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Abstract

DWI is a noncontrast MRI technique that measures the diffusion of water molecules within
biologic tissue. DWI1 is increasingly incorporated into routine breast MRI examinations. Currently,
the main applications of DWI are breast cancer detection and characterization, prognostication,
and the prediction of treatment response to neoadjuvant chemotherapy. In addition, DWI is
promising as a noncontrast MRI alternative for breast cancer screening. Problems with suboptimal
resolution and image quality have restricted the mainstream use of DWI for breast imaging,

but these shortcomings are being addressed through several technologic advancements. In this
article, we present an up-to-date review on the use of DWI for breast cancer imaging, including a
summary of the clinical literature and recommendations for future use.

Introduction

Dynamic contrast-enhanced (DCE) MRI allows for malignant breast lesions to be visualized
on account of their neovascularity. DCE MRI has the highest sensitivity for breast cancer
detection among current clinical imaging modalities but is hindered by moderate specificity
and reliance on the administration of a contrast agent, resulting in additional time and costs
as well as risks of adverse events [1, 2]. In this setting, DWI has emerged as an alternative
noncontrast MRI technique for detection of breast malignancy.

DWI is a fast technique, typically involving only 2—3 minutes of scan time, reflecting

the diffusion of water molecules within biologic tissue. Substantial evidence indicates that
DWI provides useful quantitative and qualitative information regarding malignant breast
lesions. Thus, DWI is increasingly incorporated within clinical breast MRI examinations
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as a supplemental technique for multiple indications, including lesion detection and
characterization, prognostication, and prediction of treatment response to neoadjuvant
chemotherapy (NAC) [3]. Noncontrast screening breast MRI based on DW1 is also under
investigation [3, 4].

In this article, we present an up-to-date review on the use of DWI for breast cancer imaging,
including a summary of the clinical literature and recommendations for future use. We will
cover the basics of DWI, current clinical applications of DWI in breast cancer diagnosis
and treatment response assessment, emerging clinical applications of DWI in screening,
advanced artificial intelligence (Al) modeling incorporating DWI, technical challenges in
the clinical implementation of DWI, emerging advanced acquisition techniques, and efforts
in DWI standardization.

Basics of DWI

DWI is a noncontrast MRI technique reflecting intrinsic tissue contrast related to the
diffusion of water molecules within biologic tissue. It is commonly applied in neurologic
and prostate imaging, and is widely available across various MRI systems. As the diffusion
of water molecules is influenced by many factors (e.g., cell membrane integrity, cell density,
and tissue microstructure), DWI is reflective of the cellular microenvironment.

The signal intensity on DWI1 is inversely proportional to the mobility of water molecules, as
described by the general monoexponential decay equation:

Sy = S,e—b*ADC

[1]

where Sp represents signal intensity on DWI, Sy represents signal intensity without diffusion
weighting, b represents the diffusion sensitization factor determined by diffusion gradients’
strength and timing (s/mm?), and ADC represents the diffusion rate determined by the mean
area traversed by a molecule of water per unit of time (mm?/s). ADC maps are constructed
using DW images acquired at two or more b-values. Malignant lesions typically exhibit
hindered water diffusion and lower ADC on DWI due to their high cellularity compared with
benign and healthy tissue [3, 4] (Fig.1) [5-7].

Current Clinical Applications

Discrimination Between Benign and Malignant Breast Lesions

Numerous studies have demonstrated that multiparametric MRI (mpMRI) combining

DWI and DCE MRI improves the specificity and diagnostic accuracy of breast lesion
characterization, thereby reducing unnecessary biopsies of benign lesions (Fig. 2). Indeed, a
meta-analysis [8] of 14 studies (1140 patients with 1276 breast lesions) showed that mpMRI
combining DCE MRI and DWI yielded superior diagnostic accuracy to either DCE MRI or
DWI alone. The pooled sensitivity, specificity, and area under the summary ROC (SROC)
curve for mpMRI were 91.6%, 85.5%, and 0.94, compared to 93.2%, 71.1%, and 0.85 for
DCE MRI alone.
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To further improve the diagnostic performance of mpMRI combining DCE MRI and DWI,
a phase Il trial by the Eastern Cooperative Oncology Group-American College of Radiology
Imaging Network (ECOG-ACRIN) Cancer Research Group (A6702) [9] involving 67
patients with 81 MRI-detected lesions showed that implementing an ADC threshold of

1.53 x 1073 mm?2/s within an mpMRI framework reduced the biopsy rate by 20.9%

while maintaining the level of sensitivity. These findings were confirmed in a multi-center
retrospective study by Clauser et al. [10] involving 657 patients with 696 lesions assessed

as BI-RADS category 4 (i.e., suspicious lesions) according to the American College of
Radiology BI-RADS, where applying an ADC cutoff of = 1.5 x 1073 mm?/s to de-escalate
lesion recommendations (i.e., avoid biopsy) yielded a sensitivity of 96.6%, with a potential
32.6% reduction of unnecessary biopsies (92/282 benign biopsies). Additionally, per several
meta-analyses, the added diagnostic value of DWI is independent of magnetic field strength
and the ADC measurement method (whole-lesion measurement vs estimate in a single area),
as well as robust to the administration of gadolinium-based contrast agents [11-13].

Data proving the efficacy of DWI and the ADC metric in lesion characterization are most
clear for enhancing masses. On the other hand, in non-mass enhancement (NME) lesions,
several studies have demonstrated a more limited role of DWI [9, 14-17]. For example,
Marino et al. [17] evaluated 66 patients with suspicious NME lesions on DCE MRI (BI-
RADS category 4 or 5) that were subsequently biopsied under MRI guidance, with DWI
resulting in only a slightly increased specificity at the expense of sensitivity and overall
diagnostic accuracy. Meanwhile, in the ACRIN 6702 trial, implementing an ADC cutoff
significantly reduced unnecessary biopsies for masses but not for NME [9].

Recently, Al-enhanced mpMRI with DCE and DW!I was explored for lesion classification
with promising results. Dalmis et al. [18] used a dataset of 576 lesions including 368 biopsy-
proven malignant lesions, 149 biopsy-proven benign lesions, and 59 lesions deemed benign
based on follow-up findings. Imaging features were extracted from DCE and T2-weighted
sequences and matched with ADC value, patient age, and BRCA genetic testing results

to generate a lesion classification system. The AUC of the model based on DCE MRI

alone was 0.811, but when all of the clinical information and the imaging information from
DWI were added, the AUC increased to 0.85, producing 19 (12.8%) fewer false positives
compared to radiologist review. Elsewhere, Feng et al. [19] extracted features from DCE
MRI and DWI for lesion classification, achieving an accuracy of 85.0%, sensitivity of
84.6%, and specificity of 85.7%.

Breast Cancer Characterization

Recent studies have shifted their focus from breast cancer diagnosis (i.e., malignant vs.
benign breast lesions) to breast cancer characterization and prognosis [20-23]. As DWI
reflects tissue microstructure, quantitative ADC assessment may be used to differentiate
tumor grades, proliferation rates, and subtypes, as well as to predict the upgrade of pure
ductal carcinoma in situ (DCIS) to invasive cancer before surgical excision or to predict the
likelihood of axillary involvement.

Studies have reported how DWI, particularly lower ADC values, can predict which DCIS
lesions diagnosed on core-needle biopsy will have an upgraded diagnosis of invasive disease
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on surgical excision [24-26]. Pure DCIS typically exhibits higher ADC values than invasive
ductal carcinoma [27], likely due to its lower cellularity.

Studies have also reported how ADC values can distinguish between tumor grades,
proliferation rates, and subtypes. For example, Costantini et al. [28] analyzed 162 malignant
lesions in 136 patients, finding a significant inverse correlation between the ADC value

and tumor grade. The mean ADC was higher in less aggressive and in situ cancers

(1.19 x 1073 mm?2/s) versus more aggressive cancers (0.96 x 1073 mm?/s). Choi et al.
confirmed in a larger-scale study the difference in ADC values between in situ and

invasive cancers and also found that lower ADC values were significantly associated with
increased proliferation (Ki-67), estrogen receptor (ER) positivity, progesterone receptor (PR)
positivity, and increased microvascular density [29]. Several other investigator groups also
found that lower ADC values were associated with ER positivity [30-34]. Meanwhile,
Horvat et al. [20] demonstrated that ADC values were significantly lower in luminal cancers
compared to non-luminal cancers.

Elsewhere, regarding the value of DWI for prognostication, Razek et al. found lower

ADC values in high-grade, larger-sized breast cancers and in cancers with positive lymph
node metastases. Similarly, in a study by Kim et al. of 270 patients with early-stage
invasive breast cancer, 58 of whom had axillary lymph node metastases, patients with nodal
metastases had lower ADC values [35].

Although non-invasive breast cancers consistently present with higher or even borderline
benign ADC values, ADC values are less consistent between different invasive molecular
subtypes of breast cancers. More aggressive breast cancer such as HER2+ or triple negative
breast cancer may have significant tumoral edema, artificially increasing ADC values. ROI
measurement methods (e.g., whole-tumor vs hot-spot measurement) and the choice of ADC
metric (e.g., minimum, maximum, mean) used may also be contributing factors [20].

The application of Al to DWI alone or to mpMRI for improved breast cancer
characterization has yielded promising results. To improve non-invasive molecular
subtyping, Leithner et al. first analyzed radiomic features extracted from ADC maps coupled
with machine learning, showing that the differentiation of breast cancer subtypes with high
accuracy was possible [21]. A follow-up study [36] confirmed that tumor subtypes carry
distinct radiomic features, with the model achieving AUCs over 0.80 for differentiating triple
negative and luminal A breast cancers from other subtypes. Meanwhile, Huang et al. [37]
showed in 162 patients that a combined machine learning approach using radiomic features
from DCE MRI, T2-weighted imaging, and ADC maps predicted not only the molecular
subtype but also androgen receptor (AR) status—a biomarker associated with favorable
disease-free survival and overall survival and which is also a potential therapeutic target. The
model had the best performance for discriminating AR status, yielding an AUC of 0.907 and
an accuracy of 85.8% in the testing dataset.

Additional studies incorporating Al have been performed to predict predictive and
prognostic tumor features such as Ki-67 status and tumor grade. For example, Liu et al. [38]
built an Al model to predict Ki-67 status using T2-weighted images, DWI, and DCE T1-
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weighted images, achieving an AUC of 0.875. Similar results were reported by Zhang et al.
[39], where the ADC-based radiomic model achieved an AUC of 0.72 and accuracy of 70%
in the test set. Elsewhere, Fan et al. [40] evaluated DCE MRI- and DWI-based radiomics
for the joint prediction of Ki-67 expression and tumor grade, achieving AUCs of 0.811 and
0.816, respectively. The authors published similar results [41] using super-resolution ADC
images, whereby high-resolution images were produced from low-resolution images using
bicubic interpolation and deep convolutional neural networks. Radiomic features extracted
from super-resolution ADC images demonstrated slight improvements in AUC versus the
original ADC images to predict Ki-67 expression (AUCs of 0.818 and 0.801, respectively)
and tumor grade (AUCs of 0.826 and 0.828, respectively).

Assessment of Axillary Lymph Nodes

Several studies have focused on the use of DWI in the assessment of axillary lymph nodes
to predict metastases. For example, in a study by Guvenc et al. [42] of 85 patients, the
ADC values of the most suspicious ipsilateral lymph nodes were compared against the
ADC values of contralateral benign axillary lymph nodes, with lymph nodes having a
short-axial diameter of = 1 cm. In that study, the mean ADC in metastatic lymph nodes
was significantly lower than that for benign lymph nodes (p <.0001). Using a cutoff
ADC value of 0.985 x 1073 mm?/s, the sensitivity, specificity, PPV, and NPV improved
from 79%, 81%, 65% to 89%, to 83%, 98%, 95%, and 93%, respectively. Fardanesh et al.
[43] attempted to define the best ADC metrics and threshold to differentiate benign from
malignant lymph nodes in 217 patients. Although ADC values were significantly different
between benign and malignant lymph nodes, there was also significant overlap. The best
mean ADC threshold for axillary lymph nodes was 1.004 x 10~3 mm?/s, which yielded
accuracy of 75%, sensitivity of 71%, specificity of 79%, PPV of 77%, and NPV of 74%.
That threshold is lower than the threshold of 1.300 x 10~3 mm?/s recommended by the
European Society of Breast Imaging (EUSOBI) for n-breast primary lesions, suggesting that
the thresholds for breast tumors and axillary lymph nodes may differ.

Recently, radiomics has also been explored for assessment of axillary lymph nodes. Chai et
al. [44] used mpMRI-derived radiomic features to determine the presence of axillary lymph
node metastasis pre-operatively, yielding an accuracy of 84.43% (AUC of 0.919). Similarly,
Dong et al. [45] achieved an AUC of 0.805 was achieved in their validation set.

Although these studies showed promising results, it is important to note that the evaluation
of axillary adenopathy on MRI can be difficult as the axillary region may be incompletely
included in the imaging FOV.

Breast Cancer Treatment Response Assessment and Prediction

NAC is the treatment of choice in patients with locally advanced breast cancer and in
patients with early-stage triple negative breast cancer. MRI is the method of choice for
NAC response assessment [46] and is superior to conventional imaging modalities (i.e.,
mammography, digital breast tomosynthesis, and ultrasound), which rely on changes in size
or morphologic characteristics to evaluate tumor response with variable accuracy. Yet, the
information regarding blood flow and vessel permeability provided by DCE MRI might
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be less reliable in differentiating viable residual cancer form surrounding scar, necrosis,
fibrosis, or treatment-related inflammation [47].

A growing number of studies have documented the ability of DWI to assess for early
response to NAC, attributed to changes in water diffusivity, tumor cellularity, and cell
membrane integrity within the tumor microenvironment related to cell lysis, necrosis, and
the cytotoxic effect of the chemotherapy. For example, studies have reported that changes in
ADC before and after the first chemotherapy administration can differentiate responders
from non-responders [48-51]. A prospective study by Pereira et al. [52] involving 62
patients treated with NAC showed that patients who achieved pathologic complete response
(pCR) (i.e., responders) had a higher increase in ADC between the first and second MRI
(after 1 cycle of treatment) than non-responders and that these changes preceded changes

in tumor dimensions. In the ACRIN 6698 multicenter trial [53] involving 272 women

with breast cancer from 10 institutions treated with NAC, each woman underwent DWI
before treatment, at 3 weeks (after 1 cycle of NAC), at 12 weeks, and after treatment. The
percentage change in tumor ADC from before treatment (AADC) was measured at each
time point. The authors concluded that AADC at 12 weeks was a significant independent
predictor of pCR, with greater increase in tumor ADC corresponding to higher likelihood
of pCR, and results further showed that the predictive value of AADC was highest in HR+/
HER2- tumors (AUC = 0.76; 95% CI: 0.62-0.89; p < .001) (Fig. 3). Another study [51]
concluded that there was no significant difference in pre-treatment ADC values between
responders and non-responders generally, but when tumors were separated into subgroups,
the authors were able to predict pCR using a cutoff ADC value of 0.995 x 1073 mm?/s for
triple negative cancers and 0.971 x 1073 mm?/s, for HER2+ cancers. A meta-analysis [54] of
20 studies comprising 1490 patients demonstrated a pooled sensitivity of DWI of 89% (95%
Cl: 0.86-0.91), a specificity of 72%, and an AUC of 0.91 for predicting pCR.

Other studies have assessed response to NAC based solely on ADC values extrapolated from
pre-treatment MRI. A meta-analysis by Surov et al. [55] comprising 1827 patients with
different breast cancer subtypes showed that the pooled calculated pre-treatment mean ADC
value was not significantly different between responders and non-responders and overlapped
significantly.

Regarding the evaluation of axillary response to NAC, which is challenging using MRI,
Grana-Lopez et al. [56] showed that changes in breast tumor ADC values were associated
with axillary pCR. Nevertheless, the difference was not significant (p = .058), probably
due to the small sample size. In that study, axillary pCR also showed correlations with ER
negativity, HER2 positivity, and response of primary tumor. Meanwhile, Belli et al. [57]
did not see significant differences in ADC before and after treatment in either responder or
non-responders.

Recently, radiomics and Al applied to DWI or mpMRI combining DCE MRI and DWI have
also been investigated for the prediction of treatment response. Choi et al. [58] developed

a convolutional neural network model to predict response to NAC using PET/CT and DWI.
The AUC for PET/CT was 0.89 when using pre-treatment images and 0.98 when using post-
treatment images. The AUC for DWI was 0.70 and 0.53 when using pre- and post-treatment
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images, respectively. Meanwhile, Tahmassebi et al. [59] showed that machine learning with
mpMRI predicted pCR with an AUC of 0.86 after only two cycles of NAC, as well as
predicted survival outcomes with high accuracy. Mani et al. [60] investigated the potential
of mpMRI for the early prediction of response after just one cycle of NAC. In that study,
imaging variables (DCE MRI, DWI), clinical data, and histopathologic variables were used
for predictive modeling using machine learning. The Al model combining both imaging
and clinical variables yielded the highest diagnostic accuracy of 0.90 with an AUC of 0.96.
The same group conducted a follow-up study in 28 patients [61], incorporating a larger
number of DCE MRI and DWI features (118 vs 13). Model accuracies were 82% alone
and 86% when clinical and imaging features were combined, yielding a sensitivity of 88%
and a specificity of 82%, respectively, outperforming the currently used RECIST approach
that yielded an accuracy of 71%, sensitivity of 82%, and specificity of 65%. Elsewhere,

the pre-treatment radiomics model by Liu et al. for predicting pCR in response to primary
systemic treatment using both mpMRI and clinical information yielded an AUC of 0.86 [62].

Emerging Clinical Applications

Breast Cancer Screening

Several retrospective studies have attempted to investigate DWI for breast cancer screening
in the real world [14, 63-79], where readers assigned a category based on binary
classification or assigned a suspicion score on a scale similar to that of BI-RADS

categories. Some of these studies included only intermediate-to-high risk patients who were
asymptomatic [72, 74, 79], while others included patients with known malignancy [63-66].
DWI showed a mean sensitivity of 81% (range, 44-97%) and a mean specificity of 88%
(range 73-96%) across studies overall, but studies that more closely approximated screening
settings (included negative or benign cases) reported a mean sensitivity of 76% (range,
45-100%) [64, 72, 74, 76-79].

DWI can result in false-negative findings for certain types of breast cancer (e.g., DCIS,
mucinous carcinoma, small cancers, and invasive lobular cancer, due to their imaging
characteristics and the low spatial resolution of conventional DWI) [14, 64, 65, 67, 69, 74,
76-78]. DWI can also produce false positives [73, 74, 77, 78, 80]. For example, complicated
or proteinaceous cysts are known to exhibit restricted diffusion [77]. Fibroadenomas may
also be mistaken as a suspicious finding due to their wide range of possible ADC values
[81]. Finally, false positives can be produced by artifactual signal such as occurs near the
nipple-areolar complex, which is prone to susceptibility-based distortion on DWI [73, 74].

To help define the target population for DWI-based screening, the ongoing Diffusion-
Weighted MRI Screening Trial (DWIST, NCT03835897) is comparing the screening
performance of DWI against mammaography, ultrasound, and DCE MRI in high-risk women
[82]. Other trials are investigating the use of DWI for breast cancer screening in women with
a personal history of breast cancer (NCT04619186) and in women with dense breast tissue
(NCT03607552). One trial is investigating the use of DWI in screening the contralateral
breast in women with newly diagnosed breast cancers (NCT04656639).
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Practical Aspects for Clinical Implementation, Challenges, and Limitations

For all breast imaging modalities including DWI, uniform language is needed to describe
findings, interpret results, and recommend treatment. Past studies have explored various
strategies for interpreting DWI in breast cancer screening. Such studies typically focus on
the initial identification of specific regions showing increased signal intensity on DWI,
often considering factors like quantitative ADC evaluations, morphologic features, and
appearances on other non-enhanced sequences such as T1- and T2-weighted images [64,
72-74, 76—79]. The DWIST group, in 2019, suggested a standardized set of terms and
criteria for interpreting unenhanced MRI, including both DWI and pre-contrast T1- and
T2-weighted images. Within these guidelines, an ADC threshold of 1.3 x 1073 mm2/s was
established, drawing upon a diffusion-based lexicon from EUSOBI, to improve positive
predictive values.

Despite this progress, barriers limiting the widespread use of DWI remain, namely the
variable image quality and the lack of technical standardization.

Standardization and Optimization

A major obstacle to the widespread clinical adoption of DWI is the significant variation

in acquisition methods across different research studies and healthcare facilities, leading to
inconsistencies in image quality. Additionally, divergent approaches to data analysis, such as
post-processing techniques, the selection of b-values for ADC calculations, and methods for
defining ROI create discrepancies in ADC values even for similar breast pathologies. This
lack of standardization hampers the development of universally applicable interpretation
guidelines for breast DWI and undermines the reliable assessment of its clinical usefulness.

Aiming for standardization as well as improved image quality, the EUSOBI International
Breast DWI working group proposed a set of consensus guidelines for clinical breast DWI.
Among the fundamental acquisition prerequisites recommended are: the employment of a
spin-echo prepared echo-planar imaging (EPI) pulse sequence, axial image capture with an
in-plane spatial resolution of 2 x 2 mm?2 or less and a slice thickness of 4 mm or less,

a parallel imaging acceleration factor of 2 or higher, a TR of at least 3 seconds coupled
with the shortest feasible TE, and a minimum of two b-values (specifically, 0 and 800
s/mm?). They emphasized the importance of high-quality shimming and fat suppression as
well as the use of higher field strength scanners (3 T vs 1.5 T) along with high-performance
gradients and breast coils with a greater number of channels to maximize overall image
quality. For quantitative ADC analysis, a maximum b-value of 800 ss/mm? is recommended
[83].

A variety of ROl methods have been used, ranging from the hot-spot method (identification
of the subregion exhibiting the lowest ADC) to 3D multislice whole-tumor measurement.
Several studies support the hotspot method, showing that it yields a similar diagnostic
performance to whole-lesion measurement for classifying suspicious breast lesions and
may be easier to perform in clinical environments with limited ROI software tools [84—
86]. Besides EUSOBI, the Radiological Society of North America Quantitative Imaging
Biomarkers Alliance has released DWI acquisition and analysis specifications to support
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the reliable use of ADC as a quantitative marker of neoadjuvant treatment response (with
defined Cls) [87].

For screening applications, evidence supports the use of high b-value (1200-1500 s/mm?)
images to maximize the visibility of malignant lesions [4, 88, 89]. Computed DWI is a
convenient technique whereby high b-value (b = 1000 s/mm?) images are synthesized from
images acquired at a lower b-values [75, 90, 91] (Fig. 4).

Technical Challenges

Several acquisition factors can directly affect breast DWI image quality and reliability.
Choice of magnetic field strength can significantly impact various aspects of diffusion
imaging. Higher field strength is generally preferable for breast DWI, as it increases the
SNR, thus improving image quality and facilitating higher spatial resolution. However,
field inhomogeneity effects can also be exacerbated at higher field strengths, necessitating
more advanced shimming approaches to avoid detrimental artifacts and susceptibility-based
distortions. Importantly, ADC is not directly influenced by field strength, and a study has
found no significant differences in sensitivity or specificity for breast cancer diagnosis with
respect to clinical field strength (20).

In addition to field strength, ensuring high-quality DWI requires addressing artifacts arising
from factors like patient motion, inadequate shimming and fat suppression, and eddy
currents. Although some artifacts may be avoided during image acquisition or corrected
through post-processing techniques [83, 92], comprehensive and effective management

of these factors is crucial to minimize the frequency of unsuccessful examinations. Two
prospective multicenter trials of breast DWI, each incorporating a variety of scanner
platforms and field strengths, reported that 13-25% of examinations were excluded on
centralized review due to insufficient image quality for quantitative lesion ADC analysis

[9, 93], citing issues of excessive artifacts, fat suppression failure, and poor SNR [93].
Reported rates of unsuccessful examinations vary widely in the literature, with technical
failure rates of 7.5-17.5% reported across five independent single-center studies evaluating
ADC measures in DCE MRI-detected lesions [10]. Much lower technical failure rates have
been reported in some studies of breast DWI using more rigorous acquisition approaches
to maximize image quality (e.g., technical failure rates of 1% and 3% in two large DWI
screening studies incorporating 3-T field strength and advanced multi-shot EPI acquisitions
[64, 72]), suggesting the potential of technical advancements to improve overall image
quality and reliability of DWI.

Emerging Techniques

The quality issues with DWI are largely due to the technique’s dependence on single-
shot EPI sequences. Specific challenges in breast imaging include the need for a large
FQV for bilateral coverage, off-center imaging, and air-tissue interfaces that worsen field
inhomogeneities and distortions. Moreover, the significant fat content in breast tissue
necessitates suppression techniques to prevent chemical shift artifacts. Consequently,
traditional breast DWI is often impeded by lower spatial resolution and is susceptible to
artifacts and distortions caused by magnetic susceptibility.
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New acquisition methods that span different vendor platforms aim to overcome these
limitations. Multi-shot approaches like readout-segmented and multiplexed sensitivity-
encoding reduce the required matrix sizes and associated readout times per excitation, thus
improving resolution [94] (Fig. 5). Reduced FOV EPI also contributes to this aim [4, 95].
Although these approaches lead to enhanced spatial resolution and fewer artifacts, they
often result in longer scan times or reduced coverage. Simultaneous multi-slice imaging
methods support higher resolution by speeding up acquisitions in the slice dimension,
allowing for a greater number of thinner slices without compromising coverage or scan time
[96, 97]. Additionally, Al-based reconstruction methods for image denoising are gaining
traction among scanner manufacturers [98] (Fig. 6). In combination with other DWI post-
processing techniques, these methods can improve image quality by reducing magnetic field
inhomogeneity-related EPI distortions and artifacts resulting from eddy currents and motion,
as well as by correcting b-value inaccuracies resulting from gradient non-linearities [4].

Conclusion

Breast DWI has been used for a variety of imaging applications in breast cancer

imaging, with the current main applications being the differentiation of benign and
malignant enhancing lesions, treatment response assessment, and prediction of response

to chemotherapy for patient undergoing NAC. Emerging applications of breast DWI include
breast cancer detection, lesion characterization, and Al-enhanced DW!I to improve lesion
characterization and the prediction and evaluation of treatment response. The use of DWI
for non-contrast screening remains an active area of research, with ongoing prospective
multi-center trials, which will likely increase in number given the current technical advances
that seek to improve image quality and lesion conspicuity. Along with techniques to improve
image quality, standardized acquisition protocols and post-processing methods are also
needed. Specifically, quantitative assessment of DWI with ADC mapping may help increase
specificity of DCE MRI; however, standardized acquisition protocols, ADC calculation
methods, and ROl measurement methods are currently lacking, resulting in considerable
differences in the reported ADC values of similar breast pathologies. In all, emerging
technical advances and efforts in standardization to overcome the current limitations of DWI
might prove valuable to improve the day-to-day clinical use of breast DWI.
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Highlights
. DW] is a fast noncontrast imaging technique that may supplement and

overcome the challenges of DCE MRI in breast cancer imaging.

. Current applications of DWI include breast cancer detection and
characterization, prognostication, and neoadjuvant chemotherapy response
prediction. DWI is also being investigated for breast cancer screening.

. Historic image quality issues when performing DWI are being addressed
through several technical advances.
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Fig 1—.

459-year-old woman with invasive ductal carcinoma, Nottingham grade 1, estrogen and
progesterone receptor positive, and HER-2 negative. (a) DCE MRI shows 29-mm irregular
enhancing mass (arrow) in upper outer quadrant of right breast. (b) DWI with 6= 0 s/mm?
shows isointensity of mass (arrow) compared to adjacent fibroglandular tissue. (c) DWI with
b =800 s/mm? shows hyperintensity of mass (arrow) compared to adjacent fibroglandular
tissue. (d) ADCq_goo map (calculated from acquired 4= 0 and 800 s/mm? images) shows
hypointensity of mass (arrow). ADC value of mass is 1.06 x 1073 mm?/s. DCE = dynamic
contrast-enhanced
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Fig 2—.

Tv?/o patients with benign breast lesions. (a-c) 49-year-old woman. (a) DCE MRI shows
48-mm non-mass enhancing lesion (arrow) in right breast (b) DWI shows no hindered
diffusivity. (c) ADC map yielded ADCq_goo value of 1.73 x 10-3mm?/s for this lesion.
Biopsy of lesion revealed columnar cell changes. (d-f) 42-year-old woman. (d) DCE MRI
shows 19-mm enhancing lesion (arrow) in left breast. (¢) DWI shows no hindered diffusivity.
(f) ADC map yielded ADCq_ggg value of 1.56 x 10~3mm?/s for this lesion. Biopsy of lesion
revealed atypical ductal hyperplasia. Color bar aids interpretation of ADC values, whereby
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blue indicates low ADC values and red indicates high ADC values. DCE = dynamic
contrast-enhanced
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Fig 3—.
54g-year-old woman with grade I11 triple-negative (hormone receptor-negative/human
epidermal growth factor receptor 2—negative) breast cancer. Patient underwent neoadjuvant
therapy. Serial 3-T MRI examinations were performed over course of treatment. DCE MRI
(left), DWI (&= 800 sec/mm?) (middle), and ADC map (right) before treatment (top row),
during early treatment (after 3 weeks) (second row), during midtreatment (after 12 weeks)
(third row), and after treatment (bottom row). Tumor measured 4.2 cm before treatment.
At each time point, whole-tumor ROI was placed on multiple slices on DWI, avoiding
central necrotic area, and mean ADC was calculated for all voxels in 3D ROI. ADC values
increased progressively during treatment, yielding AADC = 18% at early treatment, 28%
at midtreatment, and 47% at posttreatment. After treatment, patient was found to have
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had pathologic complete response. Reprinted with permission from: Partridge SC, Zhang
Z, Newitt DC, et al. Diffusion-weighted MRI Findings Predict Pathologic Response in
Neoadjuvant Treatment of Breast Cancer: The ACRIN 6698 Multicenter Trial. Radiology
2018; 289:618-627.
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Acquired
b = 0 sec/mm?
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Computed
b = 500 sec/mm?
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Acquired
b = 800 sec/mm?
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Acquired
b = 1200 sec/mm?
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Computed
b = 1500 sec/mm?
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Computed
b = 2000 sec/mm?

Fig 4—.
509—year-old woman with invasive cancer and adjacent cyst in upper outer quadrant of left
breast. (a) DWI acquired with 5= 0 s/mm?2 shows 10-mm high-signal-intensity mass (circle)
in upper outer quadrant of breast (dashed circle). (b) DWI computed with 5= 500 s/mm?
shows decreased signal in mass (dashed circle). (c) DWI acquired with &= 900 s/mm?

no longer shows hyperintensity in mass. ADCq_gqg value (calculated from acquired =0
and 800 s/mm? images) of this lesion was 2.56 x 1073 mm?/s, consistent with simple cyst.
Images also show adjacent 15-mm mass in upper outer quadrant of breast (arrow, b and

c). (d) DWI acquired with 5= 1200 ss/mm2, (e) DWI computed with 4= 1500 s/mm2, and
(f) DWI computed with &= 2000 s/mm? show increasing persistent hyperintensity in mass
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(arrow, d-f). ADCq_gqgo value (calculated from acquired &= 0 and 800 s/mm? images) of this
lesion was 0.96 x 1073 mm?/s. Biopsy revealed lesion to be invasive ductal carcinoma.
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Fig 5—.

339-year-old woman undergoing high-risk screening by breast MRI. (a) T2-weighted fast
spin-echo image (spatial resolution of 0.8 x 0. 8x 1.3 mm3) serves as anatomic reference.
(b-c) DWI with 5= 0 s/mm? obtained using conventional single-shot echo-planar imaging
(SS-EPI) (b), and using multi-shot EPI (c) (MS-EPI; Philips Healthcare IRIS technique,

2 shots), both with high spatial resolution of 1.2 x 1.2 x 4 mm3. Distortions related to
magnetic susceptibility effects in anterior breast (arrow, b and c) are reduced using MS-
EPI acquisition compared to SS-EPI acquisition. Examination shows no suspicious breast
findings.
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Fig 6—.

50gX-year-oId patient undergoing surveillance MRI. (a) DWI with deep learning
reconstruction, (b) DWI with standard single-shot technique, and (c) contrast-enhanced
T1-weighted image show post-surgical changes in right breast and no suspicious findings.
DWI with deep learning reconstruction shows better image quality than DWI with standard
singe-shot technique, including improved visibility of skin, decreased artifact (white arrow,
a and b), and improved visibility of left nipple (red arrow, a and b). DWI with deep

learning reconstruction also appears less grainy compared to standard single-shot DWI. Case
illustrates use of novel Al-enhanced DWI reconstruction technique to aid image denoising,
to allow improved image quality and improved spatial resolution. Al = artificial intelligence
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