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Abstract

Objectives To investigate the impact of background parenchymal enhancement (BPE), amount of fibroglandular tissue (FGT)
and menopausal status on apparent diffusion coefficient (ADC) values in differentiation between malignant and benign lesions.
Methods In this HIPAA-compliant study, mean ADC values of 218 malignant and 130 benign lesions from 288 patients were
retrospectively evaluated. The differences in mean ADC values between benign and malignant lesions were calculated within groups
stratified by BPE level (high/low), amount of FGT (dense/non-dense) and menopausal status (premenopausal/postmenopausal).
Sensitivities and specificities for distinguishing malignant from benign lesions within different groups were compared for statistical
significance.

Results The mean ADC value for malignant lesions was significantly lower compared to that for benign lesions (1.07+0.21 x 107
mm?/s vs. 1.53+0.26 x 10> mm?/s) (p<0.0001). Using the optimal cut-off point of 1.30 x 10> mm?/s, an area under the curve of 0.918
was obtained, with sensitivity and specificity both of 87 %. There was no statistically significant difference in sensitivities and
specificities of ADC values between different groups stratified by BPE level, amount of FGT or menopausal status.

Conclusions Differentiation between benign and malignant lesions on ADC values is not significantly affected by BPE level,
amount of FGT or menopausal status.

Key Points

* ADC allows differentiation between benign and malignant
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lesions.

* ADC is useful for breast cancer diagnosis despite different
patient characteristics.

* BPE, FGT or menopause do not significantly affect sensitiv-

ity and specificity.
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Abbreviations
ADC Apparent diffusion coefficient

AUC Area under the curve

BIRADS Breast Imaging Reporting and Data System
BPE Background parenchymal enhancement
DWI Diffusion-weighted imaging

DCE Dynamic contrast-enhancement

FGT Fibroglandular tissue

MRI Magnetic resonance imaging

ROC Receiving operator characteristic

SD Standard deviation

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-017-5202-4&domain=pdf
mailto:thakurs@mskcc.org

Eur Radiol

Introduction

Magnetic resonance imaging (MRI) is a quintessential tool for
breast cancer diagnosis. Due to its high sensitivity, it has sev-
eral established clinical indications including pre-operative
staging, evaluation of treatment response in patients receiving
neoadjuvant therapy, differentiation between scar tissue and
tumour recurrence, examination of patients with breast im-
plants, and screening of high-risk patients [1, 2]. Currently,
dynamic contrast-enhanced MRI (DCE-MRI) is the most sen-
sitive test for the diagnosis of breast cancer with good speci-
ficity [3—5]. Moreover, in the past few decades, efforts have
been made to further improve the diagnostic accuracy of
DCE-MRI [6], with several functional MRI parameters hav-
ing been investigated for their utility in improving the diag-
nostic accuracy of DCE-MRI [7, §]. Diffusion-weighted im-
aging (DWI) has emerged as the most reliable MRI parameter
for an improved diagnosis and characterization of breast can-
cer in a multiparametric setting [9, 10].

DWTI is a non-contrast MRI technique, sensitive to the ran-
dom motion of water molecules in tissues [11]. Water diffu-
sivity can be quantified using the apparent diffusion coeffi-
cient (ADC), which varies according to the amount of cellu-
larity, intracellular and extracellular oedema, viscosity and
fibrosis [12—14]. Numerous studies have evaluated DWI with
ADC mapping for the diagnosis of breast tumours. It has been
shown that ADC as a quantitative imaging biomarker can be
used to differentiate malignant from benign lesions with high
sensitivity and specificity of up to 98 % and 93 %, respective-
ly [9, 10, 15-19].

Although DWI with ADC mapping is being implemented
in clinical routine care, it is still unclear which patient charac-
teristics may affect ADC values and what their impact is on
the diagnostic accuracy of DWI. A few preliminary reports
have addressed the impact of different patient characteristics,
including background parenchymal enhancement (BPE),
amount of fibroglandular tissue (FGT) and menopausal status
on ADC values but with conflicting results [20-28]. In addi-
tion, it has also been reported that breast tissue composition
can influence intravoxel signals of breast tumours and alter
their ADC values [29]. To date, however, there are no data on
whether BPE, FGT and menopausal status can affect the di-
agnostic accuracy of ADC for breast cancer detection.

Therefore, the goal of the study was to investigate the im-
pact of BPE, FGT and menopausal status on ADC measure-
ments and cancer diagnosis in patients with breast tumours.

Materials and methods

This single-institution retrospective study was compliant with
Health Insurance Portability and Accountability Act
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guidelines and approved by the Institutional Review Board
with a waiver of informed consent.

Patient selection

We queried our institutional database for all consecutive pa-
tients who underwent multiparametric 3.0T MRI of the breast
combining T2-weighted, DCE-MRI and DWI imaging
between January 2011 and January 2013. The search
yielded 854 results. We then applied the following ex-
clusion criteria: (1) Breast Imaging Reporting and Data
System (BI-RADS®) 0-3 classification on the MRI re-
port; (2) treatment received prior to MRI examination;
(3) histopathological verification of suspicious imaging
findings by either image-guided or surgical biopsy un-
available; (4) lesions measuring less than 0.8 cm on
contrast-enhanced T1-weighted sequence; and (5) DWI
images hampered by artifacts or suboptimal fat suppres-
sion. Thus, a total of 288 patients were included in our
study.

MRI acquisition

MR imaging was performed on a 3.0T system (Discovery
MR750; GE Healthcare, WI, USA) using the body coil as a
transmitter and a dedicated 16-channel phased-array receiver
coil (Sentinelle Vanguard, Toronto, Canada). Conventional
T1-weighted (3D T1-weighted gradient echo VIBRANT se-
quence; TR/TE 4.3/2.1 ms; flip angle 10°; matrix size
320x192; field of view (FOV) 30 cm; slice thickness 1 mm;
number of excitations (NEX) 1; acquisition time ~1 min) as
well as T2-weighted (fast spin-echo sequence with TR/TE
4,384/102 ms; auto flip angle 111°; matrix size 288x224;
FOV 30 cm; slice thickness 3 mm; NEX 2; acquisition time
~3.5 min) images were acquired with and without fat
suppression.

Axial DWI MR imaging was performed using 2D, DW
single-shot, dual spin echo-planar imaging (EPI) sequences
(TR 6,000 ms; minimum TE; flip angle 90°; acquisition ma-
trix: 98x98 or 128x128; reconstructed matrix: 256x256; FOV
28-38 cmy; slice thickness: 4 or 5 mm; NEX 3; slice gap: 0—1
mm; fat suppression: enhanced; parallel imaging: ASSET; ac-
quisition time ~2 min for 2 b-values). In all the patients, DWI
was acquired at b-values of 0 and 600 s/mm?>.

DCE-MRI images were acquired using a sagittal 3D T1-
weighted sequence before and at three points at 60-s intervals
after an injection of 0.1 mmol/kg of gadopentetate
dimeglumine (Magnevist; Bayer HealthCare, Hanover, NJ,
USA). Subsequently, axial 3D T1-weighted gradient
echo VIBRANT delayed contrast-enhanced imaging
was performed.
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Data and image evaluation

All MRI studies and patient medical records were reviewed by
a single dedicated breast radiologist (M.D.) who had 7 years
of experience in breast MRI. The radiologist had access to
patient data, including age, menopausal status and imaging
study reports, but was blinded to pathological data.
Menopausal status was classified into premenopausal and
postmenopausal, defined as at least 1 year of amenorrhoea.
The information acquired was annotated and compiled using
a standardized form.

MRI

Images were analysed on a GE Advantage Workstation (GE
Healthcare). Lesions were identified on MRI using DCE-MRI
images and the longest transverse axis was measured as the
lesion size. BPE was assessed on the first post-contrast se-
quence and the amount of FGT was assessed on T1 images
without fat saturation. Both BPE and FGT classifications were
performed according to the 5th edition BI-RADS [30]. BPE
was classified as minimal, mild, moderate or marked. The
amount of FGT was classified as almost entirely fat, scattered,
heterogeneous or extreme FGT. When there was asymmetry
of BPE or amount of FGT, the breast with the largest lesion
was considered the reference standard.

Dwi

The slice location with the largest transverse axis on T1-
weighted DCE-MRI was used to identify the closest image

Table 1  Patient characteristics

Characteristics of patients N %

Patient age
Mean 49 years + 10 SD (range, 23-81)
Amount of fibroglandular tissue®

Non-dense breast 53 18.4

Dense breast 235 81.6
Background parenchymal enhancement”

Low BPE 145 50.3

High BPE 143 49.7
Menopausal status

Premenopausal 158 54.9

Postmenopausal 130 45.1

Total number of patients 288 100

BPE background parenchymal enhancement, SD standard deviation

#Non-dense was defined as fatty and scattered amount of fibroglandular
tissue and dense as heterogencous and extreme

°Low BPE includes minimal and mild BPE and high includes moderate
and marked

location of the lesion on DWI. High b-value DWI images
were visually assessed for hyperintensities matched to
enhancing lesions on DCE-MRI. Subsequently, paramet-
ric quantitative ADC maps were generated using
READY View software (GE Healthcare). Mean ADC
values were calculated by manually selecting a 2D re-
gion of interest covering most parts of the lesion, but
avoiding cystic or necrotic portions, surrounding normal
tissue and susceptibility artifacts due to the presence of
post-biopsy clips or changes.

Histopathological analysis

In all patients, histopathology was used as the standard of
reference. Histopathological reports of the breast lesions were
reviewed and breast lesions were classified as either malignant
or benign, which included high-risk lesions. Histopathology
from surgical specimens was considered the reference

Table 2  Characteristics of lesions

Characteristics of lesions N %

Malignant lesions

Number of lesions 218 62.6
Mean size (range), cm 2.8 (0.8-12)
Histopathological type
Invasive ductal carcinoma 148 42.5
Invasive lobular carcinoma 27 7.8
Ductal carcinoma in situ 35 10.1
Ductal carcinoma in situ with microinvasion 3 0.8
Other 5 14
Benign lesions
Number of lesions 130 374
Mean size (range), cm 1.8 (0.8-8)
Histopathological type
High risk lesions 23 6.6
Papilloma 8 23
Lobular carcinoma in situ 5 14
Atypical lobular hyperplasia 5 1.4
Atypical ductal hyperplasia 4 12
Radial scar 1 0.3
Other benign lesions 107 30.8
Dense stromal fibrosis 20 5.8
Fibroadenoma 17 4.9
Pseudoangiomatous stromal hyperplasia 14 4.0
Fat necrosis 8 23
Sclerosing adenosis 8 23
Fibrocystic changes 8 23
Usual ductal hyperplasia 7 2.0
Other 25 72
Total number of lesions 348 100

@ Springer
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Fig. 1 A 49-year-old postmenopausal woman with dense breasts and low
background parenchymal enhancement. In the left breast, an irregular
mass with rim enhancement is noted on T1-weighted contrast enhanced

standard, and when it was not available, histopathology from
breast biopsy samples were used.

Statistical analysis

For statistical analysis, BPE and FGT classifications
were dichotomized. Breasts with minimal or mild BPE
were considered as ‘low” BPE and breasts with moder-
ate or marked BPE were considered as ‘high’ BPE.
Breasts with almost entirely fat or scattered FGT com-
position were considered as ‘non-dense’ and breasts
with heterogeneous or extreme FGT composition were
considered as ‘dense’.

ADC values were presented as mean =+ standard deviation
(SD) measured in units of 10> mm?/s. ADC values were
measured on a ‘lesion-by-lesion’ basis and bilateral lesions

Fig. 2 A 39-year-old
premenopausal woman with
dense breasts and low
background parenchymal
enhancement. In the left breast, a
1.7 cm heterogeneously
enhancing mass

with circumscribed margins is
noted on T1-weighted contrast
enhanced (a), diffusion-weighted
imaging (DWI) (b) and ADC map
(c) images. The mean ADC value
obtained was 1.670 x 10-3 mm2/
s. Biopsy yielded fibroadenoma
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(a), diffusion-weighted imaging (DWI) (b) and ADC map (c) images.
The mean ADC value obtained was 0.949 x 10~ mm?*/s. Biopsy
yielded invasive ductal carcinoma

in the same patient were assumed to be non-correlated. All
ADC values were examined for normality and comparisons
were made using two-sample t-tests or non-parametric tests as
necessary. The overall sensitivity and specificity of ADC for
identifying malignant lesions was plotted using a receiv-
er operating characteristic (ROC) curve and the optimal
cut-off point for ADC was identified using Youden’s
index [31]. To determine the impact of BPE, FGT and
menopausal status on ADC sensitivity and specificity,
we used this cut-off point in a chi-square test to com-
pare groups of patients stratified according to the re-
spective dichotomized categories.

All statistical tests were two-tailed and the significance was
established at p < 0.05. The analysis for this study was gener-
ated using SAS v9.4 software (SAS Institute Inc., Cary, NC,
USA).
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Results

A total of 348 lesions in 288 women were identified. The
mean patient age was 49 years (range, 23-81 years). There
were 218 malignant and 130 benign lesions, including 23
high-risk and 107 other benign lesions, with a mean size of
2.4 cm (range 0.8—12 cm). The patient characteristics are dem-
onstrated in Table 1 and the characteristics of the lesions are
summarized in Table 2.

The mean ADC (+ SD) value for malignant lesions was
lower compared to that for benign lesions (1.07 + 0.21 x
107 mm%/s vs. 1.53 £ 0.26 x 10> mm?/s), with a statistically
significant difference (» < 0.0001). Representative images of
DCE-MRI, DWI and ADC mapping images for malignant
and benign lesions are demonstrated by Figs. 1 and 2.
ROC curve analysis yielded an optimal ADC cut-off
value of 1.30 x 10~° mm?%/s with an area under the
curve (AUC) of 0.918 (Fig. 3).

The overall and stratified ADC sensitivities and specific-
ities are summarized in Table 3. There were no statistically
significant differences in sensitivity and specificity for ADC
in differentiating malignant and benign lesions in groups of
patients separated by BPE level, amount of FGT or menopaus-
al status.

Table 4 summarizes the mean ADC values for benign and
malignant breast lesions stratified by BPE, FGT and meno-
pausal status. When patients were stratified as low and high
BPE, there was a significant difference in the ADC values of

Overall ROC curve
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Fig. 3 Receiver operator characteristic (ROC) curve analysis of ADC
values from overall breast lesions for differentiation between benign
and malignant lesions

Table 3 Comparison of sensitivities and specificities in groups
according to background parenchymal enhancement (BPE), amount of
fibroglandular tissue (FGT) and menopausal status using the ADC cut-off
value of 1.30 x 107> mm?/s

Variable Sensitivity ~ p-value*  Specificity — p-value™*
Overall lesions 87 % 87 %
Background parenchymal enhancement
Low BPE 83 % 0.0675 86 % 0.7948
High BPE 91 % 88 %
Amount of fibroglandular tissue
Non-dense 87 % 0.9856 75 % 0.0856
Dense 87 % 89 %
Menopausal status
Premenopausal 89 % 0.4310 90 % 0.2610
Postmenopausal 85 % 83 %

ADC apparent diffusion coefficient, BPE background parenchymal en-
hancement, FGT fibroglandular tissue

*Of comparison between sensitivities in the different groups
**0Of comparison between specificities in the different groups

benign and malignant lesions (» < 0.0001 for both) with an
AUC of 0.903 and 0.937, respectively (Fig. 4). Similarly,
when patients were stratified based on amount of FGT, the
difference between benign and malignant lesion ADC values
was statistically significant among non-dense and dense
breasts (p = 0.0003 and p < 0.0001, respectively) with an
AUC of 0.887 and 0.924, respectively (Fig. 5). When strati-
fied by menopausal status, differentiation of benign and ma-
lignant lesions was equally possible (p < 0.0001 for both) with
an AUC of 0.938 in premenopausal and 0.892 in postmeno-
pausal women (Fig. 6).

Discussion

Our findings show that DWI with ADC mapping distin-
guishes benign and malignant lesions with good sensitivity
and specificity (87 % for both), and was not significantly
influenced by the patient characteristics such as FGT, BPE
and menopausal status. When patients were stratified accord-
ing to BPE, FGT and menopausal status, there remained a
significant difference in ADC values between benign and ma-
lignant lesions: malignant lesions consistently demonstrated
significantly lower ADC values compared with benign le-
sions. Thus, our findings indicate that DWI with ADC map-
ping is equally accurate in breast cancer diagnosis regardless
of different patient characteristics, and support its use as part
of a standard imaging protocol for improved cancer diagnosis.

The role of DWI in breast imaging has been previously
investigated, with several studies demonstrating that ADC is

@ Springer
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Table 4 Comparison of ADC

values between benign and Variable Benign lesions Malignant lesions
malignant lesions stratified by
background parenchymal N ADC value (10° mm?/s) N ADC value (10> mm?*/s) p-value*
enhancement (BPE), amount of
fibroglandular tissue (FGT) and Mean SD Mean SD
menopausal status
Overall lesions 130 1.529 0.262 218 1.072 0.213 <0.0001
Background parenchymal enhancement
Low BPE 65 1.585 0.305 105 1.098 0.239 <0.0001
High BPE 65 1.472 0.199 113 1.048 0.190 <0.0001
Amount of fibroglandular tissue
Non-dense breast 20 1.401 0.197 47 1.067 0.228 <0.0001
Dense breast 110 1.552 0.267 171 1.073 0.295 0.0003
Menopausal status
Premenopausal 70 1.541 0.256 124 1.044 0.211 <0.0001
Postmenopausal 60 1.515 0.272 94 1.108 0.212 <0.0001

ADC apparent diffusion coefficient, BPE background parenchymal enhancement, FGT fibroglandular tissue, SD

standard deviation

*Of comparison between benign and malignant lesions

a useful tool for characterizing breast lesions, even though
optimal thresholds varied among these studies [9, 10,
15-19]. In a meta-analysis by Tsushima et al. [18], an ADC
threshold value of 1.23 x 10~> mm?/s for the differentiation of
benign and malignant lesions was obtained with a pooled
sensitivity and specificity of 89 % and 77 %, respectively. In
our study, using a derived optimal threshold of 1.30 x 1072
mm?/s, we achieved a sensitivity and specificity of 87 %,
which is in good agreement with previously published reports
[9, 10, 16, 17, 19].

To the best of our knowledge, this is the first study
to investigate the impact of FGT, BPE as well as men-
opausal status on the diagnostic accuracy of DWI with
ADC mapping for breast cancer diagnosis in one patient
collective.

Several studies have had mixed findings for the effect of
BPE on DWI ADC values, but none have evaluated the sub-
sequent impact on diagnostic accuracy. When assessing the
relationship of BPE and ADC of normal fibroglandular tissue,
studies have shown conflicting results [22, 25, 27]. For exam-
ple, in patients with normal breast DWI MRIs, McDonald
et al. [27] found that whereas mammographic breast density
and ADC of FGT are positively correlated, BPE and ADC of
FGT are not. Similar correlations were observed by
Iacconi et al. [25] in a population composed mainly of
patients with breast cancer. Cho et al. [22] showed that
patients with breast cancer exhibited significantly higher
BPE values, but like the other studies BPE values were
not correlated with ADC of FGT. On the other hand,
different results were obtained by Kawamura et al. [26],
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who found that BPE was inversely correlated with ADC
of FGT. In our study, the sensitivity and specificity of
DWI with ADC mapping in differentiating benign from
malignant lesions was not statistically significantly af-
fected by BPE.

In the current study, we employed a fat-suppressed se-
quence and did not observe a significant impact of amount
of FGT on ADC values of both benign and malignant breast
lesions. Previously, Partridge et al. assessed the influence of
intravoxel fat signal on ADC values obtained using DWI with
and without fat suppression for both tumour and normal FGT
in a group of 21 women with diagnosed breast cancer [29]. In
this study, there were systematic underestimations of ADCs
for both tumour and normal breast tissue due to intravoxel
contribution from fat signal on non-fat-suppressed DWI but
not when adequate fat suppression was used. This was more
pronounced for normal tissue than for tumours and was worse
in women with mammographic low density than those with
extremely dense breasts. These findings confirm the impor-
tance of a robust fat suppression for optimal diagnostic
accuracy.

Studies that have investigated the impact of FGT or mam-
mographic breast density on ADC values of healthy breast
tissue in breast cancer patients or healthy volunteers have
not yet evaluated its diagnostic accuracy for breast cancer
diagnosis [22, 23, 25-27]. O’Flynn et al. [28], who investigat-
ed BRCA 1/2 mutation carriers and patients who had under-
gone supradiaphragmatic radiotherapy, showed that patients
who had received radiation therapy to the breast had higher
ADC values of FGT, which could improve the detection of
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Fig. 4 Receiver operator characteristic (ROC) curve analysis of ADC
values among low background parenchymal enhancement (BPE) (a)
and high BPE (b) breasts for differentiation between benign and malig-
nant lesions

malignant tumours. Fat necrosis induced by radiation therapy
could be attributed to the higher ADC values found in that
population. The FGT ADC also correlated with mammo-
graphic breast density in their study, being higher in dense
breasts and lower in fatty ones. Even though the amount of
fat in the breast may influence DWI, in our study the sensitiv-
ity and specificity of ADC in differentiating benign from ma-
lignant lesions were not statistically significantly different be-
tween dense and non-dense breasts.

Some studies have also evaluated the relationship between
menstrual cycle and menopausal status with DWI1[20, 21, 24].
A previous study by Clendenen et al. [24] demonstrated that
the FGT ADC could be affected by the menstrual cycle. On
the other hand, studies by El Khouli et al. [20] and Kim et al.
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2
=
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c
D
]
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]
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c
3
]
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0.00 0.25 0.50 0.75 1.00
1 - Specificity

Fig. 5 Receiver operator characteristic (ROC) curve analysis of ADC
values according to amount of FGT among non-dense (a) and dense (b)
breasts for differentiation between benign and malignant lesions

[21], which evaluated the ADC values of benign and malig-
nant lesions, did not find significant differences in the ADCs
of premenopausal and postmenopausal women, similar to
what was observed in our study. In our study, the accuracy
for breast cancer diagnosis was not significantly different in
pre- and postmenopausal patients.

Limitations

There were several limitations to our retrospective study. Due
to the low spatial resolution of DWI, lesions smaller than
0.8 cm were not included. Therefore, insights into this specific
subgroup are limited. Since the study was conducted in a
comprehensive cancer centre, our population presented with
a relatively high number of malignant compared to benign

@ Springer
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Fig. 6 Receiver operating characteristic (ROC) curve analysis of ADC
values according to menopausal status among premenopausal (a) and
postmenopausal (b) patients for differentiation between benign and ma-
lignant lesions

lesions. Additionally, a greater number of dense than non-
dense breasts were found in our study population, which
was composed mostly of premenopausal women under the
age of 50 years.

Conclusion

In conclusion, our study demonstrated that DWI with ADC
mapping enables the differentiation of benign from malignant
lesions with high sensitivity and specificity. The diagnostic
accuracy of DWI with ADC mapping is not significantly im-
pacted by different levels of BPE, FGT and menopausal status.
Therefore, data indicate that DWI with ADC can be added to a
standard imaging protocol regardless of different patient char-
acteristics for an improved breast cancer diagnosis.
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