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Background: Response of invasive breast cancer to neoadjuvant chemotherapy (NAC) is variable, and prediction of response is
imperfect. We aimed to ascertain whether tissue stiffness in breast cancers, as assessed by shear-wave elastography (SWE) before
treatment, is associated with response.

Methods: We retrospectively compared pre-treatment tumour mean tissue stiffness, with post-treatment Residual Cancer Burden
(RCB) scores and its components in 40 women with breast cancer treated by NAC using Pearson’s correlation coefficient (CC),
a general linear model and multiple linear regression. Subgroup analysis was carried out for luminal, HER2-positive and basal
immuno-histochemical subtypes.

Results: Statistically significant correlations were shown between stiffness and RCB scores and between stiffness and percentage
tumour cellularity. The correlation between stiffness and percentage cellularity was strongest (CC 0.35 (Po0.0001) compared with
CC 0.23 (P¼ 0.004) for the RCB score). The results of a general linear model show that cellularity and RCB score maintain
independent relationships with stiffness. By multiple linear regression, only cellularity maintained a significant relationship with
stiffness.

Conclusion: Pre-treatment tumour stiffness measured by SWE, has a statistically significant relationship with pathological
response of invasive breast cancer to NAC.

Response to neoadjuvant therapy is variable and prediction of
response is currently poor. Validated biomarkers predictive of
response/resistance prior to the commencement of neoadjuvant
chemotherapy (NAC) are not currently routinely used, in contrast to
endocrine neoadjuvant therapy. Predictive biomarkers for chemo-
therapy would allow the women most likely to benefit from NAC to
do so, while sparing women unlikely to respond from considerable
morbidity. Research in this area has so far been inconclusive but
genomic predictors, and the immuno-histochemical/molecular

characteristics of the tumour have been considered (Desmedt et al,
2011; Hatzis et al, 2011; Lips et al, 2012). Recent work has shown that
stromal gene signatures are powerful predictors of response to NAC
(Farmer et al, 2009) and that the responses of cancer-associated
fibroblasts to chemotherapy are very variable (Tokes et al, 2009). This
suggests that both tumoural and stromal factors may be important in
predicting resistance to NAC. Two imaging modalities – magnetic
resonance imaging (MRI) and elastography – commonly show
abnormalities in the stroma surrounding breast cancers
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(Hattangadi et al, 2008; Athanasiou et al, 2010; Evans et al, 2010;
Chang et al, 2011; Berg et al, 2012). Magnetic resonance imaging
shows subtle contrast enhancement of surrounding stroma in some
cases and this enhancement in one small series has been shown to be
predictive of response to NAC (Hattangadi et al, 2008). A feature of
malignancy on ultrasound elastography is stiffness extending from the
greyscale abnormality into the surrounding stroma. Breast cancers
stiff on strain elastography were less likely to have a pathological
complete response after NAC than cancers which were soft on
elastography (Hayashi et al, 2012). Shear-wave elastography (SWE),
unlike strain elastography, is quantitative and highly reproducible
(Evans et al, 2010; Cosgrove et al, 2012).

Residual Cancer Burden (RCB) scoring is a method of assessing
pathological response to NAC, as a continuous variable, and it is
derived from the post-chemotherapy primary tumour dimensions,
cellularity of the tumour bed and axillary lymph node burden.
The RCB score yields additional prognostic information compared
with the presence or absence of a pathological complete response
(Symanns et al, 2007). We therefore aimed to ascertain whether the
degree of tissue stiffness in breast cancers, as assessed by SWE
before treatment, was associated with the response to NAC, as
assessed by the RCB score.

MATERIALS AND METHODS

Eligible patients, identified from clinical records, were those
who had been treated with NAC and subsequent surgical
excision for primary invasive breast cancer between 10 May
2010 and 23 Febuary 2013. All 40 patients identified had
undergone ultrasound SWE using an Aixplorer ultrasound
system (SuperSonic Imagine, Aix en Provence, France), as
standard of care in our clinic since April 2010 for women
presenting with symptomatic or screen-detected abnormalities.
The scans were performed by one of the four practitioners with
between 5 and 20 years of breast ultrasound experience and at
least 3 months’ previous experience of performing SWE on solid
breast lesions.

In accordance with UK National Research Ethics Service
guidance (National Research Ethics Service, 2008), ethical
approval for the study was waived as the study was carried out
retrospectively on routinely acquired data available to the
principal investigator by virtue of his clinical role. However,
written informed consent to use images was obtained, according
to routine procedure in our institution. Combined greyscale and
elastography examination times were between 10 and 20 min.
Acquisition of the elastography images takes 1–2 min. The mean
stiffness measurements were generated by reviewing the images
after the examination. This data extraction took 1–2 min per
lesion.

Four elastography images taken in two orthogonal planes were
obtained for each lesion by holding the transducer still, with no
pressure being applied, and allowing the image to build up over
about 10 s. The mean stiffness measurements were obtained by
moving a delineated region of interest (ROI) over the colour map.
As the ROI moves, the figures change in real time so the ROI can
be positioned over the stiffest tissue shown on the image (Figure 1).
Because many cancers are not uniformly stiff but have a halo of
peri-tumoural stromal stiffness, the ROI was kept as small as
possible (2 mm) to allow measurement of the stiffest tissue
anywhere within the lesion or in the peri-tumoural stroma. One
stiffness value per image was measured. The values used for the
analysis were the mean elasticity measurements in kilopascals
(kPa) within the ROI, once placed over the stiffest area. The
individual values from each of the four images were used for
analysis (they were not averaged).

Of the 40 patients in the study, 25 were treated with six cycles of
FEC (5FU, epirubicin and cyclophosphamide); one patient’s
disease progressed after three cycles and she proceeded directly
to surgery. Two patients received FEC and Docetaxel, 12 patients
received trastuzumab with Docetaxel, either alone (3 patients) or
after three cycles of FEC (9 patients) and 1 patient received five
cycles of Docetaxel, TDM1 and pertuzumab.

The mean elasticity measurements from the SWE scans
performed prior to NAC were compared with the RCB scores
and RCB score components, assessed from the resection specimens
by a consultant specialist breast pathologist. The components
assessed were the percentage invasive cancer cellularity, number of
positive lymph nodes and the size of the largest axillary metastasis.
The pathologist was blinded to the SWE findings. Tumours were
divided into luminal, HER-2 positive and basal subgroups on the
basis of immuno-histochemistry in order to detect whether any
associations found were limited to particular tumour subgroups.
The RCB scores and components thereof were correlated with pre-
treatment mean stiffness readings using Pearson’s correlation
coefficient (CC). The independence of relationships between the
RCB scores and its components with stiffness was assessed using a
general linear model and multiple linear regression. We also
compared the RCB scores and components with age, as a potential
confounding variable. For the statistical analysis, all the elasticity
results from all images were used. Tests for normality of the
outcome variable were performed prior to analysis. Correlations
between all the co-variables were calculated, and univariate
associations between stiffness and co-variables was established
using linear regression. A final mixed model investigated the
influence of the co-variables on stiffness, taking into account the
repeated measures.

A value of Po0.05 was deemed to indicate a statistically
significant finding.

RESULTS

All 40 women had presented with symptoms and were aged
between 36.6 and 68.4 years (mean 50.2 years). The pre-treatment
mean tumour size as assessed by greyscale ultrasound was 28 mm
(range 11–50 mm). Correlations between mean pre-treatment
stiffness readings and RCB scores and its components and age
are shown in Table 1. Statistically significant associations are
shown between mean stiffness and RCB scores and between mean
stiffness and percentage tumour cellularity. The correlation
between mean stiffness and percentage cellularity is strongest
(CC 0.35 (Po0.0001) compared with CC 0.23 (P¼ 0.004) for the
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Figure 1. Shear-wave elastography image showing a 2 mm ROI placed
over the stiffest region on this image of a cancer from the study. The
mean stiffness value was 125 kPa and the RCB score after
chemotherapy was 0.
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RCB score). These relationships are shown graphically in Figures 2
and 3. Statistically significant correlations were not shown between
mean stiffness and other components of the RCB score, that is, the
number of lymph nodes involved, the size of the largest axillary
metastasis.

The results of the general linear model are shown in Table 2.
Cellularity and RCB score maintain independent relationships with
mean stiffness. Following multiple linear regression of the
relationships between mean stiffness and RCB score and mean
stiffness and cellularity, only cellularity maintained a statistically
significant relationship with mean stiffness (Table 3).

Correlations between stiffness and RCB scores and cellularity
for each breast cancer subgroup are shown in Table 4. R values for
stiffness vs RCB scores varied from 0.13 to 0.42 and for stiffness vs
cellularity from 0.30 to 0.65. The correlation between cellularity
and stiffness for the HER-2 positive was statistically significant.
The distributions of RCB score and residual cellularity by
histological grade and histological type are shown in Table 5.

DISCUSSION

We have found that pre-treatment tissue elasticity in breast cancer,
measured by ultrasound SWE, has a statistically significant
relationship with the subsequent response of invasive breast cancer
to NAC. This relationship was seen across the common luminal
and HER2þ subgroups of breast cancer, as defined by immuno-
histochemistry, but numbers in each subgroup were small. Our
findings are concordant with a previous study which found that
tumour stiffness assessed by scoring strain elastography images was
related to the proportion of women receiving NAC in whom a
pathological complete response was achieved (Hayashi et al, 2012).
This previous study had the advantage of a larger study group,
whereas the current study has the advantage of using a more
reproducible technique which gives a result as a continuous
numerical variable rather than a dichotomised yes/no result. Our
study has also used a validated method of assessing response to
chemotherapy which has been shown on multivariate analysis to
yield richer prognostic information than that given by the
proportion women of patients having a pathological complete
response. The correlation we have shown between tumour stiffness
prior to treatment and reduction in tumour cellularlity after
treatment although statistically significant is weak. This suggests
that it will be of little clinical use in its current form. It is hoped
that in the future tumour stiffness could be part of a multimodal
model which might yield more clinically useful predictions.
It should also be stressed that tumour stiffness only predicts
reduction in cellularity of the primary tumour and has no value in
predicting the response of nodal metastases to NAC.

The association between stromal stiffness and response to NAC
makes sense biologically as stromal gene signatures are predictive

Table 1. Correlations between pre-treatment stiffness readings and age,
RCB score and RCB score components in 40 patients

Reference Comparison
Correlation
coefficient

P-value
correlation

Stiffness reading Age 0.19 0.018

Cellularity (%) 0.35 o0.0001

Number of positive nodes 0.047 0.56

RCB score 0.23 0.0044

Size of largest axillary metastasis 0.14 0.07

Invasive size 0.12 0.14

All correlations are positive. 0
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Figure 2. Relationship between pre-treatment mean stiffness and
post-treatment RCB score.
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Figure 3. Relationship between pre-treatment mean stiffness and
percentage residual cellularity after treatment.

Table 2. Results of a general linear model assessing independence of
relationships of age, RCB scores and RCB score components to stiffness
in 40 patients

Reference F value P-value

Age 1.95 0.17

Cellularity (%) 7.58 0.01

Molecular type 0.39 0.68

Number of positive nodes 0.35 0.56

RCB class 2.46 0.08

RCB score 4.36 0.04

Size of largest metastasis 1.86 0.18

The ANOVA F-test statistic denotes the ration of the between-group variance and the
within-group variance, and as such a measure of the difference in data spread between the
group measurements.

Table 3. Results of multiple linear regression analysis of the relationship
of stiffness to cellularity and RCB score

Reference F value P-value

Cellularity (%) 4.27 0.04

RCB score 0.81 0.4
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of response to NAC. Therefore, stromal stiffness may be an
imaging biomarker for the stromal structural abnormalities arising
from such tumour-associated fibroblast stromal gene signatures
(Farmer et al, 2009).

Other imaging techniques, such as MRI, have also been shown
to yield information which relates to the sensitivity of breast cancer
to NAC. Magnetic resonance imaging indices which have been
suggested as being helpful in this regard include morphology,
tumour enhancement characteristics, apparent diffusion coeffi-
cient, spectroscopy and peri-tumoural stromal enhancement
(Hattangani et al, 2008; Cao et al, 2012; Dongfeng et al, 2012).

The extracellular matrix (ECM), of which collagen is a major
component, has a critical role in the development and invasiveness
of primary breast cancers. The stiffness in the peri-tumoural
stroma appears to be due to the increased collagen cross-linking
seen in cancer-associated stroma which leads to increased focal
adhesion, enhanced PI3 kinase activity and induction of tumour
invasion (Levental et al, 2009). Abnormal collagen has been shown
to extend a number centimetres beyond breast cancers and this is
concordant with the cancer-associated stiffness on SWE extending
well beyond the tumour itself (Lewis et al, 2000). This in turn is
related to a number of stromal biomarkers such a lysyl oxidase
(LOX), fibronectin and caveolin 1. Lysyl oxidase is an ECM
remodelling enzyme and appears to have roles in promoting cancer
cell motility and invasion (Chen et al, 2012), whereas loss of
stromal caveolin-1 in breast cancers is associated with early tumour
recurrence, metastasis and drug resistance, leading to poor clinical
outcome (Witkiewicz et al, 2009). This prognostic influence has
been shown to be independent of the classic tumoural prognostic
features.

The weaknesses of this first study of SWE in the NAC setting
were the small number of patients and the heterogeneity among
tumour types and treatment given. The study employed 2D SWE
and thus has purely assessed the mean stiffness of the stiffest part
of the tumour/peri-tumoural area. Three-dimensional SWE has
recently been developed and this allows the volume of stiff tissue to
be measured. The significance of the volume of abnormal stiffness
associated with breast cancers has yet to be ascertained.

It would also be of great interest to compare peri-tumoural
stiffness with stromal biomarkers such as collagen cross-linking,

caveolin 1 and LOX. If correlations exist then the possibility would
be raised of peri-tumoural stiffness being clinically valuable non-
invasive, reproducible, predictive biomarker for poor clinical
outcome, independent of the classical prognostic features of
histological grade, nodal stage and invasive size.

Our anecdotal experience is that cancer-associated stiffness
decreases during neoadjuvant therapy but this phenomenon has
yet to be formally evaluated. It is possible that SWE may be useful
in the assessment of response to neoadjuvant therapy as well being
useful in predicting response.

In conclusion, we have found that pre-treatment tissue elasticity
as measured by SWE has a significant relationship with the
subsequent reduction in cellularity of the primary tumour in
response to NAC.
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