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ABSTRACT

Background and Aim: Breast cancer and normal breast tissue exhibit different degrees of stiffness, indicating distinct bio-
mechanical properties. Study results reveal that breast cancer tissue is several times stiffer than normal breast tissue. These
variations can serve as indicative factors for imaging purposes. Depicting markers can significantly enhance the process of
breast cancer diagnosis and treatment. This article provides a brief review of the biomechanical properties of breast cancer
tissue, highlighting the role of the magnetic resonance elastography (MRE) technique in utilizing these properties for diag-
nosing breast cancer.

Methods: In breast MRE, low-frequency shear waves are employed to measure breast stiffness. This method not only offers a
quantitative diagnosis but also generates an elastogram, determining the stiffness of each area through its colors.

Results: MRE represents a diagnostic technique with heightened sensitivity, based on depicting the viscoelasticity properties of
breast tissue and describing tumors in terms of biomechanical properties. Combining tissue biomechanical properties, such as
tissue stiffness, with contrast-enhanced breast Magnetic Resonance Imaging (MRI) leads to tumor diagnosis. The value of MRE
in oncological imaging aims at the early detection of tumors and evaluating the prognosis of breast cancer.

Conclusion: Breast MRE can identify the reduction of interstitial pressure in tumors by detecting changes in tissue stiffness,
making it an effective tool for monitoring treatment responses. This technique is safe, repeatable, and highly precise, signifi-
cantly aiding in patient screening.

1 | Introduction has limitations in diagnosing some tumors [3, 4]. In dense breasts,

the rate of cancer detection using mammography is weak, and

Breast cancer is one of the most common cancers among women,
alone accounting for 31% of all new diagnoses [1]. Early diagnosis is
a crucial factor in the patient's treatment process, increasing the
relative survival rate to 95% [2]. Currently, mammography is the
primary method for breast cancer diagnosis. However, this method

approximately 10% to 30% of cases go undetected [5, 6]. Therefore,
the use of complementary methods becomes necessary, particularly
those providing physical and biological information beyond the
tumor's appearance. For many years, oncology imaging, while dis-
playing morphological properties of tumors and cells, has also
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reported other essential parameters such as blood flow mapping,
water mobility, and cell metabolism. Breast magnetic resonance
elastography (MRE) is a medical imaging technique used to deter-
mine the stiffness or elasticity of soft tissues. The term “stiffness”
fundamentally refers to expressing how a tissue changes its shape
under an externally applied force [7]. Stiffness can be assessed using
an ultrasound device or MRI. Unlike mammography, which pri-
marily focuses on detecting anatomical changes, elastography
evaluates tissue properties, helping distinguish between normal and
abnormal breast tissue [8]. MRE combines MRI with gentle vibra-
tions, called shear waves, to create a map that shows how stiff a
tissue is. It works by measuring how fast the waves move through
the tissue stiffer areas allow the waves to travel faster. This helps
physicians get a clear, measurable picture of tissue stiffness, which
can be important for diagnosing conditions in the breast and other
areas [9-11].

Breast MRE is similar to standard MRI but focuses on assessing
the biomechanical properties of breast tissue. In this technique,
a modified phase-contrast GRE sequence, synchronized with
low-frequency shear waves, captures tissue displacement to
measure stiffness. This data is processed into an elastogram, a
visual map of tissue stiffness. T1- or T2-weighted sequences
may also be used for additional anatomical detail [12].

The advantages of MRE over other MRI techniques that provide
more specific physiological and functional information, such as
diffusion-weighted (DWI) and dynamic contrast-enhanced
(DCE) MR, include its ability to assess tissue stiffness and
detect mechanical changes in tissues. However, MRE's limita-
tions lie in its lower accuracy in detecting detailed physiological
changes compared to MRI-DCE and MRI-DWI [13]. As a result,
MRE is more commonly used as an adjunct to these techniques
rather than as a standalone method, since each technique
provides distinct information, and their combination can lead to
a more accurate diagnosis.

Breast MRE is essentially the same as noninvasive and risk-free

MRYI, with the distinction that its primary objective is to depict
the biomechanical properties of the breast. In fact, the
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foundation of breast MRE relies on combining tissue stiffness
properties with contrast-enhanced imaging properties in
breast MR.

2 | Stiffness of Cancer Cells and Cancer Tissue

Cancer cells and cancer tissue have unique and different bio-
mechanical properties, and understanding these differences is
crucial for advancing cancer research. At the cellular level,
various studies show that breast cancer cells have a softer
structure than normal cells [14, 15]. The expression level of
intermediate strand proteins can significantly affect the degree
of cancer cell stiffness. In addition, the amount of ATP increases
in these cells, and other cell components that change during
cancer, such as inner membrane organelles and related mole-
cules, myosin II, or the microtubule network, impact cell stiff-
ness [16, 17]. As shown in Figure 1, actin fibers are significantly
less in cancer cells, and this is one of the factors influencing
lower stiffness.

However, at the tissue level, it is opposite, and cancerous tissue
has higher stiffness than normal breast tissue. Pharmacological
inhibition of myosin II has been shown to enhance invasiveness
by reducing cell stiffness. Elevated tissue stiffness is a hallmark
of solid tumors, often attributed to the heightened density of
collagen fibers within the extracellular matrix (ECM) [18].
Tumor growth causes collagen fibers to regenerate and change
their direction towards the periphery of the tumor. This, in
turn, leads to the stretching of collagen fibers around the tumor,
causing tensile stress [19]. This increased stiffness, as illustrated
in Figure 2, is due to rapid proliferation of tumor cells, and
heightened deposition of ECM components such as collagen in
the tumor microenvironment (TME). The collagen density in
the microenvironment of normal breast tissue is 1mg/mL,
whereas for tumor tissue, it is 4 mg/mL. This increase in density
leads to ECM hardening. ECM provides structural support to
tissues, and its composition changes can increase stiffness
[20-22]. The sensitivity of breast MRE is attributed to the vis-
coelastic networks formed by cells and the ECM.
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Schematic of cellular constituents. (A) Normal cell. (B) Cancer cell.
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FIGURE 2 |

To express the stiffness of the tissue, the modulus of elasticity
(E) or Young's modulus is used, which according to the fol-
lowing formula, quantifies the relationship between tensile or
compressive stress o (force per unit area) and axial strain €
(proportional deformation) in the linear elastic region:
=2

€

The unit of modulus of elasticity is Pascal (Pa) [23]. The greater
the tissue stiffness, the higher the numerical value of E will be.
This relationship underscores the direct correlation between
tissue rigidity and the resulting elevated numerical expression
represented by E. Figure 3 illustrates that the stiffness of normal
breast tissue is lower in comparison to malignant tumors. This
difference and heterogeneity in the mechanical properties of

normal tissue and cancer tissue are significant noninvasive
imaging markers.

2.1 | Principle of MRE

MRE is an imaging technique that uses MRI to measure the
mechanical properties, such as stiffness of biological tissues.
The measurements of tissue stiffness are ultimately converted
into images known as elastograms, which depict the mechani-
cal maps of the tissue. MRE employs complex wave fields that
originate from multiple point sources or are reflected from
various angles, creating elastograms [24]. Due to its reliance on
detecting changes in tissue structure and mechanical properties,
MRE plays a crucial role in evaluating and diagnosing breast
masses and detecting changes not identifiable by other imaging
modalities, even having the ability to accurately reveal normal
tissue changes at the onset of tumorigenesis [25].

To determine the biomechanical properties of tissue by MRE,
several hypotheses should be considered such as tissue com-
pressibility, tissue elasticity pores, attenuation, and so on [26].
In this technique, for easier understanding, the tissue is con-
sidered linearly elastic, homogeneous, and isotropic. In this
case, considering these hypotheses, it leads to an equation
called shear modulus:

Schematic of cancer cells mechanism and contribution of collagen fibers in ECM stiffness. (A) Normal tissue. (B) Cancer tissue.

K=pxCt

Where p is shear modulus, p is the tissue density (considered
as 1gr/cm®) and Cr is the shear wave speed in the tissue.
The degree of tissue stiffness is determined by measuring the
speed of the shear modulus. In soft tissue, Young's modulus is
considered to be three times the value of the shear modulus:

E = 3u.

This means Young's modulus and shear modulus provide the
same information, albeit with different coefficients. A higher
shear modulus speed indicates greater tissue stiffness, while
softer tissues exhibit a lower speed of the shear modulus [27]. In
MRE, the speed of the shear modulus is calculated by meeting
the specified requirements. Subsequently, upon data processing
and estimating the shear modulus speed, an elastogram is
generated.

The main principles of MRE include three steps:

1. Propagating Shear Waves and Optimal Frequency

MRE uses different techniques to send shear waves into
the breast tissue. The way of sending the shear wave
should be chosen carefully because, otherwise, the wave
may not spread well in the breast tissue, and the resulting
image may lack quality due to the artifacts it creates. In
general, there are two methods for sending a shear wave
to the breast: using an active stimulator, which is not
a priority due to compressing the breast tissue, and using
passive stimulators, which is a newer and more common
method [26, 28]. Since the shear wave is a mechanical
wave, the stiffness of the breast tissue affects the propa-
gation speed of the shear wave. More density in the breast
tissue leads to an increase in the propagation speed of the
shear wave. The critical factor in sending a shear wave is
its frequency. The higher the frequency of the transmitted
wave, the more likely it is to identify tumors with smaller
dimensions. However, one limitation of applying high
frequency is that it reduces the MRE image signal. Dif-
ferent studies have used frequencies ranging from 37.5 to
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300 Hz, but usually, the range of 50 to 100 Hz can be an
ideal choice [25, 29].

. MR Image Acquisition

In breast MRE, a tailored MRI pulse sequence is imperative
for optimal imaging. Key sequences such as planar spin-echo-
echo imaging (SE-EPI), gradient echo (GRE), spin-echo (SE),
and balanced steady-state free precession play pivotal roles in
acquiring images across diverse medical applications. Among
these, SE-EPI emerges as a frontrunner, celebrated for its
advantages. SE-EPI distinguishes itself with its remarkable
imaging speed, operating swiftly within milliseconds. This
rapid pace expedites image acquisition and yields a high
signal-to-noise ratio (SNR), a cornerstone of MRI imaging

Stiffness (kPa)

FIGURE 3 | Stiffness distribution for normal glandular breast tissue and cancer tissue.

quality. A robust SNR enhances the precision of detection and
diagnosis, underscoring SE-EPI's significance in clinical
practice [30, 31].

Furthermore, to extend spatial coverage and alleviate
artifacts, SE-EPI can be enriched through a three-
dimensional (3D) imaging paradigm. Integration of 3D
imaging bolsters the accuracy of measurement values,
elevating the diagnostic efficacy of SE-EPI [32]. In MRE,
a prevalent technique involves harmonic mechanical
excitation, typically oscillating between 20 and 100 Hz
[33]. This method harnesses oscillating motion-
sensitizing gradients to encode tissue displacement
within the phase of acquired data during the harmonic
cycle [34, 35].
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FIGURE 4 |
permission from John Wiley and Sons.

3. MR Elastogram Generation

Following the acquisition of images from the source
phase, post-processing techniques are applied to transform
them into visual representations that depict the displace-
ment of waves. Multiple inversion algorithms have been
developed to extract material properties from the acquired
MRE data. After the imaging process, raw images are
obtained [27]. This process consists of three main steps
[36, 37]:

1. Preprocessing: Includes noise reduction, heterogeneity
correction to make images uniform, and increasing image
resolution.

2. Registration: Includes

deformation.

image alignment and map

3. Quantitative analysis: Includes elastogram generation,
region of interest (ROI) analysis, and statistical analysis.

In Figure 4, the magnitude images, wave images, and the MRE
are shown, respectively. These raw images are essentially
unprocessed information of shear wave motion in the tissue.
Various techniques are employed in the subsequent processing
of this data: inverse algorithms, phase unwrapping, and regu-
larization techniques. After these image processing techniques
are applied, the final MRE images are created, resulting in a
visual map of tissue stiffness [39, 40].

2.2 | MRE Studies in Breast Cancer

The initial investigations into MRE in cancer patients pri-
marily concentrated on assessing the biomechanical prop-
erties of breast cancer. However, subsequent MRE studies
have demonstrated that tissue stiffness in cancer patients is
altered in vivo, providing a potential imaging marker for
enhanced tumor detection and properties when combined
with clinical multiparametric MRI. MRE studies in breast
tumors are summarized in Table 1. In general, the findings
indicate that malignant lesions tend to be stiffer and display
more viscous behavior than benign lesions.

Wave Images
(60 Hz Vibrations)

Stiffness Map
0.85+0.27 kPa

Magnitude image, wave images and the corresponding stiffness map. Reprinted from Hawley et al. [38], Copyright (2024), with

According to the results described in Table 1, the elasticity of
the tumor is higher than that of the normal breast tissue. The
results of Balleyguier et al. [10] showed that using the MRE
method to diagnose breast cancer results in a sensitivity of 79%
and a specificity of 90%, demonstrating the excellent statistical
value of this method. Sinkus et al. [47] reported an increase in
specificity in breast MRE from 40% to 60%, while Siegmann
et al. [25] observed an increase from 75% to 90% in their study.
These findings indicate that combining MR with elastography
methods, which reveal the viscoelastic properties of tissues,
significantly enhances the accuracy of diagnosis. The results of
studies confirm that this method, aside from its ability to detect
tumors in normal tissue, can also serve as an important
screening and predictive tool [28]. Breast MRE can identify the
reduction of interstitial pressure in tumors by detecting changes
in tissue stiffness, allowing it to monitor treatment responses
effectively.

Generally, with age, the density of breast tissue increases,
diminishing the screening efficacy of mammography. Since
MRE is a safe, repeatable, and high-precision method, it sig-
nificantly aids patient screening. Unlike mammography, its
detection power remains unaffected by increasing density, and
it is a nonionizing method. However, this method has limita-
tions and challenges, including motion artifacts during imaging,
spatial resolution limitations, and a lack of a standard for de-
termining the optimal frequency. By addressing these limita-
tions and refining protocols, a high standard can be achieved in
performing all the steps. Introducing artificial intelligence into
this field can further broaden the clinical application of this
method [44, 52].

2.3 | Limitations and Challenges

Despite the numerous advantages of this method, there are
limitations and challenges in its clinical application, with the
most significant being limited accessibility. Many diagnostic
and screening centers for breast cancer lack access to this
modality. Currently, no standard protocol has been established
for this diagnostic method, and the conducted studies do not
adhere to the same protocol and imaging conditions. Therefore,

50f9



"S9SBASIp Isealq JurUII[RW

Aueurian

[15] 000C pue udruaq usamiaq Surysmsunsip J0J UOHBWLIOUI d1souSeIp mau sopiroid TIIN ‘Fiqurey ‘serrojeroqe] yoreasay sdiryd e 19 snyurs $1
"A[9A1103dSaI1 “BdY 6°ST PUB ‘0°L ‘S°Z ‘4’1 9I9m anssp Jown) jueudifeur
pue ‘anssn Jown) udruaq ‘ewAyouared iseaiq ‘anssy asodipe 1seaiq Jo AIOTISe[d Aueurian
[0s] 200C UBSA "SUOIS9] uSruaq 03 paredwod sanjea Aonse[s 10ysiy pey siown) JueuSIRIA ‘mquiey ‘Teirdsoy Asioarun) Jjiopusaddy e 39 uszudIo] €1
‘anssn JenpueSoIqy [BULIOU UBY) I9JNS SUIN INOJ SI aNSST) I90URD ISBAI] JeY)
Ag1romai0u s 1 ‘sanfea 3say) Surreduwiod uayp "A[0Anddsa1 ‘edy €€ pue ‘G'/ ‘c'c aIom
[6%] 7007  onssy Iouin} pue ‘@nssp Je[npue[3oIqy ‘Onssi} [BULIOU IOJ SaNeA AJIONSB[d UBoW Y], VSN OuI) oA ‘T 19 IYSTUNON 41
Aueurran ‘uaguigany,
[8+] S00T "anssy 1sed1q SurpunolIIns pue SUoISI] USIUaq Uey) IOPNS dIoMm sIown) JueuSIeN Kyis1oatun ‘A3ororpey Jo juoumiedaq Te 39 SeopAX 11T
'stown) uSruaq Qouel ‘sued
[L¥] 1002 pue JuBUSIRW U9M)2q IBIIUSISIP UBD SUOISI 1S€a1q Jo saniadord O1Se[oodsIA “(1DdSH) ‘A10ye10qET SONSNOJY PUB SIABA °[€ 19 SNUIS o1
[sz] 010C 'suorsa] uSruaq aredwod A)Isodsia pue AJIoTIse[d oYY pey SUoIs9] JueUIIBN Aueurran ‘uadurgen], 1e3dsol AJISISATUN) ‘T 10 UUBRWSAIS 6
BdY ($9°0 = uBAW) "0 03 9%°0 W01y paduel anssy Ie[npued
[9¥] €10T  pueedy (££°0 = ueaw) TH°0 03 S0 woij paduel anssi) asodIpe [BWLIOU JO SSULTIS A, VSN OTUI) OABIN ‘T 19 UayD 8
"S1SBAIQ SSUSPUOU I PaIeduIod SUSUISINSEIUW SSAUPNS JoYSIy "VSN ‘SNqUINo) I9ua)
[82] L10C Apueoyrudis pey s)seaiq asua(q [BOTPIIN ISUXIA\ AJISIOATU() 18IS OIYQ YL ‘T 10 Ao[meH L
[o1] 810¢ 's10wWn} }Sea1q udIuaq W0y JUBUSITeW PI2)e)UISHIP TN ISea1g -souel] ‘JmferrA ‘yusuniedsq ASojorpey ‘Te 10 1om3AdTeg 9
*SPUBISYIAN ‘WERPIAISUIY
[st] 8107  ‘Sunoyiuow pue ‘Suide)s ‘uoneaur[op Jown) aaneIadoaid I0J pasn aq UL YA ISeald  ‘QUIDIPIIA IB9[ONN pue A3ojorpey jo jusunieda( ‘[e 19 1yog S
'sarderay) Sunagiel-INDA jo 1usudo[oasp
[+] 610T 3} UI pIe [[IM PUE SSOUPNS JOWN} JO UOTIIIAP SAISLAUTUOU SI[qRUSD YA ISeaIg SN ‘UOPUOT ‘YOoIeasay Iadue) JO ININSUT Y], ‘Te 39 Ulf +
[ev] 20T "0TJRI O1ISB9-00SIA YSIY pue ssaupns Yy aAey ‘siowin) JueuSI[ew Jsearg "90uRI ‘9D SHed SIAATUN ‘[ 19 9ed €
‘syuenjed Ysu-a8e1sAe 0) paredwlod SISeaIq ASUIP YIM
[z¥] zzoz  swuaned YSU-ySiy ur 1oySry AQueoyTudis a1om AIISOOSIA pUe ‘AIIONSB[D ‘SSOUIINS UL "VSN OrUI) 0ARIN ‘Te 19 [91ed e
‘asuodsal
[1¥] €207  juaunea:n jo siayrewolq Surdew se SSOUNIS IOUIN) U SISBIIOUI QINSBOW Ued YN "SI ‘UOPUOT ‘YoIeasay I90ue)) JO JISU] YL, ‘[e 19 oAy 1
SIOUQIJOY  JIBIX SRR dnoiS yoreasay
SOIpMIS FYIN Iseaiq jo Arewrwng | T ATIVL

Health Science Reports, 2024

6 of 9



to address this issue, more studies should be conducted by re-
searchers. This will not only fulfill all diagnostic needs but also
validate it as a standard and routine modality, similar to MRI or
mammography. Another significant limitation of MRE is its low
spatial resolution, making it challenging to detect lesions with
dimensions smaller than 5 mm [53]. One of the perspectives of
breast MRE development can be related to introducing artificial
intelligence. Unlike other procedures of breast cancer imaging,
there have been relatively few studies in this field, and artificial
intelligence algorithms for breast cancer diagnosis using the
MRE method have not yet been introduced. Conducting more
studies can draw researchers' attention to this method, leading
to more published results and, ultimately, a fundamental step
toward creating standardized protocols.

3 | Conclusion

The tissue stiffness parameter, derived from the biomechanical
properties of tissue, stands as a crucial biomarker in investi-
gating and differentiating normal tissue from cancerous tissue,
including both benign and malignant tumors. MRE emerges as
a rapid and highly accurate diagnostic method for breast tumor
diagnosis, contributing significantly to breast cancer detection
by measuring tissue stiffness through the magnetic field of the
MRI machine and low-frequency shear waves. This method not
only offers a quantitative diagnosis but also generates an elas-
togram, determining the stiffness of each area through its col-
ors. The positioning of these colors aids in identifying both the
extent and range of the tumor. In addition to the applications of
elastography in diagnosing breast cancer with MRI, which were
comprehensively discussed in this article, this technique, when
combined with other imaging procedures, can also have sig-
nificant diagnostic value. For instance, combining gastro-
intestinal ultrasound with elastography can aid in diagnosing
intestinal fibrous structures in patients with ulcerative colitis or
Crohn's disease [54, 55]. Therefore, it is recommended that the
elastography method and its applications in diagnosing other
diseases be further explored, with careful consideration of the
challenges, limitations, and clinical aspects, to provide a com-
prehensive guide to its use in clinical diagnosis.
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