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Abstract
Purpose:

Quantify in vivo biomechanical tissue properties in various breast densities and in normal risk and high
risk women using Magnetic Resonance Imaging (MRI)/MRE and examine the association between breast
biomechanical properties and cancer risk.

Methods: Patients with normal risk or high risk of breast cancer underent 3.0 T breast MR imaging and
elastography. Breast parenchymal enhancement (BPE), density (from most recent mammogram),
stiffness, elasticity, and viscosity were recorded. Within each breast density group (non-dense versus
dense), stiffness, elasticity, and viscosity were compared across risk groups (normal versus high). A
multivariable logistic regression model was used to evaluate whether the MRE parameters (separately for
stiffness, elasticity, and viscosity) predicted risk status after controlling for clinical factors.

Results: 50 normal risk and 86 high risk patients were included. Risk groups were similar on age, density,
and menopausal status. Among patients with dense breasts, mean stiffness, elasticity, and viscosity were
signi�cantly higher in high risk patients (N = 55) compared to normal risk patients (N = 34; all p < 0.001).
Stiffness remained a signi�cant predictor of risk status (OR=4.26, 95% CI [1.96, 9.25]) even after
controlling for breast density, BPE, age, and menopausal status. Similar results were seen for elasticity
and viscosity.

Conclusion: A structurally-based, quantitative biomarker of tissue stiffness obtained from MRE is
associated with differences in breast cancer risk in dense breasts. Tissue stiffness could provide a novel
prognostic marker to help identify high risk women with dense breasts who would bene�t from increased
surveillance and/or risk reduction measures.

Background
Fifty percent of screening-eligible women have high mammographic breast density (MBD). MBD is a
strong risk factor for breast cancer, with a 4 to 6 fold increased risk in women with dense tissue
compared to those with minimal dense tissue1. As such, increased areas of breast density may be more
susceptible to the initation and promotion of breast cancers. However, breast cancer risk is not uniformly
elevated across women with dense breasts2.

Because half of all women have dense breat tissue, there is signi�cant interest in developing imaging
biomarkers to improve personalized risk strati�cation and identify which women with dense breasts are,
in fact, at elevated risk for breast cancer. Doing so will enable appropriate imaging surveillance, reduce
unnecessary additional screening, and enable effective risk-reducing strategies for women with dense
breasts.
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Studies have shown that the variation in the risk associated with breast density may be related to
differences in the breast microenvironment at a microscopic level3–6. More recently, studies using
quantitative proteomics, collagen analyses, and mechanical measurements have demonstrated that
mammographichally-dense tissues have increased collagen density, breast stroma stiffness, and higher
epithelial cell density7–9. These mechanical properties of tissue play a major role in the development and
progression of disease states and have been studied in multiple parts of the body10–12. Preliminary
studies, performed in vitro, in animal models, or in small numbers of patients (livers and other organs),
show this hypothesis to be true and also valid in relation to breast cancer development. An in vivo study
in mice13 demonstrated a causal link between increased stroma collagen deposition and enhanced
tumorigenesis, local invasion, and metastases. These interactions may in turn affect oncogenesis and
contribute to increased cancer risk in dense breasted women4,14,15.

With the advent of MR elastography, quantitative biomechanical properties, such as tissue stiffness,
elasticity and viscosity, have become viable imaging biomarkers to better understand the tissue
microenvironment. MRE is a promising, noninvasive imaging technology capable of quantifying tissue
mechanical properties16–19 in vivo in patients. It assesses the viscoelastic shear properties of lesions
through direct MR visualization of acoustic waves and demonstrates decreased elasticity in malignant
tumors. As such, MRE allows an objective, quantitative analysis of the viscoelastic properties of normal
and diseased breast tissues, providing greater insight into the study of and treatment of breast cancer.
We hypothesize that the distinctive biomechanical properties of microenvironments can be assessed by
MRE, and may account for the varying risk patterns for breast cancer in patients with similar densities. In
this study, we will quantify in vivo biomechanical tissue properties, such as breast stiffness, elasticity and
viscosity, in various breast densities in both normal and high risk women using Magnetic Resonance
Imaging (MRI)/MRE. We will also examine the association of biomechanical properties of the breast with
cancer risk.

Materials And Methods

Patients
In this institutional review board–approved prospective single-institution study, we recruited two groups
of women with different breast cancer risk to undergo a 3.0 T dynamic contrast enhanced MRI/MRE of
the breast. Normal risk women were de�ned as having no personal history of breast cancer, no prior high
risk breast biopsies, no self-reported signi�cant family history of breast cancer, and a negative
mammogram within 12 months (Table 1). Normal risk patients were at least 35 years old, not pregnant,
not breastfeeding, had no imaging abnormality on mammography or sonography (Breast Imaging
Reporting and Data System [BI-RADS] 1 or 2), and had no contraindications to MRI or contrast agents.

High-risk breast cancer patients were recruited from patients who received standard of care breast MR for
routine evaluation (patients with prior breast cancer history or those who were deemed at lifetime risk of
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20% or greater based on Tryir Czuick scores20–23). All prospectively collected patients provided informed
written consent. High-risk patients were at least 26 years of age, not pregnant, not breastfeeding, had no
imaging abnormality on mammography or sonography (Breast Imaging Reporting and Data System [BI-
RADS] 1 or 2), and had no contraindications to MRI or contrast agents.

Exclusion criteria were incomplete examinations and technical failures.

Imaging
All patients received combined 3-T multiparametric contrast-enhanced breast MRI and breast
elastography.

Breast MRE
Magnetic resonance elastography (MRE) is a safe and novel non-invasive imaging technique to
quantitatively assess the mechanical properties of soft tissues using MR imaging. The key component of
elasticity imaging is to characterize the tissue response of the stress. In general, MRE imaging consists of
the following steps: 1) Deliver shear waves in the tissues to be imaged; 2) Measure tissue displacement;
3) Generate quantitative stiffness maps (elastograms).

Our breast MRE exam is naturally integrated into the established breast CEMRI / MRI clinical protocol,
avoiding the need to switch RF coils or reposition patients. Our current breast MRE protocol is previously
published24 and the breast MRE sequence is added at the conclusion of the clinical portion of the exam.

The breast MRE protocol is performed using a gradient echo phase contrast sequence25. A pillow-like
passive driver is positioned between the breasts under the sternum while the patient lies prone in a
standard breast coil24. Low frequency vibrations of 40 Hz are transmitted to the passive driver from an
active driver (Resoundant, Inc., Rochester, MN) located outside the scan room during the entire duration of
image acquisition (5–7 minutes). Breast MRE data is obtained from 40 axial slices, centered at the breast
along the superior-inferior direction. A modi�ed 3D-GREMRE pulse sequence is used with the following
major parameters [9]: vibration frequency = 40 Hz; FOVx/y/z = 38.4/38.4/12 cm; �ip angle = 8°; TR = 22.2–
22.9 ms, TE = 15.9–18.1 ms (fat/water in-phase); axial bilateral imaging plane; matrix = 96 × 96 × 30; 8
motion cycles per 9 TRs (3 phase offsets); motion sensitivity (MENC) = 12.3 micron/radian; motion
encoding directions = x/y/z; scan time = 5’25’’ − 5’42” (free breathing). 3D wave images are processed
with 3D multiple-model direct inversions without directional �ltering, generating 3D elastograms of
bilateral breasts.

Breast MRE measurements
Regions of interest are then drawn over the central slice (at the level of the nipple) and custom, in-house
software is used to obtain MRE stiffness values. Quantitative breast stiffness and viscosity
measurements were obtained as described previously24 by drawing whole breast region of interest (ROI)
around the breast tissue (at the center slice). This was drawn on the magnitude images which
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demonstrate anatomy the best.. The wave images were analyzed to assess the adequacy of wave
penetration through breast tissue. The ROI was then copied and translated onto the stiffness and
viscosity maps to obtain the global breast MRE measurement.

Multiparametric breast MRI
A dynamic contrast enhanced image set was also acquired with the �rst series being an unenhanced fat-
saturated gradient-recalled echo T1-weighted sequence (VIBRANT) followed by three dynamic contrast-
enhanced fat-saturated T1-weighted gradient-recalled echo series (VIBRANT) performed after IV
administration of Gadobutrol (Gadavist, Bayer) at 30 sec, 3 min and 6 min with the use of a T1-weight-
based dosing protocol. The dynamic contrast images were acquired in the sagittal orientation (TR/TE = 
5.1/2.4 ms; matrix = 256 x 256). Automatic post-processing included the generation of subtraction
images between pre and post contrast images produced after each phase. Late gadolinium fat-
suppressed T1- weighted fast-spoiled-gradient-echo (FSPGR) sequences were also acquired for both right
and left side separately in the axial orientation (TR/TE = 115/3.15 ms; matrix = 256 x192, NEX = 2). T2
weighted sagittal and T1 weighted FSE AX images were obtained pre-contrast.

Statistical Analysis
In both the normal risk and high risk groups, the following breast imaging features were recorded: breast
parenchymal enhancement (BPE); breast density (from most recent MG); tissue stiffness, elasticity, and
viscosity. Patient demographic and disease characteristics were summarized for the full sample and by
risk status; comparisons were conducted across risk groups (normal versus high) using two-sample t-
tests (for continuous variables) or Fisher’s exact test (for categorical variables). Breast stiffness,
elasticity, and viscosity were averaged across the left and right breasts. If breast stiffness, elasticity, or
viscosity was missing for one breast, then the value observed for the contralateral breast was used. For
the full sample and within each breast density group (non-dense versus dense), two-sample t-tests
allowing for unequal variances were conducted to compare breast stiffness, elasticity, and viscosity
across risk groups (normal versus high). Separately for breast stiffness, elasticity, and viscosity, a
multivariable logistic regression model was used to evaluate whether the MRE parameter predicted risk
status after controlling for clinical factors. A nominal signi�cance level of α = 0.05 was used for all
analyses.

Results

Patients
From February 2017 to November 2019, there were 57 normal risk and 86 high risk patients recruited to
the study. Of the 57 low-average risk patients, 50 who met the inclusion criteria were included in the
normal risk portion of the study (mean age = 55.6 years, range = 39.0–74.0; Table 1); 2 were excluded for
incomplete examinations and 5 were excluded for technical failures. Eighty-six patients who ful�lled the
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inclusion criteria were included in the high risk portion of the study (mean age = 53.6 years, range = 26.0–
76.0; Table 1).

As shown in Table 1, normal risk and high risk women did not signi�cantly differ in their mean age (mean
age = 55.6 vs. 53.6 years, p = 0.27), density (68.0% vs. 64.0% dense breasts, p = 0.71), or menopausal
status (66.0% vs. 69.8% were post-menopausal, p = 0.70).

Table 1
Patient Demographic Characteristics by Risk Status

Characteristic Normal Risk

(N = 50)

High Risk

(N = 86)

Total

(N = 136)

pValue1

Age in Years (Mean, SD) 55.6 (10.2) 53.6 (11.3) 54.3 (10.9) 0.27

Breast Density (#, % Dense) 34 (68.0%) 55 (64.0%) 89 (65.4%) 0.71

Prior Breast Cancer (#, % Yes) 0 (0.0%) 28 (32.6%) 28 (20.6%) —

Biopsy-Proven High Risk Lesion (#, % Yes) 0 (0.0%) 12 (14.0%) 12 (8.8%) —

Biopsy or Surgery in Either Breast (#, % Yes) 7 (14.0%) 50 (58.1%) 57 (41.9%) < 0.001

Menopausal Status (#, % Post-Menopausal) 33 (66.0%) 60 (69.8%) 93 (68.4%) 0.70

On Hormone Replacement Therapy (#, % Yes) 5 (10.0%) 8 (9.3%) 13 (9.6%) > 0.999

1st Degree Relative with Breast Cancer (#, %
Yes)

0 (0.0%) 64 (74.4%) 64 (47.1%) —

1For age in years, the p-value was based on a two-sample t-test allowing for unequal variances. For all
other patient demographic and disease characteristics, the p-value was based on Fisher’s exact test.
Em dashes indicate that the p-value was not calculated because high risk status was de�ned by prior
breast cancer, biopsy-proven high risk lesion, and family history of breast cancer.

Breast MRI BPE measurements
Breast background parenchymal enhancement was routinely assessed on a BIRADS scale26 (minimal,
mild, moderate, marked) by standard of care within the imaging reports by one of �ve breast fellowship
trained radiologists. Background parenchymal enhancement was strati�ed into 2 cohorts on MRI (mininal
or mild versus moderate or marked) and did not signi�cantly differ between the normal risk and high risk
cohorts, p = 0.56.

Breast MRE measurements
Quantitative breast stiffness and viscosity measurements were signi�cantly higher in the high-risk dense
breast cohort compared to that of the normal risk dense breast cohort (Figs. 1, 2). The means were not
signi�cantly different between those with dense versus non-dense breasts in the normal risk patient
cohort (p = 0.14 for breast stiffness, p = 0.78 for breast viscosity; Table 2). Similarly, the means were not
signi�cantly different between those with dense versus non-dense breasts in the high risk patient cohort
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(p = 0.09 for breast stiffness, p = 0.13 for breast viscosity; Table 2, Fig. 3). In those women who had a
prior breast surgery or biopsy, mean breast stiffness did not signi�cantly differ between the surgerized or
biopsied breast versus contralateral breast (Table 3, Figs. 4 and 5).

Among patients with dense breasts, mean stiffness, elasticity, and viscosity were signi�cantly higher in
high risk patients (N = 55) compared to normal risk patients (N = 34; all p < 0.001).

In the multivariable logistic regression model, breast stiffness remained a signi�cant predictor of risk
status (OR = 4.26, 95% CI [1.96, 9.25]) even after controlling for breast density, MRI BPE, age, and
menopausal status. Similar results were seen for breast elasticity (OR = 4.88, 95% CI [2.08, 11.43]) and
viscosity (OR = 11.49, 95% CI [1.15, 114.89]).
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Table 2
Magnetic Resonance Elastography (MRE) Parameters and Magnetic Resonance Imaging (MRI)

Background Parenchymal Enhancement (BPE) by Risk Status and Breast Density
Characteristic Normal Risk High Risk

Non-Dense

(N = 16)

Dense

(N = 34)

pValue1 Non-
Dense

(N = 31)

Dense

(N = 55)

pValue1

Breast Stiffness     0.14     0.09

Mean (SD) 1.07 (0.18) 1.16
(0.21)

1.69
(1.19)

2.14
(1.12)

Median (Range) 1.05 (0.65–
1.44)

1.15
(0.76–
1.67)

1.09
(0.54–
4.36)

1.37
(0.92–
4.09)

Breast Elasticity     0.01     0.06

Mean (SD) 0.96 (0.15) 1.10
(0.20)

1.57
(1.08)

2.03
(1.08)

Median (Range) 0.96 (0.61–
1.21)

1.10
(0.74–
1.58)

1.03
(0.52–
3.85)

1.32
(0.74–
3.99)

Breast Viscosity     0.78     0.13

Mean (SD) 0.23 (0.09) 0.23
(0.07)

0.26
(0.27)

0.35
(0.24)

Median (Range) 0.23 (0.08–
0.39)

0.23
(0.11–
0.44)

0.20
(0.0–
1.39)

0.27
(-0.05–
1.05)

BPE (#, % Minimal or Mild) 14 (87.5%) 20 (58.8%) 0.06 28
(90.3%)

35
(63.6%)

0.01

Breast stiffness, elasticity, and viscosity were averaged across the left and right breasts.

1For breast stiffness, elasticity, and viscosity, the p-value was based on a two-sample t-test allowing
for unequal variances. For BPE, the p-value was based on Fisher’s exact test.
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Table 3
Breast Stiffness in Patients with 1 Surgerized Breast and 1 Unaffected Breast

Patient Group N Breast Stiffness Mean (SD) pValue1

Unaffected Breast Surgerized Breast

Normal Risk 7 1.07 (0.12) 1.07 (0.15) —

High Risk 33 2.33 (1.23) 2.22 (1.17) —

Total 40 2.11 (1.21) 2.02 (1.15) 0.14

1The p-value was based on a paired t-test comparing breast stiffness in the unaffected versus
surgerized breast. The sample was limited to patients who underwent biopsy or surgery on one breast
but not the other.

 

Discussion
The most striking results in our prospective study to understand global breast stiffness in normal and
high risk patients, is the signi�cantly higher stiffness of breast tissue in the high-risk (prior breast cancer
history or high risk based on lifetime risk of greater than 20%) dense breasted patients compared to the
normal risk dense breasted patients. Patients that had prior unilateral post-operative and/or post-
treatment related radtaion change did not show a signi�cant difference in MRE parameters between the
treated and untreated breast. Our study suggests that the structurally-based (tissue stiffness) risk
information obtained from MRE could be used to identify the subset of women with dense breasts most
likely to bene�t from increased surveillance and serve as a prognostic biomarker in screening breast
cancer patients. These differences in stiffness were also seen between high risk and normal risk patients
with non-dense breasts, although is less clinically signi�cant as the performance of screening
mammography is better in non-dense breasts.

Through translational studies27,28, one biologic explanation for the increased risk of breast cancer in
dense breasted patients suggests that increased collagen deposition, tissue tensile strength and collagen
structural differences may contribute to increased mammographic density which then is associated with
breast cancer initiation4,14,15,29−36. In fact, increasing evidence indicates that the tumor microenvironment
plays a critical role in regulating the biologic behavior of, and predisposition to breast cancer37,38. Recent
studies have shown that organization and stiffness of the collagen matrix are important in mediating
tumor growth and invasion3,4,28,39−41. Abnormal changes in the amount and organization of extracellular
matrix lead to altered biochemical, physical, and biomechanical properties of tumor-associated ECM that
contribute to tumor progression42,43.

In a similar light, a 2002 study investigated the feasibility of MRE to distinguish malignant and benign
properties of breast tissue. Analysis of MR elastograms using a 65Hz frequency on 20 female patients
with malignant and benign breast lesions and 15 healthy volunteers as the control demonstrated that
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cancerous growths consistently demonstrated higher elasticity values (greater stiffness) in contrast to
surrounding tissue. Malignant breast tumors measured a median stiffness of 15.9 kPa while adjacent
breast parenchyma and fatty tissue measured a median of only 2.5 kPa and 2.0 kPa, respectively.
Furthermore, the difference in stiffness between malignant and benign tumors were also evident through
MRE where benign breast lesions were determined to be at a median value of 7.0 kPa. In fact,
quantitatively, the stiffness value of breast carcinomas was, on average, 418% higher than the value of
the adjacent tissues, (p < 0.05)44. The differing values of malignant tumors, benign tumors, and
surrounding breast tissue illustrates that MRE as an imaging technique is able to accurately differentiate
these tissues, and therefore of clinical importance 44–46.

Clinically, we know that over 40% of our breast cancer screening patients have dense breasts47. As a
result of relatively new dense breasts noti�cation laws, these patients are now being told that they have
dense breast tissue (which could result in decreased sensitivity of mammography screening and increase
their risk of breast cancer). Providers are encouraged to discuss these details with patients and where
appropriate, offer various forms of supplemental dense breast screening48–50. These supplemental
screening examinations can �nd additional cancers, however, also result in increased false positive
results23,51,52. Since the risks and bene�ts of screening test are functions of each patient’s density
features and risk factors, personal screening policies tailored to individuals are necessary and the new
paradigm of breast cancer screening. Personalized breast cancer screening algorithms will result in cost
e�ciencies53–58 and reduced false positive rates. As such, our data is promising whereby imaging
biomarker of global breast tissue stiffness could provide an additional component in a clinical decision
making tool to guide providers of screening and risk-reduction measures based on patient values and
preferences.

In our study we observed a nonsigni�cant increase in stiffness in both the dense and non-dense breasts.
These observed differences with increasing stiffness with density are consistent with other smaller
studies59–61, however the lack of a statistical signi�cance is unique in our study. It should be noted that
our study had few cases included along the the extreme spectrum of breast densities, fatty (n = 1) and
extremely dense (n = 3) in our normal risk cohort, which may be affecting our results of statistical
signi�cance. Also it should be noted in our study, we chose to use the central slice as a �rst step to
assess global 3D MRE values and used a 40Hz frequency on a 3T scanner. The region of interest
included the central breast tissues, including fatty tissue and breast parenchyma on the slice, sparing the
edges. This technique is similar to the annotations drawn and lessons learned on clinical diagnostic liver
MRE. Contrast this technique to that of a 2017 study that demonstrated that dense breasts had
signi�cantly higher stiffness measurements compared with non-dense breasts (p < 0.0561) the authors
used a 60Hz frequency on the 3T scanner which requires less power for penetration. We speculate that
the stiffness is highly dependent on the measurement method and the tissues that are covered.

Limitations within our study highlight the need for further inquiry to �ll the gaps of current research
before implementation in clinical practice. Our study is one of the largest to date, other published breast
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MRE studies have been performed using a small sample cohort of approximately 20 to 50 patients,
limiting the representation of breast tissue density. In addition, the high risk volunteers used for testing
the e�cacy of MRE had a included those with a personal history breast cancer, making it di�cult to
extrapolate the results to the general screening population. Thus, future research should aim to
encompass a larger set of patients to account for individual differences in breast tissue and a variety of
lesion characteristics. Given the current study is based on self- reported family history, we will also plan to
calculate lifetime and 5 year risks for patients based on acccepted clinical breast cancer risk models62–

64. Doing so, will allow us to have more accurate correlations to lifetime risk rather than the current
strati�cation provided here. Another limitation is the fairly homogenous demographics of the patient
population in this study. Therefore adding demographic variation to the population will be of utmost
interest given the variations seen in breast density based on racial differences65–67. Also, future studies
should include computer-generated volumetric breast density from MG to classify pateints as dense or
non dense, given the considerable inter- and intra-reader variability within the mammographic density
reporting system68,69.

As more personalized approach within the breast cancer screening regimen develops, further risk
strati�cation using quantitative imaging biomarker of global breast stiffness could inform more effective
personalized screening regimens.We anticipate the results of this study and ours will give light to more
investigations on how tissue stiffness correlates with breast cancer risk and prognosis. These prior
studies and our results provide support for the further study of MRE given its ability to assess the
viscoelastic properties of breast tumors and the surrounding tissue 70–72. While the studies on MRE’s
application to in vivo breast tissue are limited, this trial substantiates the capabilities of MRE and its
potential for a risk strati�cation tool in women with dense breasts.

Conclusions
In conclusion, our work above suggests structurally-based, quantitative biomarker of tissue stiffness
obtained from global 3D breast MRE could provide a novel prognostic marker used to identify the subset
of high-risk women with dense breasts. As such, a stiffness values could help stratify dense breasted
pateints into those who are at elevated risk and would bene�t from increased surveillance with
supplemental imaging techniques and/or risk reduction measures.
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Figures

Figure 1

50 year old average risk female with a) dense breasts on negative screening mammography, b) Post-
contrast breast MRI was negative for imaging abnormalities, mild bilateral benign background
parenchymal enhancement, c) MR magnitude map demonstrates anatomical anatomy to delineate
central slice d) corresponding elastogram map shows mild symmetric bilateral stiffness ranging within
0.5-1.0 kPa.
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Figure 2

41 year old female with signi�cant history of maternal aunt with BRCA 2 mutation carrier, maternal
history of breast cancer, IBIS model 29% a) dense breasts on negative screening mammography, b) post-
contrast breast MRI was negative for imaging abnormalities, mild bilateral benign background
parenchymal enhancement, c) MR magnitude map demonstrates anatomical anatomy to delineate
central slice d) corresponding elastogram map shows mild symmetric bilateral stiffness ranging within
2.0-4.0 kPa.
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Figure 3

Box and whisker plot of breast stiffness (averaged across the left and right breasts) by breast density and
risk status. High risk patients with dense breasts had greater breast stiffness compared to normal risk
patients with dense breasts. The box represents the interquartile range, the horizontal line within each box
represents the median, and the diamond within each box represents the mean.
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Figure 4

Box and whisker plot of breast stiffness (averaged across the left and right breasts) by biopsy/surgery in
high risk patients. 24 high risk women with dense breasts and no biopsy/surgery and 30 high risk women
with dense breasts and biopsy/surgery in either or both breasts. The horizontal line within each box
represents the median, and the diamond within each box represents the mean. The breast stiffness
median = 1.34 versus 2.56 in the no biopsy/surgery versus biopsy surgery group. The breast stiffness
mean = 1.92 versus 2.35 in the no biopsy/surgery versus biopsy surgery group. These means were not
signi�cantly different.
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Figure 5

Stiffness of surgerized/unaffected breast scatterplot. The blue markers represent normal risk women,
and the red markers represent high risk women. The diagonal line represents perfect agreement for
stiffness between a woman’s biopsied/surgerized breast and unaffected breast.


