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Abstract: Digital mammography has become a first-line diagnostic tool for clinical breast cancer
screening due to its high sensitivity and specificity. Mammographic compression force is closely asso-
ciated with image quality and patient comfort. Therefore, optimizing breast compression parameters
is essential. Subjects were recruited for digital mammography and breast magnetic resonance imaging
(MRI) within a month. Breast MRI images were used to calculate breast volume and volumetric
breast density (VBD) and construct finite element models. Finite element analysis was performed
to simulate breast compression. Simulated compressed breast thickness (CBT) was compared with
clinical CBT and the relationships between compression force, CBT, breast volume, and VBD were
established. Simulated CBT had a good linear correlation with the clinical CBT (R2 = 0.9433) at
the clinical compression force. At 10, 12, 14, and 16 daN, the mean simulated CBT of the breast
models was 5.67, 5.13, 4.66, and 4.26 cm, respectively. Simulated CBT was positively correlated with
breast volume (r > 0.868) and negatively correlated with VBD (r < –0.338). The results of this study
provides a subject-specific and evidence-based suggestion of mammographic compression force for
radiographers considering image quality and patient comfort.

Keywords: mammography; breast magnetic resonance imaging; compressed breast thickness;
compression force

1. Introduction

Digital mammography has high sensitivity and specificity for detecting microcalci-
fication and mass in breasts [1]. It has become a front-line tool for clinical screening for
breast cancer. However, the breast must be mechanically compressed during examinations.
Insufficient compression force results in high compressed breast thickness (CBT), which
reduces image quality and increases breast dose [2]. On the other hand, vigorous compres-
sion makes the patient uncomfortable during imaging procedures [3]. Some women even
refuse mammography because of the painful experience. The compression force is closely
related to breast volume and density [4]. Therefore, the use of breast tissue information
may help us to determine objective recommendations for mammographic compression.

Asian women generally have denser mammary glandular tissue, and breast cancer
occurs at a younger age compared with women in Europe and the United States. Breast
ultrasound is often the first examination, especially for those who already have symptoms.
However, breast ultrasound cannot detect microcalcifications in the case of carcinoma in situ.
Digital mammography has thus become the primary method of screening asymptomatic
and high-risk women. Breast tomosynthesis is a new technique that has been designed
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to reduce tissue overlap for the extremely dense breast. It provides better visualization
and characterization of tumor mass, asymmetric density, and architectural distortion in
the breast, thus reducing the number of unnecessary biopsies. Breast magnetic resonance
imaging (MRI) has increasingly been used for the diagnosis of mammographically occult
cancer [5]. Breast MRI provides three-dimensional and multi-axis imaging with high tissue
contrast, making it suitable for evaluating breast volume and density and constructing
digital breast models.

To bridge the gap between breast MRI and mammography, simulation of breast com-
pression using the finite element method (FEM) has been performed for breast tumor
excision [6] and breast imaging [7]. Shih et al. [8] used MR images and the hyperelastic
model to simulate four cases of breast compression in craniocaudal (CC) and mediolat-
eral oblique (MLO) views. Thanoon et al. [9] applied the neo-Hookean model to simu-
late breast deformation after breast preservation therapy. Pianigiani et al. [10] inserted
several nodules into the breast model to predict a large deformation of breast tissue.
Lapuebla-Ferri et al. [11] produced virtual mammograms and tracked breast lesions across
different views. Other studies have investigated the deformation and registration of breast
lesions between different imaging modalities [12–14]. To our best knowledge, no studies
have performed clinical validation of mammographic CBT for FEM simulation.

In clinical practice, the compression force applied for digital mammography is highly
dependent on radiologic technologists [15]. Currently, there are no scientific recommen-
dations regarding the appropriate compression force or CBT during mammography. The
objective of this study was to establish the relationships between compression parame-
ters of mammography and tissue parameters of breast MRI using FEM. Bridging the gap
between these two modalities can provide evidence-based mammographic compression
guidance under consideration of patient comfort, image quality, and radiation dose.

2. Materials and Methods
2.1. Case Collection

A total of 65 subjects were recruited for digital mammography and breast MRI within
one month. The age of the subjects ranged from 45 to 69 years, with a mean age of 49 years.
The inclusion criteria were women over 45 years of age and registered in the Taiwanese
National Cancer Screening Program for breast cancer screening every two years. The exclu-
sion criteria were women who had any of the following conditions: suspected or confirmed
breast tumors, breast implants, and breast mastectomy. The research procedures were
approved by the Institutional Review Board of Chi Mei Medical Center (No. 10002-012),
and all subjects gave their written informed consent.

2.2. Image Acquisition

A Senographe DS system (GE Healthcare, Milwaukee, WI, USA) was used to perform
digital mammography. The CC view was acquired with a compression force greater
than 10 daN, which is recommended by the Taiwan Health Promotion Administration for
full-field digital mammography. If subjects verbally expressed severe pain during breast
compression, their image data were excluded from the analysis. The corresponding CBT
was recorded and the breast imaging reporting and data system (BI-RADS) classification
was performed according to the 5th edition of BI-RADS [16]. For breast MRI, an Aurora
1.5T dedicated breast MRI system (Aurora Imaging Technology, North Andover, MA, USA)
was used to acquire T2 images with a flip angle of 45 degrees, a repetition time (TR) of
29 ms, an echo time (TE) of 4.8 ms, and a slice thickness of 1.125 mm. Each breast MRI
dataset comprised 160 axial images, and each image had a matrix size of 512 × 512 and a
pixel size of 0.7 × 0.7 mm2.

In terms of image quality, mammograms should have uniform exposure, good image
contrast, full tissue coverage, correct breast positioning, and no motion blurring, whereas
breast MR images should not have motion artifacts, inhomogeneous fat saturation, phase
wrap, and chemical shift. The acquired images were further verified for the above criteria
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by a senior radiologist. Finally, a total of 40 breast datasets with both MR images and
mammograms were used for modeling and compression simulation.

2.3. Image Segmentation

Three-dimensional breast models were constructed using MR images. A standard
region growth algorithm was applied with a seed point manually placed in the breast to
outline the contours of the breast. The chest wall and pectoralis major were excluded from
the calculation of breast volume. Glandular tissue was then segmented using pixel values
ranging from 900 to 1000 according to the histogram of MR images. The difference set
between the entire breast and the glandular region was taken as adipose tissue. Volumetric
breast density (VBD) was calculated as the ratio of glandular volume Vg to breast volume
Vb. Figure 1 shows a computer-aided design (CAD) model with a breast volume of
286.8 cm3 and a VBD of 18.9%.
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Figure 1. CAD model of a breast including (a) the contour of the breast, (b) the glandular tissue, and
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286.8 cm3, 54.0 cm3, and 18.9%, respectively.

2.4. Finite Element Modeling

A two-dimensional (2D) mesh was built using a set of quads to define the outer surface
of breast models. A tetrahedral volume mesh was then generated with an edge length of the
element of 4 mm to compose the internal structure. On average, a total of 3270 nodes and
28,977 elements were required to compose a model. Abaqus (Dassault Systèmes, Waltham,
MA, USA) was used to simulate compression of the breast model, where the Mooney-Rivlin
biomechanical model was applied to address tissue behavior. The C10 and C01 material
parameters of the biomechanical model were set as 2000 Pa and 1333 Pa, respectively, for
adipose tissue and 3500 and 2333.3 Pa for glandular tissue [17].

The breast model was placed between a fixed support paddle and a compression
paddle which exerted a downward movement during compression. The displacement of
the nodes belonging to the chest wall and pectoralis muscle was set to zero as a boundary
condition. During FEM simulation, the applied force and the corresponding paddle dis-
placement were recorded. The distance between the two paddles is denoted as simulated
CBT. The clinical CBT of the subject was compared with the simulated CBT at the clinical
compression force of the subject. Furthermore, the breast model was compressed by 10, 12,
14, and 16 daN to investigate the simulated CBT as a function of breast volume and VBD.

3. Results

Figure 2 illustrates the distributions of clinical CBT obtained from digital mammog-
raphy and breast volume and VBD obtained from breast MRI. The clinical CBT ranged
from 2.3 to 8.1 cm with a mean value of 4.68 cm, which is similar to the average CBT of
Taiwanese women [18]. The breast volume ranged from 232 to 1358 cm3 with a mean value
of 575.7 cm3, and VBD ranged from 1.4% to 42.5% with a mean VBD of 16.0%. Figure 3a
shows the correlation between breast volume and clinical CBT with a Pearson correlation
coefficient r of 0.900 (p < 0.001), suggesting a significant positive correlation. Figure 3b
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shows the correlation between VBD and clinical CBT. A moderately negative correlation
(r = –0.474, p < 0.05) was observed.
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Figure 3. (a) Strong positive correlation between breast volume and clinical CBT (r = 0.900) and
(b) moderately negative correlation between VBD and clinical CBT (r = −0.474).

The box plot of VBD obtained from breast MRI for different categories of BI-RADS
obtained from mammography is shown in Figure 4. The most frequently occurred BI-RADS
category was c, followed by d and b, and the corresponding mean VBD was 14.7, 19.7, and
3.6%. No cases of category a were recorded. Although the VBD and BI-RADS category
exhibited a positive correlation, the widespread and overlapping distribution of VBD
between each category infers that the BI-RADS classification is influenced by observers and
cannot accurately quantify breast density.

Figure 5 shows the compression force as a function of paddle displacement for dif-
ferent volumes of breast models. The compression force increased dramatically when the
displacement exceeded 60 mm. The breast volume did not significantly affect the shape
of the curve. Figure 6 illustrates node displacement in the compressed breast model of
the left breast of a 52-year-old woman, whose breast tissue parameters are Vb = 670.3 cm3,
Vg = 155.6 cm3, and VBD = 23.2%. At the same compression force of 15 daN, the simulated
CBT and the clinical CBT were 5.6 cm and 5.3 cm, respectively. The tissue in the outer
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region of the breast model was moved outward and backward, whereas the tissue in the
inner region was moved outward and forward.
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Figure 7a shows the scatter plot of the simulated CBT obtained from the breast models
and the clinical CBT obtained from mammography at the same clinical compression force.
The simulated CBT increased as the clinical CBT increased with good fitting linearity
(R2 = 0.9433). The studentized residual as a function of clinical CBT is shown in Figure 7b.
The residuals were randomly scattered without showing any noticeable trend. A paired
sample t-test was performed at a 95% confidence level, showing no significant differences
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(p = 0.564). These results demonstrate the accuracy of FEM and mechanical deformation of
the breast models.
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The simulated CBT as a function of breast volume for different compression forces
is shown in Figure 8a. The average simulated CBT at 10, 12, 14, and 16 daN was 5.67,
5.13, 4.66, and 4.26 cm, respectively. The simulated CBT was highly positively correlated
with breast volume (r > 0.868, p < 0.001). In Figure 8b, the simulated CBT was plotted
against VBD, demonstrating moderate negative correlations at 10, 12, 14, and 16 daN
(r < −0.338, p < 0.05). Combined with the results in Figure 3, once a patient’s breast volume
or VBD is known through the linear fitting of clinical CBT or directly measuring from
MRI or Volpara software [19], we can obtain an appropriate compression force and CBT as
clinical recommendations.
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4. Discussion

The dense breast has more glandular tissue and a higher chance of developing breast
cancer [20]. Therefore, several evaluation methods of mammographic parenchymal patterns
have been proposed to classify mammographic density, in which the BI-RADS classification
divides the breast into four categories, namely extremely dense, heterogeneously dense,
scattered, and entirely fatty. Although the BI-RADS category has a strong positive corre-
lation with VBD (Figure 4), it is a qualitative surrogate, and the quantity it represents is
not explicit [21]. The correlation between VBD and clinical CBT established in this study
(Figure 3b) makes the clinical CBT a potential density indicator for assessing breast cancer
risk [22]. High-risk subjects should be mammographically screened at a higher frequency
or perform additional breast MRI.

A total of 65 subjects were randomly recruited for this study. The distributions of their
CBT, breast volume, and VBD (Figure 2) matched very well with the clinical distributions
of Taiwanese women investigated by Dong et al. [18], indicating there is no sampling bias.
Such non-uniform sampling does not affect the applicability of the fitting results, while it
can provide more accurate compression parameters for most clinical conditions. In other
words, the extreme clinical CBT, breast volume, or VBD contribute less to the fitting results
and will not significantly affect the suggested compression parameters.

The Mooney-Rivlin model is a kind of hyperelastic model. Although the hyperelastic
model has been proven to have more accurate results in breast deformation than the linear
model [7], the reliability of the Mooney-Rivlin model in breast compression simulation has
not been clinically validated. In this study, the Mooney–Rivlin model was used to perform
CBT simulation for different compression forces. The comparison of simulated CBT and
clinical CBT shows the accuracy and robustness of the Mooney–Rivlin model, which makes
bridging breast MRI and digital mammography possible.

Simulated CBT has a strong positive correlation with breast volume and a moder-
ate negative correlation with VBD. However, other studies have demonstrated a strong
negative correlation between CBT and breast density [23,24]. The main reason for this
inconsistency is that previous studies used physical tissue-equivalent phantoms, whereas
this study used subject-specific breast models. In addition to breast density and volume,
the distribution of glandular tissue and breast geometry also affect CBT. Therefore, the
correlations we established are more clinically representative.
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In clinical practice, a wide variation in the applied compression force is observed in
Taiwan. This variation is highly dependent on radiographers and screening sites. The
reason for this is that no subject-specific guidelines are currently available for radiographers,
who can only rely on their own experience of what suitable compression force is. Based
on our findings, a suitable CBT recommendation is provided according to breast volume
or VBD information (Figure 3). Then, radiographers can select an optimized compression
force to achieve good image quality and avoid patient discomfort (Figure 8). If there are no
MR images to obtain breast volume and VBD, we can still use Volpara software or BI-RADS
classification to estimate this information [25].

In terms of reducing the discomfort associated with breast compression, recent studies
investigated the use of pressure control instead of force control of the compression pad-
dles [26–28]. Although the technique showed the ability to reduce pain, it is a trade-off from
thicker CBT. The potential degradation of image quality, mean glandular dose (MGD), and
diagnostic performance of mammography is not taken into account during the pressure
control procedure. Recently, a large-scale clinical study showed that there were no clinically
relevant differences in the pain scores of patients and the compression parameters between
the pressure-controlled paddle and the force-controlled paddle [29]. In addition, there was
a higher variation of the applied pressure in relation to the breast contact area than the
applied compression force [30]. The force-controlled compression technique is still the most
used method in the existing mammography and the standard technique recommended
by the health care authorities of most countries. Our proposed method is based on the
force-controlled compression technique at 10 daN suggested by the mammographic guide-
line. Patient comfort, image quality, and breast positioning are all taken into account. In
addition, this method can be implemented on existing mammography instruments, which
is worth promoting in clinical practice.

In addition to providing optimal breast compression parameters, the results of this
study can also be applied to breast dosimetry. Currently, MGD, which is the product of the
normalized glandular dose (DgN) coefficient and the entrance skin kerma, is widely used
for mammography [31]. The DgN coefficient is a function of breast volume, breast density,
and CBT. Using the relationships established in this study, once the compression thickness
and compression force are known, the breast volume and density can be estimated to index
the DgN coefficient and calculate MGD [32]. The incidence of radiation-induced secondary
breast malignancy can be further assessed [33].

Women at high risk of breast cancer are often advised to have early mammography
and MRI exams, and to increase the frequency of regular breast cancer screening and
follow-up with mammography. Through the evidence-based methodology proposed in this
study, the tissue information provided by breast MRI can be applied to optimize clinical
breast compression parameters for mammography. This allows women to avoid pain and
increase compliance with frequent mammography exams while reducing radiation dose to
the breast glandular tissue and maintaining the image quality of mammograms.

The limitation of this study is that although the recommended compression force
and CBT can be applied to the majority of women, some women may not be able to
achieve the recommended parameters due to their particular sensitivity to pain or extreme
breast sizes. Radiographers can still refer to the fitting formulas of this study and make
appropriate adjustments. In addition, our proposed fitting results may not be suitable for
other countries, mainly because of the differences in the distributions of breast volume and
density and the breast compression technique used.

5. Conclusions

The relationships between mammographic compression parameters and breast tissue
information were established through the construction of subject-specific breast models and
the FEM compression simulation. The simulated CBT was highly positively correlated with
breast volume and moderately negatively correlated with VBD at 10 to 16 daN. Through
this study, a suitable CBT is offered according to breast tissue information. A personalized
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and evidence-based compression force suggestion can be provided to radiographers taking
into account image quality, patient comfort, and radiation dose.
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