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Abstract—Quantitative ultrasound (QUS) techniques have been demonstrated to detect cell death in vitro and
in vivo. Recently, multi-feature classification models have been incorporated into QUS texture-feature analysis
methods to increase further the sensitivity and specificity of detecting treatment response in locally advanced breast
cancer patients. To effectively incorporate these analytic methods into clinical applications, QUS and texture-
feature estimations should be independent of data acquisition systems. The study here investigated the consistencies
of QUS and texture-feature estimation techniques relative to several factors. These included the ultrasound system
properties, the effects of tissue heterogeneity and the effects of these factors on the monitoring of response to neoad-
juvant chemotherapy. Specifically, tumour-response�detection performance based on QUS and texture parame-
ters using two clinical ultrasound systems was compared. Observed variations in data between the systems were
small and the results exhibited good agreement in tumour response predictions obtained from both ultrasound
systems. The results obtained in this study suggest that tissue heterogeneity was a dominant feature in the parame-
ters measured with the two different ultrasound systems; whereas differences in ultrasound system beam properties
only exhibited a minor impact on texture features. The McNemar statistical test performed on tumour response
prediction results from the two systems did not reveal significant differences. Overall, the results in this study dem-
onstrate the potential to achieve reliable and consistent QUS and texture-based analyses across different ultrasound
imaging platforms. (E-mail: Gregory.Czarnota@sunnybrook.ca) © 2020 World Federation for Ultrasound in
Medicine & Biology. All rights reserved.
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INTRODUCTION

Ultrasound scattering from biologic tissue contributes to

diagnostic information in medical ultrasound. In conven-

tional gray-scale imaging, tissue characteristics are inter-

preted from variations in image brightness, normally

obtained from the envelope of ultrasound radiofrequency

(RF) signals. However, such images only use a fraction of

the information available in RF signals. In contrast, quan-

titative ultrasound (QUS) methods provide more detailed

information about tissue properties, based on fundamental

acoustic attributes of tissue (Insana and Hall 1990).
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QUS techniques have been used in various tissue

characterization applications such as the differentiation

between normal and fatty liver (Ghoshal et al. 2012), the

diagnosis of ocular tumours, the characterization of pros-

tate cancer (Feleppa et al. 1997) and breast masses

(Tadayyon et al. 2014) and the studies of cardiac and vas-

cular abnormalities (Yang et al. 2007). In these applica-

tions, the QUS parameters such as mid-band fit (MBF),

spectral slope (SS), 0-MHz spectral intercept (SI), inte-

grated backscatter coefficient, average scatterer diameter

(ASD) and average acoustic concentration (AAC) were

measured using QUS analysis methods (Insana and Hall

1990; Feleppa et al. 1997; Lizzi et al. 1997). In several

preclinical studies, such parameters have been used for

detecting tumour response to various treatments such as

chemotherapy, photodynamic therapy, radiation therapy
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and ultrasound-mediated microbubble therapy (Baniha-

shemi et al. 2008; Vlad et al. 2008, 2009; Czarnota et al.

2012; Lee et al. 2012). Newer texture-based analyses of

QUS parametric maps have shown a strong correlation to

biologic changes in tissue, such as apoptosis, a pro-

grammed form of cell death (Sadeghi-Naini et al. 2013a,

2014). Recently, QUS techniques have been used in

locally advanced breast cancer (LABC) treatment

response monitoring studies. LABC is an aggressive form

of breast cancer that comprises a wide range of clinical

presentations including T3/T4 disease, tumour with size

greater than 5 cm or extensive axillary lymph node

involvement. Very recently, multi-feature classification

models have been developed based on QUS and texture

features to detect the response of LABC to neoadjuvant

chemotherapy early after the start of treatment, with accu-

racies above 80% (Sadeghi-Naini et al. 2017).

For tumour response detection to be translated into

a clinical application, QUS and QUS-texture features

must be reproducible across different equipment plat-

forms and transducers. Studies have evaluated tissue

mimicking phantoms with known properties to demon-

strate agreement between different ultrasound equipment

platforms (Anderson et al. 2010; Nam et al. 2011; Nam

et al. 2012a, 2012b). Scattering properties of animal

tumours have also been examined using 3 clinical ultra-

sound systems and 1 laboratory ultrasound system with a

total of 9 different transducers. Results there demon-

strated reasonable agreements between the backscatter

coefficient measurements acquired on the different sys-

tems (Wirtzfeld et al. 2010).

Recently, QUS parameters obtained from treated

mouse tumours, using a single-element, high-frequency

transducer and a conventional low-frequency linear array

transducer were compared (Sadeghi-Naini et al. 2013b).

The results demonstrated an increase in the MBF and SI

parameter values after treatment, using both low- and

high-frequency ultrasound. The magnitude of the change

in QUS parameters after treatment differed as expected

between low- and high-frequency ultrasound. For exam-

ple, increases in MBF after 24 h of treatment were

+6 dB, and +3.5 dB for conventional low- and high-

frequency ultrasound, respectively. The differences in

magnitudes may have been attributable to the following

variations in transducer characteristics: axial and lateral

resolution and frequency bandwidth, which can affect

the measurement of tissue scattering properties. To date,

a comparison of QUS measurements in a clinical breast

cancer model, using multiple ultrasound imaging plat-

forms, has not been performed.

In this study, first, the consistencies of QUS and tex-

ture-feature estimation techniques were investigated in

terms of their dependence on several factors, including

ultrasound system characteristics and tissue heterogeneity.
Second, the effects of these factors on the monitoring of

responses to neoadjuvant chemotherapy were also investi-

gated. Finally, the performance of two computer-assisted

tumour response monitoring systems based on multi-fea-

ture classification models, proposed in Sadeghi-Naini

et al. (2017), were evaluated using clinical data sets

acquired using two different ultrasound systems. In gen-

eral, the results obtained in this study suggest that it is

possible to obtain agreement among QUS parameters and

QUS-based texture measurements from different clinical

ultrasound systems. The work demonstrates the potential

to conduct tumour response monitoring using QUS and

QUS-based texture parameters.
MATERIALS ANDMETHODS

Patients and clinical data

A total of 24 LABC patients were enrolled in a

tumour response monitoring study approved by the Sun-

nybrook Research Institute (Toronto, ON, Canada)

research ethics board. All 24 patients signed an informed

consent form before participating in this study. Standard

therapy for LABC consisted of a multimodality treat-

ment. Treatment in these patients started with neoadju-

vant chemotherapy to facilitate tumour shrinkage and

metastatic control. This was followed by surgery and

then radiation therapy. Chemotherapy was chosen based

on the histologic type of breast cancer, its grade and dis-

ease stage and the patient’s overall health status. Chemo-

therapy was administered as a combination of several

drugs to achieve a more effective response. All LABC

patients underwent breast surgery after the completion

of neoadjuvant chemotherapy, based on institutional

guidelines. The choice for surgery (mastectomy or breast

conserving surgery [BCS]) was at the discretion of the

surgeon and the patient based on the response of the

tumour to neoadjuvant chemotherapy and the feasibility

of preserving the breast (Cho et al. 2013; Barranger et al.

2015; Sun et al. 2017). After surgery (mastectomy/

BCS), radiation therapy was used to increase the locore-

gional control rate and overall survival (Hortobagyi

1990; Senkus et al. 2015; National Comprehensive Can-

cer Network 2016; Rubovszky and Horv�ath 2017).

Before treatment, as part of their clinical care, all

patients were subjected to a core needle biopsy to con-

firm a cancer diagnosis, and to obtain information

regarding histologic subtype and hormone receptors sta-

tus such as estrogen receptor (ER), progesterone receptor

(PR) and human epidermal growth factor receptor 2

(HER2). Mastectomy specimens were examined by a

board-certified pathologist, using whole-mount 5”£ 7”

pathology slides digitized using a confocal scanner (TIS-

SUEscope, Huron Technologies, Waterloo, ON, Can-

ada). The standard approach to determine tumour
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pathologic response to chemotherapy was based on sur-

gical histopathology. Systematic techniques such as the

Miller and Payne score were used to describe pathologic

response to chemotherapy based on the cellular and his-

topathologic characteristics of the tumour (Ogston et al.

2003). In this study, patients were divided into 2 groups

based on Miller-Payne scores from their pathology

reports. Patients with a Miller-Payne score of 3�5 and

more than a 30% reduction in tumour size compared

with pre-treatment size were classified as responders

(R). Patients with a Miller-Payne score of 1 or 2 and less

than 30% reduction in tumour size were defined as non-

responders (NR).
Ultrasound systems and scanning protocol

Ultrasound RF data were acquired from breast

tumours using two clinical systems: an Ultrasonix�RP

([ULX] Ultrasonix Medical Corp., Richmond, BC, Can-

ada), and a GE�LOGIQ E9 ([GE] Healthcare, Milwau-

kee, WI, USA). The ULX was used with an L14-5/60

transducer, operating at a center frequency of 6.3 MHz.

After scanning with the ULX device, the GE—equipped

with a 9 L-D linear array transducer, operating at a cen-

ter frequency of 6 MHz—was also used to scan the

breast. Physical and beam properties for the ULX’s L14-

5/60 and GE’s 9 L-D linear array transducers are sum-

marized in Table 1. Transducer beam properties, includ-

ing axial resolution, lateral resolution and depth of

focus, were measured using a wire-target technique with

a wire diameter of 180 mm (Raum and O’Brien1997).

Ultrasound data were acquired from breast tumour vol-

umes before treatment; then at weeks 1, 4 and 8 after the

start of treatment; and before surgery, with both the

ULX and GE clinical systems. Depending on tumour

size, 4�6 image planes were acquired at 1-cm intervals

across the breast tumour volume, with the transducer

focus at the mid-depth of the tumour. Scan focal depths
Table 1. Physical parameters and beam parameters of L14-5/60
(ULX) and 9 L-D (GE) linear array transducers

Parameters Ultrasonix � RP
L14-5/60

GE-LOGIQ
9 L-D

Number of elements 128 192
Kerf width [mm] 25 23
Element width [mm] 477 207
Elevation [mm] 4 6
Elevation focus [mm] 14 28
Depth of focus (�6 dB) [mm] 16.7 28.1
Centre frequency [MHz] 6.3 6.0
Frequency bandwidth range [MHz] 3�8 3.5�8.5
f-number 1.82 3.33
Axial resolution at 15 mm
(�6 dB) [mm]

198 420

Lateral resolution at 15 mm
(�6 dB) [mm]

483 1231
remained consistent for individual patients throughout

the study. All breast tumours were scanned by placing a

linear array transducer in the radial direction with respect

to the tumour.

Ultrasound data analysis

For each scan, 4�6 image planes were acquired.

The tumour region of interest (ROI) was selected by a

radiologist for all tumour RF data frames. Each ROI was

divided into window blocks (15λ£ 15λ), using a Han-

ning window with a specific overlap percentage along

the axial and lateral directions as discussed later in this

report. Here, λ is the wavelength at the center frequency.

The power spectral density was computed by taking the

square magnitude of the fast Fourier transform of the

gated RF signal. In this study, each window block was

assumed to contain uniform diffuse scatterers (Yao et al.

1990). Based on this assumption, the power spectra com-

puted from the gated RF signals within each window

block were averaged for further processing. In several

tissue characterization studies (Lizzi et al. 1983; Oelze

and Zachary 2006; Vlad et al. 2009), a data reduction

method, using a plane reflector, was utilized for accurate

backscatter property estimation from the ultrasound data

acquired with unfocused or focused single element disk

transducers. However, for more complex transducers,

such as arrays, a reference phantom method was subse-

quently proposed to remove system dependent effects in

backscatter property estimation (Yao et al. 1990). In this

current study, the sample spectrum was normalized using

a reference phantom to account for instrumental and

transmission path factors. In the reference phantom

method, the sample power spectrum is normalized by

dividing the measured power spectrum by the spectrum

from a reference phantom. The intervening tissue and

tumour attenuations were compensated before determin-

ing tumour scatter parameters from the normalized

power spectrum. A breast attenuation coefficient of

1 dB/MHz/cm was assumed for the intervening tissue,

including skin, subcutaneous fat and fibroglandular tis-

sue, based on published attenuation coefficients (Duric

et al. 2005). The tumour attenuation was estimated using

a reference phantom method (Labyed and Bigelow

2011). For tumour attenuation estimation, the backscat-

ter coefficient was assumed to be constant within the

selected ROI (parameter estimation region). To obtain

the attenuation, the linear rate of decrease in the log-

transformed normalized power spectrum, with the depth

in the ROI at each frequency, was calculated. The attenu-

ation coefficient divided by frequency, for the frequency

bandwidth of 3�8 MHz, was then averaged. The refer-

ence phantom used in this study consisted of glass beads

(5�30 mm) embedded in a homogeneous background of

microscopic oil droplets in gelatin. This reference
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phantom was prepared at the Medical Physics Depart-

ment, University of Wisconsin, Madison WI, USA, and

sent to the Department of Electrical and Computer Engi-

neering, University of Illinois, Urbana, IL, USA, for the

measurement of ultrasonic properties. The attenuation

coefficient and speed of sound were measured in

through-transmission, using the insertion loss and the

arrival time difference techniques (Kremkau et al. 1981;

Madsen et al. 1982), respectively. A total of 4 spherically

focused transducers with center frequencies of 2.5, 5, 7.5

and 10 MHz were used for this measurement. The atten-

uation coefficient and speed of sound of the reference

phantom were 0.786 dB/MHz/cm and 1540 m/s, respec-

tively. The backscatter coefficient of the reference phan-

tom was measured using the method proposed by Insana

and Hall (Insana et al. 1990; Insana and Hall 1990), in

which the power spectra of reflected RF waveforms

were compared with the spectrum of a plane reflector at

the same axial position, after compensation for attenua-

tion of an intermediate medium. Four spherically

focused transducers with centre frequencies of 1.5, 3.5,

7.5 and 13 MHz were used to calculate backscatter coef-

ficients for the frequency range 1.5�20 MHz.

The tumour spectral parameters—MBF, SS and

SI—were determined from the log-compressed, attenua-

tion-compensated, normalized power spectrum by linear

regression analysis over the frequency bandwidth. The

ASD and AAC were derived from the backscatter coeffi-

cient, (sm(f )) obtained from the normalized spectrum as

follows:

sm f ; Zð Þ ¼ Sm f ; Zð Þ
Sr f ; Zð Þ

sr fð Þe4 am fð ÞZmþai fð ÞZi�ai fð ÞZð Þ ð1Þ

where Sm( f, Z) and Sr( f, Z) are power spectra of the

tumour and reference phantom, respectively; sm( f, Z)

and sr( f) are backscatter coefficients of the tumour and

reference phantom, respectively; Z ð¼ Zm þ ZiÞ is depth
of the window block (15λ£ 15λ) with respect to the

transducer; f is frequency in MHz. Zi and Zm are the

depth of the intervening tissue/tumour interface with

respect to the transducer and depth of the window block

with respect to the intervening tissue/tumour interface,

respectively; and am( f), ai( f) and ar( f) are the attenua-

tion coefficients of the tumour, intervening tissue and

reference phantom, respectively. Then ASD and AAC

were estimated by comparing the theoretically derived

backscatter coefficient (stheor( f )), using a spherical

Gaussian scatterer form factor model (Oelze and

O’Brien 2002; Gerig et al. 2003), to the measured back-

scatter coefficient using a least-squares method.

FFGaussian f ; aeff
� � ¼ exp �0:827 k:aeff

� �� � ð2Þ
stheor fð Þ ¼ Cf 4a6eff ng
2
0FFGaussian f ; aeff

� � ð3Þ
where FFGaussian( f, aeff) is the Gaussian form factor; aeff
is the scatter size and k is the wave number. The constant

Cis equal to p4=36c4 and c is the speed of sound in the

medium. In this study, a speed of sound of 1540 m/s was

assumed for breast tissue. This value is consistent with

ultrasound tomography�derived measurement of speed

of sound in the breast (Li et al. 2009). The product of the

average number of scatters per unit volume, n, and the

mean-square variation in acoustic impedance between a

scatterer and the surrounding medium, g2
0, is the scatter-

ing strength or acoustic concentration.

The scatterer spacing (SAS), which is the spacing

between two adjacent scatterers was determined using an

autoregressive spectral analysis method by modeling the

tumour echo signal as an autoregressive signal (Wear

et al. 1993). The order of the autoregressive model was

selected based on general features from tissue histopathol-

ogy images. The ultrasound frequency used in this study

can detect microstructures approximately 250 mm in size.

This is comparable to lobule diameters observed from his-

topathology images. The spacing between the lobules was

in the range of 200�900 mm. The order of the autoregres-

sive model, the p value, was selected based on this spac-

ing distance. A p value of 50 was set to the maximum

value of the SAS detectable by this method. Finally,

color-coded parametric maps were developed for each

estimated QUS parameter by generating a spatial map of

the parameter values computed over all window blocks.

Equivalent pixel resolution QUS parametric maps were

obtained from the ULX and GE ultrasound system RF sig-

nals by adjusting the overlap percentage based on their

axial and lateral resolutions. For the ULX system data, a

window overlap percentage of 95% (axial)£ 99% (lat-

eral) was used. For the GE system data, a window overlap

of 94% (axial)£ 91% (lateral) was used.

In addition to the mean values of QUS parameters,

which were determined by averaging QUS parametric

map pixel values, spatial distributions of QUS parame-

ters in parametric maps were evaluated using a gray-

level co-occurrence matrix (GLCM) (Haralick et al.

1973) method, which represents the angular relationship

between neighboring pixels as well as their distances in

parametric maps. A total of 16 symmetric GLCMs were

constructed for each parametric map, considering each

pixel’s neighbors are located at different distances and

directions (i.e., at distances of 1, 2, 3 and 4 pixels and at

angles of 08, 458, 908 and 1358). From each symmetric

GLCM, 4 texture features—specifically, the contrast

(CON), correlation (COR), homogeneity (HOM) and

energy (ENE)—were determined and averaged. Hence,

in this study, a total of 24 textural features (4 texture
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features from each of MBF, SS, SI, ASD, AAC and SAS

parametric maps) were computed. A total of 31 features

(6 mean of QUS parameters, 24 texture features and

ACE) were determined from tumour data. All QUS and

texture parameters were estimated from tumour RF data

acquired at weeks 1, 4 and 8 after treatment, using the

ULX and GE ultrasound systems.
Classification of patient response to treatment

To characterize tumour response to treatment,

multi-parametric classification models proposed in our

earlier study were used (Sadeghi-Naini et al. 2017).

Those classification models were developed based on a

100 LABC patient QUS and texture-feature data set (81

responders and 19 non-responders) acquired with the

ULX system, using a k-nearest neighbor classifier. The

accuracies of those classification models in differentiat-

ing responders from non-responders at weeks 1, 4 and 8

after treatment initiation were reported to be 82%, 86%

and 85%, respectively. Those models were applied to the

QUS and texture-based parameters estimated from the

24 LABC patient ULX and GE data acquired in the pres-

ent study, and tumour responses were classified sepa-

rately for the 2 ultrasound system data sets.
Consistency analysis

Before performing tumour response detection, the

consistencies of QUS and texture-feature estimation

techniques were investigated with respect to several fac-

tors. These factors included measurement stability, ultra-

sound system characteristics and tissue heterogeneity.

First, the measurement stability, which represented var-

iations in QUS parameter estimation over time and

between users, was determined for the ULX and GE clin-

ical systems by acquiring RF signals from a homoge-

neous phantom for 10 times at 1-h intervals during a

period of 10 h by several users. The phantom was made

of glass beads 82.5 § 7.5 mm in diameter, immersed in

agar (attenuation and speed of sound were 0.715

dB/MHz/cm and 1540 m/s, respectively). The root mean

square deviations over time and user (RMSDt, user) in the

estimated parameters were calculated using

RMSDt;user ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
t¼1 Q̂�Qt;user

� �2

N

vuut
; ð4Þ

where, Qt,user is the estimated parameter acquired at time t

by a particular user, N is the number of scans and Q̂ is the

average of N estimated parameters. The Faran model (Faran

1951) was used to extract ASD and AAC values from the

backscatter coefficient of the homogeneous phantom.

To investigate the effect of tissue heterogeneity on

the mean QUS and texture-based parameters, the
parameters were calculated from 5�6 acquired frames

from 5 breast tumours and compared with a homoge-

neous phantom, using the ULX and GE systems. Those

5 tumours were selected from the responder group with a

molecular type of ER+/PR+/Her2� and size range from

5.8�10.4 cm. The root mean square differences between

parameters extracted from scanned frames (RMSDf)

were subsequently calculated as follows:

RMSDf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
f¼1 Q̂�Qf

� �2

N

vuut
; ð5Þ

where, Q̂ is the averaged QUS parameter, Qf is the QUS

parameter from each individual frame and N is the num-

ber of frames.

To investigate the effect of clinical ultrasound sys-

tem properties on parameter estimation, the root mean

square differences between averaged QUS data sets

(RMSDUSS) acquired using the ULX and GE clinical

systems for the phantoms and breast tumours were calcu-

lated using

RMSDUSS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
n¼1 Q̂ ULXð Þn�Q̂ GEð Þn

� �2

N

vuut
; ð6Þ

where, Q̂ ðULXÞ and Q̂ ðGEÞ are the averaged QUS or

texture parameters estimated from the ULX and GE

ultrasound data, respectively. Here, averaged means

were computed over frames, and N is the number of sam-

ples (N = 1 for phantom and N = 5 for tumour). In this

study, a total of 31 features were determined from RF

data. However, for a consistency analysis of QUS and

texture-parameter estimation in this study, a few features

were specifically selected, including MBF, SS and MBF

texture parameters. The MBF parameter has been dem-

onstrated to be one of the most sensitive parameters to

detect cell death induced by cancer therapy in breast

tumours (Sadeghi-Naini et al. 2013b, 2013c, 2014,

2017). Therefore, the variation of mean and texture fea-

tures extracted from MBF parametric maps were for the

most part examined in this consistency analysis.
Statistical analysis

Statistical tests were conducted to compare the

parameters determined from responders and non-res-

ponders at weeks 1, 4 and 8, and to compare the

responder and non-responder groups determined from

ULX and GE data separately. To determine which type

of statistical test to use for comparing the response

groups, a Shapiro-Wilk normality test was performed on

each parameter to assess whether it demonstrated a nor-

mal distribution. For group comparisons, an unpaired

t-test was used for the data that passed the normality
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test; otherwise, a Mann-Whitney unpaired test was used.

To compare the ULX and GE data, pairwise comparisons

were performed on each response group, using a paired

t-test for normally distributed data and a Wilcoxon

paired test for non-normally distributed data. The Bland-

Altman method (Bland and Altman 1986) was used to

evaluate the agreement between the ULX and GE sys-

tems. In this method, the limits of agreement were

defined by the average difference § 1.96 standard devia-

tions of the difference. Here, ‘difference’ refers to the

difference between parameter values estimated from

ULX and GE data. An F-test (Shen and Faraway 2004)

was used to compare the power spectrum and backscatter

coefficient curves calculated from the ULX and GE data.

The McNemar test (McNemar 1947) was used to com-

pare the tumour responses determined from ULX and

GE data sets. Statistical significance was considered for

results with a p < 0.05.
RESULTS

Consistency analysis of QUS and texture parameter

measurements

In the consistency analysis studies, the variations in

QUS and texture parameters over time and between

users (RMSDt,user) were calculated first. For example,

deviations in QUS parameters, MBF, SS, SI, ASD and

AAC estimated from ULX data were 0.084 dB,

0.0178 dB/MHz, 0.123 dB, 0.457 mm and 0.491 dB/cm3,

respectively; whereas the same QUS parameters esti-

mated from GE data were 0.065 dB, 0.016 dB/MHz,

0.046 dB, 0.128 mm and 0.299 dB/cm3. The RMSDt,user

in the MBF-based texture parameters, MBF-CON,

MBF-COR, MBF-ENE and MBF-HOM calculated from

ULX data were 0.228, 0.025, 0.004 and 0.007, respec-

tively. Those calculated from GE data were 0.210,

0.021, 0.003 and 0.006, respectively.

Representative B-mode images, normalized power

spectra and backscatter coefficients as a function of fre-

quency acquired from a homogeneous phantom and an

untreated heterogeneous breast tumour, using the ULX

(L14-5/60) and GE (9 L-D) systems, are presented in

Figure 1. The phantom power spectra and backscatter

coefficient results indicated only small variations

between multiple frames acquired with each ultrasound

system. Average curves from both systems intersected

and demonstrated good agreement in magnitude. The F-

test was used to compare averaged power spectra and

backscatter coefficient curves obtained with the ULX

and GE systems. F-tests conducted on the averaged log-

transformed power spectra and backscatter coefficients

from the homogeneous phantom did not indicate signifi-

cant differences (p = 0.29 and p = 0.72, respectively)

over the analysis bandwidth. Similarly, representative
averaged power spectra and backscatter coefficient

curves acquired from a breast tumour, using the ULX

and GE systems, intersected. However, the variations of

power spectra and backscatter coefficient between

frames were comparably higher than the difference

between averaged curves. Whereas the F-test conducted

on the averaged power spectra determined from a repre-

sentative breast tumour did not indicate significant dif-

ferences (p = 0.08) between the 2 systems, there was a

significant difference (p = 0.04) detected in the backscat-

ter coefficients between the 2 systems.

Representative MBF parametric maps overlaid on B-

mode images acquired from a homogeneous phantom and

a representative heterogeneous breast tumour with the

ULX and GE clinical systems are presented in Figure 2.

Tables 2 and 3 present QUS and texture parameters esti-

mated from the phantom and a representative tumour,

using the GE and ULX clinical ultrasound systems. Anal-

yses indicated that there was close agreement between the

results generated by these 2 systems. Compared with

results from the phantom, the RMSDf calculated for the

representative tumour indicated larger variations in QUS

and texture-based parameters estimated. For example, the

variation in the MBF parameter observed between

scanned frames acquired from the phantom and a repre-

sentative tumour were 0.12 dB and 1.22 dB, respectively.

To investigate further, root mean square differences

(RMSDUSS) between averaged parameters were calcu-

lated and tests for statistical significance of differences

were performed between multiple-frame parameters for

these 2 systems. As expected, the differences between the

estimated tumour parameters measured using the GE and

ULX systems were larger than those corresponding to

phantom-based measurements. Moreover, the variations

between the frames (RMSDf) measured in tumour QUS

and texture-based parameters were comparably higher

than the variations between averaged ULX and GE

parameters (RMSDUSS). Statistical tests, however, did not

reveal significant differences between the parameters esti-

mated using data from the ULX and GE devices. The

range of p-values obtained from the tests of statistically

significant differences between all QUS parameters

acquired from 2 ultrasound systems, and between all tex-

ture parameters acquired from two ultrasound systems

were 0.406�0.566 and 0.133�0.289, respectively.

Finally, an ROI consistency analysis study was conducted

on data from 5 patients. In this study, ROIs sizes were

reduced to 80% and increased to 110% of the original

size. The relative changes in the MBF values for 80% and

110% changes of the original ROIs sizes were 6.4% and

2.7%, respectively.

Results of the consistency analysis studies on QUS

and texture-based parameters are summarized in

Figure 3. These indicate that the variation in QUS



Fig. 1. (a) Phantom B-mode images from the ULX (left) and GE (right) systems. (b) B-mode images from a representative
heterogeneous breast tumour from the ULX (left) and GE (right) systems. (c) Normalized power spectra (left), backscatter
coefficients (right) from a homogeneous phantom (top) and a representative heterogeneous breast tumour (bottom) from ULX
and GE data. Data from acquired frames (dotted lines) are presented as well as data averaged over all frames (solid lines).
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Fig. 2. Representative MBF (dB) parametric images of a homogeneous phantom (top) and a breast tumour (bottom)
from ULX (left) and GE (right) data. Here, dB is with respect to the value of backscatter power spectrum of the reference

phantom at the centre frequency.
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parameters is for the most part attributable to the tissue

heterogeneity and that the variation in texture-based

parameters is owing to both tissue heterogeneity and

ultrasound system properties.

Comparison of estimated parameters in LABC response

monitoring

Having established the level of consistency of each

ultrasound system with respect to the other, data for
Table 2. RMSDf of QUS parameters attributable to tissue heteroge
between mean QUS parameters a

RMSD Phantom

MBF
[dB]

SS
[dB/MHz]

SI
[dB]

AAC
[dB/cm3]

QUS(ULX) �2.86 § 0.11 0.03 § 0.01 �3.03 § 0.11 122.86 §
QUS(GE) �2.91 § 0.06 �0.09 § 0.03 �2.36 § 0.13 122.07 §
RMSD(ULX)f 0.14 0.03 0.19 0.38
RMSD(GE)f 0.10 0.07 0.61 0.53
RMSDUSS 0.14 0.07 0.72 0.32
p value* 0.268 0.157 0.346 0.623

* Associated with the statistical comparison of multiple-frame QUS-param
tumour response assessment was collected from 24

patients receiving chemotherapy, and results from the

two systems were compared. Patient characteristics,

tumour properties and treatments administered are sum-

marized in Appendix Table A.1. The patients were

between 36 and 73 y of age with a mean age of 53 y.

Tumour sizes ranged from 2.1�10.9 cm, with a mean of

5.7 cm. A total of 92% of patients had invasive ductal

carcinoma and the remaining 8% had either invasive
neity calculated from both ultrasonic systems and RMSDUSS

cquired with those systems

Tumour

MBF
[dB]

SS
[dB/MHz]

SI
[dB]

AAC
[dB/cm3]

0.57 �5.52 § 0.81 �2.92 § 0.21 21.59 § 1.53 108.76 § 0.86
0.63 �5.05 § 1.11 �2.77 § 0.29 20.32 § 1.56 108.23 § 0.94

0.96 0.23 1.64 0.97
1.22 0.35 1.65 1.30
0.47 0.14 1.27 0.53
0.617 0.579 0.379 0.257

eters with these systems.



Table 3. RMSDf of MBF-textures attributable to tissue heterogeneity calculated from both ultrasonic systems data as well as the
RMSDUSS between MBF-based parameters acquired with those systems

RMSD Phantom Tumour

MBF-CON MBF-COR MBF-ENE MBF-HOM MBF-CON MBF-COR MBF-ENE MBF-HOM

Texture (ULX) 4.305 § 1.247 0.580 § 0.048 0.029 § 0.006 0.550 § 0.027 4.338 § 0.744 0.722 §0.041 0.025 § 0.004 0.574 § 0.021
Texture (GE) 3.798 § 1.159 0.566 § 0.024 0.037 § 0.010 0.563 § 0.033 4.881 § 0.807 0.716 § 0.031 0.021 § 0.003 0.537 § 0.019
RMSD (ULX)f 0.086 0.014 0.004 0.012 0.706 0.038 0.008 0.020
RMSD (GE)f, 0.160 0.023 0.003 0.007 0.737 0.028 0.006 0.018
RMSDUSS 0.372 0.032 0.008 0.012 0.543 0.005 0.005 0.037
p value* 0.143 0.078 0.402 0.945 0.193 0.485 0.087 0.063

* From statistical tests comparing multiple-frame MBF-based texture parameters using these systems.
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lobular carcinoma or invasive micropapillary carcinoma.

Ultrasound data were collected from patients before

treatment, and at weeks 1, 4 and 8 during treatment with

the ULX and GE systems. QUS methods were applied to

data acquired from both systems and MBF, SS, SI, ASD,

AAC and SAS parametric images were constructed.

Representative QUS parametric images constructed for a

responder using both systems over the course of treat-

ment are presented in Figure 4. The average changes in

QUS parameters estimated for responders and non-res-

ponders using both ultrasound systems over the course

of treatment are presented in Figure 5a. The QUS param-

eters estimated from both systems indicated similar

trends over all treatment times. Significant differences in
Fig. 3. The root mean square deviation or differences in QUS
MBF-CON, MBF-COR, MBF-ENE and MBF-HOM attributab

tem beam properties and t
QUS parameters between the two populations of res-

ponders and non-responders, as determined from clinical

response metrics, are indicated by an asterisk in

Figure 5a. Specifically, MBF and AAC values calculated

from ULX and GE data exhibited significant differences

between clinically responding and non-responding

patients after treatment. Statistical testing of significance

was also performed on changes in QUS parameters

acquired with the ULX and GE systems for the responder

and non-responder groups, separately. None of the QUS

parameters indicated a significant difference between the

ULX and GE data. This was true for both responder, and

non-responder groups. The RMSDUSS calculated for

breast tumour MBF, SS, SI, ASD and AAC parameters
parameters, MBF and SS, and MBF-texture parameters,
le to measurement uncertainty, variations in clinical sys-
issue heterogeneity.



Fig. 4. B-mode MBF, SS and SI parametric images from a responder before treatment (Pre-Tx) as well as at weeks 1, 4
and 8 during treatment acquired using the ULX (top) and GE (bottom) systems. The white scale bars in ultrasound

images represent 5 mm.
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Fig. 5. (a) The mean changes in QUS parameters, MBF, SS, SI and AAC and (b) the MBF-based texture parameters,
MBF-CON, MBF-COR, MBF-ENE and MBF-HOM measured in clinical responders (solid line) and non-responders
(dotted line) throughout the course of treatment for the ULX (blue line) and GE (red line) systems. The asterisk (*) repre-

sents a significant difference (p < 0.05) based on the ANOVA test.
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Fig. 6. Bland�Altman plots comparing QUS and QUS-based texture parameters acquired from breast tumours, using the
ULX and GE ultrasound systems. The limits of agreement between the 2 clinical system parameters are defined by the

mean difference § 1.96 standard deviation of differences.
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acquired before treatment exhibited small differences at

1.71 dB, 0.22 dB/MHz, 4.21 dB, 2.04 mm and 1.29

dB/cm3, respectively.
Average changes in MBF-texture parameters esti-

mated for responders and non-responders using the data

obtained from the ULX and GE systems over the course



Table 4. The classification results of chemotherapy response at weeks 1, 4 and 8 after the beginning of treatment using the ULX and
GE parameters based on the proposed models

Scan time US system Sensitivity [%] Specificity [%] Accuracy [%] McNemar p*

Week 1 ULX 60.0 50.0 58.8 0.752
GE 60.0 50.0 58.8

Week 4 ULX 78.9 66.7 77.3 0.545
GE 64.3 66.7 69.1

Week 8 ULX 71.4 100.0 73.3 0.683
GE 71.4 100.0 73.3

* Results between treatment response predictions from the two ultrasound systems.
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of treatment are presented in Figure 5b. The magnitudes

of texture parameters extracted from both data sets were

comparable. Most texture parameters demonstrated simi-

lar trends occurring with treatment time. None of the tex-

ture parameters indicated differences between the ULX

and GE data for either the responder or the non-responder

groups. The RMSDUSS calculated for breast tumour

MBF-CON, MBF-COR, MBF-ENE and MBF-HOM fea-

tures before treatment exhibited small differences with

values of 0.82, 0.06, 0.02 and 0.08, respectively.

Bland-Altman plots were used to evaluate the agree-

ment between the ULX and GE systems when used for

breast tumour response monitoring. Bland-Altman plots for

QUS parameters, MBF and SS and MBF-based texture

parameters, MBF-CON, MBF-COR, MBF-ENE and

MBF-HOM acquired from breast tumours before treatment

with the two clinical systems are presented in Figure 6.

The limits of agreement between parameters from the 2

clinical systems were defined by the mean difference §
1.96 standard deviations of the difference. Figure 6 indi-

cates that approximately 92% of breast cancer patients’

parameters determined from the GE data were comparable

with those estimated from the ULX data.

Each patient’s response to treatment was predicted

by submitting their ULX and GE parameters acquired at

weeks 1, 4 and 8 to a response classification algorithm

proposed in our earlier study (Sadeghi-Naini et al.

2017). The treatment response detection results are sum-

marized in Table 4. The treatment response predictions

determined using ULX and GE data sets were compared

by performing a McNemar test. The p-values obtained

from the McNemar test (0.75, 0.55 and 0.68 at weeks 1,

4 and 8, respectively) revealed no significant differences

between the classification results obtained from the 2

clinical systems.
DISCUSSION

In this study QUS and QUS-based texture parame-

ters acquired from breast cancer patients receiving neo-

adjuvant chemotherapy were compared, using an

Ultrasonix-RP and a GE-LOGIQ E9 clinical ultrasound

system. As a first step, the influence of various factors,
including ultrasound system and tissue properties, were

analyzed to determine their effects on the estimation of

QUS and texture parameters.

The frequency bandwidths of the two clinical ultra-

sound systems were comparable. There were some dif-

ferences in the QUS parameters determined, most likely

attributable to variations in beam properties. Specifi-

cally, comparing the statistical test p-values of the

parameters estimated from the ULX and GE systems

revealed that differences in ultrasound system beam

properties, such as axial and lateral resolution, had a

greater effect on the texture-based features than mean

QUS parameters. However, those differences were very

small, and results exhibited good agreement between the

two ultrasound systems when tested on phantom data.

F-tests conducted on averaged power spectra and back-

scatter coefficients, using a homogeneous phantom, did

not exhibit significant differences between the ULX and

GE data. Compared with variations observed in esti-

mated parameters resulting from all system and tissue

dependent effects, the variation caused by tissue hetero-

geneity was higher.

To determine the sensitivity of the parameters to tis-

sue heterogeneity, we investigated both mean QUS and

texture-based parameters, using data acquired from a

homogeneous phantom and heterogeneous tumours. The

level of agreement between the ULX and GE systems

varied between the phantom and breast tumours. Varia-

tions in the parameter values between frames were

higher in breast tumours than in phantom samples. Tis-

sue heterogeneity may account for both mean QUS and

corresponding texture-based parameter variations

between scanners attributable to an expected limitation

in acquiring identical frames. For this reason, the

RMSDUSS values calculated from breast tumours were

higher than those observed in the phantom. It was

observed that RMSDUSS was higher for texture-based

parameters than for mean QUS parameters.

Although the variation in mean QUS is for the most

part attributable to tissue heterogeneity, the higher dis-

crepancy in texture parameters, which represents the spa-

tial distribution of the QUS parameters in selected

tumour ROIs in 2-D space, is likely attributable to both
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tissue heterogeneity and expected differences in trans-

ducer characteristics. Especially, for small tumours,

there are fewer pixels in the parametric maps from which

to extract texture features. Therefore, minor variations

within the pixel levels related to transducer performance

potentially result in larger differences between texture

features acquired using the 2 ultrasound systems with

different beam properties. This was reflected in texture-

based parameter Bland�Altman plots. The patients close

or over the limits of the agreement line (mean difference

§ 1.96 standard deviation) in the Bland�Altman plots,

particularly in the texture-based parameters plots (Fig. 6)

are those with small tumours, such as patients 12, 22, 23

and 24 (Appendix Table A.1, with tumour sizes indicat-

ing largest tumour dimension). The ultrasound and tex-

ture parameter estimation methods used in this study

suggest that the tumour ROI size selected in the ultra-

sound image should be a minimum of 10 mm in both

axial and lateral directions. This permits an accurate esti-

mation of tumour attenuation values and the extraction

of texture features from the tumour QUS images by com-

paring QUS values at different pixel distances and direc-

tions, using the GLCM method. Other limitations of this

study were that breast tumour speed of sound and inter-

vening tissue attenuation values were fixed based on lit-

erature values. Backscatter parameters from tumour

ultrasound RF data were also estimated based on the

assumption that each window block within the tumour

ROIs contains uniform diffuse scatterers. However, bio-

logic tissues contain complex structures that may invali-

date the assumption of the diffuse scatter model

necessary for QUS techniques. Several studies have

investigated this issue and proposed methods to reduce

the effects of non-diffuse echoes in tissue backscattered

signals (Luchies et al. 2012; Rosado-Mendez et al.

2016). These limitations need to be further investigated

to improve accurate estimates of breast tumour backscat-

ter properties. Nevertheless, the overall results obtained

in this study indicated good agreement between the

parameters estimated from breast tumours, using data

from the ULX and GE clinical systems. The study identi-

fied that 92% of breast cancer patients’ parameters esti-

mated from GE data were comparable with those

estimated from the ULX data.

Earlier LABC response monitoring studies (Sadeghi-

Naini et al. 2013c; Sannachi et al. 2015) have reported

that MBF and AAC, which are related to scatterer number

density and scatterer mechanical properties (Feleppa et al.

1986), are the most effective QUS parameters for use in

detecting breast tumour responses to chemotherapy. This

was also demonstrated during the tumour response moni-

toring, using both ULX- and GE-based data presented

here. The changes in mean QUS and texture-based param-

eters acquired with the ULX and GE clinical systems
exhibited similar trends throughout the course of treat-

ment. However, there were expected minor differences in

the magnitude of estimated parameters attributable to var-

ious ultrasonic system and tissue properties. Despite the

small differences, the tumour response predicted using

data from the 2 systems had good agreement. The McNe-

mar test did not indicate significant differences between

the classification results obtained from the 2 clinical sys-

tems within the performance of the prediction model

used. The range of accuracy in detecting tumour response

of 24 LABC patients using the model proposed in our ear-

lier study (Sadeghi-Naini et al. 2017) was 59%�73%

(Table 4). This smaller value in accuracy may be attribut-

able to a limited number of patients in the non-responder

group enrolled in this present study.
CONCLUSION

This study identified that QUS results acquired from

phantom data and patients with breast tumours using 2

different ultrasound systems were comparable. The work

also indicated that tissue heterogeneity, combined with

data acquisition variability in 2-D scans, which limits the

ability to acquire RF data from the exact same frames,

was a dominant feature in causing variations in parameter

values obtained from 2 different ultrasound systems. It

must be noted that the number of frames used to calculate

the QUS and texture-based parameters in breast tumours

is very small. Acquiring a larger number of frames and

3-D analysis of tumour ultrasound data may reduce the

effect of tissue heterogeneity. In the future, our work will

investigate the performance of the LABC treatment

response prediction by acquiring data from whole tumour,

using a 3-D automated breast ultrasound system to over-

come the effect of tumour heterogeneity in QUS parame-

ter estimation. However, there is consistency in data

obtained from the 2 different ultrasound systems in terms

of the use of this limited frame data for therapy response

monitoring. The results found in this study suggest that it

is possible to obtain agreement among QUS and texture-

based parameter measurements from different clinical

ultrasound systems even when system properties vary.

This type of agreement demonstrates the potential to base

clinically relevant measurements on QUS and texture-

based parameters. Nevertheless, investigations on larger

cohorts of patients from more than 2 different clinical sys-

tems will be useful to evaluate the effect of system proper-

ties on QUS and texture analysis techniques very

accurately in clinical settings.
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