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Abstract Breast MRI is a highly sensitive imaging tool
for breast cancer detection. In general clinical practice,
breast MRI utilizes a limited dynamic contrast-enhanced
(DCE) acquisition that provides morphologic and semi-
quantitative kinetic information to allow characterization
of breast findings. This approach provides sensitivities
approaching 100 % for breast cancer detection; however,
its specificity remains moderate due to limited ability to
differentiate benign pathologic processes that enhance
from malignancies. Several advanced MRI techniques,
such as high-temporal resolution DCE that allows robust
quantitative pharmacokinetic analysis, diffusion-weighted
imaging that allows microstructural characterization, and
MR spectroscopy that reflects chemical composition, hold
promise to improve standard breast MRI specificity and to
serve as imaging biomarkers that can guide treatment
decisions. In this review article, we review recent updates
in advanced breast MRI applications, including their
potential clinical uses and challenges to implementation.
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Introduction

Despite advances in early detection and treatment, breast
cancer remains the second leading cause of cancer death
in US women [1]. As a result, there is a strong clinical
need to develop advanced imaging techniques that can
improve detection and characterization of breast cancer
and thereby further decrease associated mortality and
morbidity. Due to its excellent sensitivity for breast can-
cer detection, breast MRI has gained clinical acceptance
as an imaging tool useful for a range of clinical scenarios,
including supplemental screening for women at high risk
of developing breast cancer, pre-operative evaluation of
extent of newly diagnosed breast cancer, evaluation and
management of indeterminate findings identified on stan-
dard imaging and/or clinical exam, and assessment of
breast cancer response to neoadjuvant chemotherapy.
However, standard contrast-enhanced MRI provides only
modest specificity, therefore exposing many patients to
unnecessary biopsies and limiting its clinical use and
acceptance across institutions. In this review article, we
review the current evidence for advanced breast MRI
applications, including dynamic contrast-enhanced (DCE)
pharmacokinetic (PK) modeling, diffusion-weighted
imaging (DWI), and MR spectroscopy (MRS), to improve
standard contrast-enhanced breast MRI performance and
remove barriers to more widespread use.

Current Clinical Indications for Clinical Breast
MRI

The clinical indication for breast MRI based on the highest
level of evidence is for supplemental screening (in addition
to mammography) of asymptomatic women at elevated risk
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of developing breast cancer. Multiple single and multi-in-
stitution trials have found that breast MRI provides supe-
rior sensitivity for breast cancer detection when compared
to mammographic and sonographic imaging in high-risk
women [2-5]. Although more controversial [6], MRI also
is commonly utilized to pre-operatively assess women
newly diagnosed with breast cancer for the presence of
additional breast cancers that are mammographically and
clinically occult in both the ipsilateral [7] and contralateral
breasts [3].

Other diagnostic uses of breast MRI include assessment
of the effectiveness of neoadjuvant therapy and as a
“problem solving” tool for further evaluation of equivocal
imaging or clinical exam findings. Multiple studies have
shown MRI to be a valuable tool to assess response to
therapy, including prediction of pathologic complete
response (pCR) [8—-12]. However, its clinical impact for
guiding chemotherapy regimens remains limited by high
cost and modest overall performance in predicting mean-
ingful clinical outcomes. Similarly, the practice to utilize
MRI to evaluate equivocal findings in order to avoid
unnecessary biopsies has not yet been proven to be cost-
effective [13]. Additionally, current practice guidelines
based on the American College of Radiology Breast
Imaging Reporting and Data System require a negative
predictive value of ~98 % [14], which to date has not
been shown to be achievable with standard contrast-en-
hanced breast MRI.

Advanced Breast MRI Techniques

A multiparametric approach to breast MRI (Fig. 1) incor-
porating advanced techniques, such as high-temporal res-
olution DCE-MRI with quantitative PK modeling, DWI,
and MRS, have the potential to provide imaging assays of
specific biological features such as abnormal vessel per-
meability, cellularity, and chemical composition, which
may address some of the shortcomings of routine clinical
breast MRI.

Dynamic Contrast-Enhanced (DCE) MRI

DCE-MRI approaches with high-temporal resolution can
allow for more sophisticated contrast kinetic assessments
through PK modeling versus the semi-quantitative mea-
surements typical of routine clinical MRI. Such PK mod-
eling assesses gadolinium contrast exchange between the
intravascular and the interstitial spaces, and the model
parameters can provide surrogate measurements of capil-
lary permeability and tumor blood flow. Currently, the
most common approach to PK modeling for breast MRI is
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the two-compartment (Tofts) model, which measures the
exchange of contrast between breast tissue and the plasma
space [15]. Using such PK models, physiologic metrics can
be derived such as the volume transfer constant, K™",
which reflects the rate of transfer of gadolinium from
plasma to the tissue, the transfer rate constant, k.,, which
reflects the reflux of contrast agent from the extravascular
extracellular space to the plasma compartment, and the
fractional volume of the extravascular extracellular space,
ve. An example of PK modeling and resulting K"™"* map
for a breast cancer is provided in Fig. 2.

Multiple single-institution studies have shown promise
in applying these PK parameters, particularly K™, to
improve the positive predictive value of standard breast
MRI and as a biomarker of disease subtypes [16-22].
Huang et al. demonstrated that in lesions found to be sus-
picious on standard clinical breast MRI, a K™" “cutoff”
value could be used such that lesions with lower K"
values could avoid biopsy and thereby decrease false
positive MR examinations [17]. More recently, Li and
colleagues demonstrated that K™™ and k., values pro-
gressively increased when measuring normal glands,
benign lesions, and malignant lesions, respectively; also
noting that invasive ductal carcinomas and ductal carci-
noma in situ lesions exhibited significantly higher K"*™
and k., values than ductal dysplasias [18]. Their study also
found that these parameter values were higher in malig-
nancies with elevated expression of CD105, a marker of
angiogenesis, suggesting that PK measurements have
potential to serve as an in vivo biomarker of breast cancer
biology. Table 1 summarizes DCE-MRI K"" measures of
benign and malignant lesions reported in several recent
studies.

Beyond PK measures, other advanced metrics increas-
ingly being explored in DCE-MRI are those related to
texture and heterogeneity (e.g., energy, entropy, correla-
tion, difference in variance) and shape and morphology
(size, circularity, irregularity, margin sharpness, compact-
ness, spiculation). Mahrooghy et al. found that breast
cancer heterogeneity measures correlated with a multigene
assay (Oncotype DX Score, Genomic Health) that has been
validated to predict recurrence rates after treatment [23].
Also, Wang et al. demonstrated that the use of a computer-
aided evaluation software to extract advanced imaging
phenotypes along with incorporating PK measurements
(kep and V), textural and shape analyses (energy and
entropy), and automated 3D morphological assessments
could differentiate malignant and benign breast lesions on
MRI with 91 % accuracy (sensitivity 91 %, specificity
92 %) [22].

Early work assessing the ability of advanced DCE-MRI
to determine response to neoadjuvant therapy established
the potential of PK measurements to assess the efficacy of
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Fig. 1 Multiparametric MRI
examination in a 51-year-old
woman with invasive ductal
carcinoma (Grade 3, ER+/PR+/
HER2+) prior to therapy.

a Post-contrast T1-weighted
image from the DCE-MRI
sequence. b K" map for
tumor region. ¢ Single-voxel
'H-MRS tumor spectrum
showing elevated choline at
3.2 ppm. d ADC map from
DWI showing restricted
diffusion (low ADC) in the
tumor region

C H MR Spectroscopy

pre-operative therapies to achieve pCR. Specifically, K™"
values were shown in a meta-analysis to be among the most
promising MRI parameters for prediction of near pCR to
neoadjuvant chemotherapy, outperforming standard tumor
size measurements [24]. Moreover, recent work from
Drisis et al. found that for triple-negative breast cancers,
which can be more challenging to treat than other breast
cancer subtypes due to limited therapeutic options, K"™"
levels measured at the pre-treatment timepoint provided the
most accurate prediction of response to therapy, suggesting
that DCE-MRI may play a role in improving treatment
strategies for this tumor subtype [25].

One drawback of PK measures is the considerable
variability in parameters between centers, which in part
results from methodological differences in the PK models
used to calculate these features. As a result, some have
sought to identify quantitative methods that are less
dependent on modeling methodology to predict treatment
response [12, 26, 27]. Cho et al. recently reported that a
parametric response map analysis based on voxelwise
enhancement differences between pre-treatment and post-
treatment DCE images has potential for predicting pCR
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[28]. However, Huang et al. showed that although signifi-
cant parameter variations are seen when shared DCE-MRI
datasets are analyzed using various PK models, each model
independently showed excellent performance for predicting
breast cancer response, suggesting that these systemic
variations may not impact clinical utility [29e].
Nonetheless, consistency among different centers on
how to best approach PK modeling remains a significant
barrier to widespread implementation of advanced DCE
parameters for clinical use. PK modeling requires mea-
surement of both the pre-contrast T1 relaxation time of the
tumor or tissue being imaged and the arterial input function
(AIF), or the concentration of contrast agent as it changes
over time within the arterial blood, which introduces
unique challenges and potential for error. T1 mapping
requires the acquisition of an additional series of images
prior to DCE-MRI, most commonly using varying flip
angle or inversion recovery approaches, which is time
consuming and can be prone to inaccuracies due to Bl
inhomogeneities and/or patient motion. Furthermore, many
PK models require that the AIF be measured directly for
each subject [30], which is challenging to perform
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Fig. 2 Dynamic contrast-
enhanced (DCE) MRI in a
subject with invasive ductal
carcinoma. a Representative
post-contrast image from a
high-temporal resolution DCE-
MR scan using a dynamic 4D
THRIVE (Philips Healthcare,
Best, The Netherlands)
acquisition (15 s scan;

I x 1 x 2 mm resolution).

b Percent enhancement curve
over time shows contrast
dynamics for a region of interest
in the invasive tumor. ¢ Two-
compartment model used for
pharmacokinetic analysis,
where K" reflects the rate
contrast leaves the plasma space
and K"™"/V, = k, reflects the
rate contrast returns to the
plasma space. d Resulting color
encoded K" map from high-
temporal resolution scan
showing higher levels of
capillary permeability in lesion

A Post Contrast MRI

L

C 2-Compartment PK Model

Plasma
Space

Cp()

Ktrans

—)
 G—

Ktrans / Ve

B DCE Time Series

Percent Enhancement (%)

Tissue

Cy(t)

.
180
160 T
¢ T -
/ e
140 ¢
J
120 /
100 |
‘I
80
60
40 J
20
0}ee !
100 200 300 400 500 600 700 800 900
Time (sec)

Table 1 Summary of recent dynamic contrast-enhanced MRI studies utilizing K™ to discriminate malignant from benign breast lesions

Study No. of No. of benign Field Temporal AIF T1 K™ (min~') (Mean + SD)
malignant lesions strength  resolution measurement Measurement - - -
lesions Malignant Benign lesions

lesions

Ma et al. 30 14 3T 30.1 s Direct Direct 0.967 £+ 0.361 0.136 + 0.088

[19]
Liet al. [18] 59 65 3T NS NS NS 0.783 £ 0.209 0.280 £ 0.193
Wang et al. 69 63 1.5T 15s Direct NS 0.652* 0.860"

[22]
El Khouli 68 33 3T 15 s NS NS 0.50 £ 0.50 0.22 + 0.19

et al. [16]
Huang et al. 20 72 1.5T 1341 s Population NS 0.15 0.053

[17] average 0.07-0.38)°  (0.004-0.148)"
Schabel etal. 28 28 1.5T 9.2-9.7 s Population Literature 0.11 0.06

[20] average values (0.08-0.13)° (0.05-0.08)°
Veltman 68 34 1.5T 4.1s Tissue NS 24 1.25

et al. [21] reference

AIF arterial input function, NS not specified

4 Median, ® Mean (range), © Median (interquartile range)
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routinely due to the very high temporal resolution required
to accurately sample the rapidly changing signal that rep-
resents the AIF. An alternate approach that avoids the need
for direct calculation of AIF for each subject is to use a
population-based mean AIF determined from data where
the injection site, dose, and rate were constant [17].

Diffusion-Weighted Imaging

Over the past decade, there has been increasing interest in
the use of DWI as a non-contrast MRI technique for
oncology applications. DWI measures the ability of water
molecules to freely diffuse in tissue, which is impacted by
biophysical characteristics such as cell density, membrane
integrity, and microstructure. DWI is particularly appealing
as an advanced breast MRI application due to its short
acquisition time, its wide availability on most commercial
MR scanners, and the lack of exogenous contrast agent
needed. DWI is increasingly being incorporated into breast
MRI protocols due to promising data from multiple single-
center studies demonstrating value for the detection and
characterization of breast cancer [31].

To date, the greatest evidence for the use of DWI as an
advanced MRI application is as an adjunct sequence that
can reduce false positives prompted by standard contrast-
enhanced breast MRIs and thereby reduce the number of
unnecessary biopsies performed. This has been the most
widely explored application of DWI for breast imaging,
and numerous groups have demonstrated significant dif-
ferences in DWI apparent diffusion coefficient (ADC)
values between benign and malignant lesions [32-35],
Fig. 3. A recent meta-analysis of 13 individual studies on
DWI diagnostic performance demonstrated pooled sensi-
tivity of 84 % (95 % confidence interval [CI]: 82, 87 %)
and specificity of 79 % (95 % CI: 75, 82 %) in discrimi-
nating malignant from benign lesions (964 breast lesions
total, 615 malignant and 349 benign) [36]. Table 2 sum-
marizes ADC measures reported for benign and malignant
breast lesions in several recent studies. Further, multiple
studies across a variety of field strengths have found that
ADC measures are complementary to DCE-MRI parame-
ters for discriminating benign and malignant breast lesions
and can increase the accuracy of conventional breast MRI
assessment [37-40]. More recently, Bickelhaupt et al.
reported that DWI may also be useful as a fast and non-
invasive approach to assess the likelihood of malignancy
for suspicious lesions detected on screening X-ray mam-
mograms and reduce unnecessary biopsies [41]

Others have explored DWI as a way to improve con-
ventional MRI’s ability to assess response to neoadjuvant
chemotherapy. Considering that the cytotoxic effects of
chemotherapy can lead to a less restrictive environment for

water to freely diffuse, it has been proposed that an
increase in ADC values may be highly predictive of
favorable treatment response. Indeed, several preliminary
clinical studies have shown changes in tumor ADC due to
neoadjuvant treatments may provide valuable early indi-
cation of treatment efficacy [42, 43]. Furthermore, it has
been proposed that ADC values on pre-treatment MRIs can
be used to identify patients who will best respond to
neoadjuvant treatments. In a recent study of 118 women
undergoing neoadjuvant chemotherapy for locally
advanced breast cancer, Richard et al. found that lower pre-
treatment tumor ADC values were predictive of patholog-
ical response, particularly for triple-negative tumors [44].

Finally, DWI has shown promise to serve as a non-
contrast screening tool that is supplemental to mammog-
raphy. Prior studies have shown that many mammograph-
ically and clinically occult breast cancers are visible on
DWI with corresponding low ADC values [45]. Yabuuchi
et al. demonstrated that using a non-contrast MRI approach
with DWI can achieve a higher accuracy for breast cancer
detection than mammography [46]. To date, there are
limited studies exploring the potential role of DWI as a
non-contrast alternative for breast MR screening, but
promising preliminary data warrant further investigation
[46, 47, 48e°].

Although widespread clinical implementation of DWI
for breast imaging applications has been limited in part by
technical issues inherent to echo planar imaging technique
(e.g., low spatial resolution, spatial distortions, and detri-
mental artifacts due to suboptimal fat suppression and
susceptibility effects at air-tissue interfaces), a number of
compelling advancements in DWI acquisition strategies are
under development to overcome these technical challenges
[49-53].

In addition, while data from early DWI trials are
encouraging for improving the performance of conven-
tional breast MRI, several advanced DWI approaches are
also being investigated to extract additional biological
information from breast DWI scans. These include intra-
voxel incoherent motion (IVIM) modeling, which provides
tissue perfusion characterization (evident at low b-val-
ues < 200 s/mmz) [54-57]; diffusion kurtosis modeling,
which describes tissue complexity and physical barriers to
diffusion (evident at high b-values > 1500 s/mmz) [58ee,
59, 60]; and diffusion tensor imaging, which assesses water
diffusion directionality to probe glandular organization
(ducts, lobules) and microarchitecture [61-63]. lima et al.
recently demonstrated in a pilot study using a novel DWI
approach, incorporating a 16 b-value acquisition and
combined IVIM and kurtosis modeling, that the perfusion
fraction [f] and kurtosis [K] measures obtained were sig-
nificantly higher in malignant breast lesions than in benign
lesions, providing additional parameters that could be used
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Post-Contrast T1w

Fig. 3 Diffusion-weighted MRI (DWI) for characterization of suspi-
cious lesions found on dynamic contrast-enhanced (DCE) MRI. (Top)
Malignant invasive ductal carcinoma in a 46-year-old woman. The
lesion brightly enhanced on T1w DCE-MRI and exhibited restricted

to improve the positive predictive value of MRI [58ee].
Bokacheva et al. also showed that IVIM parameters of
increased f and decreased pseudodiffusion [D] are useful
for discriminating malignancy from benign or normal
breast tissue [54]. Further, Sun et al. recently reported that
diffusion kurtosis measures can increase diagnostic accu-
racy over conventional ADC measures for assessing breast
lesions and are significantly associated with histologic
grade and proliferative activity (Ki-67 expression) in
invasive tumors [60].

Magnetic Resonance Spectroscopy

Another advanced MR technique actively investigated for
breast cancer detection and characterization is magnetic
resonance spectroscopy (MRS). MRS provides spatially
localized spectra representing the structure and concen-
tration of different chemical compounds in that region.
Proton MRS ('H MRS) studies of the breast have shown
the metabolite choline to be highly elevated in malignant
lesions compared with benign lesions and normal breast
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diffusion on DWI with low apparent diffusion coefficient (ADC) of
0.92 x 107 mm/s®. (Bottom) Benign fibroadenoma in a 51-year-old
woman. The lesion brightly enhanced on T1w DCE-MRI but did not
exhibit restricted diffusion on DWI, with ADC of 1.91 x 107> mm/s’

tissue [64—67]. Choline is known to be involved in cell
membrane turnover (phospholipid synthesis and degrada-
tion) and is therefore generally considered a marker of cell
proliferation.

Most breast MRS studies to date have utilized a single-
voxel acquisition approach, which produces a single
spectrum representing the average signal from a 3-dimen-
sional voxel. Alternative approaches of chemical-shift
imaging or MR spectroscopic imaging (MRSI) produce a
spatially resolved grid of spectra for a larger volume of
tissue. A variety of analysis approaches have been used to
characterize the total choline (tCho) signal in breast MRS
spectra, including qualitative assessment of the presence or
absence of a tCho peak, semi-quantitative measurement of
tCho signal-to-noise ratio (SNR), peak height or peak
integral, and absolute quantification of tCho concentration
(using internal water referencing or external phantom ref-
erencing techniques) [68].

MRS has demonstrated potential for both improving
diagnostic accuracy of breast MRI and for providing
prognostic biomarkers. "H-MRS measures of choline levels
in suspicious breast lesions have distinguished benign from
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Table 2 Summary of recent diffusion-weighted MRI studies assessing apparent diffusion coefficients (ADCs) to discriminate between benign

and malignant breast lesions

Study No. of malignant  No. of benign  Field b-value schema (s/mmz) ADC (x 1073 mmzls)a

lesions lesions strength - - - -

Malignant lesions  Benign lesions

Guo et al. [32] 31 24 1.5T 0, 250, 500, 750, 1000 0.97 + 0.20 1.57 £ 0.23
Woodhams et al. [35] 167 24 15T 0, 750 1.22 + 0.31 1.67 + 0.54
Rubesova et al. [33] 65 22 1.5T 0, 200, 400, 600, 1000 0.95 + 0.03 1.51 + 0.07
Bogner et al. [93] 24 17 3.0T 50, 850 0.99 + 0.18 1.47 £ 0.21
Partridge et al. [38] 31 52 1.5T 0, 600 1.30 + 0.27 1.70 + 0.44
El Khouli et al. [37] 68 31 3.0T 0, 600 1.12 + 0.37 1.98 + 0.70
Spick et al. [94] 20 84 1.5T 50, 400, 800 1.06 + 0.27 1.53 + 0.38
Min et al. [95] 29 20 1.5T 0, 400, 600, 800 1.11 £ 0.19 1.66 + 0.46
Arponent et al. [96] 114 23 3.0T 0, 200, 400, 600, 800 0.61 + 0.20 1.10 + 0.22
Nogueira et al. [97] 35 23 3.0T 50, 200, 400, 600, 800, 1000  1.08 £ 0.25 1.74 £ 0.35

ADC apparent diffusion coefficient

 Data are reported as mean =+ standard deviation

Table 3 Summary of recent studies Quantitative 'H-MR spectroscopy studies of benign and malignant breast lesions

Study No. of No. of Field Single or Reference  Optimal [Cho] cutoff [Cho] (mmol/kg)b
malignant benign strength multivoxel method value® (mmol/kg) - -
lesions lesions approach Mghgnant Bcplgn
lesions lesions
Meisamy 41 27 4.0T Sv Internal 1.05 2.2 (0-8.5) 0.21(0-1.1)
et al. [70]
Thakur 57 31 1.5T SV Internal 0.1 5.8+ 8.1 0.1 +03
et al. [98]
Dorrius 14 11 1.5T MV Internal 1.5 3.10 + 2.21 0.84 £ 0.32
et al. [74]
Sah et al. 151°¢ 38° 1.5T Y% Internal 2.54 42423 1.6 £ 0.9
[99]
Baek et al. 99 13 1.5T Sv Internal 0.0 2.7 0.05
[100] (0.08-9.99) (0-0.66)
Mizukoshi 169 39 1.5T NY% External 0.61 1.13 + 0.92 043 £ 042
et al.
[101]
Sun et al. 183 75 1.5T SV External 1.76 3.17 £ 2.03 0.86 = 0.83
[60]

SV single voxel, MV multivoxel, Cho choline

? Diagnostic [Cho] cutoff values defined to maximize both sensitivity and specificity in differentiating lesions

° Data are reported as mean + standard deviation or mean (range)

€ 17/151 malignant lesions and 12/38 benign lesions with [Cho] = 0 were excluded from quantitative analyses

malignant lesions with high specificity [69—71]. In a recent
meta-analysis of 19 breast MRS studies, Baltzer and
Dietzel found a pooled sensitivity of 73 % (95 % CI: 85,
91 %) and specificity of 88 % (95 % CI: 64, 82 %) for
diagnosis of a total of 1198 lesions (773 malignant, 452
benign) [72¢]. Table 3 summarizes absolute choline mea-
sures for benign and malignant lesions reported in several
breast MRS studies evaluating suspicious breast lesions.
Dorrius et al. showed that a quantitative MRSI approach

could differentiate benign and malignant lesions and
improve diagnostic accuracy of conventional contrast-en-
hanced MRI in the assessment of breast lesions >1 cm,
Fig. 4. Their findings suggested that implementing a
maximum lesion tCho concentration threshold of >1.5 mM
to indicate malignancy could avoid biopsy of benign
lesions while not missing any cancers [73, 74].

Breast MRS measures may also help distinguish disease
subtypes based on metabolic differences. Evaluation of 184
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Fig. 4 MR spectroscopic

imaging in a 53-year-old patient
with adenocarcinoma in the left
breast. a Volume of interest (36

voxels of 0.25 cm® each)

centered on the lesion.

b Unsuppressed spectral map

showing water and fat peaks in
the lesion and surrounding
tissue. ¢ After application of

water and fat suppression, an

intense Cho peak is seen on the

summed tumor spectra, where
the fit for choline is shown in
red (range 2—4.5 ppm). d The
choline map shows
heterogeneity of choline
concentration throughout the
tumor with highest choline
levels shown in red. Adapted
from Sijens PE, Dorrius MD,
Kappert P, Baron P, Pijnappel
RM, Oudkerk M. Quantitative
multivoxel proton chemical shift
imaging of the breast. Magn
Reson Imaging. 2010
Apr;28(3):314-9; with
permission (Color figure online)

breast cancer patients using single-voxel 'H-MRS at 1.5T,
Shin et al. found that tumor tCho measures were higher in
invasive versus in situ cancers, and correlated with several
prognostic factors including nuclear grade, histologic
grade, and estrogen receptor (ER) status [75].

Beyond lesion characterization, breast MRS may also
provide an early predictive marker of treatment response.
Treatment-induced reductions in cell proliferation may be
reflected by alterations in tumor choline levels on MRS
before any detectable changes in tumor size. Compelling
results from Meisamy and colleagues [76, 77] using a 4T
scanner showed that acute decreases in tumor tCho con-
centration levels were measurable within 24 to 48 h after
the first dose of chemotherapy and correlated with final
post-treatment changes in tumor size. Numerous other
groups have investigated MRS for monitoring neoadjuvant
therapy and many have also reported significant associa-
tions between tumor tCho levels and response to therapy,
with early tCho decreases generally predictive of better
pathologic and/or clinical response [78-81]. However, in a
recent review of 15 single-center breast MRS studies,
Leong et al. found that study designs and approaches for
MRS acquisition, choline quantitation, and response
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determination varied widely, making comparisons of the
findings across studies difficult [82].

Despite the valuable metabolic information that can be
obtained, there are both logistical and technical challenges
that limit routine clinical use of MRS of the breast. Breast
MRS data quality is very susceptible to BO inhomo-
geneities, which reduce SNR and ability to separate dif-
ferent spectral peaks and also negatively impact the
performance of chemically selective fat and water sup-
pression. Inadequate fat suppression is also a common
issue in breast imaging that results in lipid contamination
obscuring the choline signal. [68] While most prior studies
have been performed on 1.5T MR scanners, increases in
SNR and spectral resolution at higher field strengths may
overcome some of the current clinical limitations of breast
MRS by improving choline detectability, decreasing mea-
surement errors, and enabling the assessment of smaller
lesions [76].

Multivoxel MRS approaches, such as that shown in
Fig. 3, also hold strong advantages over single-voxel MRS
for improving the clinical utility of breast MRS. Perhaps
most importantly, MRSI provides wider coverage and thus
reduces the need for a priori knowledge of lesion location
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and real-time expertise for voxel placement during the MR
scan. MRSI further provides the ability to spatially map
tCho distributions, enabling assessment of multiple lesions
simultaneously, characterization of tumor heterogeneity,
and assessment of the extent of disease infiltration into
surrounding tissue [83]. However, longer scan time
requirements and greater technical challenges with regard
to shimming and fat suppression versus single-voxel MRS
have impeded widespread implementation of MRSI
Advancements in MRI hardware and software may facili-
tate expanded the use of this approach in clinical and
research settings [73, 81, 84-87].

31-Phosphorus MRS (*'P MRS) also holds promise as
an alternative approach to overcome some of the current
challenges of breast MRS. *'P MRS enables direct mea-
surement of phosphocholine and avoids issues of lipid
contamination commonly present in breast "H MRS signal.
Due to the low abundance of phosphorus in the body, *'P
MRS becomes more feasible at high field strengths, as
recently demonstrated in two breast studies performed at
7T [88, 89] .

Conclusion

Advanced applications of breast MRI, including DCE with
PK modeling, DWI, and MRS, continue to show potential
to improve the specificity and positive predictive value of
breast MRI and to expand its clinical use in both the
screening and diagnostic setting. To date, several centers
have demonstrated that advanced MRI applications can be
implemented into their routine clinical protocol to improve
characterization of breast lesions, and thereby to improve
the accuracy of conventional breast MRI [90], to predict
and monitor response to medical therapies [79, 91, 92], and
to discriminate biological subtypes of cancer [89¢]. While
promising, these advanced applications continue to require
multi-center validation, effort to address persistent techni-
cal challenges, and standardization of imaging technique
and measurement parameters before they can be imple-
mented broadly in clinical practice.
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