% of elasticity
results in our study (adjusted R? = 0.146) was:
glandular tissue elasticity (kPa) = 1.011 + (0.0132
x age) — (0.0143 x months of lactation) +0.451.

Discussion

The main purpose of this study was to evaluate
elasticity of normal breast tissues in vivo using
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Figure 2. Correlation between age and mean
elasticity of glandular tissue measured in quadrants
1-8 (both breasts)
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supersonic share imaging. Morphologic scoring of
breast elasticity maps parallel to BI-RADS
classification was suggested by some authors.
Many papers analyzed the possible use of
Matsumura elasticity scoring system in differential
diagnosis of breast tumours, which had higher
sensitivity and specificity than B-mode ultrasound
[9, 10]. In the major part of elastography studies
the precise quantification of elasticity was not
possible because the elasticity map represented
relative values during freehand breast compression
[9, 11]. Using the new shear wave technology, the
exact quantification of elasticity (or precisely to say
Young modules) is possible as well as its colour-
coded map [8]. Normal breast elasticity evaluation
is still missing in the literature [9, 11]. We and other
authors suggest other potential fields of elasto-
graphy application, e.g. plastic breast surgery, radio-
therapy or chemotherapy progress, oncologic com-
plication and rehabilitation after breast cancer
treatment [1].

Almost all properties of breast tissue are
associated with diseased tissue, like water content,
acoustic tissue scattering and density and many
physiologic fluctuations [12]. Results of our
examinations in normal breast tissue using
supersonic shear imaging are similar to those
described by Tanter et al. — in normal fat and
glandular tissue the Young’s modulus ranged
between 3 kPa and 45 kPa. Mean elasticity in
glandular tissue in our study was 11.28 kPa, and
was lower than mean values measured by Tanter
et al. They also noticed smaller values of fat tissue
than glandular regions, but this difference in our
study was smaller than that reported by Tanter
et al. Elasticity of fatty tissue in our results was
9.24 kPa and was similar to values measured by
these authors (5-10 kPa) [8]. Our results with lower
Young’s modulus of fat and glandular tissue are
similar to other authors who performed MR
(magnetic resonance) elastography measurements
[8, 13]. McKnight et al. used in MR elastography
100 Hz shear wave and their glandular tissue
was characterized by mean Young modulus of
7.6 £3.6 kPa. For fat tissue it was 3.3 £1.9 kPa and
the heterogeneity was modest. They did not cal-
culate exact values, but reported that fibroglandular
tissue had higher heterogeneity values, as in our
study [13].

The phenomenon of different Young modules in
some studies could be partially explained by the
250 Hz frequency of shear wave (bandwidth
ranging from 50 to 450 Hz) compared to 50-80 Hz
in MRI [8].

Other application of elastography could be
the ultrasonic evaluation of microcalcifications. Cho
et al. analyzed breast elastograms from regions
corresponding to mammographic microcalcifi-

Several factors influence breast viscoelasticity
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cations. The breast stiffness was lower in cases of
benign conditions when compared with cancers.
But the difference was statistically significant when
benign nonproliferative, proliferative, in situ cancers
were compared with invasive malignant disease.
Interestingly, the prediction of benign lesion was
100% when the microcalcifications region was
smaller than 1 cm in diameter [14].

In some earlier studies, DCIS (Ductal Carcinoma
in situ) specimens were measured in vitro and
demonstrated more complex elastic modules than
normal breast tissue. In empirical studies, DCIS
specimens were softer than normal glandular
and fibrous tissue at low strain levels and
simultaneously stiffer at high strain levels [14, 15].
But these studies were performed using the older
technique consisting of breast compression that
introduces potentially additional examiner-dependent
error. That is why we proposed researching the
elasticity measurements by the shear wave
technique. Within the Q-box, the circular area of the
elasticity map comprises many pixels representing
exactly measured elasticity. We called this parameter
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tissue heterogeneity. The fat tissue heterogeneity
correlated with BMI and glandular elasticity
heterogeneity correlated with mastalgia. Knowledge
of exact values of stiffness and physiological
fluctuations is of potential use. McKnight et al.
showed that patients with lower tumour stiffness
measurements tended to have lower shear stiffness
in adjacent adipose tissue. Patients with tumours of
higher stiffness had also higher adjacent fat tissue
measurements. This could occur due to local oedema
[13]. As the physiologic conditions were estimated in
our pilot study, further analyses with breast
pathologic conditions are needed to evaluate the
potential use of elastographic tissue heterogeneity.

The correlation between viscoelastic properties
of breast tissue and factors which influence
physiologic changes (such as age, menstrual cycle,
hormonal status, lactation and others) is a new
problem and little is known about it. Many
physiological changes depend on the age,
hormonal status, menstrual cycle and many others
[16]. The use of hormonal contraception, age,
pregnancy are also very important for histological
changes in the breast, like fibroglandular
proliferation and apoptosis [17, 18]. Various
hypotheses were developed to explain the
observed variation of breast volume and
hydratation. The same process occurs during
pregnancy and to a lesser degree, during every
menstrual period. Especially pregnancy causes an
increase in the hyperplasia of epithelial cells,
their differentiation and organization into ducts,
and the disappearance of connective tissue. The
reverse occurs when lactation is interrupted,
epithelial cells disappear and connective tissue
goes hyperplasic [16, 19]. The question is why we
observed a positive correlation between age and
breast elasticity (stiffness) in the whole breast and
especially in inner quadrants compared to outer
quadrants. Why does the elasticity differ between
quadrants? The probable answer could be partially
explained by breast composition. There is growing
evidence that breast cancers in inner quadrants
have increased mortality [20, 21]. Sarp et al.
observed lower grading of breast cancers in outer
quadrants (G1, 37.7% vs. 25.4%) and this is the
reason why inner quadrants cancer have poorer
prognosis. As a consequence, the percentage of
internal mammary chain metastases increase [20].
Tumours in outer quadrants are also more
frequent and it was believed to be directly
proportional to the amount of breast tissue in
each quadrant. But this hypothesis of tumour
development solely on the tissue volume does not
explain much higher excess of cancers in outer
quadrants. Ellsworth et al. observed greater
genomic instability in outer quadrants compared
to inner ones. This could partially explain the

tendency for tumours to develop in outer
quadrants and not simply as a function of breast
tissue volume differences [21]. This could support
the hypothesis of differences in inner and outer
breast quadrants tissue composition, activity and
hormonal regulation. But little is known how it
influences breast elasticity in inner and outer
quadrants. We could only speculate that age-
dependent correlation between glandular tissue
and elasticity depends on faster glandular tissue
remodelling in inner quadrants. But it remains
unknown why lactation influences fatty tissue
heterogeneity. The number of pregnancies and age
of the first pregnancy did not influence the
elasticity and its heterogeneity, probably because
of more subtle cell changes rather than tissue
remodelling. But in other studies it has been
observed that breast mammographic density
decreases with age and pregnancies. It was
correlated with water breast content. Empirical
evidence and Pike model of breast cancer
development emphasize an important role of
breast-tissue composition especially in younger
subjects [2]. The design of our study included
patients at different ages, not only in perimeno-
pause.

Mammography and MRI are different methods
of density evaluation, but are well correlated. The
mean percentage of breast water that represents
fibroglandular tissue differs especially in younger
women and this difference decreases with age.
However, women with more dense tissue at
a young age have a higher risk for cancer [2]. Breast
elasticity measured in our study is probably also
independent of pregnancy-dependent factors and
more correlated with family-specific physical
features of breasts. Further studies comparing and
correlating elastography with mammography, MR],
risk factors are needed.

Summarizing, the quantitative mapping of breast
tissue elasticity is feasible in vivo when using the
shear wave technology. This newly developed
elastography mode is promising to be less operator-
dependent than previously used static elastography.
In the first case, the remote excitation is produced
by the system itself and not by mechanical
displacement by the operator [9-12]. All these
parameters and their derivates like heterogeneity
could add new clinical values in various fields of
breast physiology, pathology and treatment.

In conclusion, we estimated that glandular tissue
elasticity measured as Young modulus by shear
wave ultrasound correlates positively with age. Fatty
tissue elasticity correlates positively with duration
of lactation. Heterogeneity of the elasticity map of
glandular tissue correlates with breast pain and fat
tissue with BML.
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