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ABSTRACT

Objectives: To investigate the application of apparent diffusion coefficient (ADC) histogram analysis in
differentiating between benign and malignant breast lesions detected as non-mass enhancement on MRI.

Materials and Methods: A retrospective study was conducted for 25 malignant and 26 benign breast lesions showing
non-mass enhancement on breast MRI. An experienced radiologist without prior knowledge of the pathological
results drew a region of interest (ROI) outlining the periphery of each lesion on the ADC map. A histogram was
then made for each lesion. Following a univariate analysis of 18 summary statistics values, we conducted statistical
discrimination after hierarchical clustering using Ward’s method. A comparison between the malignant and the
benign groups was made using multiple logistic regression analysis and the Mann-Whitney U test. A P-value of less
than 0.05 was considered statistically significant.

Results: Univariate analysis for the 18 summary statistics values showed the malignant group had greater entropy (P
<0.001) and lower uniformity (P < 0.001). While there was no significant difference in mean and skewness values, the
malignant group tended to show a lower mean (P = 0.090) and a higher skewness (P = 0.065). Hierarchical clustering
of the 18 summary statistics values identified four values (10th percentile, entropy, skewness, and uniformity) of
which the 10th percentile values were significantly lower for the malignant group (P = 0.035).

Conclusions: Whole-lesion ADC histogram analysis may be useful for differentiating malignant from benign
lesions which show non-mass enhancement on breast MRI.
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INTRODUCTION

Magnetic resonance imaging (MRI) has been widely used as an essential tool for detecting
suspected breast cancer and determining its extent. The shape, distribution of the lesions, the
dynamic contrast enhancement pattern including the kinetic curve have been used for MRI
interpretation. According to the terminology of the second edition of the Breast Imaging Reporting
and Data System (BI-RADS)—MRI, “non-mass enhancement” is defined as terminology involving
distribution and internal enhancement that do not meet criteria for a mass after injecting a contrast
medium."? Regarding the distribution of non-mass enhancement, linear and/or segmental
enhancement may indicate malignancy, and the possibility of malignancy is suggested to be high
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for ductal enhancement, including linear/branching, clumped,
and clustered ring enhancement patterns among internal
enhancement."” Ductal carcinoma in situ (DCIS) mainly
corresponds to these non-mass enhancement lesions on breast
MRI though several reports suggest that benign preoperative
lesions, such as fibrocystic disease, also demonstrate
some non-mass enhancement patterns.’®! To differentiate
enhancement patterns between benign and malignant breast
lesions, Tozaki et al. reported that segmental distribution,
clustered ring enhancement, and branching-ductal pattern
enhancement were frequently observed in malignant lesions,
while a ductal pattern in benign lesions showed a linear-ductal
pattern or stippled punctate enhancement.”! Despite this
increasing knowledge regarding enhancement patterns, we
are still not able to confidently distinguish between benign
and malignant lesions on MR images.

Apparent diffusion coeflicient (ADC) has been established
as a diagnostic indicator for various malignant lesions. It
represents the flux of water or other small molecules via
Brownian motion during a certain period and accommodates
the detail of microstructural characteristics. Previous studies
have reported the presence of a significant inverse correlation
between ADC values and tumor cellularity,"*'? pathological
aggressiveness or malignancy,"*'*! and Ki-67 expression!”! of
histological specimens in various neoplasms. Evaluation of
ADC values for breast MRI has been also reported.¢1¢]

Histogram analysis of ADC has been introduced to assess the
heterogeneity of the diffusion distribution of several types of
tumors in the body. Previous studies showed that measures of
ADC histograms reflect the histopathological heterogeneity,
distributions of cellular density, and tissue degeneration.!"*"”!
Currently, ADC histogram analysis has been used to investigate
breast cancer as well™?! Suo et al analyzed breast mass
lesions using a whole-lesion ADC histogram and suggested it
may facilitate differentiation between benign and malignant
lesions at 3.0T MRI.* Considering these reported findings, we
originally applied a volumetric, whole-lesion ADC histogram
analysis for non-mass enhancement shown on breast MRL

The purpose of this study was to investigate whole-lesion
ADC histogram analysis to determine which histogram
measures differentiate benign from malignant breast lesions
showing non-mass enhancement on MRIL

MATERIALS AND METHODS
Study ethics

This retrospective study was approved by our institutional
review board and informed consent was waived.

Subjects

Initially, we searched medical records to identify patients
who underwent contrast-enhanced breast MRI for imaging
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diagnosis of breast lesions on a 3.0T MRI scanner at our
institution between February 2014 and August 2019. We
identified 1,380 breast MRI studies and reviewed those images
and radiological reports. In the 1,380 examinations, 188 lesions
showed non-mass enhancement on contrast-enhanced MRI
These BIRADS-MRI based findings were obtained from
original radiological diagnosis reports and secondary reviews
by one radiologist (N.K.). Of these 188 breast lesions, the
final histopathologic diagnosis was confirmed for 51 lesions
(25 breast cancer lesions as the malignant group and
26 benign lesions as the benign group), which were enrolled
in our analysis. The age of patients ranged from 37-74 years
for the malignant group, and 38-54 for the benign group,
with a mean age of 52.0 and 45.5 years, respectively. One
patient had a benign lesion in both breasts. The average
time lapse between MRI and pathological diagnosis was
79 days (range: 0-322 days) for the malignant group and
34 days (0-361 days) for the benign group. Cases of long-time
lapses between MRI and pathology were due to follow-up
diagnoses with modalities other than MRI for benign lesions,
and neoadjuvant chemotherapy for malignant lesions.
MRI studies of all cases were done before any treatment.
Histopathologic results of the 26 benign lesions were
obtained by fine-needle aspiration cytology (one lesion), core
needle biopsy (23 lesions), or excisional biopsy (two lesions)
all of which showed fibrocystic disease. Of the 25 malignant
lesions, 23 were pathologically diagnosed after surgical
removal at our institution, and two lesions were diagnosed
by core needle biopsy. One of the two malignant lesions
underwent core needle biopsy in our institution and surgical
removal was done in another hospital. The other malignant
lesion was treated by hormonal therapy without surgery in
accordance with the patient’s wishes. Therefore, 26 benign
lesions (fibrocystic disease) are included as the benign group
and 25 breast cancer lesions are included as the malignant
group in this study.

MRI protocols

MR imaging data were retrieved from the Picture Archiving
and Communication System of our institution. All
examinations were performed using a 3.0-T unit (Achieva
3T TX, Philips Medical Systems, Best, The Netherlands) with
the patients in a prone position using a dedicated breast coil
(SENSE-Breast 7 TX). The MRI acquisition protocols were
as follows: T2-weighted fat-suppressed imaging (TR/TE,
4095-4838/62-63 ms; slice thickness, 2.2 mm; interslice
gap, 0.5 mm; reconstructed voxel size, 0.59 x 0.59 x
5.0 mm, a field of view, 30 cm; acquisition matrix, 420 x
318), diffusion-weighted imaging (TR/TE, 6500/65 ms; slice
thickness, 5 mm,; interslice gap, 1 mm; acquisition matrix, 92 x
119; 0 and 1,000 s/mm? of b values), and coronal, dynamic,
fat-suppressed 3D T1-weighted imaging for the bilateral
breasts with enhanced T1 high-resolution isotropic volume
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excitation (eTHRIVE) (TR/TE, 3.1/1.1 ms; a field of view,
30 cm; slice thickness, 1.0 mm; acquisition matrix, 384 x 288 or
408 x 286; reconstructed voxel size, 0.39 x 0.39 x 1.0mm),
before, 1 minute after, and 8 minutes after a rapid intravenous
bolus injection of 0.1 mmol/L gadopentetate dimeglumine
(Magnevist, Bayer Healthcare Pharmaceuticals, Montville, NJ,
USA) per kilogram body weight. A postcontrast sagittal 3D
T1-weighted turbo field echo imaging with fat-suppression
for the bilateral breasts (TR/TE, 3.1-4.0/1.1-2.1 ms; a field
of view, 22 cmy; slice thickness, 0.8 mm; acquisition matrix,
288 x 259; reconstructed voxel size, 0.43 x 0.43 x 0.8 mm) was
also acquired at approximately 4 minutes (right breast) and
6 minutes (left breast) after intravenous injection of contrast
media. MR images were obtained irrespective of the patients’
menstrual cycles.

Image analysis

We used image data processing software (ITK-SNAP 3.8.0.,
Penn Image Computing & Science Laboratory, the University
of Pennsylvania, http://www.itksnap.org/pmwiki/pmwiki.php)
for the image data analysis, with which image registration was
performed for ADC maps and contrast-enhanced MR images
to align them on the monitor. Each region of interest (ROI)
was carefully drawn by an experienced radiologist who did not
know the pathological diagnoses, such that the ROI outlined
the periphery of lesions on the ADC map, referencing contrast-
enhanced MR images obtained 8 minutes after injection of the
contrast media. The manually-drawn ROI on an ADC map was
simultaneously displayed on other 3-dimensional ADC maps
and contrast-enhanced MRI in multiplanar (axial, sagittal,
and coronal) views [Figure 1]. Then, first-order histogram
statistics were calculated for each lesion using open-source
software (PyRadiomics 2.1.0., pyradiomics community, https://
pyradiomics.readthedocs.io/en/latest/).

Statistical analyses

We performed a nonparametric Mann-Whitney U test with
Bonferroni correction for univariate analysis for 18 summary
statistic values (10th percentile, 90th percentile, energy,
entropy, interquartile range, kurtosis, maximum, mean
absolute deviation, mean, median, minimum, range, robust
mean absolute deviation, root mean squared, skewness, total
energy, uniformity, and variance) to assess the differences
between benign and malignant groups. We then chose four
variable values (10th percentile, entropy, skewness, and
uniformity) from these 18 statistic values after hierarchical
clustering using Ward’s method; and developed a model with
multiple logistic regression. For these statistical analyses, we
used R{R Core Team (2016). R: A language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/}. A P-value of less
than 0.05 was considered statistically significant.

RESULTS

The 25 lesions of the malignant group diagnosed as breast
cancer included DCIS (three lesions), invasive ductal cancer
with predominant intraductal component (two lesions),
invasive lobular cancer (one lesion), and invasive ductal
cancer (19 lesions). The 26 lesions of the benign group
were all diagnosed as fibrocystic disease, which is primarily
characterized by adenosis including sclerosing adenosis and
ductal hyperplasia.

Results of the univariate analysis for the 18 summary statistic
values showed that the malignant group had greater entropy
(P < 0.001) [Figure 2a] and lower uniformity (P < 0.001)
[Figure 2b] than the benign group. Though there were
no significant differences in the mean and skewness, the
malignant group tended toward a low mean value (P = 0.090)
[Figure 2c] and tended toward a higher skewness value (P =
0.0646) [Figure 2d].

The dendrogram of the hierarchical clustering is shown
in [Figure 3]. Of the four values (10th percentile, entropy,
skewness, and uniformity) selected from the 18 statistic
values, the 10th percentile value was significantly lower for
the malignant group (P = 0.035) [Figure 4]. The relative risk
was 0.996 (95% confidence interval: 0.993-0.999).

DISCUSSION

We investigated ADC histograms of lesions showing
non-mass enhancement on breast MRI to analyze differences
between benign and malignant lesions. Univariate analysis

Figure 1: Multiplanar reconstruction of ADC map and contrast-
enhanced MRI of a breast lesion (diagnosed as fibrocystic disease by core
needle biopsy). A region of interest (ROI) manually drawn on an ADC
map and displayed corresponding sites on contrast-enhanced MRI by
using the image registration. Red-colored ROIs show the breast lesion
in 3-dimensional views: (a), axial views of the ADC map (left side) and
contrast-enhanced MRI (right side); (b), sagittal views of the ADC map
(left side) and contrast-enhanced MRI (right side); (c), coronal views of
the ADC map (left side) and contrast-enhanced MRI (right side); and
(d), an ADC histogram calculated for the red-colored ROI.
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Figure 2a: Box plots of entropy. At the univariate analysis, the
malignant group had greater entropy (P < 0.001) than the benign

group.

Figure 2b: Box plots of uniformity. The malignant group had lower
uniformity (P < 0.001) than the benign group. Red plus symbols
indicate outliers.
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Figure 2c: Box plots of mean. Though there was no significant
difference, the mean of the malignant group tends to show lower
values (P = 0.090).

showed greater entropy (P < 0.001) and lower uniformity
(P < 0.001) for the malignant group compared to the benign
group. Multiple logistic regression analysis of four summary
statistic values identified by hierarchial clustering showed a
significantly lower 10th percentile value for the malignant
group (P =0.035).

We consider that the greater entropy and lower uniformity
of the malignant lesion group may be due to pathological
heterogeneity and nonuniform diffusivity of malignant tissues
in the lesion. The low 10th percentile values of the malignant
group may represent the limitation of diffusivity caused by
high cellular density.
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Figure 2d: Box plots of skewness. Skewness of the malignant groups
tends to show higher values (P = 0.646) than the benign group.

While there was no significant difference in the mean and
skewness, the tendencies of lower mean (P = 0.090) and
higher skewness (P = 0.0646) of the malignant group suggest
malignant lesions on average have low diffusion limits and
show a positively skewed distribution as analyzed based on
ADC values.

Non-mass enhancement on the contrast-enhanced MRI
can be observed for both benign and malignant lesions,
including DCIS, minimal invasive ductal cancer, invasive
lobular cancer, high-risk lesions like atypical ductal
cancer, and fibrocystic disease.’® As for morphological
patterns, the presence of segmental or linear distribution,
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Figure 3: A double dendrogram showing the hierarchical clustering
results. Of the 18 summary statistics values shown by rows, four values
(10th percentile, entropy, skewness, and uniformity) were selected
after hierarchical clustering using Ward’s method. The numbers of
the scale bar are z-scores, with dark red representing high values and
dark blue representing low values.

or clustered ring enhancement is a frequent manifestation
of DCIS on dynamic MRI®*! though they are sometimes
difficult to differentiate.

Differences in ADC values of MRI between benign and
malignant breast lesions have been reported.!*!*! Histogram
analysis of ADC has been recently used to investigate optimal
indices for differentiation between benign and malignant
lesions of the breast.!

There are several reports of DCIS on MRI detected as a
non-mass enhancement lesion and exhibits segmental or
ductal distribution and clumped internal architecture.**!7!
However, clinical diagnosis may be problematic because
DCIS or minimal invasive ductal cancer, invasive lobular
cancer, high-risk lesions like atypical ductal cancer, or
fibrocystic disease may also show non-mass enhancement
on contrast-enhanced MRL®Z*7#»1 With dynamic MRI
of non-mass enhancement lesions, segmental, linear
distribution, and clustered ring enhancement are frequent
manifestations of DCIS."*! ADC can be a diagnostic indicator
based on the water diffusion restrictions in combination with
morphological evaluation of contrast-enhanced MRI.

Yabuuchi et al. reported that segmental distribution, clumped
internal enhancement,and amean ADC value ofless than 1.3 x
10 mm?/s were the strongest indicators of malignancy
among lesions showing non-mass enhancement on
contrast-enhanced breast MR images.”! Suo ef al. investigated
the utility of whole-lesion ADC histogram analysis for mass
lesions in the breast, reporting that the mean, minimum,
maximum, and 10th/25th/50th/75th/90th percentile ADCs
were significantly lower, while skewness, and entropy ADCs
were significantly higher in malignant lesions compared
with benign lesions.” Park et al. previously reported that

Figure 4: Box plots of the 10 percentile values. At the multiple logistic
regression analysis, the 10th percentile values were significantly
lower in the malignant group (P = 0.035). The relative risk was 0.996
(95% confidence interval).

ADC of invasive ductal cancer showed significantly lower
values compared with those of DCIS with a threshold
of 1.185x10° mm?*s.! However, to our knowledge, there
has been no previous study that conducted a volumetric,
whole-lesion, histogram analysis of breast lesions showing
non-mass enhancement.

In this study, we investigated whole-lesion ADC histogram
analyses for non-mass enhancement lesions of the breast MRI,
and report on the statistical differences between malignant
and benign lesions, which we believe to be a new finding that
may help in the diagnosis of non-mass enhancement lesions
of the breast.

Our study had several limitations. First, this was a retrospective
study. Since lesions showing non-mass enhancement likely fall
under the category of careful follow-up observation, a resection
or biopsy of the lesion is less frequently performed than for
those showing a solid mass on MRI. A second limitation is
the small number of subjects included in this study. Third, this
retrospective study was conducted using one MRI machine at
a single institution, though the MRI data collection method
was considered uniform and reliable. The measurement of
ADC values depends on the parameters of each MRI unit, thus
further study using a variety of MRI machines will lead to a more
robust definition for ADC-based diagnosis. Fourth, the ROIs
for individual lesions on the ADC map were manually drawn
by a radiologist while referring to contrast-enhanced MRI in
multiplanar views using an image registration function. Due to
lower spatial resolution and inherent distortion of ADC maps,
compared with contrast-enhanced MRI, the location and shape
of the breast lesion may not have been identical between the ADC
maps and contrast-enhanced images. A careful comparison of
these two is required when setting an ROI for each lesion.

Journal of Clinical Imaging Science 2022« 12(12) | 5



Kunimatsu, et al.: ADC histogram of breast MRI

In conclusion, our investigation of whole-lesion ADC
histogram analysis of non-mass enhancement on breast
MRI suggests its potential for possible use in differentiating
between benign and malignant lesions.
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