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Abstract

Purpose

The purpose of our study is to correlate quantitatively measured tumor stiffness with immu-
nohistochemical (IHC) subtypes of breast cancer. Additionally, the influence of prognostic
histologic features (cancer grade, size, lymph node status, and histological type and grade)
to the tumor elasticity and IHC profile relationship will be investigated.

Methods

Under an institutional review board (IRB) approved protocol, B-mode ultrasound (US) and
comb-push ultrasound shear elastography (CUSE) were performed on 157 female patients
with suspicious breast lesions. Out of 157 patients 83 breast cancer patients confirmed by
pathology were included in this study. The association between CUSE mean stiffness val-
ues and the aforementioned prognostic features of the breast cancer tumors were
investigated.

Results

Our results demonstrate that the most statistically significant difference (p = 0.0074) with
mean elasticity is tumor size. When considering large tumors (size > 8mm), thus minimiz-
ing the statistical significance of tumor size, a significant difference (p< 0.05) with mean
elasticity is obtained between luminal A of histological grade | and luminal B (Ki-67 > 20%)
subtypes.
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Conclusion

Tumor size is an independent factor influencing mean elasticity. The Ki-67 proliferation
index and histological grade were dependent factors influencing mean elasticity for the dif-
ferentiation between luminal subtypes. Future studies on a larger group of patients may
broaden the clinical significance of these findings.

Introduction

Breast cancer is heterogeneous nature with several subtypes leads to differences in clinical
treatment, outcomes and prognosis [1,2]. To establish an effective treatment and to predict the
clinical course and outcome of breast cancer, it is important to use the most reliable prognostic
factors. These prognostic factors include immunohistochemical (IHC) profiles (estrogen recep-
tor (ER) status, progesterone receptor (PR) status, human epidermal growth factor receptor 2
(HER?2) status and Ki-67 proliferation index) [3,4,5,6], lymph node involvement and histologi-
cal grade [7] and tumor size [8]. Expression of (ER) and (PR) determines the responsiveness of
tumors to hormone therapy and is currently used to select patients for such treatments
[9,10,11,12]. The over-expression of HER2 status indicates a poorer prognosis [13,14]. Despite
the numerous studies demonstrating its presence in proliferating cells, the exact role of Ki-67
in cell division is not well-known [5]. However, a higher Ki-67 index has been found to corre-
late with poorer prognosis and early recurrence. On the other hand, a lower Ki-67 index has
been correlated with a favorable prognosis and late recurrence. Thus, Ki-67 proliferation activ-
ity may reflect the aggressive behavior of breast cancer; predict the time of recurrence, and the
appropriate therapy required in treatment. Therefore, Ki-67 proliferation index must be con-
sidered in the treatment and follow-up of breast cancer patients [15].

Typically, a core biopsy sample is obtained to assess the histological and THC features of
breast cancer. It is known that changes in mechanical properties of breast tissue is correlated
with disease progression, thus effecting treatment response and cancer risk [16]. Of these
changes, accumulative abnormal deposition of extracellular matrix (ECM) in cancerous breast
tissue progressively stiffens the stroma and has an important role in regulating the aggressive
biology of breast cancer [16,17,18,19,20]. Thus, quantitative estimation of tumor stiffness can
potentially add useful information similar to the prognostic features of heterogeneous groups
of breast cancers.

Shear wave based tissue elasticity imaging is an ultrasound modality that provides quanti-
tative measurements of tissue stiffness based on shear wave speed estimation [21,22,23,24].
Generally, malignant breast cancer tumors are stiffer than benign breast tumors and normal
breast tissue [25,26]. Several published studies have reported that the aforementioned ultra-
sound modality can improve the accuracy of ultrasound, thereby helping to differentiate
between benign and malignant breast tumors [22,27,28,29]. Denis et al. [22] utilized the
comb-push ultrasound shear elastography (CUSE) to measure the elasticity of patients with
suspicious breast masses. CUSE is a fast ultrasound-based quantitative and two-dimensional
shear wave elasticity imaging technique. Recent studies have investigated the correlation
between the shear wave measured tumor stiffness and IHC subtypes of breast cancer
[30,31,32]. Chang et al. [30] reported the highest mean elasticity values in triple negative (TN:
ER-,PR-,HER2-) tumors, which were significantly higher than ER+ subtype tumors. On the
other hand, HER?2 positive tumors showed higher mean elasticity values than ER+, but lower
values than TN tumors. Youk et al. [32] found significant difference with mean elasticity from
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the following breast cancer prognostic factors: tumor size (p = 0.013), histologic grade

(p < 0.0001), and lymph node involvement (p = 0.018). Additionally, for the THC profiles and
subtypes Ki-67 (p = 0.009), and the TN (p = 0.009) showed significant difference with the
mean elasticity value. However, no IHC profile or subtype of the cancers was independently
correlated with mean elasticity. Similarly, Ganau et al. [31] found no significant difference
between the IHC profiles or subtypes with maximum or mean stiffness values of the breast
cancers.

Herein, the prognostic histologic features (cancer grade, size, lymph node status, and histo-
logic type and grade) influencing the association between mean stiffness and IHC profiles of
breast cancer are investigated. Of particular interest is the association between mean stiffness
and luminal subtypes.

Materials and Methods
Patients

This study was performed from January 2013 to December 2015 under an approved protocol
by Mayo Clinic Institutional Review Board (IRB). 157 female patients, 18 years and older, with
suspicious breast lesion were undergone B-mode ultrasound and CUSE before biopsy. Out of
157 patients, a total of 83 biopsy proven breast cancer patients formed the cohort of this study.
The other 74 patients were determined to have benign breast masses from biopsy results. A
written signed informed consent with permission for publication, approved by Mayo Clinic
IRB was obtained from enrolled patients. All of our patients had received a clinical ultrasound
and mammography prior to participating in the study. In total 83 patients participated in this
study. Some of these patients composed of our malignant cohort in previous publications
[22,29], evaluating the clinical utility of CUSE to differentiate between benign and malignant
breast masses as well as correlations with tumor histology.

Working principle of CUSE

In the CUSE technique, shear waves are produced by multiple laterally-spaced acoustic radia-
tion force (ARF) beams [33]. The center frequencies of the ARF beams are set to 4.09 MHz
with pulse duration of 600 ms. The generated shear waves in the tissue are tracked by a com-
pounding plane wave imaging method at a 5 MHz center frequency. Some of the generated
waves interfere with each other constructively and destructively. A directional filter is used to
extract the left-to-right (LR) and the right-to-left (RL) propagating shear waves from the
interfering waves at each pixel [34]. The shear wave speed is calculated by a 1-D autocorrela-
tion method [35] and time-of-flight algorithm [36]. The final shear wave speed map is
obtained by averaging LR and RL speed maps. Additional details can be found elsewhere
[22,23,29,33,34].

In Fig 1 demonstrates the utility of CUSE on a CIRS spherical inclusion phantom (Model
059, Computerized Imaging Reference Systems Inc., Norfolk, VA, USA) was used for our
phantom experiment. Conventional B-mode ultrasound and CUSE images were obtained
using the Verasonics V1 system, (Verasonics Inc, Kirkland, WA, USA) equipped with a linear
array transducer L7-4 (Philips Healthcare, Andover, MA). Fig 1(a) shows the CUSE excitation
of the phantom using ARF beams, generating shear waves. The phantom has a background
sound speed of 1540 m/s, ultrasound attenuation of 0.5 dB/cm/MHz, and density of 1030 kg/
m’ with an inclusion shear wave speed of 1.73 times greater than the background. Fig 1(b)
shows the LR reconstructed shear wave speed map. The color bar indicates the range of speeds
on the shear wave speed maps.

PLOS ONE | DOI:10.1371/journal.pone.0165003 October 24, 2016 3/14



o @
@ : PLOS | ONE Prognostic Value of Comb-Push Ultrasound Shear Elastography for Differentiating Luminal Subtypes

(a) | (b)

Fig 1. CUSE phantom study: (a) Acoustic radiation force excitation and (b) LR shear wave speed map.
doi:10.1371/journal.pone.0165003.9001

Conventional ultrasound and CUSE imaging

An expert sonographer with 29 years of experience in breast ultrasound conducted US imaging.
Breast masses were localized using the B-mode US scanning, and then CUSE data were
acquired prior to biopsy. CUSE produces a 2D full field of view (FOV) elasticity map with only
one push-detect acquisition [33,34]. Additional information about performance of in-vivo
CUSE for differentiation of breast and thyroid lesions are detailed elsewhere [22,23,33,34]. To
calculate the stiffness values for a specific location, a region of interest (ROI) was drawn by
freehand on the B-mode image. The ROI was automatically replicated on the overlaid speed
map. Mean and standard deviation of the shear wave speed within the ROI were obtained. The
measured shear wave speed was translated into elasticity (Young’s Modulus) in terms of kilo-
pascals from the expression

E=3pc (1)

where p = 1000kg/m’ represents the tissue density and ¢ is the shear wave speed. In each case,
the pathology of the masses was determined by clinical biopsy.

Data analysis

The offline data analysis was performed using a graphical user interface developed with Matlab
(MathWorks Inc., MA, USA). The mean shear wave speed was obtained within the selected
ROI on the speed map after image processing. The processing includes using the normalized
cross-correlation coefficient of the shear wave speed map as a quality control factor to reject
pixels with unreliable speed measurements, as well as applying a mean filter to smooth the
shear wave speed map. The shear wave speed map is displayed by a color map indicating shear
wave speeds ranging from 0 to 8m/s. Tissue stiffness estimates are obtained within the ROI
from the overlaid shear wave speed map. The elasticity value of a breast mass is calculated as
the Young’s modulus of the mean shear wave speed within the ROL.

PLOS ONE | DOI:10.1371/journal.pone.0165003 October 24, 2016 4/14



@° PLOS | ONE

Prognostic Value of Comb-Push Ultrasound Shear Elastography for Differentiating Luminal Subtypes

Histological evaluation

The malignant pathology of the breast masses were confirmed by biopsy. The histological
grade was determined using the method of Elston and Ellis [7]. The biomarkers ER, PR, and
HER?2 expressions were evaluated by the avidin-biotin complex staining methods. HER2
expression was initially assessed by staining, and tumors with equivocal HER2 results were fur-
ther evaluated by fluorescence in situ hybridization (FISH). The St. Gallen International Expert
Consensus 2011 proposed a new classification system for the breast cancer IHC subtypes [4].
According to these criteria, IHC markers including luminal A (ER+, PR+, HER2-, and Ki-67
low), Luminal B (ER+, HER- and either Ki-67 high or PR-), luminal B-like (ER+, HER2+, any
Ki-67, and any PR), HER2+ (ER-, PR-, and HER2+), and triple negative (TN) (ER-, PR-, and
HER2-) are used to differentiate invasive breast cancer subtypes [37,38,39,40]. Although, lumi-
nal A and luminal B are both ER+ and HER2- tumors they both display contrasting behavior
[13]. Luminal A is defined by the cutoff value Ki-67 proliferation index < 14% as recom-
mended by the 13" St. Gallen International Breast Cancer Conference [41]. Luminal B sub-
types show higher Ki-67 proliferation index, lymph node positive status, patient relapse, BRCA
2 mutations [42], and overall have a poorer prognosis [43].

Statistical analysis

The relationships between quantitative values of mean stiffness, histological and IHC features
were compared. In addition, clinical histological and radiological variables were compared
among the tumor subtypes. Statistical analysis was performed using Matlab (MathWorks Inc.,
MA, USA) software. The Mann-Whitney U test was used to assess the association between
mean tissue stiffness and histological characteristics of the malignant tumors. Two-tailed p val-
ues of less than 0.05 were considered to indicate statistical significance. The receiver operating
characteristic (ROC) analysis was performed to determine the optimal cut-off value for differ-
entiating luminal subtypes.

Results
Tumor size, histological features and immunohistochemical profile

The mean size of the 83 breast masses were 19.5 mm (range 4-75 mm), with an average of

108 + 41.7 kPa mean stiffness value. In Table 1, when cancers were grouped by sizes of < 8
mm, 8-16 mm and > 16 mm larger tumors (> 8 mm) had higher mean stiffness values. A sig-
nificant difference (p = 0.007) was found between small (< 8 mm) and large (> 8 mm) tumors
with mean elasticity values. There was no significant difference found between 8-16 mm

and > 16 mm tumor size.

After biopsy, tumors were classified as ductal carcinoma in situ (n = 3) and invasive carci-
noma (n = 78). The mean stiffness was 111 + 62.7kPa and 109.8 + 40.8kPa in invasive ductal
carcinomas (DCIS) and invasive carcinomas, respectively, showing no significant correlation.
There was one case of mucosa-associated lymphoid tissue lymphoma (25.2kPa) and one case
of mucinous carcinoma (98.8kPa). Although, the invasive lobular carcinomas (ILC) had the
highest mean stiffness (Table 1), there was no significant difference among the cancer histolog-
ical types with mean elasticity values.

No significant difference was found amongst histological grades with mean elasticity values.
Tumors with grade I (100.3 + 39.5kPa) had a lower mean stiffness in comparison to grade II
(111.7 + 40.4kPa) and grade ITI (112.2 + 42.06kPa) tumors, as shown in Table 1. However, for
tumors + 8 mm the mean stiffness for tumors with positive lymph node involvement was
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Table 1. Correlation of shear wave elastography results with pathologic characteristics. Abbreviations: DCIS = ductal carcinoma in situ;
IDC = invasive ductal carcinoma; ILC = invasive lobular carcinoma; IDLC = invasive ductal-lobular carcinoma; ER = estrogen receptor; PR = progesterone
receptor; HER2 = human epidermal growth factor receptor 2; TN = triple negative.

Number of patients Mean stiffness (kPa) | p value
Tumor size (mm)
<8 5 58.7 £ 36.4 0.0074
8-16 43 104.4+£40.5
>16 35 121.1+38.4
Histological grade
Grade | 19 100.3+39.5
Grade Il 34 111.7+40.4 0.493
Grade lll 25 112+42.1
Histological type
DCIS 3 0.741
IDC 50 108.5+42.9
ILC 8 119.7+ 325
IDLC 20 109.1 £39.7
Lymph node status
Positive 20 112.8+39.9 0.912
Negative 57 110.9+39.2
ER status
ER+ 71 111 £39.3 0.723
ER- 11 101.1£52.3
PR status
PR+ 72 113+£38.9 0.15
PR- 10 86.7 £ 56.5
HER2 status
HER2+ 15 120.4+28.2 0.174
HER2- 63 106.1 £43.2
Ki-67
All tumor sizes <20% 44 99.9+43 0.019
>20% 30 122 £ 37.8
<14% 38 100 + 43.04 0.529
>14% 36 117 £ 37.84
>8mm <20% 39 105 +41.29 0.0752
>20% 30 122 + 37.84
<14% 34 104 £ 43.54 0.0976
>14% 35 120 + 36.06
Tumor size > 8 mm
Luminal A 30 108 + 39
Luminal B 17 125.2+29.2
Luminal B-like 11 123.8+32.2 0.171
HER2+ 3 115.4+5.18
TN 3 446+61.8
Unclassified 14 109.5+47.5

doi:10.1371/journal.pone.0165003.t001
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Fig 2. Bar plots of mean stiffness for histological grades |, Il and Il with positive lymph node
involvement.

doi:10.1371/journal.pone.0165003.9002

higher for histological grade III (n = 5 and 147.2 + 33.7kPa) in comparison to gradeI (n =5
and 94.7 + 24.7 kPa) and grade II (n = 10 and 104.6 + 41kPa) is shown in Fig 2.

In correlation to ICH biomarkers, mean elasticity values of cancer masses showed no signifi-
cant differences to ER, PR and HER2 status. As shown in Table 1, ER+ (111 * 39.3kPa) and
ER- (101.1 + 52.3kPa) status have a p = 0.72 difference in mean elasticity values. Tumors of PR
+ (113 + 38.9kPa) and PR- (86.7 £ 56.5kPa) status have a p = 0.15 difference in mean elasticity
values. Tumors of HER2- (106.1 + 43.2kPa) and HER2+ (120.4 + 28.2kPa) status have a
p = 0.17 difference in mean elasticity values. Tumors with proliferation marker Ki-67<14%
and Ki-67>14% had no significant difference with mean elasticity values (p = 0.529). On the
other hand, tumors with proliferation marker Ki-67<20% (99.9 + 43kPa) and Ki-67>20%
(122 + 37.8kPa) have a p = 0.019 difference in mean elasticity values. However, when only con-
sidering tumors size > 8mm (n = 79) Ki-67 proliferation index has no significant difference
with mean elasticity (p = 0.075 and p = 0.027, respectively), as shown in Table 1.

Immunohistochemical subtypes

Since large tumors (size > 8mm) showed no significant association with mean elasticity values,
they were selected for our IHC subtype analysis. The large tumors were divided into luminal A,
luminal B, luminal B-like, HER2+ and TN subtypes. The mean stiffness of the IHC subtypes is
summarized in Table 1. The luminal B subtypes had the highest mean stiffness
(125.2 + 29.2kPa). There was no significant difference found between luminal A and luminal B
subtypes with mean elasticity values. Similarly, no significant difference was found between
luminal A and luminal B-like subtypes. Since there were only a few cases of TN and HER2
+ tumors, they were not included in the analysis.

The relationship between the luminal subtype tumors and histological features with mean
stiffness are summarized in Table 2. The grade I tumors were mainly composed of luminal A
(n =17) subtypes in comparison to luminal B-like (n = 2), no grade I tumors were composed of
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Table 2. Mean stiffness values of histological features compared to immunohistochemical subtypes (> 8mm). The number in parenthesis “( )"

denotes the number of patients.

Histological grade
Grade |

Grade Il

Grade Il
Histological type
IDC

ILC

IDLC

Lymph node involvement
Positive

Negative

doi:10.1371/journal.pone.0165003.t002

Luminal A (kPa)

96.9 +40.4 (17)
120.8 +33.9 (11)
96.5 (1)

102.3 4 34.5 (14)
139.2+17.7 (3)
106.5 % 44.5 (12)

100.4 +25.1 (8)
111.4142.8 (21)

Luminal B (kPa)

122.9 +30.6 (10)
128.5 +24.3 (7)

131.4+25.1 (11)
119.6+34.7 (3)
108.4 + 24 (3)

115.8 + 32.3 (6)
130.3 1 24.4 (11)

Luminal B-like (kPa)

129.2 6.3 (2)
127.8 + 24 (3)
120.4 + 37.4 (6)

126.7 +30.7 (10)
94.42 (1)

152.1+10 (3)
113.2+29.1 (8)

luminal B subtype. The composition of the grade II tumors were n = 11 luminal A, n = 10 lumi-
nal B, and #n = 3 luminal B-like. The grade III tumors were luminal A (n = 1), luminal B (n =7)
and luminal B-like (n = 6) subtypes. Luminal B grade III tumors showed higher mean stiffness
(128.5 + 24.3kPa) than luminal A gradeI (96.9 + 40.4kPa) tumors. There was a significant dif-
terence (p = 0.039) between the grade I luminal A and grade III luminal B subtypes. The lumi-
nal subtypes were categorized as IDC (n = 35), ILC (n = 7) and IDLC (n = 15) histological
types. There were n = 7 luminal subtypes with other histological types and n = 14 unclassified
cases. The composition of the IDC luminal subtypes were n = 14 luminal A, n = 11 luminal B,
and » = 10 luminal B-like. The IDLC luminal subtypes were mainly luminal A (n = 12) com-
pared to luminal B (n = 3). There were n = 3 cases for each luminal A and B subtypes with ILC
histology and only one luminal B-like subtype. No significant difference in mean elasticity
value was found when comparing the histological types. In terms of lymph node involvement,
there were n = 8 luminal A, n = 6 luminal B, and » = 3 luminal B-like tumors. The mean stiff-
ness for the luminal B (115.8 + 32.3kPa) and luminal B-like (152.1 + 10kPa) tumors were
higher in comparison to the luminal A (100.4 + 25.1kPa) tumors. Of the luminal B subtypes
positive for lymph node involvement, 66% (n = 4) have a Ki-67 proliferation index > 20% with
high mean stiffness (125.1 + 37.5kPa).

A boxplot comparison of the large tumors for luminal A of gradeI (n = 17) and luminal B
Ki-67 proliferation index > 20% (n = 11) subtypes is shown in Fig 3. It shows that luminal B
Ki-67> 20% has a higher median stiffness value than luminal A (grade I) subtypes. An ROC
analysis between luminal A grade I and luminal B for Ki-67 > 20% yields the optimal cut-off
value of 108 kPa with 72% sensitivity, 70% specificity and 73% area under the curve. There was
a statistical significance of p = 0.036 between luminal A (grade I) and luminal B Ki-67> 20%
subtypes. Similarly, a slightly higher significant difference (p = 0.039) was obtained between
luminal A (gradeI) and luminal B (grade III) subtypes with mean elasticity values. No statisti-
cal significance was found between luminal A (grade I) and luminal B-like subtypes.

Review of selected cases
The results of four patients are individually reviewed:
Case 1. In Fig 4a shows a 12 mm mass in the greatest dimension and grade III invasive ductal

carcinoma. The mean and standard deviation of the shear wave speed within the ROI was
measured as 7.60 + 0.84 m/s, which yields a Young’s modulus of 150.8 kPa. The
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Fig 3. Bar plots of mean stiffness values for luminal A and luminal B subtypes. Young’s modulus
values are reported on the y-axis and luminal type on the x-axis. Error bars show positive standard deviation.

doi:10.1371/journal.pone.0165003.9003

immunohistochemical results show that the mass is ER+, PR+, HER2- and Ki-67 = 77.2%;
IHC luminal B subtype.

Case 2. In Fig 4b shows a 14 mm mass in the greatest dimension and grade II invasive ductal
carcinoma. The mean and standard deviation of the shear wave speed within the ROI was

Fig 4. B-mode ultrasound (US) and shear wave speed map of of selected patient studies.
doi:10.1371/journal.pone.0165003.9004
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measured as 6.30 + 1.67 m/s, which yields a Young’s modulus of 119 kPa. The immunohis-
tochemical results show that the mass is ER-, PR-, HER2 +; THC TN and HER2+ subtype.

Case 3. In Fig 4c shows a 20 mm mass in the greatest dimension and grade III invasive ductal
carcinoma. The mean and standard deviation of the shear wave speed within the ROI was
measured as 6.34 + 1.89 m/s, which yields a Young’s modulus of 120 kPa. The immunohis-
tochemical results show that the mass is ER+, PR+ and HER2+; IHC luminal B-like
subtype.

Case 4. In Fig 4d shows a 16 mm mass in the greatest dimension and grade II invasive ductal
carcinoma. The mean and standard deviation of the shear wave speed within the ROI was
measured as 6.16 + 1.64 m/s, which yields a Young’s modulus of 113.8 kPa. The immuno-
histochemical results show that the mass is ER+, PR+ and HER2-; IHC luminal A subtype.

Discussion

Our results demonstrate that mean elasticity showed the most statistically significant difference
(p < 0.01) with tumor size. Larger tumors had a higher mean elasticity while smaller tumors
were softer. This is concordant with previous studies [1,30,31,44,45,46]. Choi et al.[1] found a
significant different (p = 0.017) in maximum elasticity with tumor size. Evans et al. [44] showed
a p < 0.0001 significant difference in elasticity with tumor size, and found that larger tumors
have higher mean stiffness values. Significant relation was found between mean stiffness and
histologic grade amongst all tumor sizes and large tumors. When only considering lymph node
positive large tumors, our results demonstrate grade IIT tumor had higher elasticity than grade
I and I tumors. In previous studies, significant association of high histological grade with stiff-
ness has been observed [30,32,44]. However, a recent study by Ganau et al. [31], found no sig-
nificant difference in tumor stiffness with histological grade. Further investigation is needed to
resolve this discrepancy.

Recent studies have investigated the association between the IHC profiles of the tumors and
mean stiffness. Youk [32] and Ganau [31] found no significant difference in mean stiffness val-
ues among ITHC profiles. Chang et al.[30] reported higher stiffness values for HER2+ and TN
than ER+ (luminal subtypes). In addition, the study found significance in ER status and PR sta-
tus biomarkers with mean stiffness. In our results, no significant difference was found among
the biomarkers ER, PR and HER?2 status. However, a significant difference (p < 0.05) was
found between luminal A grade I and luminal B subtypes with Ki-67 > 20% as well as those a
high grade with mean stiffness value. This is corroborated by atomic force microscopy mea-
surements which demonstrated that ECM stiffness was significantly higher in luminal B sam-
ples than luminal A samples [20]. Atomic force microscopy (AFM) studies, the most well-
known microscale-to-nanoscale tissue elasticity imaging technology able to monitor changes in
ECM elasticity, demonstrated that the distribution of stromal stiffening increased from luminal
A to luminal B subtypes [20,47]. Although we had a limited number of luminal HER2- sam-
ples, our observations that luminal B has higher stiffness than luminal A is in good agreement
with other elastography [31,32] and AFM studies [20,47]. Our significant value for differentiat-
ing between luminal subtypes (p< 0.39) is concordant with the significant values of direct
ECM stiffness measurements using AFM (p< 0.05) to differentiate between luminal A and
luminal B for 25 samples per subtype [20,47].

Tumor cell cytokines, such as transforming growth factor beta (TGF-beta), have been used
as surrogate markers for ECM stiffness. Increased levels of TGF beta stimulate cell migration
and induce ECM deposition, remodelling and cross-linking to stiffen the extracellular stroma
[48,49]. Although AFM measured ECM stiffness was higher for luminal B than A. Acerbi et al.
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[47] conducted an AFM study of breast tumors demonstrating positive correlation (R°=0.71)
between increasing stroma stiffness and the level of cellular TGF beta signaling, but pSMAD (a
marker of TGF-beta signaling in the cell [50]) showed an inverse relationship to ECM stiffness
when differentiating between luminal A and luminal B subtypes. The level of pSMAD was
higher in luminal A than luminal B which was the inverse relationship observed in ECM stiff-
ness results. Since luminal differentiation is of particular focus of our manuscript, TGF-beta
was not included in our analysis.

Although the numbers of patients with luminal subtypes were adequate for statistical analy-
sis, the small number of HER2+ and TN tumors due to low prevalence is a limitation in our
study. Also, the number of luminal B-like tumors was too small for a definitive conclusion.
Similarly, the relationship between IHC subtypes and tissue stiffness for small tumors (< 8
mm) requires further investigation.

Conclusions

Patient biopsies and CUSE interrogation of breast cancers suggest that tissue stiffness mea-
sured on the macro-level can distinguish luminal A and luminal B tumors when considering
the subtypes Ki-67 proliferation index and histological grade. Therefore, tumor stiffness may
parallel future disease progression along with size, grade and subtype as independent factors
influencing tumor mechanics and predicting clinical outcome in patients.

Acknowledgments

The authors are grateful to Cynthia Andrist, our clinical coordinator and Jennifer Milliken for
administrative support.

Author Contributions
Conceptualization: MD AG MB AA.

Data curation: MD AG MB AA.

Formal analysis: MD AG MB AA.

Funding acquisition: MF AA.

Investigation: MD AG MB AA.
Methodology:MD AG MB AA.

Project administration: MD AG MB MF AA.
Resources: MD AG MB AA.

Software: MD AG MB AA.

Supervision: MD AG MB MF AA.
Validation: MD AG MB AA.

Visualization: MD AG MB MF AA.

Writing - original draft: MD AG MB AA.
Writing - review & editing: MD AG MB RF DW KG SS MF AA.

PLOS ONE | DOI:10.1371/journal.pone.0165003 October 24, 2016 11/14



@° PLOS | ONE

Prognostic Value of Comb-Push Ultrasound Shear Elastography for Differentiating Luminal Subtypes

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Choi WJ, Kim HH, Cha JH, Shin HJ, Kim H, Chae EY, et al. Predicting prognostic factors of breast can-
cer using shear wave elastography. Ultrasound in medicine & biology. 2014; 40(2):269-74.

Yersal O, Barutca S. Biological subtypes of breast cancer: prognostic and therapeutic implications.
World journal of clinical oncology. 2014; 5(3):412. doi: 10.5306/wjco.v5.i3.412 PMID: 25114856

Perou CM, Sgrlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al. Molecular portraits of human
breast tumours. Nature. 2000; 406(6797):747-52. doi: 10.1038/35021093 PMID: 10963602

Goldhirsch A, Wood W, Coates A, Gelber R, Thirimann B, Senn H-J. Strategies for subtypes—deal-
ing with the diversity of breast cancer: highlights of the St Gallen International Expert Consensus on
the Primary Therapy of Early Breast Cancer 2011. Annals of oncology. 2011:mdr304.

Longo DL. Tumor heterogeneity and personalized medicine. N Engl J Med. 2012; 366(10):956—7. doi:
10.1056/NEJMe 1200656 PMID: 22397658

Bae SY, Kim S, Lee JH, Lee H-c, Lee SK, Kil WH, et al. Poor prognosis of single hormone receptor-
positive breast cancer: similar outcome as triple-negative breast cancer. BMC cancer. 2015; 15
(1):138.

Elston C, Ellis |. Pathological prognostic factors in breast cancer. I. The value of histological grade in
breast cancer: experience from a large study with long-term follow-up. Histopathology. 1991; 19
(5):403-10. PMID: 1757079

Bijker N, Donker M, Wesseling J, den Heeten G, Rutgers ET. Is DCIS breast cancer, and how do | treat
it? Current treatment options in oncology. 2013; 14(1):75-87. doi: 10.1007/s11864-012-0217-1 PMID:
23239193

Tang P, Skinner KA, Hicks DG. Molecular classification of breast carcinomas by immunohistochemical
analysis: are we ready? Diagnostic Molecular Pathology. 2009; 18(3):125-32. doi: 10.1097/PDM.
0b013e31818d107b PMID: 19704256

Bhargava R, Striebel J, Beriwal S, Flickinger JC, Onisko A, Ahrendt G, et al. Prevalence, morphologic
features and proliferation indices of breast carcinoma molecular classes using immunohistochemical
surrogate markers. International journal of clinical and experimental pathology. 2009; 2(5):444. PMID:
19294003

Sanchez-Murioz A, Garcia-Tapiador AM, Martinez-Ortega E, Duefias-Garcia R, Jaén-Morago A,
Ortega-Granados AL, et al. Tumour molecular subtyping according to hormone receptors and HER2
status defines different pathological complete response to neoadjuvant chemotherapy in patients with
locally advanced breast cancer. Clinical and Translational Oncology. 2008; 10(10):646-53. PMID:
18940745

Yaghan R, Stanton PD, Robertson KW, Going JJ, Murray GD, McArdle CS. Oestrogen receptor status
predicts local recurrence following breast conservation surgery for early breast cancer. European Jour-
nal of Surgical Oncology (EJSO). 1998; 24(5):424—6.

Borg A, Tandon AK, Sigurdsson H, Clark GM, Ferné M, Fuqua SA, et al. HER-2/neu amplification pre-
dicts poor survival in node-positive breast cancer. Cancer research. 1990; 50(14):4332—7. PMID:
1973070

Lovekin C, Ellis I, Locker A, Robertson J, Bell J, Nicholson R, et al. c-erbB-2 oncoprotein expression in
primary and advanced breast cancer. British journal of cancer. 1991; 63(3):439. PMID: 1672254

Nishimura R, Osako T, Okumura Y, Hayashi M, Toyozumi Y, Arima N. Ki-67 as a prognostic marker
according to breast cancer subtype and a predictor of recurrence time in primary breast cancer. Experi-
mental and therapeutic medicine. 2010; 1(5):747-54. doi: 10.3892/etm.2010.133 PMID: 22993598

Butcher DT, Alliston T, Weaver VM. A tense situation: forcing tumour progression. Nature Reviews
Cancer. 2009; 9(2):108-22. doi: 10.1038/nrc2544 PMID: 19165226

Egeblad M, Rasch MG, Weaver VM. Dynamic interplay between the collagen scaffold and tumor evo-
lution. Current opinion in cell biology. 2010; 22(5):697—706. doi: 10.1016/j.ceb.2010.08.015 PMID:
20822891

Levental KR, Yu H, Kass L, Lakins JN, Egeblad M, Erler JT, et al. Matrix crosslinking forces tumor pro-
gression by enhancing integrin signaling. Cell. 2009; 139(5):891-906. doi: 10.1016/j.cell.2009.10.027
PMID: 19931152

Lopez JI, Kang |, You W-K, McDonald DM, Weaver VM. In situ force mapping of mammary gland trans-
formation. Integrative Biology. 2011; 3(9):910-21. doi: 10.1039/c1ib00043h PMID: 21842067

Mouw JK, Yui Y, Damiano L, Bainer RO, Lakins JN, Acerbi |, et al. Tissue mechanics modulate micro-
RNA-dependent PTEN expression to regulate malignant progression. Nature medicine. 2014; 20
(4):360-7. doi: 10.1038/nm.3497 PMID: 24633304

PLOS ONE | DOI:10.1371/journal.pone.0165003 October 24, 2016 12/14


http://dx.doi.org/10.5306/wjco.v5.i3.412
http://www.ncbi.nlm.nih.gov/pubmed/25114856
http://dx.doi.org/10.1038/35021093
http://www.ncbi.nlm.nih.gov/pubmed/10963602
http://dx.doi.org/10.1056/NEJMe1200656
http://www.ncbi.nlm.nih.gov/pubmed/22397658
http://www.ncbi.nlm.nih.gov/pubmed/1757079
http://dx.doi.org/10.1007/s11864-012-0217-1
http://www.ncbi.nlm.nih.gov/pubmed/23239193
http://dx.doi.org/10.1097/PDM.0b013e31818d107b
http://dx.doi.org/10.1097/PDM.0b013e31818d107b
http://www.ncbi.nlm.nih.gov/pubmed/19704256
http://www.ncbi.nlm.nih.gov/pubmed/19294003
http://www.ncbi.nlm.nih.gov/pubmed/18940745
http://www.ncbi.nlm.nih.gov/pubmed/1973070
http://www.ncbi.nlm.nih.gov/pubmed/1672254
http://dx.doi.org/10.3892/etm.2010.133
http://www.ncbi.nlm.nih.gov/pubmed/22993598
http://dx.doi.org/10.1038/nrc2544
http://www.ncbi.nlm.nih.gov/pubmed/19165226
http://dx.doi.org/10.1016/j.ceb.2010.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20822891
http://dx.doi.org/10.1016/j.cell.2009.10.027
http://www.ncbi.nlm.nih.gov/pubmed/19931152
http://dx.doi.org/10.1039/c1ib00043h
http://www.ncbi.nlm.nih.gov/pubmed/21842067
http://dx.doi.org/10.1038/nm.3497
http://www.ncbi.nlm.nih.gov/pubmed/24633304

@° PLOS | ONE

Prognostic Value of Comb-Push Ultrasound Shear Elastography for Differentiating Luminal Subtypes

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tanter M, Bercoff J, Athanasiou A, Deffieux T, Gennisson J-L, Montaldo G, et al. Quantitative assess-
ment of breast lesion viscoelasticity: initial clinical results using supersonic shear imaging. Ultrasound
in medicine & biology. 2008; 34(9):1373-86.

Denis M, Mehrmohammadi M, Song P, Meixner DD, Fazzio RT, Pruthi S, et al. Comb-Push Ultrasound
Shear Elastography of Breast Masses: Initial Results Show Promise. 2015.

Mehrmohammadi M, Song P, Meixner DD, Fazzio RT, Chen S, Greenleaf J, et al. Comb-push Ultra-
sound Shear Elastography (CUSE) for Evaluation of Thyroid Nodules: Preliminary In vivo Results.
Medical Imaging, IEEE Transactions on. 2015; 34(1):97-106.

Gregory A, Mehrmohammadi M, Denis M, Bayat M, Stan DL, Fatemi M, et al. Effect of calcifications on
breast ultrasound shear wave elastography: an investigational study. PloS one. 2015; 10(9):
€0137898. doi: 10.1371/journal.pone.0137898 PMID: 26368939

Krouskop TA, Wheeler TM, Kallel F, Garra BS, Hall T. Elastic moduli of breast and prostate tissues
under compression. Ultrasonic imaging. 1998; 20(4):260-74. PMID: 10197347

Sewell CW. Pathology of benign and malignant breast disorders. Radiologic Clinics of North America.
1995; 33(6):1067—-80. PMID: 7480656

Berg WA, Cosgrove DO, Doré CJ, Schéfer FK, Svensson WE, Hooley RJ, et al. Shear-wave elastogra-
phy improves the specificity of breast US: the BE1 multinational study of 939 masses. Radiology.
2012; 262(2):435—-49. doi: 10.1148/radiol.11110640 PMID: 22282182

Chang JM, Moon WK, Cho N, Yi A, Koo HR, Han W, et al. Clinical application of shear wave elastogra-
phy (SWE) in the diagnosis of benign and malignant breast diseases. Breast cancer research and
treatment. 2011; 129(1):89-97. doi: 10.1007/s10549-011-1627-7 PMID: 21681447

Denis M, Bayat M, Mehrmohammadi M, Gregory A, Song P, Whaley DH, et al. Update on breast can-
cer detection using comb-push ultrasound shear elastography. IEEE transactions on ultrasonics, ferro-
electrics, and frequency control. 2015; 62(9):1644-50. PMID: 26688871

Chang JM, Park IA, Lee SH, Kim WH, Bae MS, Koo HR, et al. Stiffness of tumours measured by
shear-wave elastography correlated with subtypes of breast cancer. European radiology. 2013; 23
(9):2450-8. doi: 10.1007/s00330-013-2866-2 PMID: 23673574

Ganau S, Andreu FJ, Escribano F, Martin A, Tortajada L, Villajos M, et al. Shear-wave elastography
and immunohistochemical profiles in invasive breast cancer: Evaluation of maximum and mean elas-
ticity values. European journal of radiology. 2015; 84(4):617-22. doi: 10.1016/j.ejrad.2014.12.020
PMID: 25619502

Youk JH, Gweon HM, Son EJ, Kim J-A, Jeong J. Shear-wave elastography of invasive breast cancer:
correlation between quantitative mean elasticity value and immunohistochemical profile. Breast cancer
research and treatment. 2013; 138(1):119-26. doi: 10.1007/s10549-013-2407-3 PMID: 23324903

Song P, Urban M, Manduca A, Zhao H, Greenleaf J, Chen S. Comb-push ultrasound shear elastogra-
phy (CUSE) with various ultrasound push beams. Medical Imaging, IEEE Transactions on. 2013; 32
(8):1435-47.

Song P, Zhao H, Manduca A, Urban M, Greenleaf J, Chen S. Comb-push ultrasound shear elastogra-
phy (CUSE): a novel method for two-dimensional shear elasticity imaging of soft tissues. Medical
Imaging, IEEE Transactions on. 2012; 31(9):1821-32.

Kasai C, Namekawa K, Koyano A, Omoto R. Real-time two-dimensional blood flow imaging using an
autocorrelation technique. IEEE Trans Sonics Ultrason. 1985; 32(3):458—64.

Sandrin L, Catheline S, Tanter M, Fink M. 2D transient elastography. Acoustical Imaging: Springer;
2002. pp. 485-92.

Feeley LP, Mulligan AM, Pinnaduwage D, Bull SB, Andrulis IL. Distinguishing luminal breast cancer
subtypes by Ki67, progesterone receptor or TP53 status provides prognostic information. Modern
Pathology. 2014; 27(4):554—61. doi: 10.1038/modpathol.2013.153 PMID: 24051696

Inic Z, Zegarac M, Inic M, Markovic |, Kozomara Z, Djurisic |, et al. Difference between Luminal A and

Luminal B Subtypes According to Ki-67, Tumor Size, and Progesterone Receptor Negativity Providing
Prognostic Information. Clinical Medicine Insights Oncology. 2014; 8:107. doi: 10.4137/CM0O.S18006
PMID: 25249766

Khokher S, Qureshi MU, Mahmood S, Nagi AH. Association of immunohistochemically defined molec-
ular subtypes with clinical response to presurgical chemotherapy in patients with advanced breast can-
cer. Asian Pacific Journal of Cancer Prevention. 2013; 14(5):3223-8. PMID: 23803108

Onitilo AA, Engel JM, Greenlee RT, Mukesh BN. Breast cancer subtypes based on ER/PR and Her2
expression: comparison of clinicopathologic features and survival. Clinical medicine & research. 2009;
7(1-2):4-13.

Gerber B, Harbeck N, Jackisch C, Marschner N, Mdbus V, von Minckwitz G, et al. 13th st. Gallen inter-
national breast cancer conference 2013: primary therapy of early breast cancer evidence,

PLOS ONE | DOI:10.1371/journal.pone.0165003 October 24, 2016 13/14


http://dx.doi.org/10.1371/journal.pone.0137898
http://www.ncbi.nlm.nih.gov/pubmed/26368939
http://www.ncbi.nlm.nih.gov/pubmed/10197347
http://www.ncbi.nlm.nih.gov/pubmed/7480656
http://dx.doi.org/10.1148/radiol.11110640
http://www.ncbi.nlm.nih.gov/pubmed/22282182
http://dx.doi.org/10.1007/s10549-011-1627-7
http://www.ncbi.nlm.nih.gov/pubmed/21681447
http://www.ncbi.nlm.nih.gov/pubmed/26688871
http://dx.doi.org/10.1007/s00330-013-2866-2
http://www.ncbi.nlm.nih.gov/pubmed/23673574
http://dx.doi.org/10.1016/j.ejrad.2014.12.020
http://www.ncbi.nlm.nih.gov/pubmed/25619502
http://dx.doi.org/10.1007/s10549-013-2407-3
http://www.ncbi.nlm.nih.gov/pubmed/23324903
http://dx.doi.org/10.1038/modpathol.2013.153
http://www.ncbi.nlm.nih.gov/pubmed/24051696
http://dx.doi.org/10.4137/CMO.S18006
http://www.ncbi.nlm.nih.gov/pubmed/25249766
http://www.ncbi.nlm.nih.gov/pubmed/23803108

@° PLOS | ONE

Prognostic Value of Comb-Push Ultrasound Shear Elastography for Differentiating Luminal Subtypes

42,

43.

44.

45.

46.

47.

48.

49.

50.

controversies, consensus-opinion of a german team of experts (zurich 2013). Breast Care. 2013; 8
(3):221-9. doi: 10.1159/000351692 PMID: 24415975

Stefansson OA, Jonasson JG, Olafsdottir K, Bjarnason H, Johannsson OT, Bodvarsdottir SK, et al.
Genomic and phenotypic analysis of BRCA2 mutated breast cancers reveals co-occurring changes
linked to progression. Breast Cancer Research. 2011; 13(5):R95. doi: 10.1186/bcr3020 PMID:
21958427

Cheang MC, Chia SK, Voduc D, Gao D, Leung S, Snider J, et al. Ki67 index, HER2 status, and progno-
sis of patients with luminal B breast cancer. Journal of the National Cancer Institute. 2009; 101
(10):736-50. doi: 10.1093/jnci/djp082 PMID: 19436038

Evans A, Whelehan P, Thomson K, McLean D, Brauer K, Purdie C, et al. Invasive breast cancer: rela-
tionship between shear-wave elastographic findings and histologic prognostic factors. Radiology.
2012; 263(3):673—7. doi: 10.1148/radiol.12111317 PMID: 22523322

Evans A, Sim YT, Thomson K, Jordan L, Purdie C, Vinnicombe SJ. Shear wave elastography of breast
cancer: Sensitivity according to histological type in a large cohort. The Breast. 2016; 26:115-8. doi: 10.
1016/j.breast.2016.01.009 PMID: 27017250

Skerl K, Vinnicombe S, Giannotti E, Thomson K, Evans A. Influence of region of interest size and ultra-
sound lesion size on the performance of 2D shear wave elastography (SWE) in solid breast masses.
Clinical radiology. 2015; 70(12):1421—7. doi: 10.1016/j.crad.2015.08.010 PMID: 26455652

Acerbi |, Cassereau L, Dean |, Shi Q, Au A, Park C, et al. Human breast cancer invasion and aggres-
sion correlates with ECM stiffening and immune cell infiltration. Integrative Biology. 2015.

Ruffell B, Au A, Rugo HS, Esserman LJ, Hwang ES, Coussens LM. Leukocyte composition of human
breast cancer. Proceedings of the National Academy of Sciences. 2012; 109(8):2796-801.

Pickup M, Novitskiy S, Moses HL. The roles of TGF [beta] in the tumour microenvironment. Nature
Reviews Cancer. 2013; 13(11):788-99. doi: 10.1038/nrc3603 PMID: 24132110

Engel ME, Datta PK, Moses HL. Signal transduction by transforming growth factor-8: A cooperative
paradigm with extensive negative regulation. Journal of Cellular Biochemistry. 1998; 72(S30-31):111—
22.

PLOS ONE | DOI:10.1371/journal.pone.0165003 October 24, 2016 14/14


http://dx.doi.org/10.1159/000351692
http://www.ncbi.nlm.nih.gov/pubmed/24415975
http://dx.doi.org/10.1186/bcr3020
http://www.ncbi.nlm.nih.gov/pubmed/21958427
http://dx.doi.org/10.1093/jnci/djp082
http://www.ncbi.nlm.nih.gov/pubmed/19436038
http://dx.doi.org/10.1148/radiol.12111317
http://www.ncbi.nlm.nih.gov/pubmed/22523322
http://dx.doi.org/10.1016/j.breast.2016.01.009
http://dx.doi.org/10.1016/j.breast.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/27017250
http://dx.doi.org/10.1016/j.crad.2015.08.010
http://www.ncbi.nlm.nih.gov/pubmed/26455652
http://dx.doi.org/10.1038/nrc3603
http://www.ncbi.nlm.nih.gov/pubmed/24132110

