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Abstract

Objective: The aim of this study was to compare the stiffness of different histological types of breast lesions by
obtaining shear wave elastography (SWE) and apparent diffusion coefficient (ADC) values, and to determine the
contribution of these two methods to the diagnosis.

Materials and Methods: In total, 70 patients with biopsy-proven breast lesions were included in the study. The mean
SWE values of breast lesions were recorded and ADC values of these lesions were calculated. Receiver operating
characteristic (ROC) curve analyses and the diagnostic accuracies of SWE-ADC values were determined.

Results: The mean SWE values were 45.47 = 25.11 kPa and 3.51 = 1.04 m/s in benign group, and 161.11 = 219.34
kPa and 5.96 = 1.06 m/s in malignant group, respectively. The mean ADC values were 1.38 = 0.32 (X 1073 mm?s)
in benign group and 0.96 + 0.22 (X 10~ mm?/s) in malignant group, respectively. When the diagnostic performances
of both imaging modalities on mass stiffness are evaluated, statistically significant negative correlations were found
between SWE lesion values and ADC lesion values.

Conclusion: Evaluation of tissue elasticity has recently been used frequently in the diagnosis of breast diseases. SWE-
ADC values, which are negatively correlated in the diagnosis of breast masses, may prove to be a powerful alternative
diagnostic tool that can be used interchangeably, as appropriate.
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Currently, breast screening is performed with periodic
breast ultrasonography (US) and mammography for
patients 40 years and older. Additional imaging modalities
such as magnetic resonance imaging (MRI), tomosynthe-
sis, and diagnostic biopsies are preferred when necessary
depending on the tissue content. Knowing the degree of
stiffness of the tissue in breast masses can provide infor-
mation about whether a suspected mass is benign or
malignant. The diagnostic accuracy can be increased, in a
short time, with methods such as shear wave elastography
(SWE) and apparent diffusion coefficient (ADC) values
that provide numerical data on tissue stiffness. It may be
possible to prevent unnecessary biopsies in lesions defined
as Breast Imaging Reporting and Data System (BIRADS)
3-4, and provide additional information in predicting

breast cancer prognosis and understanding response to
neoadjuvant chemotherapy. With the increased specificity
of gray-scale US, elastography can provide a noninvasive
assessment of the “stiffness” of a breast lesion.!~ Briefly,
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it is possible to obtain the physical parameter, Young’s
modulus, with elastography. Young’s modulus provides
different values in various biological tissues, creating sig-
nificant contrast in the characterization of tissues, and
allows clinicians to evaluate tissue stiffness with quantita-
tive values, equivalent to palpation.* SWE is an up-to-date
sonographic method that can transform the stiffness of tis-
sues into quantitative information by following the shear
waves passing through the tissue.> While high kPa values
are observed in malignant tissues, breast lesions contain-
ing benign and fibrotic tissues are generally represented
with low kPa values. Therefore, the specificity of SWE
helps to reduce the number of biopsies to be used in the
diagnosis of benign breast lesions.

MRI performed in conjunction with ADC parama-
ters, can be very sensitive in the diagnosis of breast
lesions of different sizes, and is another method that can
be used to evaluate the elasticity of breast lesions.
Diffusion-weighted imaging (DWI) is based on the ran-
dom diffusion principle of water molecules. Naturally,
diffusivity will decrease in dense and highly cellular-
containing tissues. ADC is the apparent diffusion coef-
ficient, which describes the diffusion rate and is defined
as the average area occupied by a water molecule per
unit time (mm?/s). ADC provides numerical data on dif-
fusivity.*® In the comparison of ADC values, it was
revealed that malignant tumors showed lower values
than benign tumors.® Different studies on ADC values of
breast lesions have shown that ADC parameter is associ-
ated with proliferation markers, cellular accounts, and
histopathological features.’

The benefits of both ADC and SWE techniques in
determining large-sized solid breast masses have previ-
ously been stated.'*'? The aim of this study was to com-
pare the quantitative values collected from SWE-ADC
evaluations, when performed on the same breast lesions
with different pathologies, to investigate its diagnostic
contribution.

Materials and Methods

Patients seen at the host clinic and diagnosed with breast
lesions between April 2018 and November 2020 were
invited to this prospective study. The Institutional Review
Board approved this research, and it was conducted in
accordance with the Declaration of the Helsinki World
Medical Association. Each patient provided an informed
written consent before entering the study. Within this
patient cohort, there were breast complaints prior to
enrollment in the study. Of those, there were 70 cases that
had breast masses which were detected during routine
evaluations (e.g., sonography, mammography) and the
diagnosis was confirmed histopathologically, with a tru-
cut biopsy procedure.

The inclusion criteria for this patient cohort were those
who had a clinically suspected breast lesion, had sudden
breast pain, experiencing severe axillary pain, palpable
breast masses, a history of breast cancer in their close
relatives, follow-up for biopsy-proven breast lesions, and
those with radiologic signs of a breast lesion.

The exclusion criteria for this patient cohort were
those patients who did not qualify for MRI (presence of
MRI-incompatible prosthesis or materials, claustropho-
bia, etc.), have systemic diseases affecting the chest wall
(e.g., systemic lupus erythematosus, dermatomyositis,
scleroderma), had a history of breast surgery, and those
patients who received chemotherapy before their US and/
or MRI examinations.

All of the breast MRI examinations as well as the US
and SWE examinations were analyzed and performed
by the same radiologists (M.D.A., O.T.). These physi-
cians had more than 14 years of experience with MRI,
more than 14 years of performing US, and more than 5
years of elastography. All images were obtained by con-
sensus, adhering to the same conditions. Patients were
asked to lie down in a supine position with their hands
under their heads in such a way that they felt comfort-
able. The axillary region and breast US was conducted
using an ultrasound equipment system, capable of SWE
measurements, using a 14 MHz linear-array transducer
(Aplio 500 Platinum; Canon, Japan). Mean SWE values
were calculated as in kPa and m/s units. MRI was per-
formed using a 1.5 Tesla scanner (Signa HD, GE
Healthcare, Milwaukee, WI, USA) in prone position
with bilateral 16-channel phased-array breast coils.
After routine sequences were taken, diffusion-weighted
sequence (repeat time (TR)/echo time (TE): 6050/95,
flip angle: 90°, slice thickness: 3.5 mm, field-of-view
(FOV): 250-350, matrix 128 X 192) suppressed fat in
the axial plane, with single-shot echo-planar imaging
(EPI) sequence, in all three directions (x, y, z), was
obtained by applying diffusion sensitive gradients at
three different b values (b = 0, b = 500, and b = 1000
mm?/s). ADC maps of isotropic images were automati-
cally created by the device, and the average ADC values
of all lesions were measured on these maps. During the
examinations, both SWE and ADC measurements were
made from the lesion and normal breast parenchyma
with appropriate region of interest (ROI) areas, and the
measurement values were proportioned among them-
selves. Quantitative evaluation was performed using
DWI and ADC images for each case, and 30 to 50 mm?
ROI was selected from breast lesions and normal paren-
chyma. In the presence of large-sized lesions (>2 cm),
three separate ROI measurements were averaged. In
addition, the mean ADC value (X 1073 mm?/s) was deter-
mined by taking the mean of ADC measurements with
successive sections in each lesion.
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Table |I. Comparison of Parameters by Groups.

Benign Malignant
Median (minimum— Median (minimum—
X *o maximum) X *to maximum) P
Age 36.05 £ 11.36 33.00 (21.00-58.00) 54.10 £ 9.79 52.00 (37.00-74.00) <.001
Diameter (mm?) 357.32 = 118941 112.00 (32.00-7705.00) 326.38 = 412.59 209.00 (45.00-2000.00) .020
ADC lesion 1.38 = 0.32 1.50 (0.61-1.83) 0.96 = 0.22 0.94 (0.61-1.64) <.001
ADC ratio 0.85 = 0.26 0.85 (0.35-1.69) 0.61 =0.11 0.64 (0.41-0.87) <.001
SWVE lesion kPa 4547 = 25.11 44.00 (11.00-108.00) 161.11 = 219.34 108.00 (41.00-1085.00) <.001
SWE kPa ratio 2.60 £ 2.16 2.10 (1.07-13.50) 4.26 = 2.57 3.52 (2.00-13.25) <.001
SWVE lesion m/s 351 = 1.04 3.41 (1.95-6.00) 5.96 * 1.06 6.11 (3.49-8.73) <.001
SWE ratio m/s 1.60 = 0.52 1.47 (1.04-3.68) 2.37 = 0.59 2.37 (1.41-3.93) <.001

Abbreviations: ADC, apparent diffusion coefficient; SWE, shear wave elastography.
Independent two-sample t-test and Mann-Whitney U test statistics were used.

Statistical Analysis

The data were analyzed with IBM SPSS v23 program.
Compliance with normal distribution was examined by
the Shapiro-Wilk test. An independent two-sample #-test
was used to compare normally distributed data accord-
ing to groups, and Mann-Whitney U test was used to
compare non-normally distributed data. Spearman’s rho
correlation coefficient was used to examine the relation-
ship between non-normally distributed data. A receiver
operating characteristic (ROC) analysis was used to
determine the cutoff values of the parameters for the
malignant condition. Analysis results are presented as
mean * standard deviation and median (minimum-—
maximum) for quantitative data. The significance level
was set at P < .05.

Results

There were a total of 70 patients with a mean age of 43.50
(21-74) years. The average age of the benign group was
36.5 = 11.36 years and the average age of the malignant
group was 54.10 £ 9.79 years. Group | consisted of 41
patients with benign breast lesions, and Group 2 con-
sisted of 29 patients with known malignant lesions.
Histopathological distribution of malignant lesions
included invasive ductal carcinoma (n = 19), ductal car-
cinoma in situ (n = 7), and metastasis (n = 3). Benign
lesions included fibroadenoma (n = 27), intraductal pap-
illoma (n = 3), granulomatous mastitis (» = 2), ductal
hyperplasia (n = 2), fat necrosis (n = 2), hamartoma (n
= 3), and benign phyllodes tumor (n = 2).

There was a statistically significant difference between
the mean age values of the groups (P < .001). Mean
lesion area was 344.5 mm?, while median areas were
357.32 = 1189.41 in benign group and 326.38 * 412.59
in malignant group. A statistically significant difference

was noted between the mean values of lesion size (mm?)
according to the groups (P = .02).

When the groups were evaluated according to ADC
lesion measurements, there was a statistically significant
difference between the mean values (P < .001). While
the mean value of the benign group was 1.38 X 1073
mm?/s, the mean value of the malignant group was 0.96
X 107> mm?/s. A statistically significant difference was
revealed between the mean values of the ADC ratio
according to the groups (P < .001). The mean value of
the benign group was 0.85, while the mean value of the
malignant group was 0.61.

There was a statistically significant difference
between the SWE lesion kPa mean values according to
the groups (P < .001). The mean value of the benign
group was 45.47, while the mean value of the malignant
group was 161.11. There was a statistically significant
difference between the SWE kPa ratio mean values
according to the groups (P < .001). The mean value of
the benign group was 2.60, while the mean value of the
malignant group was 4.26.

There was a statistically significant difference between
the mean SWE lesion values as m/s according to the groups
(P < .001). The mean value of the benign group was 3.51,
while the mean value of the malignant group was 5.96.
There was a statistically significant difference between the
mean values of SWE ratio m/s according to the groups (P <
.001). The mean value of the benign group was 1.60, while
the mean value of the malignant group was 2.37. The results
containing ADC lesions, ADC ratios, SWE lesions, and
SWE ratios as in kPa and m/s are shown in Table 1.

When the data were compared according to the age and
lesion sizes, a statistically significant weakly negative rela-
tionship was noted between ADC lesion measurement val-
ues and age (P = .001, » = —.382). There was a statistically
significant moderately positive correlation between SWE
lesion values (as kPa) and age (P < .001, r = .513).
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Ave.T2: 7.24m0fs
Ave. R: 2.64m/s
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Figure |. Female patient in her late 50s with right breast invasive ductal carcinoma. Axial plan SWE measurements reflect

increased stiffness with high measurements as in kPa (B) and m/s (A). Notice the color change of the mass area from blue to red
indicated increased stiffness. ADC color map (C) and neutral (D) images depict diffusion restriction (ADC value: 0.68 X 1073).

Postcontrast dynamic images with different ROls (E) and type 3 enhancement curves (F) indicate early washout compatible with
breast cancer. ADC, apparent diffusion coefficient; SWE, shear wave elastography; ROls, regions of interest.



424

Journal of Diagnostic Medical Sonography 38(5)

Ave. T3:525 m/fs
Ave.R: 193 m/s

Ave. T3:81.2 kPa
Ave.R: 111 kPa

Figure 2. Female patient in her early 50s with left breast fibroadenoma. Axial plan SWE measurements reflect lower stiffness
with moderate measurements as in kPa (A) and m/s (B). DWI (C) and ADC (D) images depict diffusion restriction (ADC value:
1.83 X 1073). ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging; SWE, shear wave elastography.

There was a statistically significant weakly positive cor-
relation between SWE lesion values (as kPa) and lesion
size (P = .003, r = .347). There was a statistically sig-
nificant moderately positive correlation between SWE
lesion values (as m/s) and age (P < .001, » = .532). There
was a statistically significant weakly positive correlation

between SWE lesion values (as m/s) and lesion size (P =
.019, r = .28; See Figures | and 2).

When comparisons were made between SWE mea-
surements and ADC values, a statistically significant
moderately negative correlation was noted between SWE
lesion kPa and ADC lesion values (P < .001, » = —.4009).
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Table 2. Sampling of the Relationship Between ADC and SWE Values.
ADC lesion ADC normal ADC rate
SWE lesion kPa r —-.409 -.224 -.329
P <.001 .063 .005
SWE lesion m/s r —.442 -.304 —-.346
P <.001 010 .003

Abbreviations: ADC, apparent diffusion coefficient; SWE, shear wave elastography.
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Figure 3. Matrix scatterplot showing the significant negative
correlations between ADC and SWE. ADC, apparent
diffusion coefficient; SWE, shear wave elastography.

With a similar approach, a statistically significant moder-
ately negative relationship was found between SWE
lesion m/s and ADC lesion values (P < .001, r = —.442;
see Table 2 and Figure 3).

It was important to define a cutoff value, with signifi-
cant differences, in the total numerical data obtained.
When the cutoff value for ADC lesion was taken as 1.115
(X1073 mm?s), the area under the curve (AUC) was
obtained as 0.843. This obtained value was statistically
significant (79.3% sensitivity and 78% specificity; P <
.001). While taking the cutoff value for SWE lesion (kPa)
as 75, the AUC was obtained as 0.945. This obtained
value was statistically significant (P < .001). Sensitivity
was achieved as 93.1%, and specificity was achieved as
90.2%. When the cutoff value for SWE lesion (m/s) was
taken as 4.835, the AUC was obtained as 0.942. This
value obtained was statistically significant (P < .001).
Sensitivity was 89.7% and specificity was 90.2% (see
Figure 4).

Discussion

Quantitative data on the stiffness of tissues are obtained
based on the principle of following the shear waves pass-
ing through the tissue in SWE examination, which is an
increasing useful diagnostic method.'> The information
about tissue stiffness obtained by the SWE method
serves as a valuable descriptor for the evaluated tissue
components. In general, malignant breast lesions are
stiffer than nearest breast tissues, and the majority of
such lesions shows fibrous changes. Elastography can be
a useful method to examine different types of breast
lesions and to differentiate between malignant lesions
and benign lesions. Sonoelastography can be used to
obtain information about the stiffness of the tissues as
well as showing high sensitivity in distinguishing benign
and malignant breast lesions as Itoh et al.'* showed in
their study. Elastographic features of lesions of different
histopathological types can be found elsewhere."”
Besides, there are several pathologies that can produce
false positive results, such as fat necrosis, mastitis, and
low incidence of fibroadenoma. Lymphoma has the only
false negative result.'®!”

Images obtained by MRI provide multiplan tissue
characterization features; fibrous changes appear on
T2-weighted or short tau inversion recovery (STIR)
images with low signal. However, it is not the only indi-
cator of fibrosis, so T1-weighted series, dynamic phase,
and contrast-enhanced examinations are added to the
imaging protocols. In recent years, DWI has been used to
detect breast cancer in whole body scans. With an over-
view, DWI is useful in detecting and evaluating exten-
sions of breast carcinomas, as well as aiding in MRI
sequences in differentiating malignant and benign
lesions.'®?! ADC values reflecting cellular density also
can be achieved by DWI. Cellular density is higher in
many types of cancer consisting of high-grade malignant
lesions than benign lesions.?

The data obtained in the current study showed that
elastographic findings are different in breast lesions. The
current study demonstrated a significantly higher mean
SWE values in malignant lesions as in kPa and m/s.
Conversely, the average ADC values of the malignant
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Figure 4. ROC curves of ADC (A) and SWE (B) measurements for the determination of the breast lesions. ADC, apparent
diffusion coefficient; SWE, shear wave elastography; ROC, receiver operating characteristic.

group were significantly lower. It was also observed that
statistically significant negative correlations existed
between SWE lesion values as in kPa and m/s with ADC
lesion values. This cohort study is unique in that it pro-
vides the opportunity to compare SWE values with ADC
values of benign and malignant breast lesions.

According to the study of Au et al.,* the most impor-
tant factor that affecting SWE values is the size of the
tumor. The reason of more peripheral desmoplastic reac-
tions in large lesions can be explained with more tumoral
cellularity, angiogenesis, and edema than small lesions.
Another study by Chang et al.>* revealed that average
elasticity values increase as the size of the lesion
increases. In the present study, a statistically significant
weak positive correlation was found between SWE lesion
kPa, SWE lesion m/s, and lesion size values, given the
limited number of patients (P = .003 and P = .019,
respectively).

As Itoh et al.'* explained in their work, as well as in
the current study, that SWE values of malignant lesions
were significantly higher than those of benign lesions.
However, there is still no clear consensus on recommend-
ing cutoff values for benignity and malignancy, especially
when considered for malignant lesions. Due to histologi-
cal differences, significant overlaps occur in the assess-
ment of the elasticity of malignant and benign lesions.
The vast majority of breast cancers tend to be severe, and
SWE values are usually measured above 50 kPa. In some
studies, quite different suggestions have been made for

breast cancer cutoff values.>>?” Our cutoff value for
malignancy was 75 as in kPa.

In some previous studies, it was stated that there is a
correlation between the degree of liver fibrosis and ADC
values.?®?? Similarly, breast cancers are usually described
with a fibrotic stroma; it is thought that there may be a
link between the degree of fibrosis and the ADC value.
Matsubayashi et al.’* reported in their previous studies
that dynamic contrast-enhanced MRI images of breast
lesions were affected by many histological and morpho-
logical factors, including fibrosis. In their recent studies,
they mentioned that there is a meaningful relationship
between SWE and ADC values.’%3! Similar to their data,
the current study revealed a statistically significant nega-
tive correlations between SWE lesion values as in kPa
and ADC lesion values as in m/s.

When reviewing the current data obtained with SWE
and ADC, it is possible to summarize that the accumula-
tion and distribution of collagen in the masses reflect the
aggressiveness of the tumors. Thus, having information
about the histological background of the tumor will gain
importance in planning treatment options and evaluating
the response to treatment. In addition, it may be possible
to accurately define the pathological response of the
tumor following preoperative neoadjuvant chemotherapy,
to provide information about the postoperative scar-resi-
due distinction, and perhaps to observe metastatic nodes.

Developing real-time stress maps can solve some of
the problems with learning curves in SWE. Thus, it can
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also contribute to the selection of the appropriate ROIs
during measurements. While discussing its curative effect
on outcomes, Tian et al. argued that US-based diagnostic
accuracy will increase in their studies that enable three-
dimensional (3D) SWE examination, which will be of
great importance in the future. Compared with the stan-
dard method, more stable measurements will result given
the lower impact of artifacts on 3D SWE. Coronal per-
spective, being able to examine the elasticity of the com-
plete lesion, and being able to scan the whole breast will
be the advantages of 3D examination.’>** Apart from this,
promising future mechanical devices such as vibrating
SWE, which generate shear waves that can be detected by
gray-scale US, have begun to be used. Hudert et al. in
their study that allows for variation in the frequency of
possible mechanical stress provided additional diagnostic
information.>* Opto-acoustic (OA) imaging is another
promising technique that can be used to identify benign
and malignant breast lesions with its success in reducing
the postprocedural BIRADS category grade.’

Limitations

This cohort study contains several limitations mainly due
to the research design and a convenient sample of patients.
In addition, the ADC calculation was quite difficult for
lesions located along the periphery of the breast. In addi-
tion, falsely low SWE values can be obtained, as seen in
large sizes of infiltrative cancers, because US cannot pen-
etrate highly into scirrhous tissues. The sample size was
smaller due to the study being managed in a single center.
As not all of the patient cases were surgical in nature,
parameters such as lymphatic invasion, vascular inva-
sion, stromal reaction, and lesion character could not be
evaluated.

Conclusion

In determining the characteristics of breast lesions, espe-
cially in the presence of cancer suspicion, SWE’s contri-
bution to US is a proven diagnostic tool. The degree of
stiffness of a carcinoma depends on the rate of fibrosis it
contains, so the use of combined imaging methods (such
as SWE-ADC) that provides numerical data could be
very useful in distinguishing breast cancer from benign
breast lesions. The combined use of different techniques
can contribute to reducing the frequency and time of
scanning, and controlling erroneous measurements. ADC
values and SWE measurements have significant reverse
correlations in most of breast lesions, and the method of
comparing diffusion-weighted MRI with SWE in selected
cases has the potential to alternatively evaluate these
lesions in more detail. Future studies should consider
adding new techniques with a larger number of patients,

as this will provide more accurate assessment of elasto-
grams and stronger clinical data.
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