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Abstract: Increased use of cancer screening, improved imaging, and diagnostic intervention techniques has
led to the diagnosis of smaller cancers, including breast cancer. Most breast cancer patients receive systemic
therapy, and some treatments are given before surgery, such as neoadjuvant therapy, even in an operable
setting. Improved neoadjuvant chemotherapy has increased rates of pathological complete response; however,
surgery is still required to determine complete tumor remission. Inadequate preoperative evaluations after
neoadjuvant therapy can result in excessive surgical stress. Clinical imaging tests such as ultrasound and
magnetic resonance imaging of the breast are often performed with neoadjuvant therapy. These clinical
imaging techniques, in addition to measuring tumor size, have made it possible to evaluate certain functional
aspects of the tumors. Herein, we review the current state of clinical imaging research focused on predicting
neoadjuvant chemotherapy response in breast cancer. We also discuss the upfront prediction of treatment
response before and during neoadjuvant therapy and the later prediction of pathological residual tumors,
including pathological complete response, using ultrasound and magnetic resonance imaging. Upfront
prediction can help decision-making and develop new treatment strategies. Predicting the localization of
microscopic residual tumors may contribute to disease management without surgery, using radiation or other
local treatments. Further larger studies on the prediction of neoadjuvant therapy response using clinical

imaging could improve clinical practice and patient benefits.
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Introduction extensive surgery of the breast and/or ipsilateral axilla,

including providing more choices for patients who are

Neoadjuvant therapy refers to the systemic treatment of . .
able to undergo breast-conserving surgery in place of

primary breast cancer before definitive surgical therapy. mastectomy, improved cosmetic outcomes, and reduced

While all systemic therapies for non-metastatic breast postoperative complications such as lymphedema of the

cancer are intended to reduce the risk of recurrence, the
purpose of administering neoadjuvant therapy before
surgery is to downstage the tumor. This may allow less
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arm. Neoadjuvant therapy also permits an early individual
evaluation of the effectiveness of a selected systemic therapy.
The surrogate endpoint, as reflected by the presence and
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extent or absence of residual tumor cells after neoadjuvant
therapy, is a strong prognostic factor for the risk of
recurrence, particularly in aggressive types of breast cancer.
In addition to these clinical benefits, neoadjuvant therapy
provides researchers the opportunity to conduct imaging
studies as well as obtain biological specimens before, during,
and after the preoperative treatment, which may allow us to
identify tumor-specific biomarkers of treatment response or
resistance. At present, neoadjuvant therapy has largely taken
the form of chemotherapy. Herein, we present a review of
imaging studies associated with neoadjuvant chemotherapy
(NAC).

Before NAC, ultrasound (US or sonography or
echography) of the breast should be performed to document
tumor size. Sometimes, magnetic resonance imaging (MRI)
may be helpful in calculating tumor volume and extent in
the breast and making decisions on whether to undergo
breast-conserving surgery, in addition to the diagnostic
capability of breast tumor at the time of the first diagnosis.
Once a patient has completed NAC, imaging tests should
be performed to guide the surgical approach. US imaging of
the involved breast and ipsilateral axilla is usually required.
Additionally, MRI may be obtained if the tumor is not well
visualized on US or if a better definition of the extent of
tumor would assist the surgeon in determining the optimal
surgical approach depending on the institution. In patients
considering breast-conserving therapy, pretreatment or
repeated US and MRI have been clinically important to
appropriately assess the presence of tumor distribution.

In this study, we describe the current status of these
imaging tests, i.e., US and MRI, which are commonly
used in the current clinical setting, in predicting the
effects of NAC in breast cancer treatment with those basic
knowledge. Specifically, we address the upfront prediction
of subsequent treatment responsiveness before and during
NAC, and prediction of pathological evaluation, or
concordance between imaging findings and pathological
diagnosis of treatment responsiveness such as pathological
complete response (pCR) after NAC, which is useful for
surgical decision. Improved systemic therapy, molecule-
targeted therapy, and identification of biomarkers have
increased rates of pCR after NAC in breast cancer; hence,
pCR is achieved in 37-50% of triple negative breast cancer
types [estrogen receptor (ER) negative; progesterone
receptor negative; human epidermal growth factor
receptor type 2 (HER2) negative status], and in 50-70%
of HER2 type after NAC (1,2). Predicting the effects of
treatment before and during NAC can help in making
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decisions during treatment and developing new molecular
therapies by de-escalating long-term treatment procedures.
Predicting pathological tumor size after the completion
of NAC, particularly in pCR, will help to gain time and
avoid surgery. Identification of pCR without surgery,
such as a combination of precise assessment of clinical
imaging and needle biopsies, may reduce treatment burden.
Furthermore, precise detection of the pCR is not important
because residual tumor cells will be controlled with non-
surgical local therapy and subsequent systemic therapies. It
is, however, necessary to accurately measure tumor burden
by improving clinical imaging.

Early prediction of NAC responses by breast US

US is a dynamic examination in which image generation is
based on the conduction and reflection of high-frequency
mechanical sound waves in the breast tissue. Information
of ultrasonic impulses and their reflections as echoes is
converted and processed into a real-time image. Differences
in the penetration and reflection of sound waves between
a normal and a diseased breast tissue enable diagnostic
examination and image scaling. In addition to the basic
brightness mode (B-mode) that depends on acoustic
impedance and anatomy, there are several techniques
that aid in clinical assessment, such as Doppler imaging,
elastography, contrast-enhanced imaging, 3D imaging, and
automated volume scanning.

In view of the various US techniques used to analyze
anatomy and morphology, there are few reports on the
upfront prediction of NAC response, except on US
elastography. Elastography is a novel technique that can
provide additional information that was previously not
available. Elastography is an imaging modality based
on mechanical properties and tissue stiffness that shows
relative differences in stiffness among tissues. Although
physicians have used palpation for the diagnosis of breast
cancer, as stiffer masses are more likely to be malignancies,
elastography has the potential to quantify the stiffness of a
lesion. This indicates that elastography could be an excellent
technique for differentiating breast diseases. Specifically,
there are two types of elastography; strain elastography
and shear wave elastography. The strain type produces
an image based on the displacement of the tissue from a
compression/release force applied by external forces such
as transducer compression, patient breathing/heartbeat, or
acoustic radiation force impulse (ARFI). The shear wave
type applies a push pulse, ARFI, which results in shear wave
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propagation that can be measured as a velocity. Because the
velocity of the shear wave through tissues depends on the
tissue mechanics, a value of the stiffness can be obtained.
There are only few large-scale studies that have used
breast US, and most reports are from single institutions.
Since 2012, there have been reports on the relationship
between pretreatment evaluation using elastography and
subsequent response of breast cancer to NAC. Hayashi
et al. first reported that tumor stiffness assessed using strain
elastography was related to the proportion of patients with a
successful pCR, who receiving NAC (3). They examined the
correlation between elasticity score and treatment responses
in 55 patients with breast cancer, which showed that the
harder tumors had less chance of clinical responses and
pCR: hard, 14% of pCR ws. soft, 50% of pCR. Multivariate
analysis of pCR, including standard biomarkers, showed that
tumor elasticity was a significant factor, as well as ER and
HER? status. Their findings were concordant with those
of a subsequent study conducted by Evans er 4/. who used
shear wave elastography (4). They compared pretreatment
tumor stiffness, mean kPa, and pathological residual cancer
burden (RCB) score and tumor cellularity in 44 patients
treated with NAC. Their statistical assessment showed that
pretreatment quantitative stiffness had a positive correlation
with residual tumor cellularity after NAC, with a correlation
coefficient of 0.35. Although the number of patients with
each breast cancer subtype was small, this relationship was
seen in the HER2 subgroup analysis. Falou ez al. reported
that changes in tumor stiffness after NAC were different
between responding and non-responding tumors in 15
patients analyzed (5). Their data suggested that the strain
ratio obtained 4 weeks after starting NAC was a potential
predictor of tumor response when compared with initial
stiffness because patients who had pathologic response
to NAC, but not patients with non-responsive tumors,
showed approximately 20% decrease in the strain ratio. Jing
et al. conducted a prospective study and used shear wave
elastography and showed that relative changes in tumor
stiffness after two cycles of NAC correlated significantly
with pathological responses of the postoperative specimens,
in addition to baseline mean tumor stiffness: 82.8 kPa
in responders vs. 99.8 kPa in non-responders (6). They
reported that the threshold of changes in stiffness after
two cycles of NAC, distinguishing responders and non-
responders, was -36.1%, with 72.9% sensitivity and 85.7%
specificity. Ma et a/. used both strain and shear wave types
and reported that the relative changes in the elastography
score after two cycles of NAC had the potential to predict
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NAC responses in 71 patients in a prospective analysis (7).
They also suggested that adding the immunohistochemical
proliferative score, namely, the Ki-67 index, to elastography
results may improve the predictive power for responses
to NAC (8). Evans et al. also proposed that shear wave
stiffness of >50 kPa after three cycles of NAC and relative
changes from baseline to three cycles had a strong
potential to predict pCR after completion of NAC (9).
Similarly, recent reports published by Katyan et 4/, Fang
et al., and Fernandes et /. showed that early reduction
in tumor stiffness after two or three cycles of NAC had
a predicting potential for better response of subsequent
treatment (10-12). Taken together, baseline tumor stiffness
evaluated by US elastography and its early reactivity may
predict subsequent responses to NAC. At present, no
reports of intervention trials that change the treatment
strategy for breast cancer depending on the stiffness have
been documented. Progress in the standardization of
measurement, multi-center study, and biological research
that elucidates the tumor stiffness mechanism would be
required to provide any clinical benefits.

As Doppler US is now assumed to be an essential
technique in US examination, monitoring tumor response
using Doppler imaging has also been applied during
any treatment (13-15). Doppler US can visualize real-
time flow movements as colored areas in a defined image
of the B-mode. Measurement of tissue perfusion can be
helpful in differentiating between benign and malignant
tumors because growing tumors usually have increased
vascularization. The development of the color or power
Doppler technique has made it possible to detect small
vessels and slow flows. Kumar ez 4/. analyzed 50 patients and
reported that tumor with higher Doppler characteristics
such as high flow velocity and the number of flow signals
tended to achieve complete response (16). They calculated
the Doppler scores using peak flow velocity, peak systolic
velocity, and the number of flow signals and compared them
with the histological response after chemotherapy. Kuo
et al. showed that early vascularity change after neoadjuvant
chemotherapy rather than initial high vascularity was
correlated with final treatment responses in 30 patients with
locally advanced breast cancer (17). In relation to Doppler
US, contrast-enhanced US technique has been used to
monitor the NAC response (18). After 20 to 40 seconds of
intravenous injection, the contrast agent reaches the article
vessels and produces improved visualization of the vessels.
While contrast-enhanced US increase the sonographic
reflectivity of blood and aids in diagnostic differentiation in
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certain cases, the predictive value is still unexcavated.

Three-dimensional (3D) US is based on the acquisition
and processing of numerous closely spaced two-dimensional
image sections. A dedicated probe affords automatic guidance
of the transducer and ensures a geometrically correct 3D
reconstruction. 3D visualization of breast tumors can facilitate
spatial presentation, image interpretation, and volume
calculation. Gounaris er a/. performed 3D volumetric US
measurements before, in the middle, and at the end of NAC
in a subset of 55 patients from the Neo-tAnGo trial (19).
They reported that residual tumor volume after four
cycles of NAC was likely to be predictive of pCR, while
tumor size changes based on the longest diameter were not
predictive. In addition, the combination approach between
3D reconstruction and functional assessment has increased.
Shia et al. reported that 3D power Doppler US was able to
predict pCR with an accuracy of 93.1% and a specificity
of 85.5% with the measurements conducted after the first
cycle of NAC in 29 patients with T2 stage breast cancer (20).
Athanasiou ez 4. reported that reduction of tumor elasticity
and heterogeneity during NAC measured using 3D
elastography was correlated with a good response (21).
In addition to US elastography, several US techniques
have been used for clinical assessment during NAC. These
studies have a small sample size, often a retrospective
analysis, which supports the need for further validation
to determine whether these are true observations. These
exploratory studies can help plan the subsequent trials to
improve clinical utility.

Concordance with pathological diagnosis on
breast US measurement

After completion of NAC regimens, if we accurately predict
the residual pathological tumor distribution in a specimen
through a preoperative imaging test, surgical planning
including breast-conserving surgery can be optimized and
finally may be omitted in certain patients, such as those
who achieved pCR. Practically, B-mode of US has been
used to assess tumor size in breast cancer patients after
NAC in addition to physical examination (22-26). In the
early 2000s, Chagpar et al. reported that the size estimate
of residual tumor by US was moderately correlated
(p=0.42) with pathological assessment after eight cycles of
paclitaxel and anthracycline-based NAC in 189 patients.
The ability to predict greater tumor dimension within
1 cm compared with pathological tumor size was
75% in US, 66% in clinical examination, and 70% in
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mammography (24). Peintinger ez 4/ reported that the
combination of mammography and US had a high accuracy
in predicting pCR after NAC, accuracy 88.9%, sensitivity
78.6%, and specificity 92.5%, in 162 patients, including 24
patients with pCR (24). While preoperative measurement
using US will continue to play an important role due to
consecutive improvements in the basic performance of the
echo device, lack of concordance between conventional
clinical test and pathological evaluation of NAC response
remains a subject of debate. This may be caused by the
variable patterns of tumor response to NAC, which ranges
from symmetric shrinkage around a central core, concentric
pattern, to complete resolution of a discrete mass despite
persistence of microscopic foci of residual tumor cells,
multicentric or dendritic shrinkage patterns. To increase
the diagnostic capability of pre-surgery imaging tests after
NAC, several US techniques have been tried.

Using Doppler US, Roubidoux et 4l. reported that US
yielded false-negative results in detecting tumors smaller
than 6 mm in a study of 34 patients treated with NAC (27).
After NAC with doxorubicin and docetaxel, tumor
vascularity usually decreased, but this was not specific for
pCR. They showed three false-positive and four false-
negative cases using the Doppler US study. Vallone
et al. reported that addition of a contrast agent to Doppler
US was able to increase the sensitivity of residual tumor
detection after NAC in 50 locally advanced patients (28).
Wang et al. reported that the combination of contrast-
enhanced and elastography US improved the accuracy of
NAC responses in 65 breast cancer studies (29). Lee er al.
designed a study with 71 stage II-III patients to evaluate
the improvement of residual tumor detection using shear-
wave elastography US (30). The sensitivity, specificity, and
accuracy of elastography were improved to 83.6%, 80.0%,
and 83.1%, respectively, compared to those of B-mode US,
when a maximum elasticity value of >30 kPa considered
to indicate the presence of residual cancer. A combined
assessment of B-mode and elastography, comparable to
MRI, was proposed. Athanasiou ez a/. reported a feasibility
study of 33 patients and reported that 3D US and 3D shear-
wave elastographies were comparable to contrasted MRI for
measuring residual tumor volume (21). Lee et 4l. reported that
preoperative estimation of residual tumor volume or pCR
by B-mode and 3D US was similar to MRI assessment in a
study of 42 patients (31). Jia et al. reported the 3D contrast-
enhanced US evaluation in a study of 48 patients (32).
Pretreatment evaluation correlated well with tumor
microvessel density using biopsy immunohistochemistry
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and preoperative evaluation, and the changes after NAC
were significantly different between pCR and non-PCR
tumors.

US can be expected to have further clinical applications
in various approaches due to its excellent convenience.
Morphological measurements of small residual disease by
B-mode US may occasionally be difficult to distinguish scar
formation after NAC and residual active tumor. Adding
any functional US techniques may help in diagnosing
whether there is truly a pCR or a residual active tumor. In
the next step, following these previous findings, prospective
multicenter trials with appropriate sample sizes targeting
unresolved points will be required in the US fields. These
developments can promote the disappearance of invasive
tumor cells, although residual tumor cells in the ducts may
be difficult, which may contribute to the option of omitting
surgery and proceed with local treatment such as radiation
therapy.

Early prediction of NAC responses using breast
MRI

MRI of the breast has high sensitivity for the detection
of hypervascularized areas in the breast, such as in breast
cancer, by depicting the intermammary structures before
and after the administration of a contrast agent. Breast MRI
should be performed with field strengths of 1.5 and 3.0
"Tesla. Spatial bilateral surface coils are required to achieve a
sufficiently high spatial resolution. Contrast agents enhance
the areas that characterized by increased vascularization,
increased permeability, and expanded interstitial matrix
spaces. These characteristics are found in almost all
malignant tumors; however, some benign diseases also
show these increased perfusion patterns. Therefore, there
are some additional techniques to diagnose the overlap in
imaging characteristics of malignant and benign lesions,
such as time-signal intensity curves and diffusion-weighted
MRI (DWI). Curve analysis in the targeted areas of contrast
enhancement has been implicated in differentiating invasive
cancer, noninvasive cancer, and benign lesions based on
contrast patterns such as rapid, plateau, and washout
kinetics. DWI is a noninvasive imaging technique that
assesses the diffusional movement of water molecules in
the tissue, based on the observation that water diffusion is
abnormal in breast cancers. This technique is used primarily
to examine the brain diseases such as strokes. The signal
strength of water molecules is proportional to the degree
of diffusion. The results of DWI are calculated and then
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reported with a quantitative measure, which is termed the
apparent diffusion coefficient (ADC), for the tissue studied.
Breast cancers demonstrate restricted or lower water
diffusion than do normal breast tissue or benign breast
lesions, which results in a lower ADC.

Pickles er al. reported that early changes in the dynamic
contrast-enhancement parameters of MRI were different
between 48 responders and 20 non-responders to NAC (33).
Martincich er 4l. also reported that the reductions in tumor
volume and early enhancement ratio after two cycles of
NAC showed a better predictive value for pCR in 30
patients with breast cancer (34). A prospective multicenter
trial sponsored by the American College of Radiology
Imaging Network (ACRIN) study 6698 was completed
to determine whether the change in tumor DW-ADC on
MRI predicts pCR to NAC in 272 consecutive women with
breast cancer (35). They reported that changes in tumor
ADC at mid-treatment, after 12 weeks, from the baseline
were more predictive [area under the curves (AUC) 0.72,
95% confidence interval (CI): 0.61-0.83] for pCR after
NAC. As large-scale research on MRI has been carried
out, it is expected to have a certain early prediction ability
of pCR. Within breast cancer subtypes in which pCR is
assumed to be a prognostic surrogate factor, MRI in the
early prediction of NAC responses may be a promising tool
for treatment change and drug development.

Concordance with pathological diagnosis on
breast MRI measurement

More research has been performed to compare MRI tumor
assessment after NAC completion, before surgery, with
pathological tumor distribution, compared to US-based
studies. Cheung et /. reported that residual tumor size on
MRI correlated well with microscopic tumor size in a study
of 33 patients (36). Choi er al. proposed that additional
factors including tumor distribution pattern, background
parenchymal enhancement pattern, and kinetic curve
pattern as well as tumor size were helpful in increasing the
diagnostic accuracy of MRI for evaluating residual disease
after NAC (37). Vriens er al. reported that MRI estimated
residual tumor size with <10 mm discordance in 54% of
patients, overestimated size in 28%, and underestimated size
in 18% of patients in a study of 182 locally advanced breast
cancer patients from the INTENS clinical trial (38). They
studied the results of both MRI and US, which indicated a
similar ability of these two approaches to accurately measure
the size of residual tumor after NAC with US estimated
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residual tumor size with <10 mm discordance in 63% of
patients, overestimated size in 20%, and underestimated
size in 17% of patients, respectively. Marinovich et al.
performed a meta-analysis of 19 studies including a total
of 958 patients and showed that MRI appeared to slightly
overestimate pathologic tumor size, but measurement
errors may be large enough to be clinically significant (39).
They reported that agreement with pathology was better
for MRI and US measurement. Similar to concordance with
pathological tumor diagnosis using MRI, the prediction of
pCR by MRI has also been studies. Schott ez /. reported
that the accuracy of physical examination, MMG, US, and
MRI in determining pCR was 75%, 89%, 82%, and 89%,
respectively in 43 patients in a study involving doxorubicin
and docetaxel for four cycles (40). Yuan er a/. performed a
meta-analysis of 25 NAC studies that accumulated a total
of 1,212 patients and showed that contrast-enhanced MRI
had high specificity (91%) in predicting pCR, while the
sensitivity was relatively low (63%) (41). A prospective
multicenter trial sponsored by the ACRIN study 6657
studied the accuracy of preoperative measurements for
detecting the disease after NAC in 138 patients with >3 cm
breast cancer (42). Assessment of the longest diameter
by MRI showed higher accuracy than that by clinical
examination and MMG. There was little difference across
preoperative measurements in the accuracy of detecting
pCR particularly for single masses (AUC =0.69-0.72). The
prediction of pathological tumor spread using MRI after
completion of NAC has a certain consistency as in the US
assessment. Further research focusing on breast cancer
subtypes or treatment regimens is warranted, which needs
to be understood with a clear purpose, whether to predict
pCR or residual tumor size.

Perspectives and limitations

Technological advances in clinical imaging hold promise in
addressing such challenges across the spectrum of cancer
detection, characterization, treatment, and monitoring.
The interpretation of the big data generated by these
advancements can present a new medical innovation.
Recent advances in artificial intelligence (AI) have made
great strides in automatically quantifying radiographic
patterns in medical imaging data. Deep learning, a subset of
Al, is an especially promising approach that automatically
learns feature representations from sample images and has
been shown to match human performance in task-specific
applications (43). Breast cancer screening is certainly an
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ideal application for Al in medical imaging because large
well-curated datasets suitable for algorithm training and
testing are already available. Recently, McKinney er al.
reported that deep learning-based Al was able to identify
breast cancer more accurately than radiologists (44). They
trained their Al algorithm with mammograms from 25,856
women in the United Kingdom and 3,097 women in the
United States and then used these mammograms to identify
the presence of breast cancer in the mammograms of women
who were known to have had either biopsy-proven breast
cancer or normal follow-up imaging results at least one year
later. They reported that the Al system outperformed both
historical decisions made by the radiologists who initially
assessed the mammograms and the decisions of six expert
radiologists who interpreted 500 randomly selected cases
in a controlled study. Their algorithm led to an absolute
reduction of 5.7%in false-positive findings for the US and
that of 1.2% for the UK dataset and a reduction of 9.4%
and 2.7% in false-negative findings, respectively.

However, Al systems are tools still under development
because the real world is more complicated and diverse than
the type of controlled research environment. For instance,
most images of previous Al studies were obtained using a
mammography system from a single manufacturer. Patient
demographics in clinical practice are of great variety. Al
studies may need to learn from an earlier computer system,
computer-aided detection (CAD), which has not resulted
in a significant change in specificity and has not been
speculated to be useful in practice as experimental data (45).
Clinical trials will be required to further assess the utility
of the Al system in clinical imaging. The Al system may
have a role in aiding the early detection of breast cancer
and hopefully predict treatment responses. Not only Al
researchers but also imaging biomarker researchers will be
needed to consider multiple steps and goals, including grant
support and governmental approval for medical devices to
advance clinical imaging studies.

Conclusions

The goals of NAC were to achieve operability, enable breast
conservation, and prognostic information historically. The
evolving purpose has been to individualize therapy based
on the response, investigate novel therapies, and identify
biomarkers of the response. To accelerate achieving these
goals, imaging analysis must be involved. Certain imaging
tests can evaluate not only the measurement of tumor
distribution but also the characteristics of the tumor such as
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imaging biomarkers. For instance, it has been reported that
imaging characteristics, including those obtained on MRI,
were closely associated with tumor molecular subtypes
(46,47). In addition, functional imaging analysis showed the
prognostic ability of functional tumor volume measured by
MRI as a predictor of patient recurrence who received NAC
in ACRIN and I-SPY1 trials (48). The use of Al in cancer
imaging research has already started. Funding agencies
should support more aggressively, as it is not a well-funded
research area, unlike the field of drug development. The
cross-link study of clinical imaging and drug responses
will contribute to a wide range of clinical applications and
patient benefits.
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