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Abstract—Attenuation coefficient estimation has the potential to be a useful tool for placental tissue characteri-
zation. A current challenge is the presence of inhomogeneities in biological tissue that result in a large variance
in the attenuation coefficient estimate (ACE), restricting its clinical utility. In this work, we propose a new Attenu-
ation Estimation Region Of Interest (AEROI) selection method for computing the ACE based on the (i) envelope
signal-to-noise ratio deviation and (ii) coefficient of variation of the transmit pulse bandwidth. The method was
first validated on a tissue-mimicking phantom, for which an 18%�21% reduction in the standard deviation of
ACE and a 14%�24% reduction in the ACE error, expressed as a percentage of reported ACE, were obtained. A
study on 59 post-delivery clinically normal placentas was then performed. The proposed AEROI selection
method reduced the intra-subject standard deviation of ACE from 0.72 to 0.39 dB/cm/MHz. The measured ACE
of 59 placentas was 0.77 § 0.37 dB/cm/MHz, which establishes a baseline for future studies on placental tissue
characterization. (E-mail: farahdeeba@ece.ubc.ca) © 2018 World Federation for Ultrasound in Medicine &
Biology. All rights reserved.
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INTRODUCTION

The accurate and objective estimation of the amplitude

attenuation coefficient has important clinical implications.

The accuracy of attenuation coefficient estimation strongly

influences the measurement accuracy of the other quantita-

tive ultrasound parameters including backscatter coeffi-

cient, effective scatterer diameter and spacing (Oelze and

O’Brien 2002). In addition, the attenuation coefficient esti-

mate (ACE) has independently been used in the detection

of different pathologic states. The majority of clinical stud-

ies on ACE have been performed on diffuse liver disease.

Researchers found a positive correlation between fat infil-

tration in liver and ACE (Lu et al. 1999; Kanayama et al.

2013). Other studies have reported that thefrequency

dependence of attenuation has diagnostic and prognostic
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value in characterizing breast tissue (D’Astous and Foster

1986; Nam et al. 2013), myocardial tissue (O’Donnell

et al. 1981), carotid artery plaques (Shi et al. 2009) and

osteoporosis (Gl€uer 1997; Wear 2003).

In the field of obstetrics, the utility of ACE is being

explored to predict pregnancy-related complications.

Attenuation change in the cervix has been found to be

correlated with cervical ripening, an early indicator of

labor onset (Yassin et al. 2011). Other in vivo studies

have found that the cervical attenuation coefficient is

positively correlated to the interval between the ultra-

sound examination and delivery. However, in vivo ACE

has not been found to be correlated to gestational age or

cervical length (Bigelow et al. 2008; McFarlin et al.

2010). In the early 1980s, researchers started exploring

the use of ACE in the placenta alongside fetal liver and

fetal lung, with the aim of assessing fetal maturity and

diagnosing intrauterine growth restriction (Flax et al.

1983). Benson et al. (1983) hypothesized that attenuation

and scattering properties of placental tissue may change
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with maturation as a result of an increase in collagen con-

tent and fibrin deposition. They reported a relative increase

in the slope of the frequency-dependent attenuation coeffi-

cient with the maturation of placental tissue (n = 16). A

more recent ex vivo study found a positive correlation of

gestation age with the placental attenuation coefficient

(n = 12) (Caloone et al. 2015). None of the studies to date

are sufficiently large to form a statistical baseline for the

normal placental attenuation coefficient. A larger cohort

study establishing baseline attenuation levels is needed as

the first step for reliable comparison studies between nor-

mal and diseased placentas.

The ACE is specified in decibels of ultrasound ampli-

tude dissipated per centimeter of propagation per mega-

hertz because of a combined effect of scattering and

absorption. An ultrasound pulse is attenuated as an expo-

nential function of depth penetrated with a power law

dependence (where the power law exponent ranges

between 0.8 and 1.2 for biological tissue) in the frequency

range of a typical ultrasound scanner. Therefore, spectral

methods measure the ACE based on the change in spectral

contents, that is, amplitude decay or center frequency

downshift in the backscattered power spectrum along the

depth (Hyungsuk and Varghese 2007; Labyed and Bige-

low 2011). However, there are additional mechanisms

such as diffraction and backscatter variation that also

affect the spectrum of the backscattered radio frequency

(RF) signal. The spectral difference method, also referred

to as the reference phantom method, compensates for dif-

fraction and other system-dependent effects by utilizing a

well-characterized reference phantom (Yao et al. 1990).

However, the reference phantom method does not com-

pensate for the backscatter variation within the region of

interest (ROI), which may both be depth and frequency

dependent. A change in frequency dependence of back-

scatter along the penetration depth would result in varia-

tion in the bandwidth of the backscattered spectrum,

which is unrelated to the attenuation variation (Flax et al.

1983). Therefore, the reference phantom method will be

erroneous when the tissue ROI under consideration is not

homogeneous. The selection of suitable ROIs is therefore

needed to ensure accurate measurement of ACE.

The placenta undergoes a gradual change in ultra-

sonic appearance during its maturation process. An imma-

ture placenta is homogeneous, whereas a mature placenta

is irregular with prominent undulations (i.e., indentations)

and scattered echogenic areas (Grannum et al. 1979). The

inhomogeneity of matured placentas poses a challenge in

selecting suitable attenuation estimation regions (AERs)

required for low-variance and accurate computation of

ACE. In addition, the attenuation estimation methods,

which are typically validated on simulation data and well-

characterized reference phantoms, may yield unreliable

ACE measures in clinical applications because of several
factors. Among these factors, envelope signal-to-noise

ratio (SNR) and sound speed mismatch (Omari et al.

2011; Rubert and Varghese 2014); difference in scatterer

size and distribution between the reference phantom and

the tissue under investigation (Omari et al. 2013; Rubert

and Varghese 2014) and within the tissue region-of-inter-

est (Labyed and Bigelow 2011); and violation of stationary

and incoherent scattering condition in tissue (Rosado-

Mendez et al. 2016) are a few of them. Therefore, large

estimation variance including infeasible negative attenua-

tion coefficients may result (Bigelow et al. 2008; Rubert

and Varghese 2014).

The objective of the study described here was to

establish an ACE measurement method with lower vari-

ance and higher accuracy suitable for ex vivo placentas.

To this end, we define a new attenuation estimation region

of interest (AEROI) selection method to ensure homoge-

neity and consistency in backscatter frequency depen-

dence, two key assumptions for the reference phantom

method. Additionally, we analyze the effect of AEROI

parameters and optimize the parameter values to achieve

minimum estimate variance. We analyze the variation in

ACE obtained from tissues near the fetal surface compared

with the maternal surface. Finally, we report the ACE val-

ues measured from the selected AEROIs using the refer-

ence phantom method for clinically normal placentas.
THEORY

Reference phantom method

First, we briefly review the reference phantom

method, which has been used primarily for ACE compu-

tation in this work. The reference phantom method

accounts for system-dependent parameters and requires

smaller regions to compute ACE compared with other

methods (Rosado-Mendez et al. 2013). In the reference

phantom method (Yao et al. 1990), the RF data are

acquired from both the tissue sample under experiment

and a well-characterized reference phantom using the

same transducer and system settings. For a time-gated

RF signal window centered at depth z, the ratio of the

power spectrum S from the sample to the reference phan-

tom at frequency f can be written as (Labyed and Bige-

low 2011; Nam et al. 2011):

RS f ; zð Þ¼Ss f ; zð Þ
Sr f ; zð Þ

¼Gs fð ÞDs f ; zð ÞAs f ; z0ð ÞBs f ; zð Þe�4as fð Þ z�z0ð Þ

Gr fð ÞDr f ; zð ÞAr f ; z0ð ÞBr f ; zð Þe�4ar fð Þ z�z0ð Þ :

ð1Þ
Here, the “s” and “r” subscripts denote sample and refer-

ence, respectively, G( f ) represents the transducer trans-

fer function and transmit pulse, D( f; z) denotes the
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diffraction effects related to transducer geometry and

beamforming, A( f; z0) is the total attenuation effect

from the transducer surface to the depth z0, which corre-

sponds to the beginning of the ROI, B( f; z) represents

the backscatter coefficient of the medium within the

ROI, a is the attenuation coefficient within the ROI and

z is the distance from the transducer surface to the center

of a particular time-gated RF signal window within

the ROI.

Using the same system settings and assuming the

same sound speed in the tissue sample and reference

phantom allow us to cancel the system-dependent terms,

namely, G( f ) and D( f; z). Additionally, the assumption

of homogeneity within the ROI ensures that the back-

scatter coefficient, B( f; z) = B( f ) remains constant along

penetration depth inside the ROI. Therefore, eqn (1),

after taking the natural logarithm, reduces to

ln RS f ; zð Þ½ �¼4 ar fð Þ�as fð Þð Þ z�z0ð Þ

þln
As f ; z0ð ÞBs fð Þ
Ar f ; z0ð ÞBr fð Þ

� �
: ð2Þ

The attenuation of the sample at each frequency

component, as( f ) (Np/cm), can be calculated from the

slope of the straight line that fits eqn (2), that is,

as fð Þ¼ar fð Þ�1

4

@ ln RS f ; zð Þð Þ½ �
@ zð Þ : ð3Þ

We assume a linear frequency dependence of

attenuation, as (Np/cm), within the usable bandwidth of

the ultrasound transducer, which is a good approxima-

tion for several soft tissues including placental tissue

(Caloone et al. 2015). Therefore, the ACE, denoted by

bs (Np/cm/MHz), can be determined by finding the

slope of the straight line that fits the equation

as fð Þ¼bsf : ð4Þ
The reference phantom method is based on several

simplifying assumptions. A critical assumption for the

reference phantom method is homogeneity within the

ROI with the same scatterer density and same scatterer

size (i.e., invariant frequency dependence of backscat-

ter). Violation of the homogeneity assumptions leads to

inaccurate estimate of the ACE (Labyed and Bigelow

2011). Therefore, it is necessary to ensure the selection

of a ROI where the assumptions of the reference phan-

tom methods are met.
AEROI selection parameters

The placental region imaged in a scan includes mul-

tiple possible AERs, allowing the selection of a set of

AERs that satisfy conditions for accurate ACE measure-

ment. AER is defined as the region from which a single
ACE is obtained, whereas AEROI is the aggregate of

AERs selected based on a set of proposed parameters.

The proposed parameters, envelope SNR deviation

(DSNRe) and coefficient of variation of the transmit

pulse bandwidth (CoVFWHM), are intended to ensure the

identification of a region where crucial assumptions of

the reference phantom methods are satisfied.
Envelope SNR deviation. Envelope SNR (SNRe),

defined as the ratio of the mean to the standard deviation

of the RF signal envelope, can serve as a metric of

homogeneous texture. A previous study reported that as

the SNRe approaches 1.91, the SNR of the Rayleigh dis-

tribution, the ACE in the reference phantom method is

more precise (Rubert and Varghese 2014). This is

because spectral methods are based on the underlying

assumption that RF signal generation is a stationary scat-

tering process, arising from a large number of randomly

distributed scatterers identical in size (Shankar et al.

1996). This is called fully developed speckle and leads

to the Rayleigh distribution for the RF signal envelope.

The Rayleigh distribution implies homogeneity of the

medium, which is an important assumption for the refer-

ence phantom method. Therefore, we choose envelope

SNR deviation, DSNRe, as an AEROI selection parame-

ter, which is defined as

DSNRe¼

����SNRe�SNRopt

����
SNRopt

� 100%; ð5Þ

where SNRopt = 1.91, which is the average SNR of Ray-

leigh distribution. SNRe is the envelope SNR of the sam-

ple under investigation. The envelope SNR is defined as

SNRe¼ ⟨E⟩ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
⟨ E�⟨E⟩ð Þ2⟩

q ; ð6Þ

where 〈〉 denotes expectation, and E are the RF signal

envelope values over the AERs.
CoV of transmit pulse bandwidth. We assume that

the backscatter coefficient B( f ) is depth invariant,

which allows us to derive the attenuation estimation

equation (eqn [3]). B( f ) can be modeled as a power

function of frequency and can be approximated by an

exponential form of the lower-order terms in a Taylor

series expansion. For an ultrasound transmit pulse with

a Gaussian-shaped envelope, center frequency fc and

variance s2,

B fð Þ¼ f n / exp �n: f 2�4fcfð Þ
2f 2c

� �
; ð7Þ
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where n is the characteristic scatter exponent, which

varies from 0 for a specular reflection to 4 for pure Ray-

leigh scatterers (Flax et al. 1983). If n changes abruptly

within the AER, the term B( f; z) remains depth depen-

dent and eqn (2) will not hold.

The violation of the assumption is reflected as a

change in the Gaussian characteristics of the ultrasound

pulse. The amount of centroid shift and the bandwidth

are both modified by the frequency-dependent backscat-

ter process, whereas the bandwidth remains unaltered in

the presence of attenuation process alone (Flax et al.

1983; Kuc et al. 1976). The variation of the characteris-

tic scatter exponent n modifies the ultrasound pulse

bandwidth according to the equation:

ŝ2¼s2 f 2c
f 2c þns2

: ð8Þ

We can quantify the variation of n with depth by

computing the variation in ultrasound pulse bandwidth.

Given that pulse variance at depth z1 is s2
1, and that at

depth z2 is s
2
2, eqn (8) would lead to the relationship

s2
1�s2

2 /n1�n2: ð9Þ
We propose to measure the variation in pulse band-

width by computing the CoV of the pulse spectrum’s

full width at half-maximum (FWHM). CoV gives the

measure of dispersion of bandwidth from the mean value

along the propagation depth. The CoV of the transmit

pulse bandwidth is defined as

CoVFWHM¼SD FWHMð Þ
m FWHMð Þ � 100% ð10Þ

where SD is the standard deviation, and m is the mean of

the FWHM values of ultrasound power spectra along the

depth.

The above-described AEROI selection parameters

are utilized to find an optimum AEROI, where RF data

follow the assumptions required for the reference phan-

tom method.
METHODS

Scanning system overview and data acquisition

The ultrasound RF data from the reference phantom

and ex vivo placentas were acquired with an Ultrasonix

SonixTouch ultrasound machine (Analogic, Richmond,

BC, Canada) using a 4DL14-5/38 4D linear transducer

operated at 5-MHz center transmit frequency. The time-

gain compensation, power level, depth and focus were

adjusted to ensure optimum image quality for placenta

samples. Accordingly, the depth was set to 3 cm with a

focus at 2 cm to capture the full thickness of the full-

term placentas. The system was equipped with the Porta
research interface, which enables development of a soft-

ware module (SWAVE system), designed primarily as

an elastography system (Abeysekera 2016; Abeysekera

et al. 2017). The system collects volumetric RF data by

sweeping a 2-D frame over 10 elevation angles, with an

angle increment of 0.4˚. Each 2-D frame in the 3-D vol-

ume consists of 128 RF scanlines spaced at 0.295 mm.

The sampling rate was 40 MHz, resulting in 1568 sam-

ples in each scanline.

Tissue-mimicking phantoms

Before its application to the placenta data, the

effectiveness of the AEROI selection method was vali-

dated on a tissue-mimicking phantom. The RF data

acquired from the phantom were also used as the refer-

ence for the reference phantom method. The multi-pur-

pose multi-tissue ultrasound phantom (Model 040GSE)

manufactured by CIRS (Norfolk, VA, USA) was made

of proprietary Zerdine hydrogel polymer. The phantom

has two separated attenuation regions with attenuation

coefficients of 0.7 (§0.07) and 0.95 (§0.07) dB/cm/

MHz and a speed of sound of 1540 m/s as reported by

the manufacturer. It contains nylon monofilaments as

scattering targets of different size and therefore different

frequency dependence compared with that of the back-

ground. The phantom also includes targets made of same

material as the background with different scatterer den-

sity.

Study population

Placentas (gestational age between 37 and 41 wk)

were collected after delivery from pregnant women

between the ages of 19 and 47 y (n = 59). This study

(H15-00974) was performed under written informed

consent after approval by the University of British

Columbia Children’s and Women’s Research Ethics

Board. After delivery, the placentas were immediately

stored at 4˚C for an average of 4 h and warmed to 37˚C

by submersion in a constant-temperature water bath

(Cole-Parmer, Montreal, QC, Canada) to simulate the

in vivo temperature before acquiring RF data (Abeyse-

kera et al. 2017). In this study, women with an uncompli-

cated term pregnancy were recruited based on the

clinical presentation. After delivery, all placentas under-

went pathologic examination performed by a placental

pathologist. After examination, the placentas in this

study were subdivided into three categories (Table 1)

(Khong et al. 2016). Category A included 13 placentas

without any specific lesions, category B included 30 pla-

centas manifesting specific lesions that did not reach a

diagnostic threshold and category C comprised the

remaining 16 placentas with abnormalities passing one

or more diagnostic thresholds. It should be emphasized

that regardless of the presence of the lesions, all the



Table 1. Description of sub-categories in ex vivo placenta
dataset.

Sub-Category Description Sample Size

A No appreciable abnormalities 13
B Abnormalities that are within

a diagnostic threshold
30

C Abnormalities passing one or
more diagnostic thresholds

16
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placentas were considered to be clinically normal based

on the criteria that the pregnancies had no clinical com-

plications. Therefore, the categories include subclinical

pathologic changes that may be found in clinically nor-

mal placentas, recognizing that it is normal for all pla-

centas to accrue some abnormalities over time. These

abnormalities may produce areas of inhomogeneity.
RF data processing and analysis

The attenuation coefficient estimation algorithm

was implemented in MATLAB 2016a (The MathWorks

Inc., Natick, MA, USA). For the tissue-mimicking refer-

ence phantom, a ROI was defined axially from 6 to

30 mm to exclude the near-field data suffering from ring-

down and other artifacts associated with transducer-to-

phantom surface (Nam et al. 2011). For the placenta

samples, the ROI was defined as the maximum rectangu-

lar area containing only placenta tissue.

The RF data within the selected ROIs were divided

into overlapping AERs. The consecutive AERs were

spaced at one axial correlation length apart and one lat-

eral correlation length apart in the axial and lateral direc-

tions, respectively. Correlation length was defined as the

range of spatial lags (number of samples axially, and

scanlines laterally) over which the one-sided correlation

coefficient remained >2% (Rosado-Mendez et al. 2013).

The spacing allowed uncorrelated estimates of the

parameters (Rosado-Mendez et al. 2016).

Each AER was divided into a number of time-gated

windows spaced one axial correlation length apart

(Rosado-Mendez et al. 2013). Initially, the dimensions

for the time-gated windows were selected to be N = 30

scanlines (8 uncorrelated scanlines) laterally and

Dz = 7.7 mm (400 samples or »24 pulse lengths) axially.

We investigated the effect of time-gated window param-

eters on ACE variance and error by varying N from 1 to

50 and Dz from 20 to 130 mm. We kept the number of

time-gated windows in each AER fixed at 5.

The Welch method (Welch 1967) was used to

obtain the power spectrum from the RF scanlines within

each time-gated window across the 10 acquired planes.

According to the Welch method, each RF scanline

within a time-gated window was subdivided into over-

lapping sections, with length equal to 50% of the original
RF scanline and with 50% overlap (50% overlap mini-

mizes the power spectral density estimation variation

[Welch 1967]). Each segment was then multiplied with a

Hamming window. The power spectral density was

obtained after averaging the periodograms obtained

from the windowed segments. We considered the

�10 dB bandwidth of the received power spectrum as

the usable frequency range. The power spectral density

values obtained at the time-gated windows of each AER

were used as the regression points to compute the rate of

amplitude decay along the propagation depth. The slope

estimates obtained from the regression analysis were

used to compute ACE. The AEROI selection parameters

DSNRe and CoVFWHM were computed at each time-gated

window and averaged over the windows in an AER to

obtain a single value for each parameter corresponding

to each AER. The AERs where DSNRe and CoVFWHM

values satisfied the empirically determined thresholding

criteria were selected for subsequent processing. An

AEROI was defined to be the aggregate of the selected

AERs.

The non-parametric Mann�Whitney U-test and the

Kruskal�Wallis test were used to compare the statistical

significance of the difference between mean ACE and

standard deviation of ACE of placentas computed with

and without AEROI selection criteria, among ACEs of pla-

centas from different categories and among ACEs of tissue

near fetal and maternal surfaces of placentas. We consider

a p value< 0.05 as indicating statistical significance.

AEROI selection method

Based on the AEROI selection parameters, we define

an AEROI selection method in this section. First, we

examine the effect of AEROI selection parameters on

attenuation estimation accuracy. We manually select two

different regions in the tissue-mimicking phantom from

the 0.95 dB/cm/MHz layer and one from the 0.7 dB/cm/

MHz attenuation layer, representing three different cases.

Case I represents a homogeneous region (0.95 dB/cm/

MHz), case II includes nylon scattering targets represent-

ing an inhomogeneous region with varying frequency

dependence of backscatter (0.95 dB/cm/MHz) and case

III represents an inhomogeneous region including varia-

tion in scatterer density (0.7 dB/cm/MHz).

Figure 1 illustrates the correlation between the

AEROI selection parameter values and ACE error. In the

homogeneous region (case I), CoVFWHM and DSNRe

both remain below 10%. The ACE error in the homoge-

neous region also remains below 0.19 dB/cm/MHz (20%

of the actual value). Case II includes two targets causing

variation in the frequency dependence of backscatter.

We can recognize two peaks in the ACE error corre-

sponding to two peaks in DSNRe deviation curve repre-

senting 37% and 30% deviation. There was also a



Fig. 1. Effect of AEROI selection parameters on ACE error. Left: B-Mode images with manually selected regions of
interest representing three different cases for the 0.95 dB/cm/MHz attenuation layer (cases I and II) and 0.7 dB/cm/MHz
attenuation layer (case III) of a tissue-mimicking phantom. Right: Variation in AEROI selection parameters DSNRe and
CoVFWHM, and corresponding error in ACE along the depth of regions of interest. ACE = attenuation coefficient estimate;
AEROI = attenuation estimation region of interest; DSNRe = envelope SNR deviation; SNR = signal-to-noise ratio;

CoVFWHM = CoV of transmit pulse bandwidth; CoV = coefficient of variation.
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moderate increase in CoVFWHM (17%). For case III cor-

responding to an inhomogeneous region with varying

scatterer density, the spike representing an ACE error of

106% corresponds to increases in CoVFWHM (by 26%)

and DSNRe (17%). We also noticed that there was a spa-

tial lag between the pattern in the DSNRe and ACE error.
This can be explained by the limited spatial resolution

and complex spatial dependence of the backscatter pro-

cess. However, appropriate thresholding will enable

selection of AERs from homogeneous regions. We

empirically set a threshold for CoVFWHM, TCoV(FWHM)

and a threshold for DSNRe, TDSNRe and define the criteria
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for selecting homogeneous AERs as follows:

EAR DSNRe;CoVFWHMð Þ

¼
“homogeneous”; if DSNRe < TDSNRe

andCoVFWHM < TCoV FWHMð Þ;
“inhomogenous”; otherwise:

8<
:

The threshold T¼ TDSNRe;

�
TCoV FWHMð Þ� for each

ROI is empirically defined as

T¼ min TDSNRe

� �
;min TCoV FWHMð Þ

� �� 	
such that NAER >Nmin; ð11Þ

where NAER is the number of selected AERs and Nmin is

a constant. Nmin was defined as a fraction of the total

number of AERs for each subject. We empirically select

a Nmin value that gives a reasonable estimate variance

for all the patients.
EXPERIMENTAL RESULTS

Time-gated window dimension

We experimented with different window sizes,

varying numbers of scanlines N from 1 to 50 and win-

dow lengths Dz from 19.13 mm (100 samples or � 6

pulse length) to 134 mm (700 samples or � 41 pulse

length) for tissue-mimicking reference phantoms. The

results for both the 0.95 and 0.7 dB/cm/MHz layers are

illustrated in Figure 2. We found the minimum window

dimension to be Dz = 5 mm (260 samples or � 15 pulse

length) and N = 25 lateral scanlines from 10 parallel

planes (6 uncorrelated scanlines£ 10 = 60) for a stable

and accurate ACE measurement.

Fig. 2. Effect of time-gated window dimension on attenuation
coefficient estimate variance and accuracy. (a) Attenuation
coefficient estimate obtained using different window lengths;
(b) Attenuation coefficient estimate obtained with different
numbers of radio frequency scanlines taken from each of the
10 parallel planes. The dashed error bars and the dash-dotted
error bars represent the standard deviations of estimated values
for the 0.95 and 0.7 dB/cm/MHz attenuation layers, respec-

tively. ACE = attenuation coefficient estimate.
Validation of AEROI selection method on tissue-

mimicking phantom

The proposed AEROI selection method lower-

bounds the threshold by the constraint of ensuring a suf-

ficient number of AERs. We require a sufficient number

of AERs to reduce spatial variance noise. To fully appre-

ciate the effect of the AEROI selection method on the

accuracy and variance of ACE with respect to the num-

ber of selected AERs, we plotted mean ACE error, stan-

dard deviation of ACE and fractional AER count as

functions of TDSNRe
and TCoV(FWHM). Figure 3 provides

an example of a tissue-mimicking phantom (0.95 dB/

cm/MHz layer) for which the attenuation error and stan-

dard deviation monotonically increase with the threshold

values. This means we can improve the ACE accuracy

and reduce the variance by more than 50% while retain-

ing 60% of the total AERs. Though these statistics are

highly dependent on the homogeneity of a particular
sample, it justifies the importance of AEROI selection

criteria for improving ACE accuracy and precision.

We report the average envelope SNR deviation

(DSNRe) and CoV of pulse full width at half-maximum

(CoVFWHM) values for the tissue-mimicking phantom in

Table 2. We also report the ACE values obtained before

and after applying the AEROI selection criteria. For

homogeneous regions, all AERs are homogeneous, and

therefore, the mean and standard deviation of ACE

remain unaffected after applying AEROI selection



Fig. 3. Effect of threshold, T, on attenuation coefficient esti-
mate. Color plots reveal (a) correlation between ACE error and
threshold values; (b) correlation between standard deviation of
ACE and threshold values; and (c) correlation between number
of AERs selected as a fraction of the total number of AERs and
threshold values. ACE = attenuation coefficient estimate;
AER = attenuation estimation region; CoV = coefficient of var-

iation; SNR = signal-to-noise ratio.

Table 2. AEROI selection parameter values a

Reported ACE (dB/cm/MHz) DSNRe (%) CoVFWHM (

Case I: 0.95 4.39 § 2.98 5.16 § 2.54
Case II: 0.95 23.61 § 8.79 8.38 § 5.01
Case III: 0.7 9.23 § 4.37 11.14§ 4.0

ACE = attenuation coefficient estimate; AEROI = attenuation estimation
CoV = coefficient of variation; DSNRe = envelope SNR deviation; SNR = sig
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criteria. For case II, applying AEROI selection criteria

reduces the ACE error from 30% to 6% and the standard

deviation from 54% to 36%, expressed as the percentage

of the reported ACE value. For case III, the ACE error is

reduced from 15% to 0.8% of the reported ACE. It also

reduces the standard deviation from 40% to 19% of the

reported ACE. The effect of AEROI selection criteria is

more prominent for case II, which corresponds to scat-

terers of different size (i.e., varying frequency depen-

dence of backscatter). The results from case II

emphasize that the variation in backscatter frequency

dependence has a comparatively severe effect on ACE,

which is in agreement with the previous literature

(Labyed and Bigelow 2011).
Attenuation coefficient estimates for ex vivo placenta

data

We estimated the mean and standard deviation of

the AEROI selection parameter values for placenta sam-

ples. The results are listed in Table 3. The envelope SNR

values obtained were lower than SNRopt and SNRe for

the phantom, whereas CoVFWHM values were found to

be in a range similar to that in the phantom.

Figure 4 illustrates the effect of applying AER

selection criteria to an example placenta sample. The

sample has appreciable inhomogeneity within the

selected ROI. Evaluating ACE for all the AERs in the

ROI results in a large estimate variance. From the attenu-

ation map, we find that the outlying estimate values are

caused predominantly by the inhomogeneities. The

regions with outlying ACE values overlap with high

AEROI selection parameter values in the DSNRe map or

CoVFWHM map. Therefore, the AEROI selection criteria

successfully remove the outlier values, retaining 20 out

of total of 228 AERs and resulting in an ACE with lower

variance.

We report the mean ACE values and the intra-sub-

ject standard deviations of ACE values obtained for the

placentas in each category and also for all placental data

in Table 3 before and after applying the AEROI selec-

tion method. To select the threshold T, the minimum

number of AERs, Nmin, was set at 10% of the total num-

ber of AERs. The averages of the mean ACEs were 0.82

and 0.77 dB/cm/MHz before and after applying AEROI
nd ACE for tissue-mimicking phantom

%) ACE (dB/cm/MHz) ACEAEROI (dB/cm/MHz)

0.943§ 0.107 0.945 § 0.130
1.235§ 0.509 1.001 § 0.34
0.805§ 0.276 0.706 § 0.133

region of interest; CoVFWHM = CoV of transmit pulse bandwidth;
nal-to-noise ratio.



Table 3. AEROI selection parameter values and ACE results for ex vivo placenta

Category DSNRe(%) CoVFWHM(%) ACE (dB/cm/MHz) ACEAEROI (dB/cm/MHz)

A 42.44§ 18.73 4.88 § 4.96 0.82 § 0.64 0.73 § 0.38
B 46.73§ 17.60 6.37 § 8.25 0.85 § 0.75 0.76 § 0.39
C 43.48§ 16.46 6.27 § 7.13 0.80 § 0.69 0.94 § 0.43
Total 44.84§ 17.67 5.99 § 7.32 0.82 § 0.72 0.77 § 0.39

ACE = attenuation coefficient estimate; AEROI = attenuation estimation region of interest; CoVFWHM = CoV of Transmit Pulse bandwidth;
CoV = coefficient of variation; DSNRe = envelope SNR deviation; SNR = signal-to-noise ratio.
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selection, respectively. The mean ACE values before and

after applying AEROI selection were not significantly

different (p = 0.81). The standard deviation of ACE

within each subject was 0.39 dB/cm/MHz after AEROI

selection, which was significantly lower than that (0.72

dB/cm/MHz) obtained before AEROI selection

(p = 7.81£ 10�8). The distribution of intra-subject mean

and standard deviation is illustrated in Figure 5.

The inter-subject standard deviation for the three

categories of placenta classification were 0.28, 0.39 and

0.55 dB/cm/MHz, respectively, and the overall inter-

subject standard deviation was 0.37 dB/cm/MHz. In

Figure 6 are the box-and-whisker representations of

ACEAEROI for three categories of the placenta. The dif-

ferences among the three categories do not reach statisti-

cal significance (p = 0.71) according to the

Kruskal�Wallis test. The result agrees with previous

work based on the same data set in which no significant

difference was found for shear wave speed among these

three categories (Abeysekera et al. 2017). In other

words, the presence of placental abnormalities in clini-

cally normal patients did not significantly affect ACEs.

In addition, we compared the ACEAEROI values

from regions near the maternal surface and the fetal sur-

face obtained before and after thresholding. The box-

and-whisker plot is provided in Figure 7. We found that

the fetal side is associated with slightly higher attenua-

tion coefficients compared with the maternal side

(p = 9.34 £ 10�16).
DISCUSSION

Only a few studies reporting the ACEs for placenta

are available. Given the absolute value of the ACE, the

values measured in this study can be directly compared

with those from existing studies. Using the proposed ref-

erence phantom method, we obtained an average ACE of

0.77 § 0.37 dB/cm/MHz for ex vivo placentas at 37�41

wk (n = 59). Akaiwa (1989) reported an ACE of

0.4§ 0.11 dB/cm/MHz for in vivo normal placentas at

34 wk of gestational age (n = 13). Caloone et al. (2015)

reported an ACE of 0.76�0.85 dB/cm/MHz for ex vivo

placenta at 36�40 wk (n = 4). Moreover, the study was
designed to apply high-intensity focused ultrasound to

create placental lesions, and therefore, the clinical condi-

tions were not among the selection criteria. Our study is

the largest study to date to report ACEs of normal ex

vivo placentas.

We analyzed the effect of the time-gated window

dimension of ACE. Rosado-Mendez et al. (2013) have

emphasized the importance of uncorrelated samples in

reducing coherent noise components in power spectral

density estimates. The minimum required window length

in our study is 15 pulse lengths, which is in the range of

widely accepted window length (7�15 pulse lengths)

(Liu et al. 2010; Rosado-Mendez et al. 2013). However,

the number of minimum independent scanlines is found

to be equal to 60 (6 uncorrelated scanlines from 10 paral-

lel planes), which is higher (N = 60) than the range of

10�20 independent scanlines suggested in different

studies (Liu et al. 2010; Rosado-Mendez et al. 2013). A

possible reason for the bias could be that the consecutive

parallel acquisitions of ultrasound planes are not

completely uncorrelated.

In this article, we have discussed the importance of

homogeneity criteria, a fundamental assumption for the

reference phantom method for accurate and precise esti-

mation of ACE. We have proposed a new AEROI selec-

tion method to ensure the selection of a region that

satisfies the underlying assumptions for the reference

phantom method. We found that changes in scatterer

density and scatterer size influence the envelope SNR

and the pulse bandwidth. Defining AEROI selection cri-

teria based on thresholding of the parameters, namely,

envelope SNR deviation and CoV of pulse FWHM,

allows homogeneous regions to be optimally chosen.

The proposed method improves the estimate variance

significantly, reducing the intra-subject standard devia-

tion from 0.72 to 0.39 dB/cm/MHz.

Several works have acknowledged the difficulty in

achieving ACEs with low variance. It has been found

that biological variation is a minor contributing factor

(Bigelow et al. 2008), whereas a large deviation in enve-

lope SNR from 1.91 is responsible for high estimate var-

iance (Rubert and Varghese 2014). In addition, Kuc et

al. (1976) reported that ultrasound pulse shape and



Fig. 4. Effect of AEROI selection method on attenuation coefficient estimate error for a typical ex vivo placenta sample.
(a) B-Mode image with ROI defining the maximum rectangular area containing placental tissue; (b) Box-and-whisker
representation of the attenuation coefficient estimates before and after applying the AEROI selection method; (c) DSNRe

map for the selected ROI; (d) CoVFWHM map for the selected ROI; (e) Attenuation coefficient estimates in the ROI; (f)
Attenuation coefficient estimates in the AEROI after applying the AEROI selection method. ACE = attenuation coeffi-
cient estimate; AEROI = attenuation estimation region of interest; CoVFWHM = CoV of transmit pulse bandwidth;

CoV = coefficient of variation; DSNRe = envelope SNR deviation; SNR = signal-to-noise ratio.
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bandwidth do not change in the process of attenuation.

To our knowledge, our study is the first to explicitly

describe the correlations of envelope SNR deviation and
pulse bandwidth variation to the ACE error and estimate

variance. We found that the outlying ACE contributing

to the increased variance arises predominantly from the



Fig. 5. Attenuation coefficient estimate for ex vivo placentas
before and after applying AEROI selection method: (a) box
and whisker representation of mean ACE; (b) box and whisker
representation of intra-sample standard deviation of ACE.
ACE = attenuation coefficient estimate; AEROI = attenuation

estimation region of interest.

Fig. 6. Box and whisker representation of ACEAEROI for three
categories of ex vivo placenta data. ACE = attenuation coeffi-
cient estimate; AEROI = attenuation estimation region of

interest.

Fig. 7. Box and whisker representation of ACEAEROI for region
of interest near the fetal surface and near the maternal surface.
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inhomogeneities in the sample. The outlying ACE also

coincides with high envelope SNR deviation and pulse

bandwidth variation. Therefore, imposing the AEROI

selection criteria based on envelope SNR and pulse

bandwidth essentially excludes most of the inhomoge-

neous regions. However, we acknowledge that we may

lose clinically important information while discarding

inhomogeneous regions. As the spectral difference and

spectral shift methods will fail to measure ACE in the

case of rapid change in the scatterer characteristics,

improved methods could be devised for estimating ACE

in the inhomogeneous regions.

We also reported the ACEs obtained from tissues

near the fetal and maternal surfaces. We found that the

ACE values at the fetal surface are slightly higher than

those at the maternal surface, where the difference in

median values is statistically significant. This could be a

consequence of the relatively larger (stem) villi present

on the fetal side. Finally, we analyzed the ACE values in

relation to birth weight (R2 = 0.04), placental weight

(R2 = 0.04), placental volume (R2 = 0.003), placental

density (R2 = 0.07) and birth weight-to-placental weight

ratio (R2 = 0.006). We did not find any significant corre-

lation between ACE and any of these parameters.

The RF data utilized for ACE computation in this

study were acquired primarily for elastographic mea-

surement of ex vivo placentas. This presents a unique

advantage of the SWAVE system, which enables

multi-parametric estimation yielding the elasticity and

ACE maps with the same data. The simultaneous com-

putation of ACE and elasticity with the same data

reduces the scan time and obviates the requirement for

registration. Previously, Fibroscan (Echosens, Paris,

France), a vibration-controlled transient elastography

device, provided similar capability for simultaneous

measurement of liver elasticity and controlled attenua-

tion parameter (Sasso et al. 2010). The main difference



Fig. 8. An ACEAEROI map as an overlay on the B-mode image
of an ex vivo placenta. ACE = attenuation coefficient estimate;

AEROI = attenuation estimation region of interest.
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between the SWAVE system and Fibroscan is that

SWAVE provides a 2-D elasticity map and a

2-D ACE map as an overlay on the B-mode ultrasound

image, rather than a median estimate providing a single

value. As an example, an ACE map has been presented

as an overlay on the B-mode image of an ex vivo pla-

centa in Figure 8.

The ACE could be a potential biomarker in assess-

ing placental health. The validity of the utility of ACE in

differentiating normal and pathologic placentas needs to

be determined in future studies.
CONCLUSIONS

The placenta has received relatively little attention in

the literature compared with other organs. This article

describes the largest study to date to report ACE values

based on the examination of 59 clinically normal pla-

centas. This study establishes a robust and accurate ACE

measurement method to measure ex vivo ACEs of human

placentas. An AEROI selection method was proposed and

validated on tissue-mimicking phantoms. The AEROI

selection method was able to significantly reduce the

intra-sample ACE variance. We report the ACE in ex vivo

placenta to be 0.77 dB/cm/MHz, which is in agreement

with the previous results. Future studies are required to

compare the ACEs of normal and pathologic placentas.
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