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Abstract

Objectives

To assess whether strain histograms are equal to strain ratios in predicting breast tumour
malignancy and to see if either could be used to upgrade Breast Imaging Reporting and
Data System (BI-RADS) 3 tumours for immediate biopsy.

Methods

Ninety-nine breast tumours were examined using B-mode BI-RADS scorings and strain
elastography. Strain histograms and ratios were assessed, and areas- under-the-receiver-
operating-characteristic-curve (AUROC) for each method calculated. In BI-RADS 3 tumours
cut-offs for strain histogram and ratio values were calculated to see if some tumours could
be upgraded for immediate biopsy. Linear regression was performed to evaluate the effect
of tumour depth and size, and breast density on strain elastography.

Results

Forty-four of 99 (44.4%) tumours were malignant. AUROC of BI-RADS, strain histograms
and strain ratios were 0.949, 0.830 and 0.794 respectively. There was no significant differ-
ence between AUROC:s of strain histograms and strain ratios (P = 0.405), while they were
both inferior to BI-RADS scoring (P<0.001, P = 0.008). Four out of 26 BI-RADS 3 tumours
were malignant. When cut-offs of 189 for strain histograms and 1.44 for strain ratios were
used to upgrade BI-RADS 3 tumours, AUROCS were 0.961 (Strain histograms and BI-
RADS) and 0.941 (Strain ratios and BI-RADS). None of them was significantly different from
BI-RADS scoring alone (P =0.249 and P = 0.414). Tumour size and depth, and breast den-
sity influenced neither strain histograms (P = 0.196, P =0.115 and P = 0.321) nor strain
ratios (P =0.411, P =0.596 and P = 0.321)

Conclusion

Strain histogram analyses are reliable and easy to do in breast cancer diagnosis and per-
form comparably to strain ratio analyses. No significant difference in AUROCSs between
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BI-RADS scoring and elastography combined with BI-RADS scoring was found in this
study.

Introduction

Elastography has emerged as an auspicious adjunct to B-mode ultrasound examination [1-3].
Ultrasound elastography has been intensively investigated for diagnosis of breast cancer, thy-
roid nodules and liver fibrosis. The diagnostic potential of elastography in breast cancer has
been extensively examined, but the actual clinical benefits of performing elastography are not
clear. Recent studies conclude that elastography should be used only as an adjunct to ultra-
sound Breast Imaging Reporting and Data System (BI-RADS)classification, but there is no
consensus on how BI-RADS classifications and elastography should be combined [1, 2, 4].

Tumour stiffness is correlated with the risk of malignancy [1, 2, 5]. Both quantitative
(shear-wave elastography) and qualitative methods (strain elastography) have been introduced
[5]. The current study concerns strain elastography, in which the relative depiction of tissue
stiffness makes visual classifications of tumour strain or semi quantifications necessary. Strain
ratio calculation is the most commonly used semi quantification [6]. The ratio is calculated as
the ratio between the strain in reference tissue ROIs (Region Of Interest) and the strain in
breast tumour ROIs—the higher the strain ratio, the stiffer the tumour [7]. Inhomogeneous
surrounding tissue may challenge the placing of reference ROIs, and if tumour and reference
ROIs are placed at different depths, it may influence measurements [8, 9]. In strain histogram
analysis, tumour stiffness is calculated as mean pixel colour values of a single ROI within the
tumour [10]. Values range from 0 to 255 (from red over green to blue), and increasing tumour
stiffness causes an increase in mean histogram values. Strain histograms are independent of
reference ROIs, and are easy to perform, even if the surrounding tissue is inhomogeneous.
Guidelines on elastography suggest that elastography should only be used to upgrade stiff
tumours appearing benign on the B-mode examination, and consider them for biopsy, while
other guidelines suggest, that elastography could be used to prevent biopsies in low-risk soft
tumours [1, 4]. Most authors agree that elastography should be used mainly for reassessments
of tumours with high risks of either false negative or false positive results, such as in BI-RADS
3 and 4a tumours [11,12]

In this study we hypothesized that the diagnostic accuracy of strain histograms was compa-
rable to that of strain ratio calculations. We also evaluated if tumour size, tumour depth and
breast density had any impact on the elastographic evaluations. The ultimate goal of the study
was to assess whether strain elastography could be used to upgrade stiff BI-RADS 3 tumours to
immediate biopsy without lowering the diagnostic accuracy.

Material and methods

This study was approved by the Regional Ethical Committee on Medical Research (reference
id: H-2-2013-FSP46). Patients gave informed oral consent before participation. Written con-
sent was waived by the regional ethics commitee, because strain elastography was part of the
examination set-up prior to the initiation of the study. Oral consent was documented in the
patients’ medical records. This procedure was approved by the regional ethics committee.

Inclusion of patients

Between August 2013 and March 2015 99 women (age > 18 years, median age 53 years (mean
53.0, SD 16.5, range 18-88)) suspected of breast cancer and scheduled for biopsy with 108
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breast tumours were prospectively and consecutively included. To avoid a clustering effect,
only one tumour from each woman was randomly included for further analysis. This yielded
99 tumours for final evaluation. Women older than thirty years of age had mammography per-
formed prior to the ultrasound examination. The same radiologist (SS > 15 year’s experience
in breast radiology) performed all mammography-, ultrasound- and elastography examina-
tions including all biopsies. Biopsies were performed as fine needle aspiration (14 tumours) or
histological biopsy or excision (85 tumours) according to national guidelines. Triple consensus
of diagnostic imaging (ultrasound and mammography), palpation and cytology was used as
gold standard for all [13]. Histology was performed on formalin fixed, paraftin embedded
slides, stained with hematoxylin and eosin, and evaluated in light microscope.

Conventional ultrasound

A Hitachi Ascendus system (Hitachi, Tokyo, Japan) with an L75-probe with a bandwidth of
5-18 MHz or an L74-probe with a bandwidth of 5-13 MHz was used for all ultrasound exami-
nations. BI-RADS classifications were performed according to the American College of Radi-
ology [14]. The BI-RADS system classifies tumours as I (negative), 2 (benign), 3 (probably
benign), 4 (suspicious) and 5 (highly suspicious of malignancy). According to national guide-
lines all BI-RADS 3 (probably benign), 4 (low to high suspicion of malignancy) and 5 (highly
suggestive of malignancy) tumours were biopsied [15]. Some patients with BI-RADS 2
(benign) findings on ultrasound were also biopsied according to national guidelines, either
due to indeterminate or suspicious findings on mammography, due to a palpable tumour or
because of patient request. Two BI-RADS 1 patients were biopsied due to patient request. His-
tology in both cases showed non-tumour like fibrotic areas. The maximal diameter of tumours
and the distance from the transducer to the tumour centre were recorded.

Ultrasound elastography

Ultrasound elastography was performed in conjunction with the B-mode examination before
biopsy (Fig 1). A standard breast pre-set was used, and elastograms were displayed alongside the
B-mode image using a colour scale ranging from red (soft) through yellow and green to blue (stiff).
The on-screen quality indicator was used to assess if transducer pressure amplitude and frequency
were adequate (Fig 1). Strain histograms and ratios were assessed retrospectively. Strain ratios were
calculated from still frames and strain histograms were performed on cine loops of ten seconds.

Strain ratios were calculated using the scanner software (Fig 2). Tumour and reference
ROIs were placed at the same depth, and the ratio was calculated automatically. Reference
ROIs were preferably placed in fat tissue, if impossible it was placed in glandular tissue. If mul-
tiple strain ratios were calculated, the average was used for final evaluation.

Strain histograms were performed off-line using the software ImageJ with a special plug-in
(Fig 3) [16]. Tumour ROIs were similar to the ROIs used for strain ratio calculations. Histo-
grams of the colour distribution within tumour ROIs were then performed on the entire cine-
loop, and a mean colour value for each tumour was calculated.

Combinations of B-mode BI-RADS and elastography

All BI-RADS 3 tumours were evaluated to see if strain histograms and ratios could potentially
be used to upgrade stiff tumours to immediate biopsy. For both strain histograms and strain
ratios a cut-off just below the lowest value of the softest malignant tumour was found, and all
tumours above this cut-off were reclassified as BI-RADS 4. All tumours below the cut-off
remained BI-RADS 3. All other BI-RADS scorings were left unchanged.
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Fig 1. Strain elastogram of a 15 mm BI-RADS 5 tumour. The strain elastogram is displayed left of the B-mode
image and shows a stiff tumour appearing mainly blue with small green areas (horizontal arrow). The tumour
appears larger in the strain elastogram than in the B-mode image, indicating malignancy. The green curve on the
strain quality indicator (lower right corner of the elastogram) displays the applied compression and decompression
and should ideally be between the two dotted lines (red/white). The colour scale (upper left corner of the
elastogram) shows the range of colours used to designate soft (red), intermediate (yellow and green) and stiff (blue)
tissue. The B-mode image shows an irregular, spiculated, hypoechoic mass with posterior shadowing (horizontal
arrow). Histology showed carcinoma.

https://doi.org/10.1371/journal.pone.0186230.9001

Mammography

Most patients had mammography performed on the same day, prior to the ultrasound exami-
nation. For patients who did not have mammography performed on the same day as the
biopsy, mammograms up to six months old were used for breast density evaluation. Breast
density was assessed by visual inspection according to the American College of Radiology
BI-RADS Atlas 4™ edition [14].

Statistical analysis

Descriptive statistics were calculated using Microsoft Excel version 2011 (Redmond, WA, USA).
The statistical software R version 0.98.1091 (© 2009-2014, the R Foundation, Vienna, Austria)
was used for all other statistical analyses. Receiver-operator-characteristics (ROC curves) were
done in SPSS version 20 (SPSS, IBM, Chicago, USA). In case of skewness in the distribution of
data, data were log-transformed. Averages are presented as median and/or mean (+/- SD) and a
range if relevant. Differences between means were assessed using an unpaired t-test. For evalua-
tion of diagnostic performance, area-under-receiver-operator-characteristics (AUROC) curves
were performed. For BI-RADS scoring sensitivity, specificity, positive predictive value and

PLOS ONE | https://doi.org/10.1371/journal.pone.0186230 October 26, 2017 4/12


https://doi.org/10.1371/journal.pone.0186230.g001
https://doi.org/10.1371/journal.pone.0186230

o @
@ : PLOS | ONE Strain elastography semi quantification in breast tumours

Breast

P:100% [ICKE
L L

_ Str. Ratio
Strain Ratio 0.60 % B/A

FR:18 BG:16 DR:65 F.Rej:'5 N.Rej:3 FR:18 BG:16 DR:65
L75 13MHz BL..26% L75 13MHz

Fig 2. Strain ratio calculation of a5 mm BI-RADS 3 tumour. The strain elastogram shows a green and blue
tumour (horizontal arrow) indicating low suspicion of malignancy. ROI A is placed within the tumour and ROI B is
placed in adjacent fatty tissue. The strain ratio is calculated as: average strain ro, g / average strain go; o.The
higher the strain ratio, the stiffer the tumour and the higher the risk of malignancy. The strain ratio, displayed in the
lower right corner of the B-mode image (vertical arrow), was 1.79 signifying a relatively soft tumour. On the B-mode
image, the tumour (horizontal arrow) appears oval, circumscribed, hypoechoic and wider than tall with no posterior
features. Histology showed fibroadenoma.

https://doi.org/10.1371/journal.pone.0186230.9002

negative predictive value was calculated using a cut-off between 3 and 4. To assess the impact of
tumour depth and tumour diameter on strain ratios and strain histograms, linear regression
with backwards elimination of insignificant covariates was performed. To assess the impact of
breast density, analysis of variance was performed. The significance level was set at 0.05.

Results

Fifty-five of ninety-nine tumours were benign (median diameter 11 mm (mean: 12.29; stan-
dard deviation: 2.0; range: 4-50)) and 44 were malignant (median diameter 12 mm (mean:
11.92; standard deviation: 1.67; range: 4-42)). Histological diagnoses are summarized in
Table 1. The median diameter of all 99 tumours was 12 mm (mean: 12.3; standard deviation:
1.86; range: 4-50). The distribution of tumours within the ultrasound BI-RADS classes is
shown in Table 2. Mammography was performed in 91 patients, while 8 women under the
age of 30 did not have mammography performed. The mean percentage mammographic
density score according to BI-RADS classification for the 91 patients was 2.15 (standard
deviation: 1.1).

There was a significant difference between means of benign and malignant tumours for
strain histograms and strain ratios (P < 0.001 for both) (Fig 4A and 4B). For B-mode BI-RADS
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Fig 3. (A) Strain histogram analysis of an 11 mm BI-RADS 3 tumour. The strain elastogram shows a predominantly blue tumour. Strain
histogram analysis was performed from a single ROI within the tumour (ROI A). The B-mode image shows an oval, circumscribed,
hypoechoic tumour, which is wider than tall and with slight posterior enhancement. Histology showed carcinoma. (B) The strain
histogram is displayed as a bar chart, with the pixel colour values on the x-axis, and the number of pixels of a certain colour pr. 1000
pixels within the ROI on the y-axis. The mean colour value of the tumour is then calculated. In this case the mean colour value was 190,
signifying a relatively stiff tumour, consistent with carcinoma.

https://doi.org/10.1371/journal.pone.0186230.g003

sensitivity was 90.9% (40/44, (ClL: 77.4%-97.0%)), specificity was 89.1% (49/55, (CI: 77.1%-
95.5%)), positive predictive value was 87.0% (40/46, (CI: 73.0%-94.6%)) and negative predic-
tive value was 92.5%(49/53, CI: 80.9%-97.6%). The AUROC for B-mode BI-RADS was 0.949

Table 1. Table of the histological classifications of the included tumours.
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Table 2. Table of the distribution of malignant and benign tumours for BI-RADS 1-5.

BI-RADS 1 BI-RADS 2 BI-RADS 3 BI-RADS 4 BI-RADS 5
Malignant (%) 0(0) 0(0) 4(15.38) 5 (45.45) 35 (100)
Benign (%) 2(100) 25 (100) 22 (84.62) 6 (54.54) 0(0)

Total 2 25 26 11 35

The table shows the numbers of malignant, benign and total tumours (percentages in brackets) within each BI-RADS class.

https://doi.org/10.1371/journal.pone.0186230.t002

(CI: 0.907-0.992). For strain histograms and strain ratios AUROCs were 0.830 (CI: 0.748-
0.913) and 0.794 (CI: 0.703-0.885) respectively. The AUROC of B-mode ultrasound was signif-
icantly higher than that for both strain histograms and strain ratios (P<0.001, P = 0.008).
There was no significant difference between AUROC:S of strain histograms and strain ratios
(P =0.405). No effect of tumour depth, tumour maximal diameter or mammography density
was seen on strain histograms (P = 0.196, P = 0.115 and P = 0.321) or on strain ratios
(P=0.411,P=0.596 and P = 0.771).

Four of 26 tumours classified on ultrasound as BI-RADS 3 were malignant (Fig 5). By using
a cut-off of 189 for strain histograms and 1.44 for strain ratios, all four malignant BI-RADS 3
tumours could be reclassified as BI-RADS 4, while all tumours below the cut-offs were benign.
In all, ten BI-RADS 3 tumours (four malignant/six benign) were reclassified as BI-RADS 4 and
immediate biopsy using strain histograms, while this was the case for 21 BI-RADS 3 tumours
(four malignant/ seventeen benign) for strain ratios. This resulted in AUROCS of 0.961 (CI:
0.925-0.997) for strain histograms and BI-RADS combined and 0.941 (CI: 0.899-0.983) for
strain ratios and BI-RADS combined. None of them was significantly different from BI-RADS
scoring alone (P = 0.249 and P = 0.414).

Discussion

This study evaluates the diagnostic performance of strain histograms, strain ratios and ultra-
sound BI-RADS scoring in a population of patients undergoing biopsy of a breast tumour.

Strain Histograms Strain Ratios
250.00 100.00
10.00
150.00
100.00
1.00
50.00
0.00 0.10
Benign Malignant Benign Malignant

Fig 4. (A) Boxplots of the distribution of strain histogram values for benign and malignant tumours. Note that strain
histogram values are unitless (y-axis, range 0—-255). Upper and lower box limits are the .75 and .25 fractiles
respectively. The middle box line is the average of strain histogram values. Upper and lower whiskers represent
.975 and .025 fractiles respectively. (B) Boxplots of the distribution of strain ratio values for benign and malignant
tumours. Note that strain ratio values are unitless (y-axis, range 0-oc), and that the y-axis is logarithmic. Upper and
lower box limits are the .75 and .25 fractiles respectively. The middle box line is the average of strain ratios. Upper
and lower whiskers represent .975 and .025 fractiles respectively.

https://doi.org/10.1371/journal.pone.0186230.9004
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Fig 5. Diagrams showing the strain histogram and strain ratio values for all BI-RADS 3 tumours. Note that strain histogram
values (range 0-255) are unitless, and that strain ratios (range 0-oc) are also unitless and the y-axis is logarithmic. The dashed line on
each diagram shows the cut-off used when combining strain histogram (cut-off = 189) or strain ratio (cut-off = 1.44) values with
ultrasound BI-RADS scoring.

https://doi.org/10.1371/journal.pone.0186230.9005

AUROCs showed that strain histograms and ratios were equal in discerning malignant from
benign breast tumours, but were inferior to BI-RADS scoring.

When using strain elastography to upgrade BI-RADS 3 tumours to BI-RADS 4 and
immediate biopsy, strain histograms was were able to do so with fewer benign tumours
being reclassified as BI-RADS 4. The combined AUROC:s of BI-RADS scoring and strain
histograms and BI-RADS scoring and strain ratios were not significantly different from that
of BI-RADS scoring on its own. The study was not powered to assess the different ability to
successfully reclassify BI-RADS 3 tumours for immediate biopsy between strain histograms
and strain ratios.

Tumour maximal diameter, depth and mammography breast density had no effect on
strain histograms or ratios. Other studies have found improved diagnostic performance when
combining elastography and BI-RADS-scoring [11, 17, 18]. These studies have mainly been
performed with shear-wave elastography and not with strain elastography, which is still avail-
able on more different ultrasound scanner systems. Our results point towards an equal diag-
nostic gain in using strain elastography for reclassification of BI-RADS 3 tumours.

Few studies have investigated the application of strain histograms in breast cancer diagnosis
[19-22]. In most of these studies, strain histograms were used as part of a neural network anal-
ysis, and only limited data on strain histogram analysis in itself is available [19-21]. One study
on 68 BI-RADS 4 and 5 breast tumours showed slightly lower AUROC:S of strain histograms
than strain ratios, but direct statistical comparison was not performed [22].

Meta-analyses have shown that both strain and shear-wave elastography perform well in
breast cancer diagnosis [6, 23, 24]. As ultrasound BI-RADS scoring has a higher sensitivity
than elastography, elastography should be used in conjunction with B-mode imaging only.
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Strain ratios provide a semi-quantitative measure of tumour stiffness, which is desirable for
malignancy risk stratifications [7, 8]. Reported cut-offs for strain ratios in breast cancer diag-
nosis vary, probably because strain ratio calculations are affected by placing of reference ROIs
and are usually performed on single elastogram frames [7, 9, 25]. Most studies of quantitative
elastography such as acoustic radiation force imaging and shear wave elastography use multi-
ple measurements of tumour stiffness for each tumour, which may be time consuming [11,
26]. Also shear-wave speed measurements can be erroneous if transducer precompression is
excessive [5, 27, 28]. Precompression is not a confounder in strain elastography, as tumour
stiffness evaluation is relative to the surrounding tissue, and both tumour and surrounding tis-
sue are exposed to the same amount of precompression. If implemented in the US-scanner
software, strain histogram values can be quickly measured from a single ROI and averaged
over an entire elastography cine loop.

When combining a new diagnostic test with an established one, such as the BI-RADS classi-
fication, a key matter to consider is how to combine the two tests. Studies have used reclassifi-
cations of either BI-RADS 3 or the BI-RADS 4a subclass (low suspicion of malignancy), or
both, according to elastography assessments, as these classes have the most false negative and
false positive results [11, 12, 17, 18].

For strain ratio calculation, the two ROIs are subject to equal scanning conditions and are
therefore theoretically unaffected by anything but the difference in tissue strain. As strain his-
tograms are calculated from a single ROI, tumour depth and size, and breast density could
have an impact on strain histogram values. In this study neither tumour depth or size, nor
breast density had an impact on strain histograms and strain ratios. In agreement with this,
phantom studies have shown, that lesion size carries little impact in strain histogram and strain
ratio values [10, 29]. Although an increase in breast density could be thought to increase the
stiffness of tissue surrounding breast tumours, this study found no correlation between the
two. Previous findings on breast density impact on strain elastography imaging are not unani-
mous, while no previous studies of lesion depth have been reported [9, 12].

Limitations

Four out of 26 BI-RADS 3 tumours were malignant which is a high fraction of malignant BI-R-
ADS 3 tumours compared to other studies, which may be due to a small sample size. Larger
studies are needed to further clarify the reason for this high malignancy rate. The sensitivity
and AUROC for BI-RADS scoring found in this study is comparable to the ones reported in
previous work, and specificity was relatively high, signifying that the overall BI-RADS classifi-
cation was performed adequately [30]. A larger study, with more BI-RADS 3 tumours would
make the applicability of strain elastography for this subclass more reliable.

Many studies of ultrasound elastography in breast tumour diagnosis use only histological
biopsy as gold standard. In the Scandinavian countries there has been a long tradition of using
triple testing in breast diagnosis consisting of palpation, imaging (mammography and/or
ultrasound) and fine-needle aspiration in suspicious tumours. Studies have shown that triple
testing is equally certain to histological biopsy. We chose therefore to include tumours on
which triple testing was used as gold standard.

Strain histogram analysis was performed off-line in this study, which makes the analysis
time-consuming and unfit for clinical use. Strain histogram software is however available for
some ultrasound systems and should be easy to implement in a clinical set-up.

The study was performed in a specialized breast radiology unit, with a high frequency of
malignancies. A strength of the study was that only one, highly experienced breast radiologist
performed all examinations, but the results could differ for less experienced operators in less
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specialized departments. It is a limitation of this study that no inter- or intraobserver evalua-
tion of strain histogram analysis was undertaken. Previous studies have found that both intra-
and interobserver agreement is an issue with both semi-quantitative and qualitative strain elas-
tography while shear-wave elastography generally shows less variability [31-33]. To reduce the
variability between strain ratios and strain histograms these were performed using similar
tumour ROIs.

Conclusion

Strain histogram analyses are reliable and easy to do in breast cancer diagnosis and perform
comparably to strain ratio analyses. Strain histograms and ratios are unaffected by tumour size
and depth, and breast density assessed by mammography. No significant difference in AUR-
OCs between BI-RADS scoring and elastography combined with BI-RADS scoring was found
in this study.

Author Contributions

Conceptualization: Jonathan Frederik Carlsen, Caroline Ewertsen, Susanne Sletting, Maj-Lis
Talman, Ilse Vejborg, Michael Bachmann Nielsen.

Data curation: Jonathan Frederik Carlsen, Caroline Ewertsen, Susanne Sletting, Maj-Lis Tal-
man, Ilse Vejborg.

Formal analysis: Jonathan Frederik Carlsen, Caroline Ewertsen, Susanne Sletting, Maj-Lis
Talman, Ilse Vejborg, Michael Bachmann Nielsen.

Investigation: Jonathan Frederik Carlsen, Caroline Ewertsen, Susanne Sletting, Maj-Lis Tal-
man, Ilse Vejborg, Michael Bachmann Nielsen.

Methodology: Jonathan Frederik Carlsen, Caroline Ewertsen, Susanne Sletting, Maj-Lis Tal-
man, Ilse Vejborg, Michael Bachmann Nielsen.

Project administration: Jonathan Frederik Carlsen, Michael Bachmann Nielsen.
Supervision: Caroline Ewertsen, Ilse Vejborg, Michael Bachmann Nielsen.

Writing - original draft: Jonathan Frederik Carlsen, Caroline Ewertsen, Susanne Sletting,
Maj-Lis Talman, Ilse Vejborg, Michael Bachmann Nielsen.

Writing - review & editing: Jonathan Frederik Carlsen, Caroline Ewertsen, Susanne Sletting,
Maj-Lis Talman, Ilse Vejborg, Michael Bachmann Nielsen.

References

1. Cosgrove D, Piscaglia F, Bamber J, Bojunga J, Correas J-M, Gilja OH, et al. EFSUMB Guidelines and
Recommendations on the Clinical Use of Ultrasound Elastography.Part 2: Clinical Applications. Ultra-
schallin Med. 2013. 34:238-253.

2. Barr RG, Nakashima K, Amy D, Cosgrove D, Farrokh A, Schafer F, et al. WFUMB guidelines and rec-
ommendations for clinical use of ultrasound elastography: Part 2: breast. Ultrasound Med Biol. 2015.
41:1148-1160. https://doi.org/10.1016/j.ultrasmedbio.2015.03.008 PMID: 25795620

3. CarlsenJ, Ewertsen C, Sletting S, Vejborg |, Schafer F, Cosgrove D, et al. Ultrasound Elastography in
Breast Cancer Diagnosis. Ultraschall in Med. 2015. 36:550-562. https://doi.org/10.1055/s-0035-
1553293 PMID: 26274379

4. Lee SH, ChangJM, Cho N, Koo HR, Yi A, Kim SJ, et al. Practice guideline for the performance of breast
ultrasound elastography. Ultrasonography. 2014. 33:3—-10. https://doi.org/10.14366/usg.13012 PMID:
24936489

PLOS ONE | https://doi.org/10.1371/journal.pone.0186230 October 26, 2017 10/12


https://doi.org/10.1016/j.ultrasmedbio.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25795620
https://doi.org/10.1055/s-0035-1553293
https://doi.org/10.1055/s-0035-1553293
http://www.ncbi.nlm.nih.gov/pubmed/26274379
https://doi.org/10.14366/usg.13012
http://www.ncbi.nlm.nih.gov/pubmed/24936489
https://doi.org/10.1371/journal.pone.0186230

@° PLOS | ONE

Strain elastography semi quantification in breast tumours

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Bamber J, Cosgrove D, Dietrich CF, Fromageau J, Bojunga J, Calliada F, et al. (2013) EFSUMB Guide-
lines and Recommendations on the Clinical Use of Ultrasound Elastography. Part 1: Basic Principles
and Technology. Ultraschall in Med. 2013. 34:169-184.

Sadigh G, Carlos R, Neal C, Dwamena B Accuracy of quantitative ultrasound elastography for differenti-
ation of malignant and benign breast abnormalities: a meta-analysis. Breast Cancer Res Treat. 2012.
134:923-31. https://doi.org/10.1007/s10549-012-2020-x PMID: 22418703

Fischer T, Peisker U, Fiedor S, Slowinski T, Wedemeyer P, Diekmann F, et al. Significant differentiation
of focal breast lesions: raw data-based calculation of strain ratio. Ultraschall in Med. 2012. 33:372-379.

Zhi H, Xiao X-Y, Yang H-Y, Wen Y-L, Ou B, Lou B-M, et al. Semi-quantitating stiffness of breast solid
lesions in ultrasonic elastography. Acad Radiol. 2008. 15:1347-1353. https://doi.org/10.1016/.acra.
2008.08.003 PMID: 18995186

Stachs A, Hartmann S, Stubert J, Dieterich M, Martin A, Kundt G, et al. Differentiating between malig-
nant and benign breast masses: factors limiting sonoelastographic strain ratio. Ultraschall in Med. 2013
34:131-136.

Carlsen J, Ewertsen C, Saftoiu A, Lénn L, Nielsen MB. Accuracy of Visual Scoring and Semi-Quantifica-
tion of Ultrasound Strain Elastography—a Phantom Study. PLoS ONE 9. 2014. (2):e88699.

Berg WA, Cosgrove DO, Doré CJ, Schafer FKW, Svensson WE, Hooley RJ, et al. Shear-wave elasto-
graphy improves the specificity of breast US: the BE1 multinational study of 939 masses. Radiology.
2012. 262:435-449. https://doi.org/10.1148/radiol. 11110640 PMID: 22282182

Hatzung G, Grunwald S, Zygmunt M, Geald A-A, Behrndt P-O, Isermann J, et al. Sonoelastography in
the diagnosis of malignant and benign breast lesions: initial clinical experiences. Ultraschall in Med.
2010. 31:596-603.

Hermansen C, Poulsen HS, Jensen J, Langfeldt B, Steenskov V, Frederiksen P, et al. Diagnostic reli-
ability of combined physical examination, mammaography, and fine-needle puncture (“triple-test”) in
breast tumors: A prospective study. Cancer. 1987. 60:1866—1871. PMID: 3652014

Mendelson EB, Bohm-Vélez M, Berg WA, et al., editors. Breast Imaging Reporting and Data System:
ACR BI-RADS—-Breast Imaging. 1. Atlas, Reston, VA: American College of Radiology; 2003.

Christiansen P, Jylling A, Nielsen M Danish Breast Cancer Cooperative Group Guidelines 2011. In:
Danish Breast Cancer Cooperative Group Guidelines, 2nd part, “Diagnosis”, by the Danish Breast Can-
cer Cooperative Group. http://dbcg.dk/PDF%20Filer/Kap_2_Diagnose_24.05.2013.pdf.

Rasband WS ImageJ: Image processing and analysis in Java. Astrophysics Source Code Library -
1:06013. 2012. http://ascl.net/1206.013

Youk JH, Gweon HM, Son EJ, Han KH, Kim J-A. Diagnostic value of commercially available shear-
wave elastography for breast cancers: integration into BI-RADS classification with subcategories of cat-
egory 4. Eur Radiol. 2013. 23:2695-2704. https://doi.org/10.1007/s00330-013-2873-3 PMID:
23652850

Lee SH, Chang JM, Kim WH, Bae MS, Seo M, Koo RH, et al. Added Value of Shear-Wave Elastography
for Evaluation of Breast Masses Detected with Screening US Imaging. Radiology. 2014. 273:61-69.
https://doi.org/10.1148/radiol. 14132443 PMID: 24955927

Moon WK, Huang C-S, Shen W-C, Takada E, Chang R-F, Joe J, et al. Analysis of elastographic and B-
mode features at sonoelastography for breast tumor classification. Ultrasound Med. Biol. 2009.
35:1794-1802. https://doi.org/10.1016/j.ultrasmedbio.2009.06.1094 PMID: 19767139

Chung SY, Moon WK, Choi JW, Cho N, Jang M, Kim KG. Differentiation of benign from malignant non-
palpable breast masses: a comparison of computer-assisted quantification and visual assessment of
lesion stiffness with the use of sonographic elastography. Acta Radiol. 2010. 51:9-14. https://doi.org/
10.3109/02841850903273966 PMID: 19929254

Moon WK, Choi JW, Cho N, Park SH, Chang JM, Jang M, et al. Computer-aided analysis of ultrasound
elasticity images for classification of benign and malignant breast masses. Am J Roentgenol. 2010.
195:1460-1465. https://doi.org/10.2214/AJR.09.3140 PMID: 21098210

Houelleu Demay M-L, Monghal C, Bertrand P, Vildé A, Brunerau L. An assessment of the performance
of elastography for the investigation of BI-RADS 4 and BI-RADS 5 breast lesions: correlations with path-
ological anatomy findings. Diagn Interv Imaging. 2012. 93:757-766. https://doi.org/10.1016/j.diii.2012.
03.015 PMID: 23021869

Chen L, He J, Liu G, Shao K, Zhou M, Li B, et al. Diagnostic performances of shear-wave elastography
for identification of malignant breast lesions: a meta-analysis. Jpn J Radiol. 2014. 32:592-599. https://
doi.org/10.1007/s11604-014-0349-2 PMID: 25195123

Sadigh G, Carlos RC, Neal CH, Dwamena BA. Ultrasonographic differentiation of malignant from
benign breast lesions: a meta-analytic comparison of elasticity and BIRADS scoring. Breast Cancer
Res Treat. 2012. 133:23-35. https://doi.org/10.1007/s10549-011-1857-8 PMID: 22057974

PLOS ONE | https://doi.org/10.1371/journal.pone.0186230 October 26, 2017 11/12


https://doi.org/10.1007/s10549-012-2020-x
http://www.ncbi.nlm.nih.gov/pubmed/22418703
https://doi.org/10.1016/j.acra.2008.08.003
https://doi.org/10.1016/j.acra.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18995186
https://doi.org/10.1148/radiol.11110640
http://www.ncbi.nlm.nih.gov/pubmed/22282182
http://www.ncbi.nlm.nih.gov/pubmed/3652014
http://dbcg.dk/PDF%20Filer/Kap_2_Diagnose_24.05.2013.pdf
http://ascl.net/1206.013
https://doi.org/10.1007/s00330-013-2873-3
http://www.ncbi.nlm.nih.gov/pubmed/23652850
https://doi.org/10.1148/radiol.14132443
http://www.ncbi.nlm.nih.gov/pubmed/24955927
https://doi.org/10.1016/j.ultrasmedbio.2009.06.1094
http://www.ncbi.nlm.nih.gov/pubmed/19767139
https://doi.org/10.3109/02841850903273966
https://doi.org/10.3109/02841850903273966
http://www.ncbi.nlm.nih.gov/pubmed/19929254
https://doi.org/10.2214/AJR.09.3140
http://www.ncbi.nlm.nih.gov/pubmed/21098210
https://doi.org/10.1016/j.diii.2012.03.015
https://doi.org/10.1016/j.diii.2012.03.015
http://www.ncbi.nlm.nih.gov/pubmed/23021869
https://doi.org/10.1007/s11604-014-0349-2
https://doi.org/10.1007/s11604-014-0349-2
http://www.ncbi.nlm.nih.gov/pubmed/25195123
https://doi.org/10.1007/s10549-011-1857-8
http://www.ncbi.nlm.nih.gov/pubmed/22057974
https://doi.org/10.1371/journal.pone.0186230

@° PLOS | ONE

Strain elastography semi quantification in breast tumours

25.

26.

27.

28.

29.

30.

31.

32.

33.

Havre RF, Waage JR, Gilja OH, Odegaard S, Nesje LB. Real-Time Elastography: Strain Ratio Mea-
surements Are Influenced by the Position of the Reference Area. Ultraschall in Med 2012. 33:559-568.
https://doi.org/10.1055/s-0031-1273247 PMID: 21667433

Tozaki M, Isobe S, Sakamoto M. Combination of elastography and tissue quantification using the
acoustic radiation force impulse (ARFI) technology for differential diagnosis of breast masses. Jpn J
Radiol. 2012. 30:659-670. https://doi.org/10.1007/s11604-012-0106-3 PMID: 22836905

Shiina T, Nightingale KR, Palmeri ML, Hall TJ, Bamber JC, Barr RG, et al. WFUMB guidelines and rec-
ommendations for clinical use of ultrasound elastography: Part 1: basic principles and terminology.
Ultrasound Med Biol. 2015. 41:1126—1147. https://doi.org/10.1016/j.ultrasmedbio.2015.03.009 PMID:
25805059

Barr RG, Zhang Z (2012) Effects of Precompression on Elasticity Imaging of the Breast Development of
a Clinically Useful Semiquantitative Method of Precompression Assessment. JUM. 2012. 31:895-902.

Carlsen JF, Pedersen MR, Ewertsen C, Saftoiu A, Lénn L, Rafaelsen S, et al. A comparative study of
strain and shear-wave elastography in an elasticity phantom. Am J Roentgenol. 2015. 204:W236—242.
https://doi.org/10.2214/AJR.14.13076 PMID: 25714307

Berg WA, Blume JD, Cormack JB, Mendelson EB. Training the ACRIN 6666 Investigators and Effects
of Feedback on Breast Ultrasound Interpretive Performance and Agreement in BI-RADS Ultrasound
Feature Analysis. Am J Roentgenol. 2012. 199:224-235. https://doi.org/10.2214/AJR.11.7324 PMID:
22733916

Kim MY, Cho N, Yi A, et al. Sonoelastography in Distinguishing Benign from Malignant Complex Breast
Mass and Making the Decision to Biopsy. Korean J Radiol. 2013. 14:559-567. https://doi.org/10.3348/
kjr.2013.14.4.559 PMID: 23901312

Yoon JH, Kim MH, Kim E-K, Koo HR, Yun BL, Moon WK. Interobserver Variability of Ultrasound Elasto-
graphy: How It Affects the Diagnosis of Breast Lesions. Am J Roentgenol. 2011. 196:730-736. https:/
doi.org/10.2214/AJR.10.4654 PMID: 21343520

Cosgrove DO, Berg WA, Dore CJ, Skyba DM, Henry J-P, Gay J, et al. Shear wave elastography for
breast masses is highly reproducible. Eur Radiol. 2012. 22:1023-1032. https://doi.org/10.1007/
s00330-011-2340-y PMID: 22210408

PLOS ONE | https://doi.org/10.1371/journal.pone.0186230 October 26, 2017 12/12


https://doi.org/10.1055/s-0031-1273247
http://www.ncbi.nlm.nih.gov/pubmed/21667433
https://doi.org/10.1007/s11604-012-0106-3
http://www.ncbi.nlm.nih.gov/pubmed/22836905
https://doi.org/10.1016/j.ultrasmedbio.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25805059
https://doi.org/10.2214/AJR.14.13076
http://www.ncbi.nlm.nih.gov/pubmed/25714307
https://doi.org/10.2214/AJR.11.7324
http://www.ncbi.nlm.nih.gov/pubmed/22733916
https://doi.org/10.3348/kjr.2013.14.4.559
https://doi.org/10.3348/kjr.2013.14.4.559
http://www.ncbi.nlm.nih.gov/pubmed/23901312
https://doi.org/10.2214/AJR.10.4654
https://doi.org/10.2214/AJR.10.4654
http://www.ncbi.nlm.nih.gov/pubmed/21343520
https://doi.org/10.1007/s00330-011-2340-y
https://doi.org/10.1007/s00330-011-2340-y
http://www.ncbi.nlm.nih.gov/pubmed/22210408
https://doi.org/10.1371/journal.pone.0186230

