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ARTICLE INFO ABSTRACT
Keywords: Purpose: This study compared the performance of diffusion-weighted imaging (DWI) to dynamic contrast-
Neoadjuvant systemic treatment enhanced (DCE)-MRI for diagnosing pathological complete response (pCR) before surgery.

Pathological complete response

Method: Overall, 133 lesions from 133 patients who underwent pre-surgical MRI evaluation after neoadjuvant
Magnetic resonance imaging

o ) ] systemic treatment were included. Two readers blinded to the pathological diagnosis evaluated the images. MR

Diffusion-weighted image . N A . .

Kinetic assessment images were obtained using a routine protocol sequence that included DWI and DCE-MRI. DWI of the target

Breast cancer lesion was scored using a three-point scale. Kinetic patterns of lesions on DCE-MRI were scored using a four-point
scale. The capacities of DWI and kinetic parameters for discriminating pCR and non-pCR were assessed via
receiver operating characteristic (ROC) analysis.
Results: For DWI scores, ROC analysis showed areas under the ROC curve (AUCs) of 0.84 (95% confidence in-
terval: 0.77-0.90) and 0.85 (0.77-0.90) for readers 1 and 2, respectively; corresponding AUCs of kinetic scores
were 0.89 (0.82-0.94) and 0.88 (0.81-0.93). Among the triple-negative subtype, the AUCs of DWI scores were
0.84 (0.70-0.93) and 0.88 (0.75-0.96) for readers 1 and 2, respectively; corresponding AUCs of kinetic scores
were 0.94 (0.83-0.99) and 0.93 (0.82-0.99). Among the luminal subtype, the AUCs of DWI scores were 0.85
(0.71-0.94) and 0.82 (0.68-0.92) for readers 1 and 2, respectively; corresponding AUCs of kinetic scores were
0.82 (0.68-0.92) and 0.72 (0.56-0.85).
Conclusions: Our DWI-based visual score and kinetic score showed similar diagnostic performances. Both DWI
and kinetic scores tended to perform better in predicting pCR for the triple-negative subtype.

Abbreviations: NST, neoadjuvant systemic treatment; pCR, pathological complete response; DWI, diffusion-weighted imaging; DCE-MRI, dynamic contrast-
enhanced magnetic resonance imaging; ADC, apparent diffusion coefficient; BI-RADS, Breast Imaging Report and Data System; ROC, receiver operating charac-
teristic; CI, confidence interval; AUC, area under the ROC curve; ER, estrogen receptor; PgR, progesterone receptor; HER2, human epidermal growth factor receptor
2; RECIST, response evaluation criteria in solid tumors; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.
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1. Introduction

Neoadjuvant systemic treatment (NST), including chemotherapy
and/or endocrine therapy, is commonly used for the treatment of breast
cancer. NST facilitates downstaging of the primary breast tumor and
avoidance of axillary lymph node metastasis [1]. Accurate evaluation of
the response to NST provides important information concerning the
impact of systemic therapies on breast cancer prognosis [2]. The
achievement of a pathological complete response (pCR) after NST is
important for surgery and outcome prediction. In multiple studies with
large sample sizes, disease-free survival was better in the pCR group,
particularly among patients with the triple-negative subtype [3 4 5 6].
Moreover, the tumor response to NST significantly impacts local
regional therapy by reducing the tumor size, which facilitates breast-
conserving surgery [7].

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
is the most accurate imaging modality for assessing the tumor response
to NST, according to several studies [8 9 10]. However, multiple factors
(e.g., cancer subtype and treatment regimen) can influence MRI accu-
racy [11]. Breast MRI tends to overestimate or underestimate the sizes of
tumors that respond well to chemotherapy [12]. Currently, there is no
evidence to support the possibility of avoiding surgery in cases of
radiological complete response, but accurate prediction of pCR might
increase the feasibility of minimizing surgery after NST [13 14].

A previous meta-analysis reported the accuracy of diffusion-
weighted imaging (DWI) as a non-invasive and quantitative method to
predict therapeutic response [15]. Some studies suggested that the ac-
curacy of pCR diagnosis by MRI could be improved by using DWI along
with conventional DCE-MRI [16 17]. This led to the hypothesis that the
performance of DWI-based pre-surgical evaluation is equal to or better
than DCE-MRI-based diagnosis. The use of DWI to visualize residual
breast cancer might help to reduce the need for contrast agent. However,
because of improvements in NST, residual tumors tend to be small,
hindering a quantitative approach. Hence, there is a need for a scoring
system based on visual assessment to ensure objectivity.

This study aimed to evaluate the use of DWI with a visually assessed
scoring system for diagnosing pCR after NST, then compare the perfor-
mance of DWI to the performance of DCE-MRI (including kinetic
information).

2. Material and methods
2.1. Patients

Approval for this study protocol was obtained from the institutional
review board of our hospital; the requirement for informed consent was
waived because of the retrospective study design. The inclusion criteria
were as follows: DCE-MRI performed after NST; receipt of NST; and
pathological diagnosis performed at our hospital. Exclusion criteria
were as follows: no MR images were obtained after NST; no receipt of
NST; lack of post-contrast images; and poor image quality on DCE-MRI
because of motion artifact. When both malignant and benign lesions
were found in the ipsilateral breast, only the malignant lesion was used.
When multiple malignant or multiple benign lesions were found in the
ipsilateral breast, the lesion with the largest diameter in axial images
was used. A flow chart summarizing the details of the patient selection
process is shown in Supplementary Appendix A. In total, 133 women
with 133 lesions (mean age, 50.0 years; age range, 26-74 years) who
underwent pre-surgical MRI evaluation after NST from January 2014 to
November 2020 were included in this study.

2.2. MRI protocol
MRI was performed using a Prisma/Trio Tim 3.0 Tesla scanner

(Siemens AG, Erlangen, Germany) with 18- or 16-channel dedicated
breast coils. MR images were obtained using a routine protocol
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sequence: T1-weighted image (T1WI), T2-weighted image (T2WI), DWI
(b =0, 1000 sec/mmz), and DCE-MRI (pre-contrast and 1-2 min, and
5-6 min post-contrast). Details are summarized in Table 1.

2.3. Image interpretation and analysis

Images were evaluated using a workstation (Aquarius NET Viewer;
TeraRecon, Foster City, CA, USA). Two board-certified radiologists
specializing in breast imaging (reader 1 with 10 years of experience and
reader 2 with 20 years of experience) independently evaluated the im-
ages. They were informed that all MR images had been acquired from
patients with breast cancer, but they were blinded to the pathological
diagnoses. For each reader, the reading sessions of DWI and DCE-MRI
were scheduled with a 2-month interval. The readers evaluated DWI
and DCE-MRI to identify residual lesions on post-NST images.

2.4. DWI score

After treatment, the readers were asked to identify residual lesions
on DWI and apparent diffusion coefficient (ADC) maps alone; they were
not allowed to refer to other images, such as TIWI, T2WI, or DCE-MRI.
The readers were allowed to refer to pre-NST images (e.g., DWI and
DCE-MRI) if the target lesion was not obvious on post-NST images. An
ADC map was used for reference only. The readers were blinded to other
imaging data (e.g., ultrasonography or mammography), clinical data,
and pathological data.

DWI of the target lesion was evaluated and scored using a three-point
scale: 2, obvious high signal intensity; 1, intermediate signal intensity in
a scar-like shape; and 0, no abnormal signal intensity (Fig. 1). We
applied the classification system used in the Breast Imaging Report and
Data System (BI-RADS); we replaced contrast-enhanced areas on DCE-
MRI with high signal intensity on DWI and classified the lesions as
focus, mass, or non-mass. To determine whether the lesions identified by
the two readers were identical, the morphology of the residual lesion
(focus, mass, or non-mass) and its location were recorded by each
reader.

ADC values were measured for all identifiable lesions by both
readers. If a lesion was sufficiently large for region of interest (ROI)
placement, the readers measured the values on ADC maps by placing a
maximum of three ROIs of 3 mm in the lesion. ADC values were calcu-
lated only from lesions in which ROIs could be placed. In each ROI, the
mean ADC values were calculated; the lowest of the mean ADC values

Table 1
MR imaging protocols.
Sequence DWI DCE-T1WI
SS-EPI 3D-VIBE with fat
suppression
Laterality Bilateral Bilateral
Orientation Axial Axial
TR/TE(ms) Prisma:6300-6600/50, 3.7-3.8/1.4
Trio:7600/62
FOvV (mmz) 330 x 160-187 330 x 330
Matrix Prisma:162 x 92, Trio:166 384 x 346
x 80
Slice thickness (mm) 3.0 1.0
Slice number 48 144
b-Value (s/mm?) 0, 1000
Total acquisition time 1:06 1:00
(min:s)
Parallel imaging 2 3

acceleration factors
Time from contrast
injection

early:60-120sec,
delay:300-360sec

DWI, diffusion-weighted image; SS-EPI, single-shot echo-planar imaging; DCE-
T1WI, dynamic contrast-enhanced TI1WI; 3D-VIBE, 3D volumetric interpolated
breath-hold examination; TIWI, T1-weighted image; T2WI, T2-weighted image;
TR, repetition time; TE, echo time; FOV, field of view.
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Fig. 1. DWI scores. DWI of the target lesion was evaluated and scored using a three-point scale. (a) Score 0: no abnormal signal intensity. (b) Score 1: intermediate
signal intensity in a faint scar-like shape (arrows). (c) Score 2: obvious high signal intensity (arrow). No lesion sizes were included in the scoring method.

was used as the representative ADC value in each lesion. If a lesion size
was insufficient for ROI placement, the readers measured the values on
ADC maps by placing only one ROI of 3 mm in the lesion. Otherwise, the
lesion was designated as “NA” (i.e., difficult to measure).

2.5. Kinetic score

After treatment completion, the readers were asked to identify re-
sidual lesions on DCE-MRI. To identify the target lesion, the readers
could refer to pre-NST MRI findings, including DCE-MRI and DWI. The
readers were blinded to other imaging information, as noted above in
the DWI score section.

The kinetic score of each identified lesion was based on kinetic curve
analysis by placing one ROI of 3 mm in diameter in the most intensely
enhanced area.

In accordance with the definition used by the BI-RADS 5th edition,
the signal intensity (SI) increase was defined as (SI delay — SI early)/SI
pre x 100% and divided into three categories: persistent, > 10% of the
Slincrease; plateau, >—10% and <10% of the SI increase; and washout,
< —10% of the SI increase. The kinetic score was allocated based on the
enhancement pattern on delayed phase as follows: 0, no enhancement;
1, persistent; 2, plateau; and 3, washout. Lesions with insufficient size
for ROI placement were classified as “difficult to measure.”.

2.6. Pathological evaluation

Histopathological information regarding the biopsied or surgical
specimens was extracted from pathology reports that had been gener-
ated at the time of treatment. The diagnoses were made by one of four
board-certified pathologists with at least 16 years of experience. The
presence of residual lesions was considered a positive result. pCR was
histopathologically defined as the absence of residual invasive cancer in
surgically resected breast tissue. Residual in situ lesions without inva-
sion were included in pCR. On the basis of their immunohistochemical
profiles, breast cancers were divided into four immunohistochemical
subtypes. The triple-negative subtype was represented by negativity for
estrogen receptor (ER), progesterone receptor (PgR), and human
epidermal growth factor 2 (HER2). The luminal subtype was defined as
ER- or PgR-positive and HER2-negative.

2.7. Statistical analysis

Statistical analysis was performed using MedCalc Statistical Software
version 19.2.1 (MedCalc Software Ltd., Ostend, Belgium). The inter-
rater reliabilities of the DWI and kinetic scores between the two
readers were calculated using Cohen’s weighted kappa coefficient [18].
The diagnostic performances of DWI parameters in identifying residual
invasive component (non-pCR) were assessed using receiver operating
characteristic (ROC) analysis. DeLong et al. presented a nonparametric

approach to the analysis of areas under correlated ROC curves, using
generalized U-statistics theory to generate an estimated covariance
matrix [19]. The threshold values determined using the method of
DeLong et al. were used to calculate the sensitivity and specificity of
identifying the residual invasive component.

Inter-method variabilities were assessed by weighted kappa co-
efficients for categorical data. A kappa value of 0.01-0.20 represented
poor agreement, while 0.21-0.40 was considered fair, 0.41-0.60 was
considered moderate, 0.61-0.80 was considered good, and 0.81-1.00
was considered very good [20].

3. Results
3.1. Lesion characteristics

In accordance with pre-determined inclusion/exclusion criteria (see
Supplementary Appendix A), 133 patients were selected. Among them,
43.6% (58/133) of cases achieved pCR, while 56.4% (75/133) were
categorized as non-pCR according to postoperative pathology evalua-
tion. The mean time between the preoperative DCE-MRI and surgery
was 17.5 days. The lesion characteristics are described in Table 2. The
mean pre-treatment tumor diameters in DCE-MRI were 31.2 mm (range,
9-89 mm) for reader 1 and 33.2 mm (range, 9-90 mm) for reader 2. For
117 mass lesions, the mean pre-treatment tumor diameters in DCE-MRI
were 30.4 (range, 11-89 mm) for reader 1 and 32.2 mm (range, 12-90
mm) for reader 2. For 16 non-mass lesions, the mean pre-treatment
tumor diameters in DCE-MRI were 37.3 mm (range, 9-78 mm) for
reader 1 and 40.8 mm (range, 9-90 mm) for reader 2.

3.2. DWI score

The distribution of DWI scores is shown in Table 3. The size

Table 2
Summary of lesion characteristics.
Classification n =133 (%)
Histology IC 119 (89.5%)
ILC 2 (1.5%)
IMPC 6 (4.5%)
MC 2 (1.5%)
Other 4 (3.0%)
Subtype ER and PgR-/HER2- (Triple-negative) 45 (33.8%)

ER or PgR+/HER2- (Luminal)
ER and PgR-/HER2+ (HER2-positive)
ER or PgR+/HER2+ (Luminal/HER2)

43 (32.3%)
18 (13.5%)
27 (20.3%)

IC, invasive carcinoma of no special type; ILC, invasive lobular carcinoma;
IMPC, invasive micropapillary carcinoma; MC, mucinous carcinoma; other
(including two metaplastic carcinomas and one invasive apocrine carcinoma);
ER, estrogen receptor; PgR, progesterone receptor; HER2, human epidermal
growth factor 2.
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Table 3
DWI scores of lesions according to breast cancer subtype.
n=133 pCR Non-pCR Total
DWI score 0 1 2 Total 0 1 2 Total 0 1 2 Total
Reader 1 Triple-negative 16 6 3 25 2 4 14 20 18 10 17 45
Luminal 3 2 1 6 2 4 31 37 5 6 32 43
HER2-positive 6 5 2 13 0 2 3 5 6 7 5 18
Luminal/HER2 9 2 3 14 2 1 10 13 11 3 13 27
Total 34 15 9 58 6 11 58 75 40 26 67 133
Reader 2 Triple-negative 15 7 3 25 2 4 14 20 17 11 17 45
Luminal 3 2 1 6 3 6 28 37 6 8 29 43
HER2-positive 5 7 1 13 0 2 3 5 5 9 4 18
Luminal/HER2 9 3 2 14 2 3 8 13 11 6 10 27
Total 32 19 7 58 7 15 53 75 39 34 60 133

distribution of non-pCR lesions for the DWI score is shown in Supple-
mentary Appendix B. The DWI scores of the two readers were in
agreement for 119 lesions (89.5%), with a kappa value of 0.87 (95%
confidence interval [CI]: 0.80-0.94), suggesting very good agreement.

ROC analysis showed areas under the ROC curve (AUCs) of 0.84
(95% CI: 0.77-0.90) for reader 1 and 0.85 (95% CI: 0.77-0.90) for
reader 2 (Figs. 2 and 3).

Cases with a DWI score of 0 were pCR except for six false-negative
lesions for reader 1 and seven false-negative lesions for reader 2.
False-negative cases for the DWI score included two invasive lobular
carcinomas (ILCs), one invasive micropapillary carcinoma, and other
invasive carcinomas of no special type for readers 1 and 2.

ADC values of the lesions were also measured by placing 3-mm cir-
cular ROIs. However, ADC values could not be measured because of
small lesion sizes and scar-like shapes in 46,/135 cases for reader 1 and in
42/135 cases for reader 2. Further analyses of ADC values were not
performed because of these missing data.

3.3. Kinetic score

The distribution of kinetic scores is shown in Table 4. The kinetic
scores of the two readers were in agreement for 110 lesions (66.3%),
with a kappa value of 0.84 (95% CI: 0.77-0.91), suggesting very good
agreement.
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Fig. 2. Pairwise comparison of ROC analysis for diagnosing pCR according to the DWI and kinetic scores (reader 1). Using the DeLong method with Bonferroni
correction, a pairwise comparison of ROC curves was performed. There were no significant differences in AUCs between the DWI score and the kinetic score (p =
0.18). The kinetic score showed a slightly higher AUC, while its 95% confidence interval overlapped with the 95% confidence interval of the DWI score. Both the
kinetic score and the DWI score demonstrated excellent diagnostic performance for the triple-negative subtype compared with the other subtypes, with AUCs

of 0.84-0.94.
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Fig. 3. Pairwise comparison of ROC analysis for diagnosing pCR according to the DWI and kinetic scores (reader 2). Using the DeLong method with Bonferroni
correction, a pairwise comparison of ROC curves was performed. There were no significant differences in AUCs between the DWI score and the kinetic score (p =
0.35). The kinetic score showed a slightly higher AUC, while its 95% confidence interval overlapped with the 95% confidence interval of the DWI score. Both the
kinetic score and the DWI score demonstrated excellent diagnostic performance for the triple-negative subtype compared with the other subtypes, with AUCs of
0.88-0.93. For the luminal subtype, the DWI score tended to perform better than the kinetic score.

Table 4
Kinetic scores of lesions according to breast cancer subtype.
n=133 pCR Non-pCR Total
kinetic score 0 1 2 3 Total 1 2 3 Total 0 1 2 3 Total
Reader 1 Triple-negative 14 9 1 1 25 0 3 2 15 20 14 12 3 16 45
Luminal 0 1 6 2 6 7 22 37 5 8 7 23 43
HER2-positive 2 10 0 1 13 0 0 1 4 5 2 10 1 5 18
Luminal/HER2 6 2 1 14 0 2 4 7 13 6 7 6 8 27
Total 25 26 3 4 58 2 11 14 48 75 27 37 17 52 133
Reader 2 Triple-negative 15 8 1 1 25 0 4 3 13 20 15 12 4 14 45
Luminal 3 1 0 2 6 2 8 6 21 37 5 9 6 23 43
HER2-positive 4 9 0 0 13 0 1 2 2 5 4 10 2 2 18
Luminal/HER2 7 5 1 1 14 0 5 0 8 13 7 10 1 9 27
Total 29 23 2 4 58 2 18 11 44 75 31 41 13 48 133

ROC analysis showed AUCs of 0.89 (95% CI: 0.82-0.94) for reader 1
and 0.88 (95% CI: 0.81-0.93) for reader 2 (Figs. 2 and 3).

Cases with a kinetic score of 0 were pCR except for two false-negative
lesions: one ILC (also included in the false-negative cases for the DWI
score) and one invasive carcinoma of no special type.

Using the DeLong method with Bonferroni correction, pairwise
comparison of ROC curves was performed [19]. There were no signifi-
cant differences in the AUCs of the DWI scores and the kinetic scores for
reader 1 (p = 0.18) and reader 2 (p = 0.35).

The sensitivity and specificity of the DWI/kinetic scores are sum-
marized in Table 5.

3.4. Sub-analysis by subtype

3.4.1. Triple-negative subtype

Among 45 lesions of the triple-negative subtype, 55.6% (25/45) of
cases achieved pCR. The distribution of DWI scores is shown in Table 3.
ROC analysis of DWI scores showed AUCs of 0.84 (95% CI: 0.70-0.93)
for reader 1 and 0.88 (95% CI: 0.75-0.96) for reader 2 (Figs. 2 and 3).

The distribution of kinetic scores is shown in Table 4. ROC analysis of
kinetic scores showed AUCs of 0.94 (95% CI: 0.83-0.99) for reader 1 and
0.93 (95% CI: 0.82-0.99) for reader 2 (Figs. 2 and 3).

There were borderline significant differences in AUCs between DWI
scores and kinetic scores for reader 1 (p = 0.047), while there were no
significant differences in AUCs between DWI scores and kinetic scores
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Diagnostic performance of DWI scores/kinetic scores in the diagnosis of pCR in breast cancer subtypes by two readers.

All lesions TN subtype Luminal subtype HER2-positive subtype Luminal/HER2 subtype
(n=133) (n = 45) (n =43) (n=18) (n=27)
Criterion  Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
DWI score
Reader 1
>0 92.0 58.6 90.0 64.0 94.6 50.0 100.0 46.2 84.6 64.3
>1 77.3 84.5 70.0 88.0 83.8 83.3 60.0 84.6 76.9 78.6
Reader 2
>0 93.3 55.2 100.0 60.0 91.9 50.0 100.0 38.5 84.6 64.3
>1 70.7 87.9 70.0 88.0 75.7 83.3 60.0 92.3 61.5 85.7
Kinetic score
Reader 1
>0 97.3 43.1 100.0 56.0 94.6 50.0 100.0 15.4 100.0 42.9
>1 82.7 87.9 85.0 92.0 78.4 83.3 100.0 92.3 84.6 78.6
> 2 64.0 93.1 75.0 96.0 59.5 83.3 80.0 92.3 53.9 92.9
Reader 2
>0 97.3 50.0 100.0 60.0 94.6 50.0 100.0 30.8 100.0 50.0
>1 73.3 89.7 80.0 92.0 73.0 66.7 80.0 100.0 61.5 85.7
> 2 58.7 93.1 65.0 96.0 56.8 66.7 40.0 100.0 61.5 92.9

Score > 0: score 0 was classified as pCR; scores 1, 2 and 3 were classified as non-pCR.
Score > 1: scores 0 and 1 were classified as pCR; scores 2 and 3 were classified as non-pCR.
Score > 2: scores 0, 1 and 2 were classified as pCR; scores 3 were classified as non-pCR.

for reader 2 (p = 0.20). We present one case of triple-negative cancer in
Fig. 4.

3.4.2. Luminal subtype

Among 43 lesions of the luminal subtype defined as hormone
receptor-positive and HER2-negative, 14.0% (6/43) of cases achieved
PCR. The distribution of DWI scores is shown in Table 3. ROC analysis
showed AUCs of 0.85 (95% CI: 0.71-0.94) for reader 1 and 0.82 (95% CI:
0.68-0.92) for reader 2 (Figs. 2 and 3).

The distribution of kinetic scores is shown in Table 4. ROC analysis
showed AUCs of 0.82 (95% CI: 0.68-0.92) for reader 1 and 0.72 (95% CI:
0.56-0.85) for reader 2 (Figs. 2 and 3). Although there were no signif-
icant differences in AUCs between DWI scores and kinetic scores for
reader 1 (p = 0.83) and reader 2 (p = 0.31), the AUCs for both readers
tended to be better when using DWI scores than when using kinetic

scores.

3.4.3. HER2-positive subtype

Among 18 lesions of the HER2-positive subtype, 72.2% (13/18) of
cases achieved pCR.

The distribution of DWI scores is shown in Table 3. ROC analysis
showed AUCs of 0.82 (95% CI: 0.57-0.96) for reader 1 and 0.84 (95% CI:
0.59-0.97) for reader 2 (Figs. 2 and 3). The distribution of kinetic scores
is shown in Table 4. ROC analysis showed AUCs of 0.95 (95% CI:
0.82-0.93) for reader 1 and 0.93 (95% CI: 0.71-0.99) for reader 2
(Figs. 2 and 3). There were no significant differences in AUCs between
DWI scores and kinetic scores for reader 1 (p = 0.23) and reader 2 (p =
0.48).

Fig. 4. (a) Pre-NST DWI. (b) Pre-NST ADC map. (c) Pre-NST DCE-MRI early phase. (d) Pre-NST DCE-MRI delay phase. (e) Post-NST DWI. (f) Post-NST ADC map. (g)
Post-NST DCE-MRI early phase. (h) Post-NST DCE-MRI delay phase. Right triple-negative breast cancer in a 64-year-old patient who underwent NST for invasive
carcinoma. Pre-NST MRI showed a 22-mm mass on DWI and DCE-MRI. After treatment, no high signal intensity remained on DWI; focal enhancement with persistent
kinetics was observed on DCE-MRI (g, h, arrow). The DWI score was 0 and the kinetic score was 1. The patient underwent surgery and had no residual disease. Both

the DWI score and the kinetic score suggested a correct diagnosis.
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3.4.4. Luminal/HER2 subtype

Hormone receptor-positive and HER2-positive tumors were regarded
as luminal/HER2 tumors in this analysis. Among 27 lesions of the
luminal/HER2 subtype, 51.9% (14/27) of cases achieved pCR.

The distribution of DWI scores is shown in Table 3. ROC analysis
showed AUCs of 0.79 (95% CI: 0.59-0.92) for reader 1 and 0.79 (95% CI:
0.60-0.92) for reader 2 (Figs. 2 and 3). The distribution of kinetic scores
is shown in Table 4. ROC analysis showed AUCs of 0.88 (95% CI:
0.69-0.97) for reader 1 and 0.85 (95% CI: 0.67-0.96) for reader 2
(Figs. 2 and 3). There were no significant differences in AUCs between
DWI scores and kinetic scores for reader 1 (p = 0.36) and reader 2 (p =
0.55).

3.5. RECIST-based evaluation

Response is typically measured using the response evaluation criteria
in solid tumors (RECIST). Complete response (CR) is defined as complete
disappearance of the tumor, near CR is defined as near disappearance
with equivocal weak enhancement, partial response (PR) is defined as a
decrease in the sum of the longest axes of all individual lesions by >30%,
progressive disease (PD) is defined as an increase in this sum by >20%,
and the remaining clinical manifestations are classified as stable disease
(SD). RECIST-based evaluation is categorized using a three-point scale:
2, PD/SD/PR; 1, near CR; and 0, CR.

We performed pairwise comparisons of ROC curves between RECIST
scores and DWI/kinetic scores. There were no significant differences in
AUCs between DWI scores and RECIST scores (p = 0.58) or between
kinetic scores and RECIST scores (p = 0.30) for reader 1. The AUC of
RECIST scores was higher than the AUC of DWI scores, but lower than
the AUC of kinetic scores.

There were also no significant differences in AUCs between DWI
scores and RECIST scores (p = 0.67) or between kinetic scores and
RECIST scores (p = 0.09) for reader 2. The AUC of RECIST scores was
lower than the AUCs of DWI and kinetic scores (see Supplementary
Appendix C).

4. Discussion

Our results suggest that the DWI-based visual analysis and kinetic
analysis showed similar diagnostic performances. The kinetic analysis
may examine vascularity as a marker of viable residual tumor, while
DWI-based images are associated with the cellular component of resid-
ual tumor. To our knowledge, the current study is unique in its use of
visual assessments of DWI for residual tumor; this method is easily
applied in clinical practice and is feasible for small lesions.

Numerous studies have used DWI in the evaluation of pCR [15,21 22
23 24,2526]. For example, the diagnostic performance of the generally
high sensitivity and high specificity of DWI for diagnosing pCR in pa-
tients with breast cancer was reviewed in a meta-analysis [15]. Gao et al.
evaluated the accuracy of DWI in the detection of pCR to NACT in pa-
tients with breast cancer. Twenty studies with 1490 total participants
were enrolled in their analysis. Their pooled estimates revealed a
sensitivity of 0.89 (95% CI: 0.86-0.91) and a specificity of 0.72 (95% CI:
0.68-0.75). ADC values have frequently been used for quantitative
assessment of DWI. The American College of Radiology Imaging
Network (ACRIN) 6698 performed a sub-study of the Investigation of
Serial Studies to Predict Your Therapeutic Response with Imaging and
Molecular analysis 2 (I-SPY 2) trial to identify more effective breast
cancer treatments [21]. The results demonstrated that changes in tumor
ADC after 12 weeks of therapy alone were predictive of pCR. Consid-
ering that most studies regarding DWI for the assessment of treatment
response have been conducted at single centers [22 23 24], ACRIN 6698
findings are important for validating ADC as a biomarker for predicting
PCR. Recently, texture analysis and machine learning have been applied
to DWI and DCE-MRI data to improve the prediction performance of pCR
[22 23]. Zhang et al. reported that the optimal methods for measuring
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ADC values may vary among shrinkage patterns in luminal tumors [24].

Several studies demonstrated that changes in the ADC measured
from DWI of pre-treatment and post-treatment MRI were predictive of
PCR in patients with breast cancer who received neoadjuvant chemo-
therapy [27 28]. Another study demonstrated that changes in the ADC
after chemotherapy were more closely correlated with pathological
outcome and prognosis than were changes in tumor size [29]. However,
evaluations based on ADC values require a sufficiently large lesion size
for reliable measurement; thus, such evaluations are difficult to conduct
for small lesions after NST. Additionally, the neoadjuvant chemotherapy
effect is recognized as a fibrous or fibromyxoid area; lesions with low
water content may exhibit a very low signal at both b = 0 s/mm? and b
= 800 s/mm?, resulting in poor images and artificially low ADC values
because of signal-blackout in such lesions [30]. These low ADC values
are not indicative of true diffusion restriction; evaluation of these lesions
using ADC alone might lead to erroneous interpretation of breast DWI.
These problems can be avoided by using our DWI scoring system that is
based on signal intensity. Importantly, the ADC values could not be
measured in >30% of cases for both readers in the present study.
Therefore, visual assessments (e.g., DWI score) may be practical.
Considering the single-center retrospective design of this study, vali-
dations in larger multi-center cohorts (such as the ACRIN 6698 [21,25])
are needed.

Residual tumor size and kinetics assessments have been used for
objective measurements of residual disease and treatment response
[31]. Compared with clinical assessments, MRI findings are a stronger
predictor of pathological response to NST; their greatest advantage lies
in the volumetric measurement of tumor response during early treat-
ment [32]. Evaluations of RECIST-based and other size-based methods
are easy to implement, but their performances remain inferior to
kinetics-based evaluation [33]. Functional tumor volume (FTV) assess-
ment uses MRI to determine both tumor volume and Kkinetics; this
assessment method can predict recurrence-free survival in patients who
receive neoadjuvant chemotherapy for breast cancer [34]. The suit-
ability of quantifying kinetic heterogeneity derived from breast DCE-
MRI for the prediction of neoadjuvant treatment response has been
assessed through pre-treatment imaging examinations [33]. These
kinetic-based methods perform better than conventional size-based
methods; they may be ideal for residual tumor prediction and mea-
surement. However, the findings are retrospectively analyzed using
dedicated software, which hinders broader use of these methods in
clinical practice. Additionally, this quantitative analysis might be inac-
curate for small and weakly enhanced residual lesions. Because the DWI
and kinetic scores are based on visual evaluations, our method is easy to
implement in clinical practice. Visual evaluation-based scoring is often
feasible, even for lesions that are small and difficult to measure.

An important finding in the current study was that the accuracy of
MRI in estimating post-NST prediction of pCR varied according to sub-
type. Both the kinetic and DWI scores performed better for the triple-
negative subtype than for the other subtypes in predicting pCR, with
AUCs of nearly 90%. These findings could be attributed to the good
response rate of triple-negative breast cancer to chemotherapy. For the
luminal subtype, estimations of residual tumor tended to be less accu-
rate; the AUC of the DWI score tended to be better than the AUC of the
kinetic score. The above results indicate the need for subtype-specific
strategies when evaluating residual tumor after NST.

Subtype-specific response evaluation by DCE-MRI or DWI has
recently been explored. Several investigations involving DCE-MRI
showed that the accuracy of MRI in predicting pCR was highest for
the triple-negative subtype and lowest for the luminal subtype [35],
consistent with our findings. Our study population was enriched in the
triple-negative subtype (34%), partly because neoadjuvant chemo-
therapy is proposed for the triple-negative subtype more often than for
other subtypes.

Some false-negative cases were identified when assessing the pres-
ence of residual tumor based on the DWI and kinetic scores. For two
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ILCs, it was difficult to evaluate residual tumors using both kinetic and
DWI scores. Non-mass-like ILCs may contain interspersed normal
fibroglandular tissue or fat tissue, which can affect the evaluation of
PCR. The other case involved an invasive carcinoma with the luminal
subtype. In contrast, there were no false-negative cases among lesions
with the triple-negative subtype.

Our study had several limitations. First, it used a retrospective
design. Second, because we did not compare the lesion sizes on images
with the pathological findings, we could not stratify the pathological
characteristics according to lesion size. Third, this study depended on
the readers’ subjective visual assessments. Fourth, we defined pCR as the
absence of invasive cancer, with or without the presence of ductal car-
cinoma in situ. Fifth, the per-subtype analysis was exploratory because
of the small sample size, particularly for HER2-positive tumors (n = 18).
Sixth, there were borderline significant differences in AUCs between the
DWTI scores and kinetic scores for reader 1. This finding may be related to
the small sample size; the difference should be verified in a larger
cohort. Finally, the combined effect of the DWI and kinetic scores was
not examined. Superior results could be obtained by adding DWI to the
kinetic evaluation; this approach will be explored in subsequent
research.

In conclusion, the DWI score showed excellent performance in esti-
mating residual tumor after NST; its diagnostic performance was similar
to the diagnostic performance of the kinetic score. These results imply
the potential of applying DWI to the evaluation of breast MRI after NST.
In particular, triple-negative breast cancers with low DWI and kinetic
scores are associated with pCR.
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