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Background: Diffusion-weighted imaging (DWI) with apparent diffusion coefficient (ADC) mapping is one of the most useful
additional MRI parameters to improve diagnostic accuracy and is now often used in a multiparameric imaging setting for
breast tumor detection and characterization.
Purpose: To evaluate whether different ADC metrics can also be used for prediction of receptor status, proliferation rate,
and molecular subtype in invasive breast cancer.
Study Type: Retrospective.
Subjects: In all, 107 patients with invasive breast cancer met the inclusion criteria (mean age 57 years, range 32–87) and
underwent multiparametric breast MRI.
Field Strength/Sequence: 3 T, readout-segmented echo planar imaging (rsEPI) with IR fat suppression, dynamic contrast-
enhanced (DCE) T1-weighted imaging, T2-weighted turbo-spin echo (TSE) with fatsat.
Assessment: Two readers independently drew a region of interest on ADC maps on the whole tumor (WTu), and on its
darkest part (DpTu). Minimum, mean, and maximum ADC values of both WTu and DpTu were compared for receptor sta-
tus, proliferation rate, and molecular subtypes.
Statistical Tests: Wilcoxon rank sum, Mann–Whitney U-tests for associations between radiologic features and histopathol-
ogy; histogram and q-q plots, Shapiro–Wilk’s test to assess normality, concordance correlation coefficient for precision
and accuracy; receiver operating characteristics curve analysis.
Results: Estrogen receptor (ER) and progesterone receptor (PR) status had significantly different ADC values for both readers.
MaximumWTu (P = 0.0004 and 0.0005) andmeanWTu (P = 0.0101 and 0.0136) were significantly lower for ER-positive tumors,
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while PR-positive tumors had significantly lower maximum WTu values (P = 0.0089 and 0.0047). Maximum WTu ADC was the
onlymetric that was significantly different formolecular subtypes for both readers (P = 0.0100 and 0.0132) and enableddifferen-
tiation of luminal tumors from nonluminal (P = 0.0068 and 0.0069) with an area under the curve of 0.685 for both readers.
Data Conclusion: Maximum WTu ADC values may be used to differentiate luminal from other molecular subtypes of
breast cancer.
Level of Evidence: 3
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2019;50:836–846.

DYNAMIC CONTRAST-ENHANCED magnetic reso-
nance imaging (DCE-MRI) is the backbone of any given

MRI protocol, but to address limitations in specificity and to
improve breast cancer diagnosis, a plethora of functional MRI
parameters, ie, diffusion-weighted imaging (DWI), proton and
phosphorus MR spectroscopy, sodium imaging, blood oxygena-
tion level-dependent imaging, and chemical exchange saturation
transfer imaging are being investigated.1–7 In this context, DWI
with apparent diffusion coefficient (ADC) mapping is one of the
most useful MRI parameter and is now often used in a multipara-
meric imaging setting for breast cancer detection.2,5,8,9 DWI with
ADCmapping provides information on tissue microstructure and
cellularity that can be used for lesion characterization.

In breast cancer, the presence of estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth factor
receptor 2 (HER2) and proliferation rate (Ki-67) are major
prognostic factors guiding therapy decisions and prediction of
tumor response to neoadjuvant treatment.10 Immunohisto-
chemical (IHC) tumor receptor status together with the Ki-
67 proliferating index are related to tumor cellularity, vascu-
larity, and aggressiveness. In addition, using IHC surrogates,
molecular breast cancer subtypes can be defined,11 which are
routinely used to guide recommendations for neo- and adju-
vant systemic therapies, as well as to provide valuable infor-
mation on disease behavior and prognosis.12 However, to
date the information on receptor status and proliferation rate
has to be obtained by invasive tissue sampling. Furthermore,
although IHC of specimens obtained from breast biopsy and
surgery are the gold standard for evaluating receptor status, it
has some limitations. Disagreements in receptor status
between biopsy and surgical specimen may occur in up to
20% of patients and disagreements among pathologists evalu-
ating the same specimen are not uncommon.13–15 In addi-
tion, tumor biology is subject to change over time and
treatment that may lead to changes in receptor status and
subtype.16 Therefore, the investigation of noninvasive means
to evaluate these prognostic factors is desirable.17

A major strength of DWI is that ADC is a quantitative
parameter, which measurement can be used in clinical practice as
a quantitative imaging biomarker (QIB).2,8,9,18 DWI with ADC
mapping has been proposed as a QIB for determination of tumor
prognostic and predictive factors.19,20Whereas high-proliferating
tumors with increased cellularity are expected to have lower
ADC than low-proliferating tumors,21 tumors with increased

neovascularity, greater vascular permeability, and a consecutive
increase of extracellular fluid, such as HER2-positive lesions, are
expected to have higher ADCs.22,23 Hormone receptor-positive
tumors, which are typically less aggressive, tend to have less neo-
vascularity and therefore are expected to present with lower ADC
values.21,22 However, to date results on ADC as a QIB to predict
receptor status are divergent. We believe that this might be due
to different measurement approaches, ie, measurements of the
entire tumor vs. subjectively chosen areas, which have been uti-
lized across studies.17,18,21–29 We hypothesized that ADC as a
QIB can predict IHC receptor status, proliferation rate, and
molecular tumor subtypes of breast cancer. Therefore, the aim of
the study was to evaluate whether different ADC measurement
approaches and metrics can be used for prediction of IHC tumor
receptor status, proliferation rate, and molecular tumor subtype
in patients with invasive breast cancer.

Materials and Methods
Patients
The Institutional Review Board approved this retrospective study and
data analysis of a prospectively populated database (EK 510/2009). All
patients gave informed written consent to be included in the database
of MRI studies. The study database which consisted of 524 patients
who underwent state-of-the-art MRI of the breast with T2-weighted,
DCE-MRI, and DWI between December 2010 and February 2014
was queried for patients who fulfilled the following inclusion criteria:
histopathologically verified invasive breast cancer with receptor status
availability, 18 years or older, not pregnant, not breastfeeding, no pre-
vious treatment, and no contraindications for MRI or MRI contrast
agents.

There were 264 consecutive patients who matched our search
criteria. The exclusion criteria were: 1) nonmass enhancement or
multiple masses; 2) pathology results demonstrating other types of
cancer than invasive ductal carcinoma (IDC) or invasive lobular car-
cinoma (ILC); and 3) poor image quality or lesion nonvisibility on
DWI. Overall, 107 patients were included in the study. The mean
patient age was 57 years (range, 32–87). Patient selection is demon-
strated in Fig. 1.

MRI
All MR exams were performed with a 3 T MRI scanner (Tim Trio,
Siemens, Erlangen, Germany) using a 4-channel breast coil (InVivo,
Orlando, FL) with the patient positioned in the center of the magnet
in the prone position. Patients underwent a standardized multipara-
metric MRI protocol including T2-weighted (T2w turbo spin echo)

September 2019 837

Horvat et al.: ADC for Breast Cancer Characterization



imaging, DWI (readout-segmented echo planar imaging)1 and DCE
T1-weighted imaging (hybrid high spatial and temporal resolution
protocol).30 The MRI sequence parameters for T2-weighted and
DCE-MRI are summarized in online Table S1 and for DWI in
Table S2. DWI was performed before the application of contrast
agent with DCE-MRI. For DCE-MRI gadoterate meglumine
(Dotarem, Guerbet, France) was injected intravenously as a bolus
(0.1 mmol/kg body weight) by a power injector (Spectris Solaris,
Medrad, Pittsburgh, PA) at 4 mL/s, followed by a 20-mL saline
flush. Contrast agent was injected 75 seconds after starting the first
coronal T1-weighted volumetric interpolated breath-hold examina-
tion sequence. The total examination time was ~18:40 minutes.31

Image Evaluation
MRI studies were independently evaluated by two board-certified
breast radiologists (J.V.H. and K.P.) with 7 and 12 years of experi-
ence, respectively, in breast MRI. The images were reviewed using
the open-source DICOM viewer software OsiriX (Pixmeo SARL,
Geneva, Switzerland). The breast tumors were identified on high
b-value (850 s/mm2) images using DCE-MR images as anatomical
guidance and their largest diameters were measured on DCE-MR
images. The malignant tumors were then visually assessed on high b-
value (850 s/mm2) DWI and on ADC maps.

Each radiologist chose the slice with the greatest representative
portion of the tumor and manually drew: 1) a 2D region of interest
(ROI) on the whole tumor (WTu) on the ADC map, and 2) a 2D
ROI on the darkest part of the tumor (DpTu) on the same slice,
with a minimum area of 10 mm2. The radiologists subjectively
selected the DpTu region with the lowest signal intensity that could
be distinguished from the remaining parts of the tumor. Figure 2
illustrates an example of ADC measurements for WTu and DpTu.
Areas of necrosis, cystic degeneration, fat, and normal tissue were
avoided while drawing the ROIs. The minimum, mean, and maxi-
mum ADC values of both the WTu and DpTu were recorded.

Histopathological Results
The histopathology results were reviewed for tumor histology, histologi-
cal grade, and IHC status by one dedicated pathologist with 12 years of
experience (Z.B.). Evaluation of IHC status included ER, PR, HER2,
and Ki67 according to standard protocols using an automated Ventana
Benchmark XT device (Ventana, Tucson, AZ). Staining results were
evaluated according to current ASCO/USCAP guidelines.32,33 The stan-
dard of reference was histological analysis of the surgical specimen; in
patients who received neoadjuvant treatment, the biopsy results were
considered the standard of reference. Tumor subtypes were classified as
luminal A for either ER- or PR-positive and HER2-negative, luminal B
for either ER- or PR-positive and HER2-positive, HER2-enriched for
ER- and PR-negative and HER2-positive, and triple negative (TN) for
ER-, PR-, andHER2-negative. AHER2 status of 0 or 1+ was considered
negative, 2+ as equivocal, and 3+ as positive. Patients with equivocal
HER2 were evaluated using fluorescence in situ hybridization (FISH)
and considered positive if HER2 gene amplification was observed. The
Ki-67 proliferation index was classified as high proliferating if staining
positivity was equal to or more than 20% and low proliferating if positiv-
ity was lower than 20%.34

Statistical Analysis
All statistical analyses were performed with SAS 9.4 (SAS Institute,
Cary, NC). Metric data values were expressed as mean, median
(quartile), or percentage values, as appropriate. Associations between
radiologic features (minimum, mean, and maximum WTu and
DpTu ADC values) and histopathology, IHC receptor (ER, PR,
HER2), and Ki-67 status were assessed using Wilcoxon rank sum
and Mann–Whitney U-tests where appropriate. Histogram and q-q
plots were examined and the Shapiro–Wilk’s test was performed to
assess normality. Normal distribution mean values were reported for
all ADC measurements derived from Wtu and DpTu ROIs. All
ADC measurements were log transformed to obtain a normal distri-
bution when appropriate. P-values for log transformed features were

FIGURE 1: Flow chart of the patient selection towards final study cohort.
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reported. The concordance correlation coefficient was used to mea-
sure the precision and accuracy as it relates to the agreement
between two readers for each imaging parameter.35 Agreement
between two readings was quantified by measuring the variation
from the 45� line and the line of concordance. Coefficient values
closer to 1 indicate better agreement between readers. ADC mea-
surements by the more experienced reader were used for statistical
analysis. Receiver operating characteristics (ROC) curve analysis was
performed. The presented sensitivities and specificities are based on
this analysis. A P-value equal to or below 0.5 was considered to indi-
cate a significant result.

Results
Histopathology
Ninety-five (89%) patients presentedwith IDC and 12 (11%)with
ILC. ER, PR, and HER2 status was available in all 107 patients

and Ki-67 in 86. Eighty (75%) tumors were ER-positive and 27
(25%) negative. Seventy-three (68%) were PR-positive and
34 (32%) negative. Seventeen (16%) were HER2-positive and 90
(84%) were negative. Seventy (81%) patients had high proliferating
and 16 (19%) had low proliferating Ki-67 status.

Based on IHC surrogates, 71 (66%) patients were clas-
sified as having luminal A, 13 (12%) luminal B, 4 (4%)
HER2 enriched, and 19 (18%) TN breast cancer.

IHC Receptor and Ki-67 Status
The mean tumor size was 33 mm (range, 13–97). The ADC
values for WTu (mean, minimum, and maximum) and
DpTu (mean, minimum, and maximum) stratified by IHC
receptor and Ki-67 status are summarized in Table 1. ER and
PR status were the only to present significantly different
ADC values for both readers. Maximum WTu ADC
(P = 0.0004 for reader 1 and P = 0.0005 for reader 2) and
mean WTu ADC (P = 0.0101 for reader 1 and P = 0.0136
for reader 2) were significantly lower for ER-positive than
for ER-negative tumors. For PR-positive tumors only maxi-
mum WTu ADC values were significantly lower than PR-
negative tumors (P = 0.0089 for reader 1 and P = 0.0047 for
reader 2). The sensitivity, specificity, and area under the curve
(AUC) of both readers for the prediction of ER status using
maximum WTu and mean WTu ADC and for the prediction
of PR status using maximum WTu ADC are demonstrated in
Table 2.

HER2-positive tumors had significantly higher maximum
WTu ADC values for reader 1 (P = 0.0412) but not for reader
2 (P = 0.2661), and significantly higher mean WTu, mini-
mum WTu, and minimum DpTu ADC values for reader
2 (P = 0.0400, P = 0.0348, and P = 0.0447, respectively) but
not for reader 1 (P = 0.0682, P = 0.1859, and P = 0.1558).
Ki-67 status was only significantly different for reader 2 using
the maximum DpTu ADC metric (P = 0.0246). No other sig-
nificant association was observed between the different ADC
metrics and IHC status or proliferation rate. There was no sta-
tistically significant association between ADC measurements
and tumor histology or grade.

Molecular Subtypes
Maximum WTu ADC was the only metric to be significantly
different for both readers among the four different molecular
subtypes (P = 0.0100 for reader 1 and 0.0132 for reader 2).
The ADC values of the different metrics used stratified accord-
ing to molecular subtypes are demonstrated in Table 3. Median
maximum WTu ADC values were lower for luminal A tumors
(2.09 × 10-3 mm/s2 for reader 1 and 2.01 × 10-3 mm/s2 for
reader 2) and higher for HER2-enriched tumors (2.36 × 10-3

mm/s2 for reader 1 and 2.37 × 10-3 mm/s2 for reader 2). In
addition, maximum WTu ADC enabled differentiation of
luminal from nonluminal tumors (P = 0.0068 for reader 1 and

FIGURE 2: A 65-year-old woman with invasive ductal carcinoma
of the right breast on DCE-MR images (a) and the ADC map
(b). ROIs on the ADC map (c) demonstrate high maximum WTu
ADC (2.48 × 10-3 mm2/s) in this ER-negative, PR-negative, and
HER2-positive tumor.
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P = 0.0069 for reader 2) with an AUC of 0.685 for both
readers. ROC curves of both readers on the differentiation
between luminal and nonluminal tumors are demonstrated in
Fig. 3. Median values, sensitivity, specificity, and AUC for dif-
ferentiation of luminal tumors from nonluminal subtypes using
maximum WTu ADC for both readers are summarized in
Table 4.

Interreader Agreement
Interreader agreement of minimum, maximum, and mean
ADC measurements ranged from moderate with WTu to low
for DpTu and are summarized in Table 5 and illustrated in
scatterplots in Fig. 4.

Discussion
Our study demonstrated that maximum WTu ADC and to
some extent mean WTu ADC can be used as a QIB for the
differentiation of tumors with different receptor status in inva-
sive breast cancer. Maximum WTu ADC was significantly dif-
ferent among molecular tumor subtypes for both readers and
can differentiate luminal breast cancers from nonluminal sub-
types. However, there is still a significant amount of overlap of
ADC values among different receptor status and molecular
subtypes, which reduces the accuracy of the metrics used.

There is evidence that multiparametric MRI using DCE-
MRI and DWI with ADC mapping can improve the diagnos-
tic accuracy for breast cancer.36–38 Moreover, it has been pro-
posed that ADC can be used as a noninvasive QIB to
determine prognostic and predictive factors in breast cancer
such as tumor grade, receptor status, proliferation rate, and

molecular subtype. However, this has often been met with lim-
ited success,2,17,19,21,23,26–29,31,39 which might be due to differ-
ent measurement approaches and ADC metrics used.

Park et al found that HER2-positive cancers had higher
mean ADC values, but ER and PR status were not correlated
with mean ADC values.23 Compared with Park et al, Martin-
cich et al and Choi et al observed lower mean ADC on ER-
positive tumors, but both groups did not find any significant
correlation between mean ADC and HER2.17,21 Several
other groups found no significant correlation between ADC
and either hormone receptor or HER2 status.26,27,29 In our
study, mean WTu ADC values were associated with ER sta-
tus for both readers, but not with PR, HER2, or Ki-67 pro-
liferation rate. ADC mean is an average across the chosen
ROI. Approaches that use an ROI that covers the entire
lesion may be more effective in demonstrating the true ADC
values in heterogeneous lesions. This may explain the positive
results obtained with mean WTu ADC on ER status in our
study.

In contrast to previous studies, we evaluated different
ADC measurement approaches and metrics for their ability
as a QIB to predict receptor status in invasive breast cancer.
In addition to the commonly used approach of assessing
round 2D ROIs placed on the area with the lowest ADC
values inside the lesions, we also delineated a 2D ROI on
the whole tumor and obtained minimum, mean, and maxi-
mum ADC values. In our study, maximum WTu proved to
be the most useful ADC metric as a predictive and prognos-
tic QIB. We found that maximum WTu ADC can be used
to distinguish ER and PR status with greater AUCs than
other metrics. Although these results are promising, larger-
scale studies are necessary for confirmation before these ADC
metrics can be implemented in the decision-making of
patient treatment.

We also investigated interreader agreement of different
ADC measurements and metrics. The moderate agreement
for WTu measurement is most likely due to the fact that the
size and shape of the ROIs are not identical between two
readers. The low interreader agreement for DpTu is expected,
as ROIs are placed after subjective radiologist’s review; there-
fore, not necessarily the same ROI location is chosen. We
show that using a WTu approach is more robust with respect
to interreader agreement than using a DpTu approach, indi-
cating that for measurements of ADC as QIB a WTu ROI
approach is better suited. Previously, Lee et al performed
histogram analysis from whole-tumor segmentation and dem-
onstrated that ADC measurements derived from the entire
tumor were related to ER, PR, and HER2 status.28 These
findings further support the results of the current study sug-
gesting that measurements of the whole tumor area could be
more accurate for the prediction of prognostic factors than
subjective selected area measurements.

TABLE 2. Sensitivity, Specificity, and Area Under the
Curve of Both Readers for the Prediction of ER Status
Using Maximum WTu and Mean WTu ADC and for the
Prediction of PR Status Using Maximum WTu ADC

Max WTu ADC Sensitivity Specificity AUC

ER (reader 1) 90% 48% 0.730

ER (reader 2) 70% 70% 0.724

PR (reader 1) 58% 71% 0.656

PR (reader 2) 71% 68% 0.671

Mean WTu ADC Sensitivity Specificity AUC

ER (reader 1) 94% 22% 0.666

ER (reader 2) 68% 63% 0.660

ADC, Apparent Diffusion Coefficient; AUC, Area Under the
Curve; DpTu, Darkest Part of Tumor; ER, Estrogen Receptor;
Max, Maximum; Progesterone Receptor; WTu, Whole Tumor.
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TABLE 3. Median, 25th, and 75th Percentiles and P-Value of ADC Measurements for WTu (Mean, Minimum, and
Maximum) and DpTu (Mean, Minimum, and Maximum) Stratified by Molecular Subtypes

ADC Metric (x 10-
3 mm2/s)

Luminal
A (n = 71)

Luminal
B (n = 13)

HER2-enriched
(n = 4)

TN/Basal-
like (n = 19) P

Max DpTu ADC
(reader 1)

1.10 (0.91, 1.35) 1.14 (1.03, 1.24) 1.06 (0.99, 1.17) 1.06 (0.87, 1.42) 0.8664

Max DpTu ADC
(reader 2)

1.00 (0.88, 1.20) 1.14 (0.99, 1.24) 0.93 (0.81, 0.97) 1.09 (0.95, 1.26) 0.2954

Mean DpTu ADC
(reader 1)

0.81 (0.70, 0.94) 0.85 (0.73, 0.97) 0.86 (0.73, 0.91) 0.79 (0.69, 0.97) 0.9741

Mean DpTu ADC
(reader 2)

0.80 (0.67, 0.93) 0.87 (0.82, 0.97) 0.84 (0.74, 0.89) 0.87 (0.67, 0.91) 0.1852

Min DpTu ADC
(reader 1)

0.53 (0.36, 0.71) 0.58 (0.54, 0.76) 0.70 (0.58, 0.70) 0.58 (0.47, 0.68) 0.4631

Min DpTu ADC
(reader 2)

0.57 (0.45, 0.72) 0.71 (0.57, 0.76) 0.73 (0.65, 0.81) 0.65 (0.50, 0.73) 0.1144

Max WTu ADC
(reader 1)

2.09 (1.88, 2.86) 2.33 (2.14, 2.35) 2.36 (2.20, 2.54) 2.33 (2.04, 2.54) 0.0100

Max WTu ADC
(reader 2)

2.01 (1.70, 2.22) 2.13 (1.89, 2.33) 2.37 (2.02, 2.63) 2.28 (1.91, 2.80) 0.0132

Mean WTu ADC
(reader 1)

1.03 (0.91, 1.14) 1.11 (1.03, 1.19) 1.10 (1.02, 1.21) 1.12 (0.96, 1.26) 0.2446

Mean WTu ADC
(reader 2)

1.00 (0.89, 1.08) 1.12 (1.00, 1.17) 1.04 (0.94, 1.15) 1.12 (0.96, 1.18) 0.0219

Min WTu ADC
(reader 1)

0.02 (0.00, 0.31) 0.08 (0.00, 0.51) 0.31 (0.13, 0.46) 0.00 (0.00, 0.19) 0.3788

Min WTu ADC
(reader 2)

0.02 (0.00, 0.40) 0.43 (0.00, 0.57) 0.41 (0.25, 0.54) 0.06 (0.00, 0.55) 0.0718

ADC, Apparent Diffusion Coefficient; DpTu, Darkest Part of Tumor; HER2, Human Epidermal Growth Factor Receptor 2; Max,
Maximum; Min, Minimum; TN, Triple Negative; WTu, Whole Tumor.

TABLE 4. Median, 25th, and 75th Percentiles, P-Value, Sensitivity, Specificity, and Area Under the Curve of
Maximum WTu ADC of Both Readers for the Differentiation Between Luminal and Nonluminal Breast Cancers

ADC metric
(x 10-3 mm2/s)

Luminal A/B (n = 84)
median (25th, 75th)

Nonluminal
(n = 23) median
(25th, 75th) P-value Sensitivity Specificity AUC

Max WTu ADC
(reader 1)

2.13 (1.93, 2.33) 2.33 (2.12, 2.53) 0.0068 44% 87% 0.685

Max WTu ADC
(reader 2)

2.05 (1.78, 2.23) 2.28 (1.91, 2.75) 0.0069 70% 68% 0.685

ADC, Apparent Diffusion Coefficient; AUC, Area Under the Curve; Max, Maximum; WTu, Whole Tumor.
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In addition to traditional prognostic and predictive fac-
tors such as age, tumor size, axillary nodes status, grade,
receptor status, and the presence or absence of peritumoral
vascular invasion, molecular breast cancer subtypes have been
implemented in the clinical routine and are currently used to
guide recommendations for neo- and adjuvant systemic thera-
pies. In this study, we also investigated the ability of ADC as
a QIB for its ability to distinguish between different molecu-
lar subtypes as well as luminal breast cancers from other sub-
types. In this context, maximum WTu ADC proved to be
the most useful. Maximum WTu ADC was significantly dif-
ferent among molecular tumor subtypes. Luminal A tumors
had the lowest ADC values, while HER2-enriched lesions
had the highest, which is in good agreement with previous
findings from Lee et al.28 In addition, maximum WTu ADC
enabled a differentiation of luminal A/B vs. nonluminal sub-
types. The differentiation between luminal and nonluminal
tumors is of paramount clinical importance, since these are
treated with endocrine therapy and may benefit less from
cytotoxic chemotherapy. Improvements in DWI technology
may in the future increase the accuracy of ADC metrics so it
can have clinical applicability in the preoperative classification
of tumor subtypes.

The pathological basis of these differences in ADC
values among different receptor status and molecular sub-
types relies on previous observations regarding the association
of receptor status and water diffusivity.22,23 Tumors that
are ER-positive tend to have lower neovascularity, thus
presenting lower ADC values. On the other hand, tumors
that are ER-negative tend to have higher neovascularity
with increased vascular permeability, thus presenting higher
ADC values. Similarly, tumors that have increased cellularity
are expected to have lower ADC values. Although HER2-
enriched and TN tumors may present high cellularity, it is
likely that neovascularity in these tumors may impact more
the ADC values than cellularity, which explains the results
we observed of higher maximum WTu ADC in these molec-
ular subtypes.

Finally, we also investigated ADC as a QIB for differen-
tiation of tumor grade and histology. In contrast to previous
studies,10,20,29 which reported a relation between ADC mean
values and different histologies and tumor grades, we did not
find any significant difference between IDC and ILC tumors
or between different histological grades across all ADC
metrics.

Our study has several limitations. We chose to exclude
breast cancers that presented as nonmass enhancements.
These have per definition interspersed areas of normal fibro-
glandular and fatty tissue, which, if included in the ROIs,
could have falsified the measurements. We also only used 2D
ROIs for the evaluation of the tumors. It has to be noted that
it is possible that 3D ROIs may better reflect the ADC values
within the tumors. However, manual measurement of 3D

ROIs is time-consuming and we aimed for an easily clinically
applicable solution. It can be assumed that in the future, the
development of automated tumor segmentation methods and
the application of machine learning may be beneficial. Sev-
eral cases where DWI was hampered by artifacts or where
lesions were small (≤1 cm) and not visible had to be excluded
from analysis. However, research to improve image quality
and spatial resolution of DWI is ongoing, and there have
already been significant improvements with the introduction
of readout-segmented echo planar imaging sequences.1 There-
fore, it could be expected that further advances are possible

FIGURE 3: ROC curves ofmaximumWTuADC for the differentiation
between luminal and nonluminal tumors for (a) reader 1 and (b)
reader 2.
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and DWI in the future may be able to overcome its current
limitations.

In conclusion, maximum WTu and mean WTu ADC
values were found to be associated with hormone status of
invasive breast cancers. Maximum WTu ADC can be used to

differentiate luminal cancers from other molecular subtypes
of breast tumors. Other ADC measurement approaches
and metrics were not significantly different for both readers
regarding the determination of IHC status, molecular sub-
type, and Ki-67 proliferation rate.

FIGURE 4: Scatterplots of concordance correlation coefficients between reader 1 and reader 2 regarding (a) mean WTu, (b)
minimum WTu, (c) maximum WTu, (d) mean DpTu, (e) minimum DpTu, and (f) maximum DpTu.
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