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Abstract: Magnetic resonance imaging (MRI) is the most sensitive exam for detecting breast cancer.
The American College of Radiology recommends women with 20% or greater lifetime risk of developing breast cancer be screened annually with MRI. However, other high-risk populations would
also benefit. Hartmann et al. reported women with atypical hyperplasia have nearly a 30% incidence
of breast cancer at 25-year follow-up. Women with dense breast tissue have up to a 4-fold increased
risk of breast cancer when compared to average-risk women; their cancers are more likely to be
mammographically occult. Because multiple cohorts of women are at high risk for developing breast
cancer, there has been a movement to develop an abbreviated MRI (abMRI) protocol to expand the
availability of MRI screening. Studies on abMRI effectiveness have been promising, with Weinstein
et al. demonstrating a cancer detection rate of 27.4/1000 in women with dense breasts after a negative
digital breast tomosynthesis. Breast MRI is also used to evaluate the extent of disease as part of
preoperative assessment in women with newly diagnosed breast cancer, and to assess a patient’s
response to neoadjuvant chemotherapy. This paper aims to explore the current uses of MRI and
propose future indications and directions.
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1. Introduction
Breast cancer is the most common cancer in women globally and the second leading
cause of cancer deaths. In the United States, there are over 250,000 new cases of breast cancer
annually with over 46,000 women dying of the disease [1]. Over the past two decades,
the death rate from breast cancer has decreased by over 40%, a monumental achievement,
due to the combination of improved detection as well as improved, increasingly targeted
therapies [1]. When breast cancer is detected early, over 95% of women survive more
than five years. Indeed, the detection and treatment of an earlier breast cancer is not only
associated with improved outcome, but also with a lower intensity of care, meaning less
aggressive therapy and less extensive surgery. Therefore, it is critical that every woman
has the optimal chance at detection of early, curable breast cancer.
Initially, breast cancer screening was performed with mammography alone. However,
as we increasingly understand breast cancer risk, we have been increasingly implementing
risk-based screening, that is, screening based on an individual woman’s risk of developing
breast cancer. The use of mammography alone is no longer be the optimal approach for the
detection of earlier, more curable breast cancer. Depending on a woman’s individualized
risk, optimal screening is tailored and may include mammography, ultrasound and MRI as
well as exciting, emerging technologies such as ultrasound tomography [2] or abbreviated
breast MRI. Even so, the mainstay of breast cancer screening remains mammography, and
it is a critical and necessary component for virtually all women.
Specific recommendations for mammographic screening vary widely. The American Society of Breast Surgeons and American College of Radiology recommend annual
screening beginning at age 40 for all women at average risk of breast cancer [3,4], the
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American Cancer Society (ACS) says one should consider beginning screening at 40, with
recommendations for annual screening at 45 to 54 and annual or biennial screening thereafter [5], and the United States Preventative Services Task Force recommends biennial
screening from ages 50–74 [6]. While many varying recommendations exist, the data
definitively demonstrates that annual mammography beginning at age 40 results in the
most lives saved compared to other proposed screening protocols [4]. These recommendations are for women at average risk of breast cancer. In women with a first degree
relative or second degree relatives with breast cancer, the ACR recommends beginning
annual screening mammography 5–10 years earlier than the age that the family member
developed breast cancer [4]. The ACS recommends that women at substantially increased
risk, defined as a 20% lifetime risk of breast cancer or greater, undergo annual screening
contrast-enhanced breast MRI in addition to annual mammography, as MRI remains the
most sensitive imaging modality available for the detection of breast cancer [7]. This group
of high-risk women includes those with BRCA 1 or 2 mutations, untested first-degree
relatives of BRCA-positive patients, history of chest radiation for Hodgkin’s lymphoma
between the ages of 10 and 30 years, and women with PalB2 mutations and other genetic
syndromes associated with elevated breast cancer risk [7].
As the most sensitive exam, breast MRI has many clinical uses in addition to screening.
This paper aims to outline and explore the current indications for breast MRI, including as a
tool for screening high-risk populations, evaluating extent of disease as part of preoperative
assessment in women with newly diagnosed breast cancer, and assessing a patient’s
response to neoadjuvant chemotherapy. We will also propose future indications for breast
MRI, such as using MRI as a biomarker for breast cancer risk and treatment response,
as well as implementing abbreviated protocol breast MRI programs to expand access of
screening breast MRI to those who would benefit from it.
2. High-Risk Screening
Mammography, the mainstay of breast cancer screening, is an excellent examination
that has been critical in reducing breast cancer mortality; screening mammography has
been proven to reduce mortality by 20–35% [8]. Yet, mammography is an imperfect
examination. Although the overall sensitivity of mammography for the detection of breast
cancer is 85% [9], the sensitivity of mammography is substantially reduced in women with
dense breasts, with sensitivities as low as 45–65% [10]. In women with BRCA mutations, the
sensitivity of mammograms is decreased and has been reported to be 33% [11], significantly
lower than the overall sensitivity of mammography [9]. Because of mammography’s
limitations, additional technologies have been developed to increase the detection of
mammographically occult breast cancer.
In women with dense breasts, screening breast ultrasound has been utilized to detect
mammographically occult breast cancers. Importantly, studies have shown that the mammographically occult cancers detected with screening breast ultrasound are most frequently
small, invasive, node-negative cancers [12,13]. These cancers are critical to detect before
they advance to node-positive and possibly metastatic disease. Studies have demonstrated
that screening breast ultrasound can detect approximately 25% more cancers in women
with dense breast tissue than mammography alone [14]. Screening breast ultrasound,
whether handheld or automated, has been increasingly incorporated in clinical practice to
optimize the detection of these mammographically occult but clinically important breast
cancers. There are exciting technological advances in ultrasound, such as the development
of ultrasound tomography, which utilizes ultrasound and sound speed to improve both the
sensitivity and specificity of breast cancer detection [2]. This, and likely other technologies,
should help with the ongoing issue of high false-positive rates found with screening breast
ultrasound, as well as increase the detection of mammographically occult breast cancers.
Women with a BRCA mutation have a 60–85% cumulative lifetime risk of developing
breast cancer [15]. The sensitivity of MRI for the detection of breast cancer in this high-risk
population ranges from 75–100% [7]. Studies have demonstrated that in BRCA-positive
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women, 44.7% of cancers are not detectable with mammography and are detected with MRI,
whereas 2.1% of cancers are detected by mammogram and not identified with MRI [16].
Furthermore, MRI detected cancers in BRCA-positive women have a better prognosis than
those detected with mammography, in that they are more frequently node -negative [15].
A study by Kriege et al. demonstrated that MRI not only detected cancers not visible
with mammography and clinical breast exam, but over half were smaller than 10 mm
and only 1 case of the 20 invasive cancers in this study was associated with node positivity [15]. Lo et al. demonstrated statistically significant greater cancer detection rates
(CDR) with MRI when compared to mammography in high-risk women; MRI detected
21.8 cancers per 1000 women screened whereas mammography detected 7 per 1000 women
screened [17]. Sippo et al. confirmed a high MRI CDR in patients with BRCA mutations,
at 26 per 1000 women screened [18]. The robust data obtained with numerous studies
investigating the use of screening breast MRI in women at markedly increased risk of
breast cancer demonstrates that annual screening with MRI detects earlier, more frequently
node-negative and more likely curable breast cancer. As a result, the ACS and numerous
other societies agree that annual screening with MRI for women at the highest risk of breast
cancer is not only recommended but strongly advised (Figure 1).

Figure 1. 28-year-old woman with a known BRCA 2 genetic mutation presented for her baseline
annual high-risk screening MRI. Axial contrast-enhanced T1-weighted fat-suppressed image shows
a 1.4 × 1.3 × 1.2 cm rim enhancing mass in the upper inner left breast (solid white arrow). This
was a biopsy-proven grade 3 invasive ductal carcinoma. There is also a 3.1 × 3.6 × 2.1 cm rim
enhancing mass with central necrosis in the upper outer right breast (white dashed arrow). This was
also biopsy-proven grade 3 invasive ductal carcinoma.

It is important to note that the population of women at increased risk of breast cancer,
for whom MRI is critically important, has been expanding. Initially, the recommendation
for annual screening with MRI was only for those with a genetic mutation, where 27 cancers
per 1000 women screened with MRI were detected [15]. Further studies in women with a
personal history of breast cancer demonstrated a CDR ranging from 10 to 29 cancers per
1000 women screened [19–24]. In addition, women with high-risk breast lesions, such as
atypical lobular or ductal hyperplasia, have a CDR of 13 per 1000 women when screened
with MRI [25]. Up to 30% of patients diagnosed with atypical hyperplasia develop breast
cancer after 25 years [26]. Studies have demonstrated that these women also benefit
with MRI screening, with a CDR of 15 cancers per 1000 women screened [18]. Sippo and
colleagues reported no difference in CDR for screening breast MRI examinations performed
in patients with a personal history of breast cancer (12 per 1000 examinations) or high-risk
lesion (15 per 1000 examinations), compared with those performed for BRCA mutation or
history of chest radiation (26 per 1000 examinations; p = 0.14 and p = 0.18, respectively) [18].
Women with dense breast tissue are at moderately increased risk of breast cancer
(15–20% lifetime risk). Forty percent of women in the US have dense breasts [27]. Women
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with dense breast tissue have up to 4.6-fold increased risk of developing breast cancer
when compared to average risk women [28]. In addition, the sensitivity of mammography
in women with dense breast tissue is significantly decreased, with reports as low as 45%.
As a result, cancers are usually larger and more frequently node-positive at the time of
diagnosis [29]. Additionally, the frequency of interval cancer detection, that is, cancer
detected within a year of a normal screening mammogram, is significantly higher in
women with dense breast tissue. It is well-known that interval cancers have a poorer
prognosis. Therefore, supplemental screening MRIs in women with dense breasts and
normal mammograms has been suggested and investigated. A recent study from the
Netherlands investigating the impact of interval cancers in women with dense breast tissue
who underwent screening MRI and demonstrated a significant reduction in interval cancers
with screening MRI [30]. Indeed, half the number of interval breast cancers were detected
in women with dense breasts who underwent screening MRI; 2.5 cancer per 1000 screened
with MRI, versus 5.0 per 1000 screened with mammography alone [30]. This reduction in
interval cancers, which is statistically significant, demonstrates that supplemental screening
MRI in women with dense breasts is beneficial. Additionally, this study demonstrated an
unexpectedly high CDR when MRI was used to screen women with dense breast tissue
(16.5 per 1000 screenings) demonstrating the benefit of screening MRI in women with dense
breast tissue [30].
MRI screening has political implications as well. In the United States, screening
mammography is covered without a co-pay or deductible as part of the Affordable Care
Act (ACA); screening MRI is not. It is not uncommon for insurance to reject MRI screening,
especially in women who do not have a deleterious genetic mutation. Efforts are underway
to facilitate the approval of MRI screening. With the robust evidence demonstrating the
significant benefit of screening MRI in women with a personal history of breast cancer, a
history of high-risk lesions, and even in women with dense breast tissue, Pennsylvania
Governor Tom Wolf signed Senate Bill 595 in June 2020 which requires insurance coverage
of supplemental breast cancer screening with MRI in women with extremely dense breasts
(BIRADS D) and in women with heterogeneously dense breast tissue (BIRADS C) and one
other high-risk factor [31]. It is hopeful that additional states will follow suit and facilitate
the approval of screening MRI by eliminating the financial barrier to obtaining screening
MRI in women at increased risk for breast cancer.
3. MRI Evaluation of Newly Diagnosed Breast Cancer
In women with newly diagnosed breast cancer, preoperative staging is required to
assess disease extent to optimize treatment strategy. Assessment of locoregional metastases
into the axillary, internal mammary and supraclavicular nodal basins is critical information
for surgical and treatment planning. Preoperative breast MRI plays an important role in
delineating the extent of the primary tumor and diagnosing multicentric and contralateral
disease, as well as in the evaluation of local nodal metastases and chest wall involvement.
Studies have demonstrated that when women with newly diagnosed breast cancer are
evaluated with MRI, additional foci of disease are identified in 10% of women: 7% in
the ipsilateral breast and 3% in the contralateral breast [32]. Of the contralateral cancer
diagnosed on preoperative MRI, most are less than 1 cm in size, and approximately onethird are ductal carcinoma in situ (DCIS) (Figure 2).
A meta-analysis by Plana et al. [33] demonstrated that additional disease was found in
the ipsilateral breast in 20% with a positive predictive value (PPV) (of lesions undergoing
biopsy) of 67%, and in approximately 20%, these additional findings impacted surgical
planning. Brennan et al. performed a meta-analysis of 22 studies which reported suspicious
MRI detected findings in the contralateral breast of women with newly diagnosed breast
cancer, and found additional foci in 9.3% of women, with a PPV (of lesions undergoing
biopsy) of 47.9% yielding a cancer detection rate of 4.1% in the contralateral breast (32). In a
retrospective study, Benveniste et al. demonstrated that in 76 patients diagnosed with pure
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DCIS who underwent preoperative MRI staging, approximately 8% had additional foci of
cancer (6.6% DCIS and 1.3% invasive breast cancer), all in the contralateral breast [34].

Figure 2. 75-year-old woman presented for annual screening evaluation. Mammogram demonstrated a left breast asymmetry
(not shown) which prompted further workup. (a) Left breast ultrasound in radial projection at the 10 o’clock axis 3 cm
from the nipple demonstrates a suspicious 0.5 × 0.6 × 0.4 cm hypoechoic antiparallel mass with irregular margins and
posterior acoustic shadowing (arrow), corresponding to the mammographic abnormality. Ultrasound guided biopsy yielded
invasive ductal carcinoma, mucinous type. (b) MRI was performed to evaluate the extent of disease; axial contrast-enhanced
T1-weighted fat-suppressed image demonstrates a separate 0.7 × 0.5 cm enhancing irregular mass in the lower inner
quadrant of the contralateral right breast (dashed arrow). This was biopsied under MRI guidance and yielded invasive
ductal carcinoma, mucinous type. The known left breast cancer is not shown.

Given its sensitivity, MRI is the most powerful tool to assess breast cancer and a
significant number of women are found to have disease that was occult on mammography
and ultrasound. This information aids in surgical planning with the goal of decreasing
positive margins and re-excision rates. This is particularly true in women with pure DCIS or
known invasive cancer with an extensive DCIS component [35]. In a cohort of 593 women
who underwent breast surgery, Kuhl et al. reported that more than half of DCIS associated
with invasive cancer was detected only with MRI, compared to FFDM and radiologistperformed US [35]. In the same study, positive margins were demonstrated in only 3.7%
of the cases after MRI imaging and MRI-guided biopsy/bracketing, which is significantly
lower than positive margin rates reported after conventional assessment in similar cohorts,
ranging from 20.0–40.0% [35–37]. Additionally, women with invasive lobular carcinoma
benefit from preoperative MRI. Lobbes et al. reported that preoperative MRI in women
with ILC results in a significantly lower risk of positive margins without a concomitant
increase in mastectomies [38].
The use of preoperative MRI in all newly diagnosed patients is still controversial
and guidelines differ among institutions. Although there is solid evidence that MRI
demonstrates disease that is not seen by conventional modalities, it is still unclear if that
translates to better patient outcomes, specifically disease-free survival and overall survival. Moreover, studies have shown that women with newly diagnosed breast cancer
who undergo MRI have a higher rate of mastectomies. Preoperative MRI may be most
beneficial in patients with triple-negative breast cancer (TNBC), invasive lobular cancers, or
patients who undergo breast conservation without radiation therapy. Wang et al. demonstrated that preoperative MRI improved breast cancer survival in women who underwent
breast-conserving without radiation therapy [39]. Given that use of preoperative MRI is
controversial, a multicenter international study with more than 7000 enrolled patients is currently underway to investigate and compare the clinical outcomes in women undergoing
versus not undergoing preoperative breast MRI [40].
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Although many trials have demonstrated improved accuracy as well as margin assessment with MRI, studies have also shown that preoperative MRI results in an increased rate
of mastectomies. A meta-analysis of 19 studies by Houssami et al., reported that preoperative MRI was associated with a 1.4 increased odds ratio for mastectomy, and MRI was also
associated with increased odds ratio (1.91) of a contralateral prophylactic mastectomy [41].
The increased rate of mastectomy following preoperative MRI must be considered when
clinical decisions regarding preoperative MRI are made. Even so, at our institution, nearly
all women with newly diagnosed breast cancer undergo MRI for assessment of extent of
disease, surgical planning and reducing the need for re-excision, as we believe the benefit
outweighs the risks. Figure 3 shows a preoperative MRI demonstrating extent of the newly
diagnosed breast cancer. Skin and posterior chest wall involvement, as well as satellite
lesions and metastatic sternal lesions, were first identified in this study, resulting in change
in management. The patient received preoperative chemotherapy to attempt to reduce
disease burden before surgery (Figure 3). Furthermore, at our institution the use of margin
assessment tools, such as MarginProbe [42], further allows the surgical team to implement
available strategies to decrease the need for re-excision.

Figure 3. 55-year-old woman presented with a palpable breast mass and asymmetric breast size. Mammogram and
ultrasound showing a large mass are not shown. MRI was performed to evaluate for extent of disease. (a) Axial contrastenhanced T1-weighted fat-suppressed image demonstrates a 13 cm ring-enhancing centrally necrotic lateral right breast
mass (solid arrow). Additional rim-enhancing centrally necrotic satellite lesions are noted at the medial aspect of the
breast (dashed arrow). (b) Sagittal contrast-enhanced T1-weighted fat-saturated image demonstrates a large irregular
heterogeneously enhancing right breast mass invading the right pectoralis muscle (arrow). The edge of the normal pectoralis
muscle (M) is seen superiorly. Diffuse skin thickening and enhancement (*) is compatible with skin involvement, and satellite
lesions (dashed arrow) are redemonstrated. p demarcates the posterior aspect of the image. (c) Axial contrast-enhanced
T1-weighted fat-saturated image demonstrates abnormally enlarged and enhancing right axillary lymph nodes (arrow) and
an enhancing metastatic bone lesion in the sternum (dashed arrow). Right breast skin thickening (*) is again noted.
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4. Response to Neoadjuvant Chemotherapy
Neoadjuvant chemotherapy (NACT) is the preferable approach in patients with locally advanced (stage II or III) and TNBC. Long-term outcomes for patients receiving
NACT versus adjuvant chemotherapy were demonstrated in a patient-level meta-analysis
conducted by the Early Breast Cancer Trialists’ Collaborative Group [43]. When compared with adjuvant chemotherapy, NACT was associated with an increased frequency of
breast-conserving surgery (65% vs. 49%) and an equivalent risk of both distant recurrence
(15-year risk 38.2% vs. 38.0%) and breast cancer mortality (34.4% vs. 33.7%) [43]. However,
NACT was also associated with more frequent local recurrence than adjuvant chemotherapy (15-year local recurrence 21.4% vs. 15.9%) [43]. This difference may be due to more
frequent breast-conserving therapy in women with TNBC. Of note, patients undergoing
NACT who achieve pathologic complete response (pCR), defined as the absence of residual invasive cancer on pathologic evaluation following surgery, have excellent long-term
survival outcomes [44–46]. More than half of the patients with HER2-amplified tumors
achieved pCR [47]. With the increasing use of NACT, methods to assess the effectiveness
of neoadjuvant chemotherapy are needed.
It is important to assess response to NACT as early as possible during therapy, as a
poor response can trigger a change in the chemotherapeutic regimen. There are multiple
methods for evaluating response to neoadjuvant chemotherapy. Initially, response to
neoadjuvant chemotherapy relied on physical examination along with conventional breast
imaging, i.e., mammogram, and US. Studies have demonstrated a moderate correlation
between pCR and physical examination, mammography and ultrasound reported at 57%,
74% and 79%, respectively [48]. More recently, studies have demonstrated greater accuracy
of MRI in assessing response to NACT with a reported sensitivity of 88–89% (Figure 4) [49].
The ability of MRI to assess response to NACT is based on a number of factors,
including tumor molecular subtype (less accurate in luminal, and greater accuracy in triplenegative tumors and HER-2 positive tumors) [50], as well as type of chemotherapy used.
MRI has a greater likelihood of underestimating residual disease in patients treated with
antiandrogenic drugs [51] and more accurate with regimens that do not include taxanes.
Schrading et al. demonstrated that the use of taxanes resulted in 66.7% false-negative MRI
findings in patients with residual disease, versus 20% false-negatives rate in patients treated
with multiagent chemotherapy without taxanes [52]. Additionally, Chen et al. have shown
that MRI can overestimate residual disease in 6–19% of cases, and underestimate in 7–28%
of cases [53]. According to Reig et al., causes of overestimation of residual disease include
fibrosis/treatment changes, necrotic tumor and residual benign masses, whereas tumors
with nonmass morphology, tumors with nonconcentric shrinkage, antiandrogenic therapy
and late-enhancing foci tend to demonstrate underestimation of residual disease [54].
MRI following neoadjuvant therapy can also be helpful in downstaging biopsy-proven
metastatic axillary lymph node, with some studies demonstrating a sensitivity of 61–
72% [55]. Although imperfect, MRI is currently the most accurate imaging modality to
assess response to neoadjuvant chemotherapy, and particularly when response is concentric,
can be quite accurate.
Recently, a novel approach to assess response to NACT has been reported. Duric and
colleagues reported accurate assessment of early response to neoadjuvant chemotherapy
utilizing ultrasound tomography [56]. This approach detected response early in the course
of neoadjuvant chemotherapy, which may allow for earlier intervention for chemotherapeutic regimens with less-than-optimal response. Additionally, this approach does not
require injection of contrast. Although additional studies are needed for further evaluation,
this approach is exciting and has potential to accurately evaluate response to neoadjuvant
chemotherapy early in the course of treatment.
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Figure 4. 47-year-old woman with a right breast invasive ductal carcinoma. (a) Prechemotherapy axial contrast-enhanced
T1-weighted fat-suppressed MRI shows a 2.7 × 2.5 × 2.2 cm irregular mass with a thick rim of enhancement in the
upper outer right breast (arrow), compatible with the known invasive ductal carcinoma. (b) Prechemotherapy axial
contrast-enhanced T1-weighted fat-suppressed MRI shows an area of non-mass-like enhancement compatible with DCIS
(edges demarcated by (*) located posterior to the mass (arrow). (c) Prechemotherapy maximum intensity projection image
demonstrates a right breast mass (arrow) with associated enhancing right axillary and intramammary lymphadenopathy
(dashed arrows), compatible with metastatic disease. (d) Postchemotherapy contrast-enhanced T1-weighted fat-suppressed
MRI shows resolution of the right breast mass. Susceptibility artifact from the biopsy clip is seen in the tumor bed (arrow).
The area of non-mass-like enhancement has also resolved (not shown). (e) Postchemotherapy maximum intensity projection
image demonstrates resolution of the previously seen large right breast mass (solid arrow in tumor bed). The right axillary
and intramammary lymph nodes are redemonstrated but have decreased in size (dashed arrow).

5. Imaging Biomarkers
Breast cancer can be identified on MRI by its pattern of enhancement after the administration of intravenous contrast. Because malignancies undergo uncontrolled angiogenesis
in patterns different from benign breast tissue, breast cancer generally appears as a relatively bright focus of enhancement on MRI. Some benign as well as high-risk lesions
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also enhance, and kinetic information of MRI contrast uptake and excretion from tissues
can help differentiate benign and malignant lesions. It is important to note that normal
fibroglandular breast tissue enhances, a phenomenon known as background parenchymal
enhancement (BPE), albeit generally at a slower rate than cancer or high-risk lesions. BPE
is thought to reflect the background physiologic activity of a woman’s breast tissue and is
affected by each woman’s unique vascular and hormonal factors, exposure to endogenous
and exogenous hormones, and use of endocrine therapy [57]. Menopausal status, menstrual cycle, hormone replacement therapy, and tamoxifen use may impact the extent of
BPE in women.
Background parenchymal enhancement is characterized in the breast imaging (BIRADS)
lexicon as minimal, mild, moderate, and marked [58]. Moderate or marked BPE can hinder
breast cancer detection due to the increased background uptake. Similar to mammography
in a patient with dense breasts, the interpreting radiologist is looking for a bright cancer
in a background of enhancement, i.e, a bright background [59]. To mitigate the decrease
in sensitivity of MRI, especially in women with substantial BPE, it is recommended that
women undergo MRI examinations when performed for screening during the second week
(follicular phase) of their menstrual cycle, to decrease endogenous hormonal influence on
their BPE [60].
Increased estrogen exposure is a known risk for breast cancer due to tumorigenesis
via estrogen receptors. BPE is positively affected by both endogenous and exogenous
estrogen. Studies have demonstrated a positive correlation between BPE and breast cancer
risk [59,60]. Moderate or marked BPE is associated with a higher risk of developing breast
cancer compared to women with minimal or mild BPE (odds ratio of 2.1) [61]. A study by
Arasu et al. found BPE to be associated with increased risk of breast cancer independent of
mammographic breast density [62]. Given these findings, it is likely that future risk models
will consider including BPE in risk assessments and qualification for high-risk screening
with MRI.
Tamoxifen and other estrogen receptor modulators are used both as adjuvant therapy
for estrogen receptor / progesterone receptor (ER/PR) positive breast cancer and as a risk
reduction strategy in women at increased risk of breast cancer. Studies have demonstrated
up to a 50% decrease in incidence of cancer when tamoxifen is used for risk reduction [63].
When MRI is performed in women undergoing tamoxifen therapy, a variable decrease in
BPE is noted. Studies have begun to investigate whether the resultant decrease in BPE
following tamoxifen therapy may reflect the individualized effectiveness of the therapy. It
is hypothesized that the imaging manifestation of the antiestrogenic effect of tamoxifen may
well be reflected in the impact on BPE. However, up to 32% [64] of patients on tamoxifen
therapy do not have the expected decrease in BPE. It is possible that the lack of decrease
in BPE may reflect a lesser antiestrogenic effect. Patients with little or no impact on BPE
when on tamoxifen therapy may not be benefiting. Given that tamoxifen has significant
side effects including deep venous thrombosis, pulmonary emboli, stroke, and endometrial
cancer, the benefits may not outweigh the risks in this subset of patients. However, this
is currently hypothetical and additional studies are underway to further investigate the
possibility of modulating risk reduction tamoxifen therapy based on effect of BPE.
Molecular breast imaging (MBI), also known as breast-specific gamma-imaging (BSGI),
is another sensitive physiologic imaging modality used to detect breast cancer [65]. This
exam uses intravenous injection of 99m Tc-sestamibi, a nuclear radiotracer, to physiologically
differentiate between benign and malignant breast tissue. MBI/BSGI detects cancer with
a sensitivity and specificity of up to 96% and 80%, respectively [66] and can increase
detection of mammographically occult cancers by up to 1.7% of women at increased risk
of breast cancer [65]. Patients who cannot undergo MRI, whether due to obesity, inability
to lay flat, MRI contrast allergy, renal insufficiency, claustrophobia, or metallic hardware
incompatibility, can benefit from physiologic imaging with BSGI.
Background parenchymal uptake (BPU) is the MBI/BSGI equivalent of BPE in MRI,
and is defined as the 99m Tc-sestamibi uptake within normal fibroglandular tissue. Studies
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have shown elevated BPU is associated with increased breast cancer risk [67]; BPU can
therefore act as a nuclear medicine biomarker for predicting risk. Additionally, just as
tamoxifen can decrease BPE on MRI, it can also decrease BPU on MBI/BSGI. Noting a
patient’s change in BPU with tamoxifen therapy may reflect the effectiveness of tamoxifen
and influence treatment decisions with estrogen receptor modulators. Additional studies
are needed to further define the use of assessing BPE on management decisions including
tamoxifen therapy.
6. Abbreviated Breast MRI
Given that MRI is the most sensitive tool to detect cancer, there has been a movement to
expand access to MRI screening. Due to its cost, full-protocol, dynamic contrast-enhanced
breast MRI (fpMRI) has traditionally been offered as a screening tool only to women at
the highest risk for breast cancer [68]. An fpMRI, which includes multiple phases of axial
T1-weighted pre- and post-contrast images with and without fat suppression, axial T2 or
STIR, and a sagittal delayed post-contrast sequence, takes 45–60 min to acquire, in addition
to the time required to prepare and position the patient for the examination.
Abbreviated breast MRI (abMRI) has been developed to increase access and decrease
the cost of screening breast MRI. AbMRI consists of fewer sequences requiring a shorter
time and lower cost for the examination. Multiple studies have investigated whether abMRI
can replace a fpMRI in the screening setting. A prospective study by Kuhl et al. [69] demonstrated that abMRI was equal to fpMRI in sensitivity and specificity. In addition, their study
demonstrated that abMRI significantly decreased MRI acquisition time and average time
for radiologist interpretation without sacrificing the examination’s specificity or positive
predictive value (abMRI 94.3% and 24.4%, respectively versus fpMRI 93.9% and 23.4%,
respectively) [69]. The abMRI negative predictive value was 99.8% [69]. Osei et al. found
comparable cancer detection and patient recall rates for abMRI vs. fpMRI, while abMRI
significantly decreased the radiologist’s time for interpretation [70]. Weinstein et al. demonstrated screening abMRI resulted in a CDR of 27.4/1000 in women with dense breasts after
a negative digital breast tomosynthesis [71]. This is in contrast to the reported CDR of
an fpMRI in women with dense breasts of 16.5/1000 [30]. Although quite a number of
studies have demonstrated the benefits of abMRI [72,73], a universal abMRI protocol has
not yet been developed. It is hoped that once a protocol has been standardized, women
with dense breasts and those at intermediate risk for breast cancer will have access to MRI
as the most sensitive screening tool, rather than only patients at the highest risk [30,72,74].
An example abMRI protocol, as outlined in the American Journal of Roentgenology Expert
Panel Review [74], is shown in Figure 5.
A major barrier to implementation of a population-wide abMRI screening program
has been cost. The average insurance reimbursement for a fpMRI is $1084. Studies
have demonstrated that 8% of screening MRIs detect a suspicious lesion (BIRADS 4 or 5)
requiring additional workup and possible biopsy [75]. By way of contrast, abMRI, while
not covered by insurance, can cost as low as $299. The lower cost is possible due to the
decreased examination time, allowing for a greater volume and a shorter interpretation
time. It would be optimal to further decrease the MRI time by facilitating quicker patient
preparation. Current MRI machines are not designed for high patient throughput. Time
preparing the scanner and maneuvering the patient into the magnet takes longer than
abMRI image acquisition itself [76]. Screening-focused MRI magnets would allow for even
greater throughput, more widespread availability, and lower cost for this lifesaving tool in
the high-risk population. Ultimately, these new machines could be used for other types of
abMRIs tailored to answer specific clinical questions [76].
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Figure 5. Example protocol of an abMRI. 61-year-old woman presented for screening MRI. (a) Maximum intensity projection
image illustrates a 3.8 × 3.2 × 4.6 cm rim enhancing centrally necrotic mass in the right breast (arrow). Biopsy of this
lesion yielded invasive ductal carcinoma. The enhancing axillary lymph nodes (dashed arrow) are asymmetric compared
to the contralateral side, and was biopsy-proven metastatic disease. The right breast is asymmetrically decreased in size.
(b) Contrast-enhanced axial T1-weighted fat-suppressed image demonstrates the same rim-enhancing mass in the right
breast (arrow). (c) Contrast-enhanced axial T1-weighted fat-suppressed image demonstrates an irregular 2.8 × 2.0 cm
spiculated mass, compatible with metastatic lymph nodes (dashed arrow). (d) Contrast-enhanced axial T2-weighted fatsuppressed image demonstrates the same right breast mass (arrow) with associated skin thickening (*), compatible with skin
involvement. Associated fibrosis (F) results in nipple retraction, indicating nipple involvement. (e) Non-contrast-enhanced
T1-weighted axial image without fat suppression redemonstrates the mass (arrow), skin thickening (*) and fibrosis (F)
resulting in nipple retraction. In addition to the above sequences, a full protocol MRI would also include a T1-weighted
axial noncontrast image with fat suppression, at least three other dynamic axial T1-weighted post-contrast sequences, and a
sagittal delayed post-contrast sequence.

Given that the cost of abMRI can be as low as $299, which is lower than the insurance
copay for a fpMRI, some institutions have developed robust MRI high-risk screening
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programs using a self-pay model. Grimm et al. [74] recommend that institutions price their
self-pay abMRIs as low as possible, so as to not create significant healthcare disparity.
In order to implement wider use of abMRI, a standardized abMRI protocol is needed.
Future steps will likely include development of universal abMRI protocols as well as
quality measures and guidelines. Subsequent studies will undoubtedly further define the
role of abMRI in screening guidelines [76].
7. Conclusions
MRI is the most sensitive, currently available method for the detection of breast cancer.
Its indications include screening high-risk populations, evaluating women with newly
diagnosed breast cancer for extent of disease and planning surgical management, and
assessing response to neoadjuvant chemotherapy. Currently developing indications include
using abMRI to expand the availability of screening MRI to other high-risk populations.
Breast MRI may also be used as a biomarker for breast cancer risk and efficacy of tamoxifen
therapy as hormonal treatment for women with breast cancer, and as a risk reduction
strategy for women at increased risk of breast cancer.
Author Contributions: Manuscript writing: all authors. Reviewing and editing: all authors. Final
approval of the manuscript: all authors. Accountable for all aspects of the work: all authors. All
authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.

5.

6.
7.
8.
9.
10.
11.
12.
13.

14.

American Cancer Society. Cancer Facts and Figures; American Cancer Society: Atlanta, GA, USA, 2021.
Duric, N.; Littrup, P. Breast ultrasound tomography. In Breast Imaging; Kuziak, C.M., Ed.; IntechOpen: London, UK, 2018. [CrossRef]
American Society of Breast Surgeons. Position Statement on Screening Mammography. Available online: https://www.
breastsurgeons.org/docs/statements/Position-Statement-on-Screening-Mammography.pdf (accessed on 30 September 2021).
Monticciolo, D.L.; Newell, M.S.; Hendrick, R.E.; Helvie, M.A.; Moy, L.; Monsees, B.; Kopans, D.B.; Eby, P.R.; Sickles, E.A. Breast
Cancer Screening for Average-Risk Women: Recommendations From the ACR Commission on Breast Imaging. J. Am. Coll. Radiol.
2017, 14, 1137–1143. [CrossRef] [PubMed]
Oeffinger, K.C.; Fontham, E.T.H.; Etzioni, R.; Herzig, A.; Michaelson, J.S.; Shih, Y.-C.T.; Walter, L.C.; Church, T.R.; Flowers, C.R.;
LaMonte, S.J.; et al. Breast Cancer Screening for Women at Average Risk: 2015 Guideline Update From the American Cancer
Society. JAMA 2015, 314, 1599–1614. [CrossRef]
Siu, A.L. U.S. Preventive Services Task Force. Screening for Breast Cancer: U.S. Preventive Services Task Force Recommendation
Statement. Ann. Intern. Med. 2016, 164, 279–296. [CrossRef] [PubMed]
Saslow, D.; Boetes, C.; Burke, W.; Harms, S.; Leach, M.O.; Lehman, C.D.; Morris, M.; Pisano, E.P.; Schnall, M.; Sener, S.; et al. ACS
Guidelines for Breast Screening with MRI as an adjunct to mammography. CA Cancer J. Clin. 2007, 57, 75–89. [CrossRef] [PubMed]
Elmore, J.G.; Armstrong, K.; Lehman, C.D.; Fletcher, S.W. Screening for breast cancer. JAMA 2005, 293, 1245–1256. [CrossRef] [PubMed]
Zeeshan, M.; Salam, B.; Khalid, Q.S.B.; Alam, S.; Sayani, R. Diagnostic Accuracy of Digital Mammography in the Detection of
Breast Cancer. Cureus 2018, 10, e2448. [CrossRef]
Pisano, E.D.; Gatsonis, C.; Hendrick, E.; Yaffe, M.; Baum, J.K.; Acharyya, S.; Conant, E.F.; Fajardo, L.L.; Bassett, L.; D’Orsi, C.; et al.
Diagnostic performance of digital versus film mammography for breast-cancer screening. N. Engl. J. Med. 2005, 353, 1773–1783. [CrossRef]
Kuhl, C.K. MR imaging for surveillance of women at high familial risk for breast cancer. Magn. Reson. Imaging Clin. 2006, 14,
391–402. [CrossRef]
Berg, W.A. Current Status of Supplemental Screening in Dense Breasts. J. Clin. Oncol. 2016, 34, 1840–1843. [CrossRef] [PubMed]
Brem, R.F.; Tabár, L.; Duffy, S.W.; Inciardi, M.F.; Guingrich, J.A.; Hashimoto, B.E.; Lander, M.R.; Lapidus, R.L.; Peterson, M.K.;
Rapelyea, J.A.; et al. Assessing improvement in detection of breast cancer with three-dimensional automated breast US in women
with dense breast tissue: The SomoInsight Study. Radiology 2015, 274, 663–673. [CrossRef]
Brem, R.F.; Lenihan, M.J.; Lieberman, J.; Torrente, J. Screening breast ultrasound: Past, present, and future. AJR Am. J. Roentgenol.
2015, 204, 234–240. [CrossRef] [PubMed]

J. Clin. Med. 2021, 10, 5668

15.

16.
17.
18.
19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

31.
32.

33.

34.

35.

36.

37.
38.

13 of 15

Kriege, M.; Brekelmans, C.T.M.; Boetes, C.; Besnard, P.E.; Zonderland, H.M.; Obdeijn, I.M.; Manoliu, R.A.; Kok, T.; Peterse, H.;
Tilanus-Linthorst, M.M.A.; et al. Efficacy of MRI and mammography for breast-cancer screening in women with a familial or
genetic predisposition. N. Engl. J. Med. 2004, 351, 427–437. [CrossRef] [PubMed]
Obdeijn, I.-M.; Winter-Warnars, G.A.O.; Mann, R.; Hooning, M.J.; Hunink, M.G.M.; Tilanus-Linthorst, M.M.A. Should we screen
BRCA1 mutation carriers only with MRI? A multicenter study. Breast Cancer Res. Treat 2014, 144, 577–582. [CrossRef] [PubMed]
Lo, G.; Scaranelo, A.; Aboras, H.; Ghai, S.; Kulkarni, S.; Fleming, R.; Bukhanov, K.; Crystal, P. Evaluation of the Utility of Screening
Mammography for High-Risk Women Undergoing Screening Breast MR Imaging. Radiology 2017, 285, 36–43. [CrossRef] [PubMed]
Sippo, D.A.; Burk, K.S.; Mercaldo, S.F.; Rutledge, G.M.; Edmonds, C.; Guan, Z.; Hughes, K.S.; Lehman, C.D. Performance of Screening
Breast MRI across Women with Different Elevated Breast Cancer Risk Indications. Radiology 2019, 292, 51–59. [CrossRef] [PubMed]
Monticciolo, D.L.; Newell, M.S.; Moy, L.; Niell, B.; Monsees, B.; Sickles, E.A. Breast Cancer Screening in Women at Higher-ThanAverage Risk: Recommendations From the ACR. J Am. Coll. Radiol. 2018, 15 Pt A, 408–414. [CrossRef]
Schacht, D.V.; Yamaguchi, K.; Lai, J.; Kulkarni, K.; Sennett, C.A.; Abe, H. Importance of a personal history of breast cancer as a
risk factor for the development of subsequent breast cancer: Results from screening breast MRI. AJR Am. J. Roentgenol. 2014, 202,
289–292. [CrossRef]
Weinstock, C.; Campassi, C.; Goloubeva, O.; Wooten, K.; Kesmodel, S.; Bellevance, E.; Feigenberg, S.; Ioffe, O.; Tkaczuk, K.H.R.
Breast magnetic resonance imaging (MRI) surveillance in breast cancer survivors. Springerplus 2015, 4, 459. [CrossRef]
Lehman, C.D.; Lee, J.M.; DeMartini, W.B.; Hippe, D.S.; Rendi, M.H.; Kalish, G.; Porter, P.; Gralow, J.; Partridge, S.C. Screening
MRI in Women With a Personal History of Breast Cancer. J. Natl. Cancer Inst. 2016, 108, djv349. [CrossRef] [PubMed]
Gweon, H.M.; Cho, N.; Han, W.; Yi, A.; Moon, H.-G.; Noh, D.-Y.; Moon, W.K. Breast MR imaging screening in women with a
history of breast conservation therapy. Radiology 2014, 272, 366–373. [CrossRef] [PubMed]
Giess, C.S.; Poole, P.S.; Chikarmane, S.A.; Sippo, D.A.; Birdwell, R.L. Screening Breast MRI in Patients Previously Treated for Breast
Cancer: Diagnostic Yield for Cancer and Abnormal Interpretation Rate. Acad. Radiol. 2015, 22, 1331–1337. [CrossRef] [PubMed]
Port, E.R.; Park, A.; Borgen, P.I.; Morris, E.; Montgomery, L.L. Results of MRI screening for breast cancer in high-risk patients
with LCIS and atypical hyperplasia. Ann. Surg. Oncol. 2007, 14, 1051–1057. [CrossRef] [PubMed]
Hartmann, L.C.; Degnim, A.C.; Santen, R.J.; Dupont, W.D.; Ghosh, K. Atypical hyperplasia of the breast–risk assessment and
management options. N. Engl. J. Med. 2015, 372, 78–89. [CrossRef] [PubMed]
Sprague, B.L.; Gangnon, R.; Burt, V.; Trentham-Dietz, A.; Hampton, J.M.; Wellman, R.D.; Kerlikowske, K.; Miglioretti, D.L.
Prevalence of mammographically dense breasts in the United States. J. Natl. Cancer Inst. 2014, 106, dju255. [CrossRef] [PubMed]
McCormack, V.A.; dos Santos Silva, I. Breast density and parenchymal patterns as markers of breast cancer risk: A meta-analysis.
Cancer Epidemiol. Biomark. Prev. 2006, 15, 1159–1169. [CrossRef] [PubMed]
Yaghjyan, L.; Colditz, G.A.; Collins, L.C.; Schnitt, S.J.; Rosner, B.; Vachon, C.; Tamimi, R.M. Mammographic breast density and
subsequent risk of breast cancer in postmenopausal women according to tumor characteristics. J. Natl. Cancer Inst. 2011, 103,
1179–1189. [CrossRef]
Bakker, M.F.; De Lange, S.V.; Pijnappel, R.M.; Mann, R.M.; Peeters, P.H.; Monninkhof, E.M.; Emaus, M.J.; Loo, C.E.; Bisschops,
R.H.; Lobbes, M.B.; et al. Supplemental MRI Screening for Women with Extremely Dense Breast Tissue. N. Engl. J. Med. 2019, 381,
2091–2102. [CrossRef] [PubMed]
Senate Bill No. 595. Penn. 2020. Available online: https://legiscan.com/PA/text/SB595/2019 (accessed on 21 September 2021).
Brennan, M.E.; Houssami, N.; Lord, S.J.; Macaskill, P.; Irwig, L.; Dixon, J.M.; Warren, R.M.; Ciatto, S. Magnetic resonance imaging
screening of the contralateral breast in women with newly diagnosed breast cancer: Systematic review and meta-analysis of
incremental cancer detection and impact on surgical management. J. Clin. Oncol. 2009, 27, 5640–5649. [CrossRef] [PubMed]
Plana, M.N.; Carreira, C.; Muriel, A.; Chiva, M.; Abraira, V.; Emparanza, J.I.; Bonfill, X.; Zamora, J. Magnetic resonance imaging in
the preoperative assessment of patients with primary breast cancer: Systematic review of diagnostic accuracy and meta-analysis.
Eur. Radiol. 2012, 22, 26–38. [CrossRef] [PubMed]
Benveniste, A.; Ortiz-Perez, T.; Ebuoma, L.; Sepulveda, K.; Severs, F.; Roark, A.; Wang, T.; Sedgwick, E. Is breast magnetic
resonance imaging (MRI) useful for diagnosis of additional sites of disease in patients recently diagnosed with pure ductal
carcinoma in situ (DCIS)? Eur. J. Radiol. 2017, 96, 74–79. [CrossRef] [PubMed]
Kuhl, C.K.; Strobel, K.; Bieling, H.; Wardelmann, E.; Kuhn, W.; Maass, N.; Schrading, S. Impact of Preoperative Breast MR Imaging
and MR-guided Surgery on Diagnosis and Surgical Outcome of Women with Invasive Breast Cancer with and without DCIS
Component. Radiology 2017, 284, 645–655. [CrossRef]
Wilke, L.G.; Czechura, T.; Wang, C.; Lapin, B.; Liederbach, E.; Winchester, D.P.; Yao, K. Repeat surgery after breast conservation
for the treatment of stage 0 to II breast carcinoma: A report from the National Cancer Data Base, 2004-2010. JAMA Surg. 2014, 149,
1296–1305. [CrossRef] [PubMed]
McCahill, L.E.; Single, R.M.; Bowles, E.J.A.; Feigelson, H.S.; James, T.A.; Barney, T.; Engel, J.M.; Onitilo, A.A. Variability in
reexcision following breast conservation surgery. JAMA 2012, 307, 467–475. [CrossRef] [PubMed]
Lobbes, M.B.; Vriens, I.J.; Van Bommel, A.C.; Nieuwenhuijzen, G.A.; Smidt, M.L.; Boersma, L.J.; Van Dalen, T.; Smorenburg, C.;
Struikmans, H.; Siesling, S.; et al. Breast MRI increases the number of mastectomies for ductal cancers, but decreases them for
lobular cancers. Breast Cancer Res. Treat. 2017, 162, 353–364. [CrossRef] [PubMed]

J. Clin. Med. 2021, 10, 5668

39.

40.

41.
42.
43.
44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.
55.
56.
57.
58.
59.
60.
61.

14 of 15

Wang, S.-Y.; Long, J.B.; Killelea, B.K.; Evans, S.B.; Roberts, K.B.; Silber, A.L.; Davidoff, A.J.; Sedghi, T.; Gross, C.P. Associations of
preoperative breast magnetic resonance imaging with subsequent mastectomy and breast cancer mortality. Breast Cancer Res.
Treat. 2018, 172, 453–461. [CrossRef]
Sardanelli, F.; Trimboli, R.M.; Houssami, N.; Gilbert, F.J.; Helbich, T.H.; Benito, M.A.; Balleyguier, C.; Bazzocchi, M.; Bult, P.;
Calabrese, M.; et al. Solving the preoperative breast MRI conundrum: Design and protocol of the MIPA study. Eur. Radiol. 2020,
30, 5427–5436. [CrossRef]
Houssami, N.; Turner, R.M.; Morrow, M. Meta-analysis of pre-operative magnetic resonance imaging (MRI) and surgical treatment
for breast cancer. Breast Cancer Res. Treat. 2017, 165, 273–283. [CrossRef]
Kupstas, A.; Ibrar, W.; Hayward, R.D.; Ockner, D.; Wesen, C.; Falk, J. A novel modality for intraoperative margin assessment and
its impact on re-excision rates in breast conserving surgery. Am. J. Surg. 2018, 215, 400–403. [CrossRef] [PubMed]
Early Breast Cancer Trialists’ Collaborative Group (EBCTCG). Long-term outcomes for neoadjuvant versus adjuvant chemotherapy in
early breast cancer: Meta-analysis of individual patient data from ten randomised trials. Lancet Oncol. 2018, 19, 27–39. [CrossRef]
Liedtke, C.; Mazouni, C.; Hess, K.R.; André, F.; Tordai, A.; Mejia, J.A.; Symmans, W.F.; Gonzalez-Angulo, A.M.; Hennessy, B.;
Green, M.; et al. Response to neoadjuvant therapy and long-term survival in patients with triple-negative breast cancer. J. Clin.
Oncol. 2008, 26, 1275–1281. [CrossRef]
Von Minckwitz, G.; Untch, M.; Blohmer, J.-U.; Costa, S.D.; Eidtmann, H.; Fasching, P.A.; Gerber, B.; Eiermann, W.; Hilfrich, J.;
Huober, J.; et al. Definition and impact of pathologic complete response on prognosis after neoadjuvant chemotherapy in various
intrinsic breast cancer subtypes. J. Clin. Oncol. 2012, 30, 1796–1804. [CrossRef] [PubMed]
Cortazar, P.; Zhang, L.; Untch, M.; Mehta, K.; Costantino, J.P.; Wolmark, N.; Bonnefoi, H.; Cameron, D.; Gianni, L.;
Valagussa, P.; et al. Pathological complete response and long-term clinical benefit in breast cancer: The CTNeoBC pooled analysis.
Lancet 2014, 384, 164–172. [CrossRef]
Hurvitz, S.A.; Martin, M.; Symmans, W.F.; Jung, K.H.; Huang, C.-S.; Thompson, A.M.; Harbeck, N.; Valero, V.; Stroyakovskiy, D.;
Wildiers, H.; et al. Neoadjuvant trastuzumab, pertuzumab, and chemotherapy versus trastuzumab emtansine plus pertuzumab
in patients with HER2-positive breast cancer (KRISTINE): A randomised, open-label, multicentre, phase 3 trial. Lancet Oncol.
2018, 19, 115–126. [CrossRef]
Croshaw, R.; Shapiro-Wright, H.; Svensson, E.; Erb, K.; Julian, T. Accuracy of clinical examination, digital mammogram,
ultrasound, and MRI in determining postneoadjuvant pathologic tumor response in operable breast cancer patients. Ann. Surg.
Oncol. 2011, 18, 3160–3163. [CrossRef] [PubMed]
Sheikhbahaei, S.; Trahan, T.J.; Xiao, J.; Taghipour, M.; Mena, E.; Connolly, R.M.; Subramaniam, R.M. FDG-PET/CT and MRI for
Evaluation of Pathologic Response to Neoadjuvant Chemotherapy in Patients With Breast Cancer: A Meta-Analysis of Diagnostic
Accuracy Studies. Oncologist 2016, 21, 931–939. [CrossRef] [PubMed]
Mukhtar, R.A.; Yau, C.; Rosen, M.; Tandon, V.J.; Hylton, N.; Esserman, L.J. Clinically meaningful tumor reduction rates vary by
prechemotherapy MRI phenotype and tumor subtype in the I-SPY 1 TRIAL (CALGB 150007/150012; ACRIN 6657). Ann. Surg.
Oncol. 2013, 20, 3823–3830. [CrossRef]
Denis, F.; Desbiez-Bourcier, A.; Chapiron, C.; Arbion, F.; Body, G.; Brunereau, L. Contrast enhanced magnetic resonance imaging
underestimates residual disease following neoadjuvant docetaxel based chemotherapy for breast cancer. Eur. J. Surg. Oncol. 2004,
30, 1069–1076. [CrossRef]
Schrading, S.; Kuhl, C.K. Breast Cancer: Influence of Taxanes on Response Assessment with Dynamic Contrast-enhanced MR
Imaging. Radiology 2015, 277, 687–696. [CrossRef]
Chen, J.-H.; Bahri, S.; Mehta, R.S.; Carpenter, P.M.; McLaren, C.E.; Chen, W.-P.; Fwu, P.T.; Hsiang, D.J.B.; Lane, K.T.;
Butler, J.A.; et al. Impact of factors affecting the residual tumor size diagnosed by MRI following neoadjuvant chemotherapy in
comparison to pathology. J. Surg. Oncol. 2014, 109, 158–167. [CrossRef] [PubMed]
Reig, B.; Lewin, A.A.; Du, L.; Heacock, L.; Toth, H.K.; Heller, S.L.; Gao, Y.; Moy, L. Breast MRI for Evaluation of Response to
Neoadjuvant Therapy. Radiographics 2021, 41, 665–679. [CrossRef] [PubMed]
Hieken, T.J.; Boughey, J.C.; Jones, K.N.; Shah, S.S.; Glazebrook, K.N. Imaging response and residual metastatic axillary lymph
node disease after neoadjuvant chemotherapy for primary breast cancer. Ann. Surg. Oncol. 2013, 20, 3199–3204. [CrossRef]
Duric, N.; Littrup, P.; Sak, M.; Li, C.; Chen, D.; Roy, O.; Bey-Knight, L.; Brem, R. A Novel Marker, Based on Ultrasound
Tomography, for Monitoring Early Response to Neoadjuvant Chemotherapy. J. Breast Imaging 2020, 2, 569–576. [CrossRef]
Giess, C.S.; Yeh, E.D.; Raza, S.; Birdwell, R.L. Background parenchymal enhancement at breast MR imaging: Normal patterns,
diagnostic challenges, and potential for false-positive and false-negative interpretation. Radiographics 2014, 34, 234–247. [CrossRef]
D’Orsi, C.J.; Sickles, E.A.; Mendelson, E.B.; Morris, E.A. ACR BI-RADS® Atlas, Breast Imaging Reporting and Data System; American
College of Radiology: Reston, VA, USA, 2013.
DeMartini, W.B.; Liu, F.; Peacock, S.; Eby, P.; Gutierrez, R.L.; Lehman, C.D. Background parenchymal enhancement on breast MRI:
Impact on diagnostic performance. AJR Am. J. Roentgenol. 2012, 198, W373–W380. [CrossRef]
Ellis, R.L. Optimal timing of breast MRI examinations for premenopausal women who do not have a normal menstrual cycle.
AJR Am. J. Roentgenol. 2009, 193, 1738–1740. [CrossRef] [PubMed]
Sippo, D.A.; Rutledge, G.M.; Burk, K.S.; Mercaldo, S.F.; Dontchos, B.N.; Edmonds, C.E.; Lehman, C.D. Effect of Background
Parenchymal Enhancement on Cancer Risk Across Different High-Risk Patient Populations Undergoing Screening Breast MRI.
AJR Am. J. Roentgenol. 2019, 212, 1412–1418. [CrossRef] [PubMed]

J. Clin. Med. 2021, 10, 5668

62.

63.

64.

65.
66.
67.

68.
69.

70.
71.

72.

73.
74.
75.
76.

15 of 15

Arasu, V.A.; Miglioretti, D.L.; Sprague, B.L.; Alsheik, N.H.; Buist, D.S.; Henderson, L.M.; Herschorn, S.D.; Lee, J.M.; Onega, T.;
Rauscher, G.H.; et al. Population-based assessment of the association between magnetic resonance imaging background
parenchymal enhancement and future primary breast cancer risk. J. Clin. Oncol. 2019, 37, 954–963. [CrossRef] [PubMed]
Fisher, B.; Costantino, J.P.; Wickerham, D.L.; Redmond, C.K.; Kavanah, M.; Cronin, W.M.; Vogel, V.; Robidoux, A.; Dimitrov, N.;
Atkins, J.; et al. Tamoxifen for prevention of breast cancer: Report of the National Surgical Adjuvant Breast and Bowel Project P-1
Study. J. Natl. Cancer Inst. 1998, 90, 1371–1388. [CrossRef]
King, V.; Kaplan, J.; Pike, M.C.; Liberman, L.; Dershaw, D.D.; Lee, C.; Brooks, J.D.; Morris, E. Impact of tamoxifen on amount of
fibroglandular tissue, background parenchymal enhancement, and cysts on breast magnetic resonance imaging. Breast J. 2012, 18,
527–534. [CrossRef]
Brem, R.F.; Ruda, R.C.; Yang, J.L.; Coffey, C.M.; Rapelyea, J.A. Breast-Specific γ-Imaging for the Detection of Mammographically
Occult Breast Cancer in Women at Increased Risk. J. Nucl. Med. 2016, 57, 678–684. [CrossRef]
Johnson, N.; Sorenson, L.; Bennetts, L.; Winter, K.; Bryn, S.; Johnson, W.; Glissmeyer, M.; Garreau, J.; Blanchard, D. Breast-specific gamma
imaging is a cost effective and efficacious imaging modality when compared with MRI. Am. J. Surg. 2014, 207, 698–701. [CrossRef]
Hruska, C.B.; Geske, J.R.; Conners, A.L.; Whaley, D.H.; Rhodes, D.J.; O’Connor, M.K.; Carter, R.E.; Scott, C.G.; Vachon, C.M.
Background Parenchymal Uptake on Molecular Breast Imaging and Breast Cancer Risk: A Cohort Study. AJR Am. J. Roentgenol.
2021, 216, 1193–1204. [CrossRef]
McLaughlin, S.A. Current controversies surrounding breast cancer screening. J. Hematol Oncol. 2015, 11, 26–30.
Kuhl, C.K.; Schrading, S.; Strobel, K.; Schild, H.H.; Hilgers, R.-D.; Bieling, H.B. Abbreviated breast magnetic resonance imaging
(MRI): First postcontrast subtracted images and maximum-intensity projection-a novel approach to breast cancer screening with
MRI. J. Clin. Oncol. 2014, 32, 2304–2310. [CrossRef] [PubMed]
Osei, K.V.; Mehta, A.K.; Thigpen, D.M.; Rapelyea, J.; Friedman, S.; Brem, R.F. Abbreviated breast MRI for screening high-risk
women: Comparison with the full clinical protocol. J. Breast Imaging 2021, 3, 196–200. [CrossRef]
Weinstein, S.P.; Korhonen, K.; Cirelli, C.; Schnall, M.D.; McDonald, E.S.; Pantel, A.R.; Zuckerman, S.; Borthakur, A.; Conant, E.F.
Abbreviated Breast Magnetic Resonance Imaging for Supplemental Screening of Women With Dense Breasts and Average Risk. J.
Clin Oncol. 2020, 38, 3874–3882. [CrossRef]
Comstock, C.E.; Gatsonis, C.; Newstead, G.M.; Snyder, B.S.; Gareen, I.F.; Bergin, J.T.; Rahbar, H.; Sung, J.S.; Jacobs, C.;
Harvey, J.A.; et al. Comparison of Abbreviated Breast MRI vs Digital Breast Tomosynthesis for Breast Cancer Detection Among
Women With Dense Breasts Undergoing Screening. JAMA 2020, 323, 746–756. [CrossRef] [PubMed]
Partovi, S.; Sin, D.; Lu, Z.; Sieck, L.; Marshall, H.; Pham, R.; Plecha, D. Fast MRI breast cancer screening—Ready for prime time.
Clin. Imaging 2020, 60, 160–168. [CrossRef] [PubMed]
Grimm, L.J.; Mango, V.L.; Harvey, J.A.; Plecha, D.M.; Conant, E.F. Implementation of Abbreviated Breast MRI for Screening: AJR
Expert Panel Narrative Review [published online ahead of print, 11 August 2021]. AJR Am. J. Roentgenol. 2021. [CrossRef]
Chikarmane, S.A.; Tai, R.; Meyer, J.E.; Giess, C.S. Prevalence and Predictive Value of BI-RADS 3, 4, and 5 Lesions Detected on
Breast MRI: Correlation with Study Indication. Acad. Radiol. 2017, 24, 435–441. [CrossRef]
Kuhl, C.K. Abbreviated Magnetic Resonance Imaging (MRI) for Breast Cancer Screening: Rationale, Concept, and Transfer to
Clinical Practice. Annu. Rev. Med. 2019, 70, 501–519. [CrossRef] [PubMed]

