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Neoadjuvant chemotherapy (NAC), also termed primary, induction, or preoperative chemotherapy, is traditionally used to downstage inoperable breast cancer. In recent years it has been increasingly used for patients who have operable cancers in order to
facilitate breast-conserving surgery, achieve better cosmetic outcome, and improve prognosis by reaching pathologic complete
response (pCR). Many studies have demonstrated that magnetic resonance imaging (MRI) can assess residual tumor size after NAC,
and that provides critical information for planning of the optimal surgery. NAC also allows for timely adjustment of administered
drugs based on response, so ineffective regimens could be terminated early to spare patients from unnecessary toxicity while
allowing other effective regimens to work sooner. This review article summarizes the clinical application of MRI during NAC.
The use of different MR imaging methods, including dynamic contrast-enhanced MRI, proton MR spectroscopy, and diffusionweighted MRI, to monitor and evaluate the NAC response, as well as how changes of parameters measured at an early time after
initiation of a drug regimen can predict final treatment outcome, are reviewed. MRI has been proven a valuable tool and will
continue to provide important information facilitating individualized image-guided treatment and personalized management for
breast cancer patients undergoing NAC.

1. Clinical Significance and Concerns of NAC
Neoadjuvant chemotherapy (NAC) has become an important alternative treatment modality for breast cancer. NAC
can downstage cancers and render them operable and/or
facilitate breast-conserving surgery (BCS) [1–4]. In patients
with inoperable locally advanced breast cancer, NAC is the
standard of care and has been shown to improve both diseasefree survival and overall survival. Patients with operable
cancer may also choose to receive NAC to facilitate BCS [4–
6]. In a meta-analysis of 14 randomized trials consisting of
5,500 women comparing NAC first followed by surgery and
surgery first followed by adjuvant chemotherapy for operable
breast cancer, it was found that, although overall survival
was equivalent in these two groups, the mastectomy rate was

lower in the NAC group without hampering local control.
NAC was also associated with fewer adverse effects [5].
As more effective therapies have become available, the
main target of NAC has gone beyond down staging to a more
far-reaching purpose of achieving pathological complete
response (pCR). Emerging evidence suggests that induction
of a pCR, or minimal residual cancer burden near pCR, is
predictive of favorable long-term survival [6–8]. Depending
on the treatment protocol, different chemo-regimens are used
in combination or in a sequential order. A complete course of
NAC usually takes several months. Patients receiving NAC
do not always respond well. If a patient is not responding
well to a certain regimen, the oncologist may change the
drugs timely, not only to avoid unnecessary drug-related
toxicity and complications, but also to allow the new regimen
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to work sooner. It is therefore critical to find a reliable
method for assessing patient’s response at an earlier time.
With more effective therapy regimens, even large locally
advanced tumors can be treated to achieve pCR or minimal
residual disease, and as such another important role of
imaging is to predict the residual disease after NAC so the
results can be used for surgical planning. When MRI can
confidently diagnose that the cancer has completely remised
or shrunk to a minimum disease, a small lumpectomy is
usually sufficient, and that will likely lead to a good cosmetic
outcome after surgery. An example of how NAC can change
the surgery from mastectomy to lumpectomy is given in
Figure 1.
Research evidence has suggested that BCS after NAC
results in acceptable low rates of locoregional or ipsilateral
recurrence in appropriately selected patients, even in those
with T3/T4 or multifocal/multicentric cancers [9–11]. Factors
that predict early recurrence include residual pathologic
tumor size >2 cm, multifocal tumor, and lymphovascular
invasion [12]. Therefore, an accurate pre- and post-NAC
disease staging is very important for selecting the optimal
patients suitable for breast-conserving surgeries, without
subjecting them to the high risk of recurrence [9–15]. Current
methods for assessing treatment response include clinical
examination (palpation), sonography, mammography, MRI,
and molecular imaging. Because the reliability of traditional
methods (physical examination, mammography, and ultrasonography) is questionable [13–16], MRI is increasingly
being used to evaluate response of breast cancer undergoing
NAC. MRI-measured tumor size after NAC has been proven
to be well correlated with pathologically determined tumor
size after completing therapy, and early change of tumor
size has been shown to be a good response indicator [16–
19]. However, changes in lesion size on MRI are usually not
detected until several weeks following chemotherapy [18]. If
early surrogate response indicator could be established to
predict final treatment outcome, it would help to allow timely
adjustment of drug regimens and achieve the goal of pCR.

2. Breast MRI Methods for
NAC Response Evaluation
Dynamic contrast-enhanced MRI (DCE-MRI) is the current
standard for breast MR imaging. The enhancement kinetics
can be evaluated using 3 distinct features, the wash-in phase,
the maximum enhancement, and the wash-out phase. Several
heuristic parameters can be analyzed from the curve, such
as wash-in slope (maximum slope, or the slope within a
time period), the maximum percent enhancement, time to
maximum, and the wash-out slope (within a time period).
A more sophisticated analysis method is to perform pharmacokinetic analysis based on two compartmental models,
such as the widely used unified Tofts model [20, 21]. The two
compartments are the vascular space and the interstitial space
(or the extravascular-extracellular space), with the transfer
constant 𝐾trans to leak from the vascular to the interstitial
space and the rate constant 𝑘ep from the interstitial space back
to the vascular space. In addition to diagnosis, another major
application of DCE-MRI is for predicting response of breast
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Figure 1: A 35-year-old patient with invasive ductal cancer in the
left breast. From (a) to (c), the maximum intensity projection (MIP)
images of pretreatment, F/U-1, and F/U-2 MRI are shown. Despite
the large tumor, the boundary is clearly visible and this is a mass
lesion. The diagnosed tumor size before treatment is 8.4 cm. This
cancer is considered as inoperable and is recommended to receive
NAC. After 2 cycles of treatment the tumor has shrunk to 1.2 cm,
and the size is further decreased to 0.6 cm after completing NAC.
Without NAC this patient will need mastectomy and will have a high
risk of positive margin. NAC allows this patient to receive breastconserving surgery, with a good cosmetic outcome.

cancer undergoing NAC. It is well known that the cancer
therapy also causes vascular damage, and the enhancement
kinetic pattern will change from the wash-out pattern to a
less aggressive pattern of plateau or persistent enhancement
[22]. In general, when there is tissue enhancement within the
previous tumor bed after NAC, it is considered as residual
disease regardless of the DCE kinetic pattern.
There are attempts to investigate whether information
provided by MRI may serve as earlier response indicators
than the size change. The parameters included percent
enhancements measured at different times during the DCE
imaging period, initial area under the curve, and pharmacokinetic parameters (such as 𝐾trans and 𝑘ep ) measured by
DCE-MRI; apparent diffusion coefficient (ADC) measured
by diffusion-weighted imaging (DWI); and choline and
water : fat ratio measured by proton MR spectroscopy (MRS).
These imaging parameters are measured in pretreatment MRI
and early follow-up MRI (after one or two cycles of NAC) to
predict the final response. Final MRI following the completeness of NAC treatment is very important in evaluating
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the residual tumor size hence an optimal surgical plan can
be chosen. Besides focusing on evaluation of tumor itself,
recently, there has been increasing interest in the evaluation
of normal breast tissue, such as background parenchymal
enhancement [23–30] and breast density [31]. In the following
sections we will describe the measurement of these imaging
parameters at different times during NAC and their clinical
roles in improving management of patients.

3. Pretreatment MRI for Predicting
NAC Response and Prognosis
Most NAC imaging studies focused on evaluating posttreatment responses. However, the features of tumors in
pretreatment MRI are known to be associated with treatment
responses. It was noted that large tumor size, a diffuse lesion
without mass effect, and high intratumoral signal intensity on
T2-weighted MR images were significantly associated with
chemoresistance. Mass lesions showing the wash-out DCE
kinetic pattern were significantly associated with chemosensitivity [32]. Similarly, in a study of triple negative tumors,
it was noted that an irregularly shaped lesion (𝑃 = 0.018)
and the presence of clear intra-tumoral necrosis (𝑃 = 0.044)
were significantly associated with poor NAC response [33].
In a meta-analysis of nine studies, it was noted that several
pretreatment MR parameters could differentiate between
responders and nonresponders [34]. Predictive role of these
parameters measured using different MR imaging methods
will be described later in subsections.
Pretreatment DCE-MRI parameters had also been used
to predict disease-free and overall survival for breast cancer
patients receiving NAC [35]. Overall, a more aggressive
disease with a larger tumor and higher angiogenic properties
was associated with worse prognosis. It was noted that, in
patients who exhibit high levels of vascular perfusion and
permeability in pretreatment DCE-MRI, significantly lower
disease-free survival (DFS) and overall survival (OS) are
expected [35]. Univariate survival analysis has revealed that
certain empirical DCE-MRI parameters (including maximum enhancement, enhancement at an early time, wash-in
slope, and area under the initial curve) showed significant
association with both DFS and OS [35]. In another study,
a significant correlation between the total enhancing tumor
volume and 5-year survival was found (𝑃 < 0.05) [36]. It
was shown that a two-dimensional discriminator considering
both the total enhancing tumor volume and the tumor
volume showing wash-out DCE pattern further improved the
prediction of survival, with 𝑃 < 0.001 differentiating between
survivors and nonsurvivors [36]. Similarly, in a study of 62
patients, pretreatment extravascular extracellular volume 𝑉𝑒
(𝑃 = 0.027) and mean transit time (MTT) (𝑃 = 0.002) were
associated with disease-free survival [37].

4. Early Response Predictors Using
Different MR Imaging Methods
4.1. DCE-MRI. There is discrepancy in the published data
regarding the usefulness of pharmacokinetic parameters in
predicting NAC response [38–41]. Some found that they
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could predict final response earlier than the size measurement did [40], but others did not [39, 41]. The explanation
for these variations in reported data is multifactorial: patient
number, tumor type, chemotherapeutic agent, the follow-up
imaging time of MRI after commencing therapy, and the
analysis methods, have all varied. Yu et al. [41] found that
the changes of 𝐾trans or 𝑘ep after one cycle of AC by itself
could not provide better information than the early tumor
size change to predict response, but they could be combined
with size change to better differentiate responders from
nonresponders. Figure 2 shows 3 case examples. In this study
by Yu et al., the DCE kinetics was measured by manually
drawing a region of interest (ROI) based on the enhanced
tumor, and only subtle changes in the DCE patterns were
noted between pretreatment and after 1 cycle of AC followup MRI, but these changes could not differentiate between
responders and non-responders after completing 4 cycles of
AC. It was concluded that the followup performed soon after
1 cycle of AC (within 2 weeks after starting of treatment) was
too early. Another study showed significant early reduction
in both 𝐾trans and 𝑘ep in responders compared to nonresponders [40]. Changes in 𝑉𝑒 and 𝐾trans were significantly
different between non-, partial-, and complete responders
(𝑃 = 0.009 and 𝑃 = 0.04, resp.) [42]. Breast tumor is highly
heterogeneous and the ROI-based analysis cannot provide
detailed information about the responses in different parts of
tumor. Therefore, for the purpose of evaluating therapeutic
changes, the most useful analysis method is to perform pixelby-pixel analysis of the DCE enhancement kinetics, and
the obtained histograms for the analyzed parameters can
be compared between studies performed before and after
therapy to evaluate changes [22, 39].
Other than predicting the efficacy of cytotoxic chemotherapy, the more attractive role of DCE-MRI is to evaluate the response of antiangiogenic or antivascular therapy
[43–48]. Evidence from phase I and II studies strongly
suggests that 𝐾trans can be used as a predictive biomarker
to determine response to antiangiogenic drugs or vascular
disruptive agents, with a change in 𝐾trans of greater than 40%
considered as the threshold required to represent definitive
response [49]. The most widely used antiangiogenic agent,
trastuzumab (Avastin), is a monoclonal antibody that neutralizes the vascular endothelial growth factor (VEGF) to
inhibit angiogenesis, and it has been used for treating
breast cancer in neoadjuvant setting. DCE-MRI provides a
means for assessing the treatment-induced vascular changes
to investigate the early therapeutic response to this targeted
drug [50]. It may provide insightful information to evaluate
the efficacy of drugs in clinical trial phases and to guide the
design for future studies. However, since bevacizumab was
often combined with chemotherapy for breast cancer treatment, the combined cytotoxic and antiangiogenic effects were
observed, and as such the role of DCE-MRI for predicting the
sole efficacy of bevacizumab could not be established.
4.2. Proton MR Spectroscopy. 1H-MRS can be used to detect
the elevated choline concentration in breast cancer. High
levels of choline-containing metabolites (referred to as total
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Figure 2: The DCE kinetics measured at baseline before treatment and after 1 cycle of chemotherapy from 3 case examples. From top to
bottom, the maximum intensity projection (MIP) images of pretreatment, F/U-1 MRI after 1 cycle of treatment, and F/U-2 MRI after 4 cycles
of treatment are shown. (a) A responder after 1 cycle of AC regimen, which shows a slower wash-in and a slower wash-out after chemotherapy.
(b) A confirmed responder after 4 cycles which has not yet shown a good response after 1 cycle, but the change of DCE kinetic is similar to the
responder in (a) thus indicating that it may be a responder. The follow-up MRI is performed 8 days after the administration of chemotherapy,
which may be too early to show size change. (c) A nonresponder which does not show tumor shrinkage after 4 cycles of AC treatment, and
the DCE shows a faster wash-in and a faster wash-out after 1 cycle of chemotherapy. However, despite the noticeable differences in the DCE
patterns, the changes are subtle.

choline or tCho) are mainly due to the increase of phospholipid metabolism and cellular membranes proliferation. Many
studies have investigated the role of 1H-MRS for therapy
response prediction but inconsistent results were reported
[51–58]. Therefore, the value of MRS was not well established,
partly due to its technical difficulty in quantification [51–
53]. In early studies, Kvistad et al. [51] and Jagannathan
et al. [52] demonstrated that 1H-MRS at 1.5 T was useful to
assess the response of locally advanced breast cancer to NAC.
They, however, used qualitative observations not quantitative
measurements of tCho concentration to monitor changes.
Meisamy et al. [53] reported a quantitative 1H-MRS study in
13 patients using a 4.0 T scanner and found that the change in
tCho level within 24 hours was significantly different between
the responder and the nonresponder groups; however, this
result could not be further verified by other studies. Baek
et al. reported significant difference in tCho level between
clinical responders and non-responders evaluated based on
the size changes at a later time [54]. In a follow-up study by

Baek et al. [55] using pathologic response as the outcome,
it was found that the tCho changes were greater than the
tumor size changes in the pCR group in both F/U-1 (after
3-4 weeks) and F/U-2 (after 6–8 weeks) studies but not in
non-PCR group. The results suggested that, when the tCho
reduction was higher than the tumor size reduction, the
tumor was more likely to achieve pCR [55]. However, as
the treatment continues, the change in tumor size halfway
through therapy (6–8 weeks) was the most accurate predictor
of pCR, with area under the ROC curve of 0.9, while that
for the change in tCho was 0.73. Example of a pCR case is
shown in Figure 3, and a non-pCR case is shown in Figure 4.
Tozaki et al. showed that, after one cycle of chemotherapy,
a reduction in the choline signal was more sensitive than
DW-MRI in demonstrating pathological response [56, 57].
It was also shown that the changes in Cho after the second
cycle of chemotherapy may be more sensitive than changes
in the tumor size to predict the pathological response [56].
Another study found that a significant decrease in tCho SNR
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Figure 3: A 41-year-old patient with a mass lesion (invasive ductal cancer) in the left breast. From (a) to (d), the maximum intensity projection
(MIP) images of pretreatment, F/U-1, F/U-2, and F/U-3 MRI are shown. The tumor size is 4.0 cm before treatment, which shrinks down to
2.7 cm in F/U-1 (32% reduction), 1.2 cm in F/U-2, and reaches a complete response in F/U-3 after completing NAC. This patient is confirmed
as pCR in post-NAC pathological examination. The total choline concentration measured by MRS is [tCho] = 2.33 ± 0.54 mmol/kg before
therapy, which decreases to 1.15 ± 0.25 mmol/kg in F/U-1, showing 51% reduction. Tumor size is too small in F/U-2 and F/U-3 for MRS
measurements. For this pCR case, the tumor size reduction is 32% at F/U-1, and [tCho] reduction is greater at 51%.

(a)

(b)

(c)

(d)

Figure 4: A 29-year-old patient with non-mass-like enhancement lesion in the left breast. From (a) to (d), the maximum intensity projection
(MIP) images of pretreatment, F/U-1, F/U-2, and F/U-3 MRI are shown. The extent of tumor size is 8.2 cm before treatment, remains about
the same at 8.0 cm in F/U-1, shrinks down to 4.5 cm in F/U-2, and progresses again to 6.2 cm in F/U-3. The choline measured by MRS shows
[tCho] = 0.77 ± 0.11 mmol/kg before treatment, which decreases to 0.20 mmol/kg in F/U-1, and then increases to 1.01 mmol/kg in F/U-2, and
further increases to 1.70 mmol/kg in F/U-3. The transient decrease of tCho in F/U-1 precedes the size reduction observed later in F/U-2. And
then the increase of tCho in F/U-2 indicates treatment failure, and the tumor grows larger in F/U-3.

was detected after treatment, but responders could not be
distinguished from non-responders [58]. It was concluded
that, with the currently observed low choline detection rate,
technological challenges related to choline detection have to
be resolved before MRS can provide a reliable quantitative
imaging biomarker for predicting NAC response [58].
Performing MRS quantification over a course of treatment is particularly challenging because it is known that

water content and T2 vary under normal physiological
conditions [38]. In addition, as the lesion shrinks, it is more
difficult to quantify tCho because there is less tumor tissue to
be measured. This is an inherent problem with the relatively
low sensitivity of 1H-MRS compared with MRI, which limits
the utility of 1H-MRS. Further work is also necessary to
account for the changes of water T2 relaxation rate, which
also decreases in successful therapy. Other than tCho, several
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studies also reported an association between the water : fat
ratio measured by MR spectroscopy with NAC response [38,
59–61]. As tumor shrinks, the water content will decrease, and
the ratio to the fat content may serve as a response indicator.
Manton et al. found that, while pharmacokinetic parameters
and ADC could not detect early treatment response, early
changes in water : fat ratios and water T2 relaxation time did
demonstrate substantial prognostic efficacy after two cycles of
NAC [38]. However, many factors other than tumor response
may also affect the water : fat ratios and water T2 measurements, and these two parameters were not considered as
reliable response indicators either.
4.3. Diffusion-Weighted Imaging. DW-MRI is developed to
probe the microscopic motion of water molecules, and the
measured apparent diffusion coefficient (ADC) is sensitive to
cell density, membrane integrity, and tissue microstructure
[62]. Tumors, in general, have a high cell density with
restricted water diffusion. The decease of cellular density after
NAC will lead to increased ADC, and that shows promise
as an early surrogate biomarker for detecting early response
before tumor shrinkage occurs. In a meta-analysis of 6
studies, DW-MRI sensitivity was 0.93 (95% CI 0.82–0.97) and
specificity was 0.82 (95% CI 0.70–0.90) [63] in predicting
pathological response. Induction of successful apoptosis will
result in loss of cell membrane integrity, and the altered
barrier will allow more free water diffusion, which can be
used as a very early sign of treatment response. The later cell
death and shrinkage will increase extracellular space, which
translates to a rise in the ADC value of up to 35% [64–66].
The initial results using ADC as a predictor were encouraging, showing earlier change than size reduction [64–67]. It
was noted that the change in ADC after the first cycle was
statistically significant compared with the change in tumor
volume or diameter [65]. The coupling of the diffusion
imaging with the established morphological MRI provides
superior evaluation of response to NAC compared with morphological MRI alone [68]. Changes in MRI-derived tumor
diameter and ADC after only one cycle of NAC could provide
a valuable tool for early evaluation of treatment effects [69,
70]. ADC measured after four cycles of NAC was shown to
be a strong independent predictor of pCR [71]. After 3–6
cycles of NAC, the best cut-off for differentiating pCR from
non-pCR was a 54.9% increase in the ADC, which could
reach 100% sensitivity and 70.4% (19/27) specificity [72].
However, while ADC can be precisely measured for mass type
lesions, it is difficult for lesions that present as non-mass-like
enhancements, and it is challenging to use ADC to predict the
NAC response for non-mass type lesions [70].
Breast cancer with a low pretreatment ADC tended
to respond better to chemotherapy [73, 74]. There was a
significant negative correlation between pre-chemotherapy
ADC and the percentage change of tumor volume [74]. It
was noted that high ADC values indicate necrotic tissue
with low cellularity [75, 76]. Necrotic areas in tumors are
usually poorly perfused, which may reduce the delivery of
chemotherapeutic agents to the tumor. Furthermore, tumor
tissues near necrotic regions are likely in hypoxic status and
have slower metabolisms and thus less sensitive to cytotoxic
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chemotherapy [73]. However, other studies did not find
significant difference in pre-chemotherapy ADCs between
pathologic complete response cases and those with residual
diseases [66, 77]. The conflicting findings may be owing to
different DWI acquisition methods (e.g., 𝑏 value, fat suppression technique) and methodological differences in measurements of ADC and residual tumor size used in the different
studies [74]. The optimal 𝑏 values for diffusion-weighted
MRI in the breast have not been established yet. While there
was a standard recommended protocol for DCE-MRI of the
breast, there has been no guideline for the DWI scanning
protocol. The imaging parameters and analysis methods all
have a bearing on the measurement of ADC values [66].
Further studies are needed to standardize the protocol, so that
the measured ADC values can be compared across different
studies.

5. Accuracy of MRI in Determining
Residual Disease after Completing NAC
Many studies have investigated the role of breast MRI as a
diagnostic tool for evaluating the extent of residual disease
after NAC [78, 79]. Despite the superior accuracy when compared with other modalities, MRI can over- or underestimate
residual tumor extent. This inaccurate assessment may be
influenced by tumor response, chemotherapeutic agent, or
NAC-induced reactive changes within the tumor [80]. The
general agreement is that MRI is very accurate for mass type
lesions that show clear tumor boundary and present concentric shrinkage after therapy (Figures 5 and 6). In contrast,
MRI is not accurate for non-mass-like enhancement lesions
that are more likely to break up into pieces and present
residual disease as scattered cells or cell clusters (Figures 7 and
8). Invasive lobular cancers and cancers with extensive ductal
carcinoma in situ components are more likely to present
non-mass type lesions, and the accuracy of MRI may be
compromised [81, 82].
Another observation is that the accuracy of MRI is
affected by the molecular characteristics of cancer [81–
90]. HER-2-positive cancer is more aggressive and there is
targeted therapy trastuzumab (Herceptin) available; therefore, HER-2-positive cancer generally responds very well to
trastuzumab-containing chemotherapy [81]. When the treatment is more effective, the rate of achieving pCR is higher, and
it is less likely to present the scattered minimal residual disease confounding the accuracy of MRI diagnosis. Therefore,
the diagnostic accuracy of post-NAC MRI is generally better
in HER-2-positive-than in HER-2-negative cancer. MRI is
known to have a high false-negative rate in HER-2-negative
patients [81]. For HER-2-negative patients receiving NAC
with and without bevacizumab, the pathological response
and the diagnostic performance of MRI are comparable.
In both groups, MRI has a limitation in detecting residual
disease broken down to small foci and scattered cells/clusters
[82].
Hormonal receptor status (including estrogen receptor
ER and progesterone receptor PR) also affects the response
to chemotherapy and thus the diagnostic accuracy of postNAC MRI. In general, hormonal-negative cancer is more
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Figure 5: A 64-year-old patient with a well-circumscribed mass lesion (invasive ductal cancer) in the left breast. From (a) to (c), the maximum
intensity projection (MIP) images of pretreatment, F/U-1, and F/U-2 MRI are shown. The tumor size is 2.5 cm before treatment and shows
concentric shrinkage to 1.8 cm in F/U-1 and further down to 1.1 cm in F/U-2 after completing treatment. The residual tumor size determined
in post-NAC pathological examination is 1.4 cm. For mass lesion that shows concentric shrinkage, MRI is accurate in diagnosing residual
disease.

1.1 cm

2.8 cm

4.8 cm node

3.3 cm node
(a)

(b)

No residual cancer

2.1 cm node
(c)

Figure 6: A 48-year-old patient with a mass lesion (invasive ductal cancer) in the right breast and an enlarged lymph node in the axilla. From
(a) to (c), the maximum intensity projection (MIP) images of pretreatment, F/U-1, and F/U-2 MRI are shown. The size of the primary tumor
in the breast is 2.8 cm before treatment, which shrinks down to 1.1 cm in F/U-1 and reaches a complete response in F/U-2 after completing
NAC. The node is also responding well and shows size shrinkage from 4.8 cm before treatment to 3.3 cm in F/U-1 and to 2.1 cm in F/U-2. In
addition to evaluating the response of primary tumor, MRI can also be used to evaluate the response in the nodes. This patient is confirmed
to reach pCR in the post-NAC pathological examination, with one positive node.
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Figure 7: A 41-year-old patient with non-mass-like enhancement lesion (invasive ductal cancer with lobular features). From (a) to (c), the
contrast-enhanced (subtraction) images selected from the same level in pretreatment, F/U-1, and F/U-2 MRI are shown. The tumor boundary
cannot be clearly determined, and thus the extent of the tumor cannot be measured precisely. While the disease extent does not change much in
F/U-1, it is noticeable that the area of the enhanced tissues is smaller in F/U-2 after completing NAC. The right panel shows the corresponding
color-coded 𝐾trans maps analyzed using pixel-by-pixel pharmacokinetic analysis within the enhanced tumor area, based on the unified Tofts
model. It can be seen that the tumor breaks into two areas that show strong enhancements in F/U-2. The post-NAC pathological examination
shows nearly continuous cancer clusters within a 6.5 cm region. It is typical for a non-mass lesion to show scattered diseases within the original
tumor bed.

aggressive and responds better to chemotherapy, and as
such the diagnostic accuracy of MRI in hormonal-negative
cancer is better than in hormonal-positive cancer. It has been
shown that MRI is more accurate in triple-negative or ERnegative/HER2-positive disease, but is less accurate in ERpositive/HER2-negative breast cancer [83–87]. For HER-2negative- and hormonal-receptor-positive cancers, they are
more likely to show residual disease as small foci or scattered
cells after NAC leading to underestimation of residual disease
extent on MRI [84]. Another study, however, showed that,
after multivariate analysis, molecular subtype and systemic
regimen administered did not significantly influence the
sensitivity, specificity, PPV, or NPV of MRI in predicting
pathologic response [88]. The morphological appearance of
tumor (mass versus non-mass) may have a more profound
influence on the MRI accuracy than the molecular subtypes.
Since MRI done at 1.5 T showed a high false-negative
diagnosis when the residual tumor was presenting as a scattered pattern with multiple small foci of invasive cancer cells

distributed in a large area [81, 82], it raises a question about
whether a higher spatial resolution using 3 T may improve
the accuracy. A recent study has found that breast MR done
at 3.0 T still has the same limitation as 1.5 T in detection
of small and scattered tumor cell clusters after NAC [84].
The higher field at 3 T comes with worse field homogeneity
and longer T1 relaxation time [91, 92] which may cause
lower signal and show less contrast enhancements leading
to false-negative diagnosis [93–95]. Nevertheless, 3 T with a
higher spatial resolution and signal-to-noise ratio may reveal
more significant findings compared to 1.5 T and provide an
improved assessment of the response to NAC [96]. Recently,
dedicated 7 T breast MRI is proven technically feasible for
monitoring NAC [97]. As more ultrahigh field MRI scanners
become available, it will be interesting to see how this may be
used to improve the accuracy, particularly for the non-mass
lesions that present scattered minimal disease after NAC.
Preliminary results using DWI in assessing residual
tumor extent after completing NAC have been reported [77],
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Figure 8: A 31-year-old patient with non-mass-like enhancement lesion (invasive ductal cancer with extensive carcinoma in situ components).
From (a) to (c), the contrast-enhanced (subtraction) images selected from the same level in pretreatment, F/U-1, and F/U-2 MRI are shown.
The tumor boundary cannot be clearly determined, and thus the extent of the tumor cannot be measured precisely. The area of the enhanced
tumor tissues and the degree of enhancement are decreasing with treatment, indicating a good response to the chemotherapy. The right
panel shows the corresponding color-coded 𝐾trans maps analyzed using pixel-by-pixel pharmacokinetic analysis. The post-NAC pathological
examination shows scattered cancer cells within a 10 cm region. It is typical for a non-mass lesion to show scattered diseases within the original
tumor bed. Despite the decreased cancer cell density responding to NAC, this patient still needs mastectomy.

which found that the accuracy for depicting residual tumor
was 96% for DWI, compared with an accuracy of 89% for
contrast-enhanced MR imaging (𝑃 = 0.06). The use of
DW imaging to visualize residual breast cancer without the
need for contrast medium could be advantageous in women
with impaired renal function [77]. However, since the spatial
resolution of DWI is often worse than that of DCE-MRI, the
advancement of scanner technology, including better gradient coil with a higher strength and less geometrical distortion,
is important for DWI to reliably diagnose residual disease
after completing NAC.
In patients who had more extensive pretreatment disease,
despite an excellent response to NAC, the surgeons still
tended to apply an aggressive approach and recommended
mastectomy. Given that the confirmation of pCR or minimal
residual disease would change surgeons’ recommendations
for less aggressive, conservation surgery, the maturity of MRI
for NAC response prediction may provide reliable staging information to aid in the recommendation of the optimal surgical procedure [98].

6. Breast Stromal (Parenchymal)
Enhancement Related to NAC
Background parenchymal enhancement refers to the enhancement of the normal breast glandular tissue. Age,
menstrual or menopausal status, and hormonal use can
affect breast glandular tissue enhancements [23–25, 30, 99,
100], and this normal tissue enhancement may impact the
diagnostic performance of breast MRI [28, 99, 101–103]. The
value of normal tissue enhancement in the diseased breast
on MRI was noted to be associated with response to NAC
[104]. Higher signal enhancement ratios in breast stroma after
one cycle of chemotherapy are significantly associated with
decreased local recurrence and longer disease-free survival
[104]. A high stromal signal enhancement ratio may reflect
greater microvessel density and thus better delivery of the
chemotherapeutic agent to the tumor, which would result
in a better clinical response and decreased likelihood of
recurrence after surgery [104]. This research area is very new
with little data, and more research is needed to investigate the
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(d)

Figure 9: This is the same 41-year-old patient shown in Figure 3. The cancer is in the left breast, and the breast density is measured from
the normal breast in the right side. From (a) to (d), the non-fat-sat T1-weighted images selected from the same level in pretreatment, F/U-1,
F/U-2, and F/U-3 MRI are shown. It is noticed that the normal breast density decreases with chemotherapy. The measured percent density
(fibroglandular tissue volume divided by the breast volume) is 13.4% before treatment, which decreases to 9.2% in F/U-1 after receiving 2
cycles of AC regimen and further down to 8.7% in F/U-2 and 8.2% in F/U-3.

significance of the background stromal tissue enhancement
during the NAC treatment and prognosis.

of developing contralateral breast cancer warrants further
investigation.

7. Reduction of Breast Density following NAC

8. Conclusion

Breast density is a strong independent risk factor associated
with the risk of developing breast cancer. It was found that an
increase in BI-RADS density category within 3 years is associated with an increase in breast cancer risk and a decrease
in density is associated with a decreased risk [105]. Change
in mammographic breast density is an excellent predictor of
response to tamoxifen in the preventive setting [106]. It was
proven that women receiving tamoxifen and experiencing a
10% or greater reduction in breast density had 63% reduction
in breast cancer risk (odds ratio = 0.37, 95% CI = 0.20 to
0.69, 𝑃 = 0.002), whereas those who took tamoxifen but
experienced less than a 10% reduction in breast density had
no risk reduction (odds ratio = 1.13, 95% CI = 0.72 to 1.77,
𝑃 = 0.60).
After NAC, normal breast tissue shows significant atrophy of the terminal ductal lobular units [107]. This includes
reduction of the lobular acini, lobular sclerosis, and the
attenuation of the lobular/ductal epithelium. By using MR
imaging, it was found that patients receiving NAC showed
decreased breast density in the normal breast, and the effects
were significant after initial treatment with one to two cycles
of the AC regimen (Figure 9) [31]. Our recent findings
(unpublished data) also find that the taxane-based regimen
causes density atrophy in the normal breast. Since the density
reduction was age-dependent (more pronounced in younger
patient), the NAC-related density reduction was more likely
mediated through the suppression of ovarian function [108,
109]. Whether this density change in the normal breast
is associated with patient’s prognosis and the future risk

In this review paper we summarized the clinical application
of MRI in management of breast cancer patients undergoing
NAC. As many patients may become good candidates for
breast-conserving surgery, the most well-established role of
MRI is to evaluate the extent of residual disease after NAC
for surgical planning. During the NAC treatment, MRI can
be performed at different times to evaluate the response
to different drug regimens, and that provides opportunities
for timely adjustment of treatment protocols to improve the
chance of achieving pCR while avoiding unnecessary toxicity.
DCE-MRI with a high spatial resolution and a good tissue
contrast is essential to evaluate the change of tumor size,
which is still the most reliable response indicator. Proton
MR spectroscopy can detect early response based on the
changes in choline or water : fat ratio, but the difficulty in
quantification makes MRS not a reliable tool for predicting
NAC response. Diffusion-weighted MRI has a great potential
to provide early response indicator based on the altered
cell membrane and cell death, but the relatively low spatial
resolution and image distortion limit DWI to become a good
tool for evaluating the extent of residual disease after NAC.
The background parenchymal enhancement and the density
of the normal breast tissue are two emerging parameters that
are currently being investigated. These MR imaging parameters may also have a prognostic value to predict patient’s
disease-free and overall survival, which needs to be further
established. Overall, MRI is a valuable imaging modality for
evaluating the pretreatment disease, response during NAC,
and the residual disease after completing NAC. With the

BioMed Research International
continuing technology advancement and more widespread
use of MRI, it will benefit many more breast cancer patients
in the future by providing them with individualized imageguided treatment and personalized management.
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and C. D. Claussen, “Menstrual cycle and age: influence on
parenchymal contrast medium enhancement in MR imaging of
the breast,” Radiology, vol. 203, no. 1, pp. 145–149, 1997.
[25] P. A. Baltzer, M. Dietzel, T. Vag et al., “Clinical MR mammography: impact of hormonal status on background enhancement
and diagnostic accuracy,” RoFo Fortschritte auf dem Gebiet der
Rontgenstrahlen und der Bildgebenden Verfahren, vol. 183, no. 5,
pp. 441–447, 2011.
[26] S. A. Jansen, V. C. Lin, M. L. Giger, H. Li, G. S. Karczmar, and
G. M. Newstead, “Normal parenchymal enhancement patterns
in women undergoing MR screening of the breast,” European
Radiology, vol. 21, no. 7, pp. 1374–1382, 2011.

12
[27] C. Klifa, S. Suzuki, S. Aliu et al., “Quantification of background
enhancement in breast magnetic resonance imaging,” Journal of
Magnetic Resonance Imaging, vol. 33, no. 5, pp. 1229–1234, 2011.
[28] T. Uematsu, M. Kasami, and J. Watanabe, “Does the degree of
background enhancement in breast MRI affect the detection
and staging of breast cancer?” European Radiology, vol. 21, no.
11, pp. 2261–2267, 2011.
[29] T. Uematsu, M. Kasami, and J. Watanabe, “Background enhancement of mammary glandular tissue on breast dynamic
MRI: imaging features and effect on assessment of breast cancer
extent,” Breast Cancer, vol. 19, no. 3, pp. 259–265, 2012.
[30] V. King, J. D. Brooks, J. L. Bernstein, A. S. Reiner, M. C. Pike,
and E. A. Morris, “Background parenchymal enhancement at
breast MR imaging and breast cancer risk,” Radiology, vol. 260,
no. 1, pp. 50–60, 2011.
[31] J. Chen, K. Nie, S. Bahri et al., “Decrease in breast density in the
contralateral normal breast of patients receiving neoadjuvant
chemotherapy: MR imaging evaluation,” Radiology, vol. 255, no.
1, pp. 44–52, 2010.
[32] T. Uematsu, M. Kasami, and S. Yuen, “Neoadjuvant chemotherapy for breast cancer: correlation between the baseline MR
imaging findings and responses to therapy,” European Radiology, vol. 20, no. 10, pp. 2315–2322, 2010.
[33] H. Kawashima, M. Inokuchi, H. Furukawa, and S. Kitamura,
“Triple-negative breast cancer. Are the imaging findings different between responders and nonresponders to neoadjuvant
chemotherapy?” Academic Radiology, vol. 18, no. 8, pp. 963–969,
2011.
[34] R. Prevos, M. L. Smidt, V. C. Tjan-Heijnen et al., “Pretreatment differences and early response monitoring of neoadjuvant chemotherapy in breast cancer patients using magnetic
resonance imaging: a systematic review,” European Radiology,
vol. 22, no. 12, pp. 2607–2616, 2012.
[35] M. D. Pickles, D. J. Manton, M. Lowry, and L. W. Turnbull,
“Prognostic value of pre-treatment DCE-MRI parameters in
predicting disease free and overall survival for breast cancer patients undergoing neoadjuvant chemotherapy,” European
Journal of Radiology, vol. 71, no. 3, pp. 498–505, 2009.
[36] M. G. Heldahl, T. F. Bathen, J. Rydland et al., “Prognostic
value of pretreatment dynamic contrast-enhanced MR imaging
in breast cancer patients receiving neoadjuvant chemotherapy:
overall survival predicted from combined time course and
volume analysis,” Acta Radiologica, vol. 51, no. 6, pp. 604–612,
2010.
[37] S. P. Li, A. Makris, M. J. Beresford et al., “Use of dynamic contrast-enhanced MR imaging to predict survival in patients with
primary breast cancer undergoing neoadjuvant chemotherapy,”
Radiology, vol. 260, no. 1, pp. 68–78, 2011.
[38] D. J. Manton, A. Chaturvedi, A. Hubbard et al., “Neoadjuvant
chemotherapy in breast cancer: early response prediction with
quantitative MR imaging and spectroscopy,” British Journal of
Cancer, vol. 94, no. 3, pp. 427–435, 2006.
[39] A. R. Padhani, C. Hayes, L. Assersohn et al., “Prediction of clinicopathologic response of breast cancer to primary chemotherapy at contrast-enhanced mr imaging: initial clinical results,”
Radiology, vol. 239, no. 2, pp. 361–374, 2006.
[40] M. D. Pickles, M. Lowry, D. J. Manton, P. Gibbs, and L. W. Turnbull, “Role of dynamic contrast enhanced MRI in monitoring
early response of locally advanced breast cancer to neoadjuvant
chemotherapy,” Breast Cancer Research and Treatment, vol. 91,
no. 1, pp. 1–10, 2005.

BioMed Research International
[41] H. J. Yu, J. Chen, R. S. Mehta, O. Nalcioglu, and M. Su, “MRI
measurements of tumor size and pharmacokinetic parameters as early predictors of response in breast cancer patients
undergoing neoadjuvant anthracycline chemotherapy,” Journal
of Magnetic Resonance Imaging, vol. 26, no. 3, pp. 615–623, 2007.
[42] C. de Bazelaire, R. Calmon, I. Thomassin et al., “Accuracy
of perfusion MRI with high spatial but low temporal resolution to assess invasive breast cancer response to neoadjuvant
chemotherapy: a retrospective study,” BMC Cancer, vol. 11,
article no. 361, 2011.
[43] S. Mehta, N. P. Hughes, F. M. Buffa et al., “Assessing early
therapeutic response to bevacizumab in primary breast cancer
using magnetic resonance imaging and gene expression profiles,” Journal of the National Cancer Institute, vol. 2011, no. 43,
pp. 71–74, 2011.
[44] J. C. Miller, H. H. Pien, D. Sahani, A. G. Sorensen, and J.
H. Thrall, “Imaging angiogenesis: application and potential for
drug development,” Journal of the National Cancer Institute, vol.
97, no. 3, pp. 172–187, 2005.
[45] A. R. Padhani and M. O. Leach, “Antivascular cancer treatments: functional assessments by dynamic contrast-enhanced
magnetic resonance imaging,” Abdominal Imaging, vol. 30, no.
3, pp. 324–341, 2005.
[46] S. Rehman and G. C. Jayson, “Molecular imaging of antiangiogenic agents,” Oncologist, vol. 10, no. 2, pp. 92–103, 2005.
[47] O. M. Hahn, C. Yang, M. Medved et al., “Dynamic contrastenhanced magnetic resonance imaging pharmacodynamic
biomarker study of sorafenib in metastatic renal carcinoma,”
Journal of Clinical Oncology, vol. 26, no. 28, pp. 4572–4578,
2008.
[48] A. Moreno-Aspitia, R. F. Morton, D. W. Hillman et al., “Phase
II trial of sorafenib in patients with metastatic breast cancer
previously exposed to anthracyclines or taxanes: north central
cancer treatment group and mayo clinic trial n0336,” Journal of
Clinical Oncology, vol. 27, no. 1, pp. 11–15, 2009.
[49] J. P. B. O’Connor, A. Jackson, G. J. M. Parker, and G. C.
Jayson, “DCE-MRI biomarkers in the clinical evaluation of
antiangiogenic and vascular disrupting agents,” British Journal
of Cancer, vol. 96, no. 2, pp. 189–195, 2007.
[50] A. Thukral, D. M. Thomasson, C. K. Chow et al., “Inflammatory
breast cancer: dynamic contrast-enhanced MR in patients
receiving bevacizumab - Initial experience,” Radiology, vol. 244,
no. 3, pp. 727–735, 2007.
[51] K. A. Kvistad, I. J. Bakken, I. S. Gribbestad et al., “Characterization of neoplastic and normal human breast tissues with in vivo
1 H MR spectroscopy,” Journal of Magnetic Resonance Imaging,
vol. 10, pp. 159–164, 1999.
[52] N. R. Jagannathan, M. Kumar, V. Seenu et al., “Evaluation
of total choline from in-vivo volume localized proton MR
spectroscopy and its response to neoadjuvant chemotherapy in
locally advanced breast cancer,” British Journal of Cancer, vol.
84, no. 8, pp. 1016–1022, 2001.
[53] S. Meisamy, P. J. Bolan, E. H. Baker et al., “Neoadjuvant
chemotherapy of locally advanced breast cancer: predicting
response with in vivo 1H MR spectroscopy - A pilot study at
4 T,” Radiology, vol. 233, no. 2, pp. 424–431, 2004.
[54] H. M. Baek, J. H. Chen, O. Nalcioglu, and M. Y. Su, “Proton MR
spectroscopy for monitoring early treatment response of breast
cancer to neo-adjuvant chemotherapy,” Annals of Oncology, vol.
19, no. 5, pp. 1022–1024, 2008.
[55] H. Baek, J. Chen, K. Nie et al., “Predicting pathologic response
to neoadjuvant chemotherapy in breast cancer by using MR

BioMed Research International

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

imaging and quantitative 1H MR spectroscopy,” Radiology, vol.
251, no. 3, pp. 653–662, 2009.
M. Tozaki, M. Sakamoto, Y. Oyama, K. Maruyama, and E.
Fukuma, “Predicting pathological response to neoadjuvant
chemotherapy in breast cancer with quantitative 1H MR
spectroscopy using the external standard method,” Journal of
Magnetic Resonance Imaging, vol. 31, no. 4, pp. 895–902, 2010.
M. Tozaki, Y. Oyama, and E. Fukuma, “Preliminary study of
early response to neoadjuvant chemotherapy after the first cycle
in breast cancer: comparison of 1H magnetic resonance spectroscopy with diffusion magnetic resonance imaging,” Japanese
Journal of Radiology, vol. 28, no. 2, pp. 101–109, 2010.
T. F. Bathen, M. G. Heldahl, B. Sitter et al., “In vivo MRS
of locally advanced breast cancer: characteristics related to
negative or positive choline detection and early monitoring of
treatment response,” Magma, vol. 24, no. 6, pp. 347–357, 2011.
P. E. Sijens, H. K. Wijrdeman, M. A. Moerland, C. J. G. Bakker,
J. W. A. H. Vermeulen, and P. R. Luyten, “Human breast cancer
in vivo: H-1 and P-31 MR spectroscopy at 1.5 T,” Radiology, vol.
169, no. 3, pp. 615–620, 1988.
M. Albert Thomas, N. Binesh, K. Yue, and N. Debruhl, “Volume-localized two-dimensional correlated magnetic resonance
spectroscopy of human breast cancer,” Journal of Magnetic
Resonance Imaging, vol. 14, no. 2, pp. 181–186, 2001.
M. Kumar, N. R. Jagannathan, V. Seenu, S. N. Dwivedi, P. K.
Julka, and G. K. Rath, “Monitoring the therapeutic response
of locally advanced breast cancer patients: sequential in vivo
proton MR spectroscopy study,” Journal of Magnetic Resonance
Imaging, vol. 24, no. 2, pp. 325–332, 2006.
E. A. M. O’Flynn and N. M. DeSouza, “Correction: functional
magnetic resonance: biomarkers of response in breast cancer,”
Breast Cancer Research, vol. 13, no. 1, article 204, 2011.
L. Wu, J. Hu, H. Gu, J. Hua, J. Chen, and J. Xu, “Can
diffusion-weighted MR imaging and contrast-enhanced MR
imaging precisely evaluate and predict pathological response
to neoadjuvant chemotherapy in patients with breast cancer?”
Breast Cancer Research and Treatment, vol. 135, no. 1, pp. 17–28,
2012.
M. D. Pickles, P. Gibbs, M. Lowry, and L. W. Turnbull, “Diffusion changes precede size reduction in neoadjuvant treatment
of breast cancer,” Magnetic Resonance Imaging, vol. 24, no. 7, pp.
843–847, 2006.
U. Sharma, K. K. A. Danishad, V. Seenu, and N. R. Jagannathan,
“Longitudinal study of the assessment by MRI and diffusionweighted imaging of tumor response in patients with locally
advanced breast cancer undergoing neoadjuvant chemotherapy,” NMR in Biomedicine, vol. 22, no. 1, pp. 104–113, 2009.
L. Nilsen, A. Fangberget, O. Geier, D. R. Olsen, and T.
Seierstad, “Diffusion-weighted magnetic resonance imaging for
pretreatment prediction and monitoring of treatment response
of patients with locally advanced breast cancer undergoing
neoadjuvant chemotherapy,” Acta Oncologica, vol. 49, no. 3, pp.
354–360, 2010.
K. C. Lee, B. A. Moffat, A. F. Schott et al., “Prospective early
response imaging biomarker for neoadjuvant breast cancer
chemotherapy,” Clinical Cancer Research, vol. 13, no. 2, part 1,
pp. 443–450, 2007.
P. Belli, M. Costantini, C. Ierardi et al., “Diffusion-weighted
imaging in evaluating the response to neoadjuvant breast cancer
treatment,” Breast Journal, vol. 17, no. 6, pp. 610–619, 2011.
L. R. Jensen, B. Garzon, M. G. Heldahl, T. F. Bathen, S. Lundgren, and I. S. Gribbestad, “Diffusion-weighted and dynamic

13

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

contrast-enhanced MRI in evaluation of early treatment effects
during neoadjuvant chemotherapy in breast cancer patients,”
Journal of Magnetic Resonance Imaging, vol. 34, no. 5, pp. 1099–
1109, 2011.
M. Kawamura, H. Satake, S. Ishigaki, A. Nishio, M. Sawaki,
and S. Naganawa, “Early prediction of response to neoadjuvant
chemotherapy for locally advanced breast cancer using MRI,”
Nagoya Journal of Medical Science, vol. 73, no. 3-4, pp. 147–156,
2011.
A. Fangberget, L. B. Nilsen, K. H. Hole et al., “Neoadjuvant
chemotherapy in breast cancer-response evaluation and prediction of response to treatment using dynamic contrast-enhanced
and diffusion-weighted MR imaging,” European Radiology, vol.
21, no. 6, pp. 1188–1199, 2011.
S. H. Park, W. K. Moon, N. Cho et al., “Comparison of
diffusion-weighted MR imaging and FDG PET/CT to predict
pathological complete response to neoadjuvant chemotherapy
in patients with breast cancer,” European Radiology, vol. 22, no.
1, pp. 18–25, 2012.
S. H. Park, W. K. Moon, N. Cho et al., “Diffusion-weighted MR
imaging: pretreatment prediction of response to neoadjuvant
chemotherapy in patients with breast cancer,” Radiology, vol.
257, no. 1, pp. 56–63, 2010.
C. Iacconi, M. Giannelli, C. Marini et al., “The role of mean
diffusivity (MD) as a predictive index of the response to
chemotherapy in locally advanced breast cancer: A Preliminary
Study,” European Radiology, vol. 20, no. 2, pp. 303–308, 2010.
P. D. Humphries, N. J. Sebire, M. J. Siegel, and Ø. E. Olsen,
“Tumors in pediatric patients at diffusion-weighted MR imaging: apparent diffusion coefficient and tumor cellularity,” Radiology, vol. 245, no. 3, pp. 848–854, 2007.
A. C. Guo, T. J. Cummings, R. C. Dash, and J. M. Provenzale,
“Lymphomas and high-grade astrocytomas: comparison of
water diffusibility and histologic characteristics,” Radiology, vol.
224, no. 1, pp. 177–183, 2002.
R. Woodhams, S. Kakita, H. Hata et al., “Identification of
residual breast carcinoma following neoadjuvant chemotherapy: diffusion-weighted imaging—comparison with contrastenhanced MR imaging and pathologic findings,” Radiology, vol.
254, no. 2, pp. 357–366, 2010.
H. G. Moon, W. Han, J. Q. Lee et al., “Age and HER2 expression
status affect MRI accuracy in predicting residual tumor extent
after neo-adjuvant systemic treatment,” Annals of Oncology, vol.
20, no. 4, pp. 636–641, 2009.
S. C. Partridge, J. E. Gibbs, Y. Lu, L. J. Esserman, D. Sudilovsky,
and N. M. Hylton, “Accuracy of MR imaging for revealing residual breast cancer in patients who have undergone neoadjuvant
chemotherapy,” American Journal of Roentgenology, vol. 179, no.
5, pp. 1193–1199, 2002.
S. Orel, “Who should have breast magnetic resonance imaging
evaluation?” Journal of Clinical Oncology, vol. 26, no. 5, pp. 703–
711, 2008.
J. H. Chen, B. Feig, G. Agrawal et al., “MRI evaluation of
pathologically complete response and residual tumors in breast
cancer after neoadjuvant chemotherapy,” Cancer, vol. 112, no. 7,
pp. 17–26, 2008.
S. Bahri, J. Chen, R. S. Mehta et al., “Residual breast cancer diagnosed by MRI in patients receiving neoadjuvant chemotherapy
with and without bevacizumab,” Annals of Surgical Oncology,
vol. 16, no. 6, pp. 1619–1628, 2009.
C. E. Loo, M. E. Straver, S. Rodenhuis et al., “Magnetic resonance imaging response monitoring of breast cancer during

14

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]
[92]

[93]

[94]

[95]

[96]

[97]

[98]

BioMed Research International
neoadjuvant chemotherapy: relevance of breast cancer subtype,”
Journal of Clinical Oncology, vol. 29, no. 6, pp. 660–666, 2011.
J. Chen, S. Bahri, R. S. Mehta et al., “Breast cancer: evaluation
of response to neoadjuvant chemotherapy with 3.0-T MR
imaging,” Radiology, vol. 261, no. 3, pp. 735–743, 2011.
K. P. McGuire, J. Toro-Burguete, H. Dang et al., “MRI staging
after neoadjuvant chemotherapy for breast cancer: does tumor
biology affect accuracy?” Annals of Surgical Oncology, vol. 18,
no. 11, pp. 3149–3154, 2011.
H. Nakahara, Y. Yasuda, E. Machida et al., “MR and US imaging
for breast cancer patients who underwent conservation surgery
after neoadjuvant chemotherapy: comparison of triple negative
breast cancer and other intrinsic subtypes,” Breast Cancer, vol.
18, no. 3, pp. 152–160, 2011.
L. M. Marcos de Paz, A. Tejerina Bernal, M. L. Arranz
Merino, and V. Calvo de Juan, “Breast MR imaging changes
after neoadjuvant chemotherapy: correlation with molecular
subtypes,” Radiologia, vol. 54, no. 5, pp. 442–448, 2012.
J. De Los Santos, W. Bernreuter, K. Keene et al., “Accuracy of
breast magnetic resonance imaging in predicting pathologic
response in patients treated with neoadjuvant chemotherapy,”
Clinical Breast Cancer, vol. 11, no. 5, pp. 312–319, 2011.
A. Kuzucan, J. Chen, S. Bahri et al., “Diagnostic performance
of magnetic resonance imaging for assessing tumor response
in patients with HER2-negative breast cancer receiving neoadjuvant chemotherapy is associated with molecular biomarker
profile,” Clinical Breast Cancer, vol. 12, no. 2, pp. 110–118, 2012.
J. H. Chen, R. S. Mehta, P. M. Carpenter, O. Nalcioglu, and M.
Y. Su, “Magnetic resonance imaging in predicting pathological
response of triple negative breast cancer following neoadjuvant
chemotherapy,” Journal of Clinical Oncology, vol. 25, no. 35, pp.
5667–5669, 2007.
D. G. Norris, “High Field Human Imaging,” Journal of Magnetic
Resonance Imaging, vol. 18, no. 5, pp. 519–529, 2003.
N. Morakkabati-Spitz, J. Gieseke, C. Kuhl et al., “MRI of the
pelvis at 3 T: very high spatial resolution with sensitivity
encoding and flip-angle sweep technique in clinically acceptable
scan time,” European Radiology, vol. 16, no. 3, pp. 634–641, 2006.
C. K. Kuhl, H. Kooijman, J. Gieseke, and H. H. Schild, “Effect
of B1 inhomogeneity on breast MR imaging at 3.0 T,” Radiology,
vol. 244, no. 3, pp. 929–930, 2007.
R. M. Mann, C. K. Kuhl, K. Kinkel, and C. Boetes, “Breast
MRI: guidelines from the European Society of Breast Imaging,”
European Radiology, vol. 18, no. 7, pp. 1307–1318, 2008.
C. A. Azlan, P. Di Giovanni, T. S. Ahearn, S. I. K. Semple,
F. J. Gilbert, and T. W. Redpath, “B1 transmission-field inhomogeneity and enhancement ratio errors in dynamic contrastenhanced MRI (DCE-MRI) of the breast at 3T,” Journal of
Magnetic Resonance Imaging, vol. 31, no. 1, pp. 234–239, 2010.
M. G. Heldahl, S. Lundgren, L. R. Jensen, I. S. Gribbestad, and
T. F. Bathen, “Monitoring neoadjuvant chemotherapy in breast
cancer patients: improved MR assessment at 3 T?” Journal of
Magnetic Resonance Imaging, vol. 34, no. 3, pp. 547–556, 2011.
M. A. Korteweg, W. B. Veldhuis, F. Visser et al., “Feasibility
of 7 Tesla breast magnetic resonance imaging determination
of intrinsic sensitivity and high-resolution magnetic resonance
imaging, diffusion-weighted imaging, and 1H-magnetic resonance spectroscopy of breast cancer patients receiving neoadjuvant therapy,” Investigative Radiology, vol. 46, no. 6, pp. 370–376,
2011.
J. Chen, B. A. Feig, D. J. Hsiang et al., “Impact of MRIevaluated neoadjuvant chemotherapy response on change of

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

surgical recommendation in breast cancer,” Annals of Surgery,
vol. 249, no. 3, pp. 448–454, 2009.
E. A. Morris, “Diagnostic breast MR imaging: current status and
future directions,” Radiologic Clinics of North America, vol. 45,
no. 5, pp. 863–880, 2007.
C. Kuhl, “The current status of breast MR imaging—part I:
choice of technique, image interpretation, diagnostic accuracy,
and transfer to clinical practice,” Radiology, vol. 244, no. 2, pp.
356–378, 2007.
C. K. Kuhl, “Current status of breast MR imaging—part 2:
clinical applications,” Radiology, vol. 244, no. 3, pp. 672–691,
2007.
R. Cubuk, N. Tasali, B. Narin, F. Keskiner, L. Celik, and S. Guney,
“Correlation between breast density in mammography and
background enhancement in MR mammography,” Radiologia
Medica, vol. 115, no. 3, pp. 434–441, 2010.
E. S. Ko, B. H. Lee, H. Y. Choi, R. B. Kim, and W. Noh, “Background enhancement in breast MR: correlation with breast
density in mammography and background echotexture in
ultrasound,” European Journal of Radiology, vol. 80, no. 3, pp.
719–723, 2011.
J. Hattangadi, C. Park, J. Rembert et al., “Breast stromal
enhancement on MRI is associated with response to neoadjuvant chemotherapy,” American Journal of Roentgenology, vol.
190, no. 6, pp. 1630–1636, 2008.
K. Kerlikowske, L. Ichikawa, D. L. Miglioretti et al., “Longitudinal measurement of clinical mammographic breast density to
improve estimation of breast cancer risk,” Journal of the National
Cancer Institute, vol. 99, no. 5, pp. 386–395, 2007.
J. Cuzick, J. Warwick, E. Pinney et al., “Tamoxifen-induced
reduction in mammographic density and breast cancer risk
reduction: a nested case-control study,” Journal of the National
Cancer Institute, vol. 103, no. 9, pp. 744–752, 2011.
S. J. Schnitt and L. C. Collins, Biopsy Interpretation of the Breast
Treatment Effects, Lippincott Williams and Wilkins, Philadelphia, Pa, USA, 2009.
S. E. Minton and P. N. Munster, “Chemotherapy-induced amenorrhea and fertility in women undergoing adjuvant treatment
for breast cancer,” Cancer Control, vol. 9, no. 6, pp. 466–472,
2002.
Y. Tham, K. Sexton, H. Weiss, R. Elledge, L. C. Friedman, and
R. Kramer, “The rates of chemotherapy-induced amenorrhea
in patients treated with adjuvant doxorubicin and cyclophosphamide followed by a taxane,” American Journal of Clinical
Oncology, vol. 30, no. 2, pp. 126–132, 2007.

